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ABSTRACT

4

The Precambrian geology of southern Malawi forms a

segment of the Mozambique Belt and includes important suites

of amphibolite and granulite facies rocks. These grade

into each other and comprise litholégies of supracrustal
affinity, together with clearly intrusive varieties. In
granulites and transitional rocks, hypersthene-augite-plagioclase-
(edenitic pargasite) parageneses, or almandine-augite-plagioclase-
(-quartz)(-tschermakitic pargasite) parageneses with affinities
with eclogite, progressively replace amphibolite facies
assemblages. The calculated metamorphic conditions were
£900-950°C and = 6-9 kbar for the medium-pressure two-pyroxene
granulites, and 800-900°C at 9-12 kbar for the high-pressure
garnet~-clinopyroxene granulites. Terranes transitional

between the amphibolite and the granulite facies were
metamorphosed at 550-750°C and at 5-8 kbar; and these areas
also include bodies, obviously allocHtonods, of garnet
lherzolite developed at pressures above 12 kbar. Thermodynamic
calculations indicate that in certain granulites the activity
of H20 was low, suggesting that anatexis was on a minor scale
and that the metamorphism was isochemical. However, the

local influence of metasomatism is indicated by a swarm of
biotitite bodies and by scapolitised granulites, particularly

in Mozambique where C02-rich vapour also introduced widespread
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Fe, Ti, U, REE, Mo and Cu mineralisation.

The granulites are'chemicully heterogeneous and
comparable to lower crust rock suites from elsewhere in Africa.
Apart from certain clearly metasedimentary types, the majority
of the southern Malawi granulites define trends similar to
those of the alkali olivine and high-alumina basalts and their
differentiation products. In contrast, the amphibolite facies
gneisses, include more frequent sedimentary compositions such
as pelite and greywacke. Age determinations suggest that
the climax of the metamorphism was c. 1 130 m.y. ago, when
geothermal gradients of 30-40°C/km existed across the
amphibolite to medium-pressure granulite terranes. Other
granulites have given ages of c. 980m.y.; ond a major uplift
of high-pressure granulites, monitored by widespread retrogression
to medium-pressure granulite facies or amphibolite facies
parageneses, occurred probably between ¢.950 and 850 m.y. ago.
The gneisses probably became closed isotopic systems c.830 m.y.
ago and between ¢.750 and 600 m.y. ago. On a regional scale
the climax of the Mozambiquian Orogenic Cycle in southern
Malawi thus coincides with the Kibaran Orogeny of southern
Africa, while its later waning stages are coeval with the Pan-
African Orogeny.

It is tentatively suggested that the dome-like

orthopyroxene isograds resulted from intense thermal anomalies



associated with large intrusions in the lower crust, and that
the intrusions Fractionatéd anorthosite and perhaps also the
closely associated suites of charnockitic K-rich monzonite,
syenite and granite, possibly by contamination with crustal
material. In contrast, the garnet-clinopyroxene isograd

reflects geothermal gradients of 20-25°C/km which prevailed

further away from the intrusions.
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CHAPTER 1. INTRODUCTION

1.1 Regional Setting

The structural evolution of Africa hos been described in terms
of a number of tectonothermal events, frequently polyepisodic,
spanning more than 3 000 million years of earth history. At
least two major events prior to 2 500 m.y. ago were followed by
orogenic episodes at 1 850 * 250 m.y. ago (Eburnian and Huabian
events), 1 100 * 200 m.y. ago (Kibaraon Orogeny), 600 + 100 m.y.
ago (Damaran-Katangan or Pan-African Orogeny), in mid-Paleozoic-
early Mesozoic times and finally during the Tertiary (see Fig.l;
Clifford, 1974). Of these events, the one most extensively
preserved is the 600 * 100 m.y. Pan-African event, of which an
important segment extends along the eastern side of the continent
and was originally designated as the Mozambique Belt by Holmes (1951).
In their type area (Mozambique), the rocks of the Mozambique
Belt consist primarily of high-grade amphibolite facies gneisses,
within which occurrences of hypersthene-bearing rocks akin to
granodiorite, diorite, norite, anorthosite and pyroxenite are
developed (Assun;ao and Coelho, 1956; Araujo, 1967; Oberholzer,
1968), A similar association of amphibolite and granulite
facies rocks including frequent anorthosite, is repeated elsewhere

in the Mozambique Belt, notably in southern Malawi, eastern
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Fig.l. Generalized map of major structure units of Africa
undisturbed by subsequent events (after Clifford, 1974).

Zambia, Tanzania and elsewhere (see Fig.2; Clifford, 1974;
Ramsay and Ridgway, 1977). Perhaps the main problem concerning
the geology of the Pan-African terranes in general and of the
Mozambique Belt in particular is the relationship between the
amphibolite and granulite facies suites. The latter are
generally regarded as remnants of metamorphic and plutonic events
older than the polyphase Mozambiquian (Pan-African) metamorphism
(Clark, 1967; Clifford, 1974; Kroéner, 1977).

Important shear zones affect the Mozambique Belt, particularly
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in its type area: they include the Lurio Belt in NE Mozambique,
up to 500 km long and with a NE - SW strike (Oberholzer, 1968),
and the Chimaliro Belt - Mwembeshi Zone of Central Malawi and
Zambia which is over 1 000 km in length (see Fig.2; Bloomfield,
1966; de Swardt et al., 1965; Snelling et al., 1972).

1.2 Qutline of Malawi Pre-Karoo Geology

In review works by Bloomfield (1968), Cannon et al., (1969)
and Thatcher (1973), the Basement geology of Malawi was
subdivided into northern and southern subprovinces separated
by a mqﬁor transcurrent fault, the Chimaliro Belt (see Fig.3).
The two subprovinces are characterised by important differences
in lithology, metamorphic grade and geological history (see
Table 1). In the northern subprovince three major metamorphic
events were identified by Ray (1974) and Cannon et al., (1969).
The first event was polyphase and accompanied by upper
amphibolite and granulite facies metamorphism. In the
granulites the most typical assemblages are characterised by
the coexistence of garnet with sillimanite-cordierite *
biotite, while orthopyroxene-plagioclase-bearing rocks are rare.

According to Fitches (1968), this Basement and an overlying
discordant sedimentary sequence, the 'Mafingi Group', were
metamorphosed twice up to the amphibolite facies at about
1 200 and 550 * 150 m.y. ago, when local downgrading to the

greenschists facies occurred along the 600 km long Mugesse
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TABLE 1 - MAJOR DIFFERENCES BETWEEN THE GEOLOGY OF
NORTHERN AND SOUTHERN MALAWI

Northern Subprovince

Southern Subprovince

Main metamorphic event about
2 000 m.y. old.

Chornockites rare. Where
present they are usually
massive or weakly foligted.

Marble absent. Calc-
silicote gneiss rare.

Graphite absent.

Banded cordierite graonulite
ond gneiss widespread.

Kyanite rore.

Perthitic syenite ond
perthite gneiss obsent,

Amphibolite facies metamorphism
718 25 m.y. old.

Graonulite facies metamorphism
1126 ¥ 29 m.y. old.

Banded charnockitic gneisses
and granulites common,

Marble and calc-silicate gneiss
common in both medium-grade
gneisses ond in chornockitic
rocks,

Grophite widespread in both
charnockitic rocks and medium-

grode gneisses,

Cordierite rare,

Kyanite common in pelitic gneiss,

Large Perthitic Complexes occur
with associcted perthite gneiss.

Meta-anorthosite cbsent. Linthipe metao-anorthosite occurs
in ossociation with charnockitic

rocks,

After Thatcher,1973; Clifford, 1974.

Shear Zone (see Fig.3). Subsequent studies by Dodson et dl.,
(1975) have shown that a major metamorphic event occurred at

c. 2 000 m.y. ago, followed by widespread migmatisation
accompanying the emplacement of the Nyika granite (see Fig.3).

At present, therefore, it appears that the following tectonothermal
events affected this region: (i) polyphase granulite and
amphibolite facies metamorphism followed by igneous. activity

(E, 2 006 m.y. ago); (ii) erosion and deposition of a sedimentary
sequence; (iii) polyphase amphibolite facies metamorphism
(c. 1 200 m.y. ago); and (iv) shearing of Basement, with

sporadic low-grade metamorphism (c. 550 m.y. ago).

The southern subprovince of Malawi includes two distinct



areas to the north-west and south-east of Lilongwe respectively
(see Fig.3). The former ;egion, generally referred to as
central Malawi, is characterised by the predominance of
amphibolite facies assemblages which cover an area of 14 500 km2.
Also present are rarer occurrences of 'charnockitic' orthopyroxene-
bearing granulites (Thatcher and Walter, 1968; Peters, 1969;

Walter, 1972a; Bellingham and Broomley, 1973) and sillimanite-
cordierite-garnet granulites (Thatcher and Wilderspin, 1968;

Kemp, 1974; see Fig.3). South-east of Lilongwe, in southern

Malawi, pyroxene-,and garnet-bearing granulites and amphibolite

facies gneisses and schists occur over e;tensive areas (see Fig.4).
Typical regions of gneisses include the Kirk Range, the Middle

Shire Valley, the country between Liwonde and Mangochi, and around
Nsanje (see Fig.4); and their combined surface area is about 9 000 km2.
The most common rock types are monotonous hornblende-plagioclase
gneisses with variable proportions of qﬁartz, biotite and

microcline. "Pelitic' assemblages notably composed of kyanite~
sillimanite-almandine—muscoQite or sillimanite-almandine-

orthoclase are common in the western Kirk Range and north-west of
Lilongwe, whilst they are rare in the Middle Shire Valley. In
addition, narrow and discontinuous belts of aegirine gneisses and
granulites extend for about 100 km to the north of Lilongwe
(Bloomfield, 1967), while in the south some occurrences of

nepheline gneisses have been reported, particularly from

Tambani, near the Mozambique Border (see Fig.4; Cooper
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and Bloomfield, 1961). Provisional age determinations
EbVoined by CliFferd [1974) with Rb-Sr whols-zock Zspehrob
method indicate that the amphibolite facies rock suite is
718 £ 25 m.y. old.

The largest exposures of granulite facies rocks are between
Dedza and Salima and Lilongwe (see Fig.4) in the north and
between Zomba, Blantyre and Thyolo in the south. They extend
from the eastern shores of Lake Malawi into adjacent Mozambique
(see Fig.4; Morel, 1958; ' Habgood, 1959; Bloomfield, 1965q;
Evans, 1965; Thatcher, 1968; Bloomfield, 1968). In southern
Malawi the total area underlain by granulite facies rocks is
approximately 10 500 Km2, and these rocks include leucocratic
to melanocratic types distinguished by the relative proportions
of quartz and/or andesine in relation to clinopyroxene and
orthopyroxene.  Other minerals, such as K-feldspar, hornblende,
biotite and garnet are common additional phases (Bloomfield,
1968). Other petrographic types occurring within the higher
grade terranes include anorthosite, marble, calc-silicate rock,
and khondalite composed of sillimanite-K-feldspar-garnet +
quartz (Bloomfield, 1968). Provisional age determinations
obtained by the Rb-Sr whole-rock isochron method suggest that
the granulites are at least 1 126 *+ 29 m.y. old (Clifford, 1974).

The boundaries between the granulite and the widespread

amphibolite facies rocks are generally transitional, and



10

orthopyroxene-clinopyroxene-plagioclase-hornblende-biotite
assemblages are frequently present throughout southern Malawi.
In particular these cover an area in excess of 7 000 Km2 in the
southern subprovince of Malawi with important developments in
the Middle Shire Valley (Morel, 1958) and between Kasungu and
the Dwangwa area (see Fig.3; Kemp, 1974).

Igneous rocks of various ages and emplaced within the
metamorphic sequence are common in the southern subprovince of
Malawi. In the predominantly gneissic terranes to the north
and north-west of Lilongwe, pre-to late-kinematic igneous rocks
are represented by frequent granitic orthogneiss, such as the
sheared and epidotised Dzalanyama granite (see Fig.3; Thatcher
and Walter, 1968). Unmetamorphosed igneous rocks include
nepheline syenite at Kasungu and granitic stocks scattered
along the shores of Lake Malawi (see Figs.3 and 4; Bloomfield,
1968). In contrast, the granulite facies terranes to the
south-east of Lilongwe, particularly those of the Dedza and
Zomba-Blantyre regions (see Fig.4), are intruded by the batholithic
Perthitic Complexes constituted by syenitic to granitic rocks,
often gneissic. In addition, in the south and to the west of
Zomba five metamorphosed plutonic Ring Complexes, consisting
mainly of syenitic rock, occasionally enclosing an ultramafic
core and rimmed by granite, are aligned in an E - W direction

(see Fig.5; Bloomfield, 1965b). Small synkinematic
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to late-kinematic lenticular bodies of biotitdite, serpentinised
peridotite and pyroxenite are scattered throughout southern
Malawi. Post-tectonic intrusive pegmatite and granite have
been dated by the Rb-Sr whole-rock isochron method at 493 +

16 m.y. ago (Clifford, 1974).

‘\ CHIAICANJE
LITTLE MICHIRY

MID-PALEQZOIC TO RECENT

GNE!SS GRANULITE, INDIFFERENTIATED
HYPERMELANIC ROCKS

;] PERTHITIC ORTHOGNEISS, SYENITE,GRANITE

9 (<] 20 <0 60 80 Kilometres
18 . ' | L l

Fig.5. Geology of part of southern Malawi showing five
plutonic Ring Complexes indicated by letters (a)
to(e)and with their names underlined (after
Bloomfield, 1965b).

1.3 Previous Studies on Malawi

The first account of the geology of Malawi was published
in 1910 by Andrew and Bailey, who only incidentally mentioned
occurrences of granulitic rocks. Systematic studies of the

Precambrian Basement Complex began later and were conducted
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by the geologists of the Malawi Geological Survey or by

private mining groups. In particular, Bloomfield's (1968)
memoir on the pre-Karoo geology of Malawi, occupies a place

of outstanding importance. In this work Bloomfield summarised
most of the information available at that stage and distinguished
between supracrustal and infracrustal rocks. ' The former include
not only probable metasediments such as marble and calc-silicate
granulite but also banded types characterised by the diagnostic

+ clinopyroxene. In

paragenesis orthopyroxene-plagioclase
contrast, anorthosite and rare occurrences of 'charnockitic'
granulites of plutonic aspect found in parts of Malawi were
included in the infracrustal group (iéig:). Granulites with
coexisting garnet-clinopyroxene-plagioclase were interpreted
as transitional from the amphibolite to the granulite facies.
During the past 20 years a number of different models have
been proposed to explain the origin of the high-grade rocks
occurring in the southern subprovince of Malawi. An essentially
volcanosedimentary parentage (basalt, andesite and derivative
greywacke) was advocated by Morel (1961b). However, most
authors (Cooper and Bloomfield, 1961; Evans, 1965; Bloomfield,
1968; Peters, 1969; Carter and Bennett, 1973) preferred a
metasedimentary origin from Na-enriched pelite, semipelite and
calcareous marls for the rocks now occurring in the granulite

facies. An overall sedimentary origin, with possible interbands
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of basalt, was also suggested by Walshaw (1965), Thatcher and
Walter (1968), and Dawson ::md Kirkpatrick (1968), while Holt

(1961) envisaged the presence of former pyroclastic bands in

the metasedimentary sequence occurring near the southern end
of Lake Malawi.

With regard to the relationships between the granulite and
the amphibolite facies rocks, Vail (1965a)suggested a basement-
cover relationship obscured by recent faulting and the
Mozambiquian metamorphism. However, most authors (Holt, 1961;
Evans, 1965; Walshaw, 1965; Habgood, et al., 1973; Carter
and Bennett, 1973; Thatcher, 1973) considered that the greater
part of the amphibolite facies areas of southern Malawi are
migmatised and retrograded pre-Mozambiquian granulite facies
rocks. In contrast, Morel (1958, 196la) and Bloomfield (1968)
preferred a Mozambiquian age for the metamorphism that produced,
in different crustal levels, the amphibolite and the granulite
facies suites. The frequent interbanding of these rocks was
attributed by the latter author to retrogressive metamorphism.
In the Mchinji and Dwangwa areas (see Fig.3), Carter and
Bennett (1973), Kemp (1974), and Ramsay and Ridgway (1977)
advanced the hypothesis that an ancient basement, constituted by

supracrustal rocks, was raised twice to the granulite facies. It

first formed sillimanite-cordierite-garnet parageneses and
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then, after an episodic retrogression to the amphibolite
facies, produced orthopyroxene-bearing assemblages.

The anorthosite and certain bands of amphibolite were
considered to be of igneous origin by Bloomfield (1968, p.60),
Thatcher (1968) and Walter (1972b). A deep-seated magmatic
crystallisation was proposed by Dawson and Kirkpatrick (1968)
for certain dioritic-tonalitic charnockites from the northern Chiripa
Plateau area (see Fig.4),while granulites occurring north of
Mchinji (see Fig.3) were considered by Brewer et al. (1979) as
unmetamorphosed hypersthene-bearing plutonic igneous rocks.,

Considering the suite of perthitic rocks and the Ring-
Complexes, Morel (1961b) suggested that these were consanguineous
with the basalt and andesite that were later metamorphosed
to the granulite facies. This view was not shared by
later quthors who considered the perthite-rich gneissic
rocks as formed by a late-kinematic potassic metasomatism and
ensuing migmatisation of pre-existing granulites and gneisses
(Evans, 1965; Bloomfield, 1965b, 1968, 1970; Walshaw, 1965;
Garson and Walshaw, 1969; Habgood et al., 1973; Carter and
Bennett, 1973).

1.4 Aim of the Present Study, Methods Employed and Nomenclature

Granulite facies terranes occur in most orogenic belts of

Africa and they represent therefore a major feature in the
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continent evolution. A detailed study of these different
suites could therefore prd?ide a unique insight into the
evolution of the African lower crust at different stages
during its past 3 000 m.y. (Clifford, 1974). Since the
continent represents almost 20 per cent of the earth's land
surface it obviously constitutes the corner-stone of any
reconstruction of the ancient Gondwanaland. Malawi was
chosen because of the close areal association of granulite
and amphibolite facies rocks. ..The high-grade suite occurring
in the southern subprovince is also one of the largest
and best exposed in the entire African continent.
In fact, the total area underlain by pyroxene-bearing rocks is
about 18 000 Km2 and this exceeds the 13 000 sz of the Lulua
massif in the Kasai ancient nucleus of Zaire (Delhal, 1957,
1963), and the 15 000 Km2 of the Bouca massif in the Central
African Republic (Wacrenier and Wolf, 1965). It is, however,
smaller than the Tanezrouft-Adrar zone in Hoggar, Algeria,
where granulite facies rocks occupy some 34 000 Km2 (Caby, 1970).
The material on which this investigation is based was
largely collected by the author in 1974, supplemented by
samples collected by Professor T.N.Clifford on previous visits
to the area, and, by specimens kindly provided by the Malawi
Geological Survey in Zomba. The locality maps for these specimens

are found in a pocket at the back of this thesis (Maps 1 to 4).
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In all, over 327 thin sections were obtained from 519 specimens
and their complete list is presented in Appendices I-1, to 1-3.

Full silicate analyses were conducted on 74 samples, for
61 of which Rb, Sr, Y, Zr, and Nb were also determined and the
data integrated with published information. Evans (1965) and
especially Bloomfield (1965b, 1968) reported over 60 full
silicate analyses plus a number of trace elements determinations
for infracrustal and supracrustal rocks - mainly gneisses and
granulites - of pre-Karoo age.

In addition, a total of 152 minerals, mainly coexisting
orthopyroxene and clinopyroxene, garnet and hornblende, have
been quantitatively analysed by electron-microprobe.

Finally, in order to clarify the time relationships
between rocks of different metamorphic grade, a suite of samples
from a carefully selected area was submitted for zircon U-Pb
and whole-rock Rb-Sr isotopic age determinations.

The nomenclature of the orthopyroxene-bearing rocks is at
present rather confused, and attempts to systematise the use
of petrographic names were made by Pichamuthu (1969), Behr et al.
(1971), Winkler and Sen (1973) and Streckeisen (1976). The more
general term 'granulite' is used in this thesis for metamorphic
rocks, of appropriate mineralogy, that crystallised in the
granulite facies; while the terms like charnockite, norite etc.

were only used for orthopyroxene-bearing intrusive rocks
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crystallised primarily under granulite facies conditions (see
Streckeisen, 1976). In %he doubtful cases terms like
charnockitic granulite have been adopted.

In accordance with studies by Green and Ringwood (1967)
granulite facies conditions are indicated not only by the
diagnostic‘;oexistence of orthopyroxene with plagioclase but
also of almandine-rich garnet with clinopyroxene, plagioclase
and quartz in rocks of appropriate composition. Leucocratic,
mesocratic and melanocratic gneisses and granulites define
rocks with increasing proportions of ferro-magnesian minerals;
and hypermelanic rocks are entirely constituted by pyroxene,
hornblende and/or biotite. Following Winkler (1974) the
term granoblastite applies to pyroxene-free rocks devoid of
hydrous minerals, and the descriptive names for rocks of
migmatitic aspect have been taken from Mehnert (1968).

Finally, a map of the metamorphic assemblages recorded
in the literature, modified by the new petrographic Ath, is

found in a pocket at the back of the thésis (Map 5).
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CHAPTER 2. FIELD AND PETROGRAPHIC CHARACTERS OF MALAWI
METAMORPHIC ROCKS AND PLUTONIC COMPLEXES

2.1 Introduction

In this chapter the field and petrographic characters, and
interrelationships of granulites, amphibolite facies and amphibolite to
granulite facies transitional rocks from southern Malawi havé been
considered. The principal areas of granulite facies and
associated rocks extend south-east of Dedza and north-west of
Namwera (see Fig.6) and between Blantyre and Zomba (see Fig.7).

The following petrographic types. have been identified:
melanocratic, mesocratic and leucocratic orthopyroxene or
garnet-bearing rocks, garnet granoblastite, calc-silicate and
quartzo-feldspathic granoblastite and anorthosite. The
amphibolite facies rocks are best represented north and west
of Lilongwe, in the Balaka-Liwonde and the Kirk Range areas
(see F;gs.é and 7): they lend themsélves to a subdivision in
umphibolite, mesocratic gneisses, calc-silicate rocks, pelites,
quart zo-feldspathic and feldspathic rocks and aegirine gneiss.

Of particular interest are the rocks transitional between
the amphibolite and the granulite facies, best represented in the
area between Ncheu and Dedza (see Fig.6) and in the Middle

Shire Valley (see Fig.7); and this thesis is mainly concerned
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with the granulite facies rocks and those transitional from the
amphibolite to granulite facies, whilst the interest for the
uaphibolite facies suite is subordinate.

Finally, and for completeness, the main pre-Karoo intrusives
of southern and central Malawi have been very briefly considered and
these include ultramafic bodies, Ring Complexes, Perthitic
Complexes, granite and granitoid rocks of various ages.

2.2 Granulites

(a) Field characteristics

The most striking field characteristic of the granulites
is their colour which varies from light=greenish to black
regardless of their felsic mineral content; this feature is
typical of such rocks and of charnockites from various parts of
the world (Oliver and Schultz, 1968). The dark colour is
generally lost as a result of prolonged weathering and the terms
leucocratic, mesocratic and melanocratic refer to rocks rich in
quartz, intermediate (andesine) plagioclase but with an
appreciable proportion of mafic minerals, or in.pyroxenes =
hornblende and biotite respectively.

The granulites are subdivided into the following types on
the basis of their mesoscopic and megascopic structures:
banded, massive, agmatic, ‘'anatectic' and plutonic. Of these
types, the banded granulites predominate especially in outcrops

within the townships of Ncheu and Zomba (see Figs. 6 and 7)
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and they are usually composed of very monotonous leucocratic
and melanocratic layers ranging in thickness from a few
millimetres to a few decimetres. In the Zomba area (see Fig.
7) individual bands may be continuous over a few hundred metres
and minor, generally similar folds are present but are not
frequent.

The massive granulites are very homogeneous and generally
lack any kind of banding; and apart from a mineral lineation,
no deformational features are generally visible. The

agmatic or 'migmatitic' granulites are well developed to the

south-east of Dedza (see Fig.6) where they occupy an area of at
least * 250 Km2. On weathered surfaces the melanocratic
elements within a mesocratic matrix appear like armoured
inclusions being mantled by a reddish-coloured, fine-grained,
1l to 2 cm wide rim rich in pyroxenes. The shape of the
inclusions is often angular and/or elongated, and in places
théy appear to maintain an original banding., In some cases
the regional deformation has only partly obliterated former
plagioclase augen. In other cases the banded granulites
present nebulitic, stromatic-like structures which are
characteristic of anatectic rocks (Mehnert, 1968).

Finally, the plutonic granulites (from melanocratic to
leucocratic) exhibit intrusive and discordant contacts within

the surrounding rocks like south-ecst of Dedza where intrusive
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brecciag-like structures in chevron-folded granulites are
occasionally preserved (s;e locality 1, Fig.6). Discordant
dykes of granulite also occur in the Tengani area (see Locality
2, Fig.7; Plate 1), near Zomba (see Locality 3, Fig.7) and at
Njuli quarry (see Locality 4, Fig.7).

(b) Petrography

The textures of the Malawi granulites are all rather
similar, mainly granoblastic, equigranular, often with straight,
polygonal grain boundaries and triple-point junctions..
Equigranular and seriate textures predominate in melanocratic
types. In leucocratic rocks, quartz and sometimes plagioclase
grains have interlobate to amoeboid boundaries, and xenoblastic,
elongated quartz blebs tend to define a poor planar fabric.

The quartz frequently resembles that of a late crystallisate,
and in nearly all samples the pyroxenes have grain-boundary
textures indicative of secondary growth with respect to quartz
and feldspar.

In this chapter only the more typical or interesting
assemblages have been recorded; however, the constituent and
accessory minerals observed in the thin sections investigated
are tabulated in Appendices II-1 and II-2. Petrographic
descriptions of selected rocks are given in Appendix II-3.

The melanocratic granulites are best developed in the

Zomba area (see Fig.7) and are characterised by the coexistence

of orthopyroxene-clinopyroxene-andesine + hornblende and biotite.



24

Plate 1. Discordant metadolerite in mesocratic garnet-

clinopyroxene granulite with dark (hornblende-rich)
haloes rimming leucocratic veins.

(see locality 132, Map 1)

Tengani, Nsanje

Plate 2. Mesocratic granulite, rich in orthopyroxene(o),

perthite (K), and apatite (A). X50, Ncheu, (see
locality 441, Map 3).
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Except for .some rare occurrences (see Locality 405, Map 2)
in which orthopyroxene is the sole pyroxene, in mbst cases
diopsidic pyroxene is much more common than the poorly
pleochroic orthopyroxene. Feldspar has a rather constant
composition, generally in the range An35 - An45, and constitutes
between 35 and 50 per cent of the mode; cclﬁic oligoclase and
labradorite are much rarer. The minor constituents include
quartz, K-feldspar, and rare hercynite; while accessory
components are ilmenite, magnetite, apatite, zircon and pyrite.
In contrast the massive melanocratic granulites which are
particularly well developed in the Njuli quarry near Blantyre
(see Locality 4, Fig.7), are characterised by substantial
amounts of perthitic K-feldspar and an unusual abundance of

apatite and opaque minerals.

The mesocratic granulites are common both in the Zomba

_area and in the region west of Blantyre (see Fig.7).  They

are characterised by a banded, or less commonly massive

structure and by the following mineral assemblage: antiperthitic
andesine (Forming up to 60 per cent of the mode) -orthopyroxene
*clinopyroxene, hornblende, biotite, quartz; apatite, ilmenite,
magnetite * zircon afé the common accessories. Exceptions

to this general mineralogy were found in the region south-

east of Dedza (see Locality 429, Map 3) where the mesocratic
granulites contain abundant graphite, pyrite, pyrrhotite, and

little chalcopyrite. Moreover, certain massive mesocratic
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granulites are characterised by the presence of perthite, for
example: (a) the perthitic K-feldspar-oligoclase~orthopyroxene-
clinopyroxene-quartz * hornblendetbiotite parageneses from the
Soche quarry near Blantyre (see Locality 5, Fig.7) and from

Ncheu township (see Fig.6 and Plate 2); (b)a perthite granulite
with minor quartz, oligoclase and orthopyroxepe from the

area between Dedza and Ncheu (see Locality 432, Map 3) and

(¢) the perthite-oligoclase-augite~quartz * orthopyroxene rocks
from the Namwera area east of Mangoche (see Locality 6, Fig.é6).

Leucocratic granulites with a banded structure are common

in the Zomba area and between Blantyre and the Middle Shire
Valley (see Fig.7). They are characterised by the assemblage:
antiperthitic oligoclase/andesine-quartz-orthopyroxene +
perthitic K-feldspar % clinopyroxene = biotite = garnet;
accessory constituents in these rocks are rare but include
ilmenite, magnetite, apatite and rounded zircons. For some

of these rocks the microtextures are characterised by frequent
myrmekitic intergrowths of quartz and sodic feldspar adjacent
to K-feldspar, which appears to replace plagioclase. In
contrast, most massive leucocratic granulites are characterised
by the assemblage: perthite/mesoperthite-quartz-orthopyroxene
*oligoclase * clinopyroxene + hornblende * biotite (see Plate
3), particularly those from the area north-west of Namwera (see

Locality 6, Fig.6). In these rocks clinopyroxene lamellae are
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'late 3. Leucocratic granulite rich in mesoperthite; note
stable xenoblastic orthopyroxene (x). X120, Ncheu
(see Locality 458, Map 3).

Plate 4. Melanocratic garnet-clinopyroxene-hornblende granulite.
X50, Tengani area (see Locality 132, Map 1).
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occasionally included in an igneous-like orthopyroxene and
metamictic allanite is a ¢ommon accessory. K-feldspar is
found occasionally rimmed by myrmekitic sodic plagioclase
in a charnockitic granulite dyke at Njuli quarry, near
Blantyre (see Locality 4, Fig.7).

The garnet-granulites are an heterogeneous lithological

group characterised by the following mineral assemblages:
(a) oligoclase/ﬁndesine-orthopyroxene-garnet-qucrtz
tbiotite * K-feldspar,
(b) labradorite/bytownite-orthopyroxene-garnet-
scapolite-quartz,
(c) garnet-clinopyroxene *+ hornblende % quartz * plagioclase +
biotite * K-feldspar =+ orthopyroxene * scapolite,
(d) qucrtz-oligoclase/qndesine—garnet-clinOpyroxene *
hornblende % perthitic microcliﬁe,
(e) quartz-oligoclase-kyanite-garnet + sillimanite *
biotite.
Of these assemblages, (a) and (b) are generally interbanded
with two-pyroxene granulites e.g. ot Fort Mlangeni and Zomba
(see Figs.6 and 7). Assemblages (c) and (d) on the contrary
tend to have a regional development, mainly in the northern Kirk
Range and Tengani areas (see Figs. 6 and 7; Plate 4). In
the first region, rocks with assemblages (e) are locally

interbanded with garnet granulites having assemblage (c).
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Assemblages (c) and (d) are also scattered among the amphibolite
facies terranes of the western Middle Shire Valley, at Mwanza
(see Fig.7) and at Tambani (see Locality 7, Fig.7); and in
central Malawi they occasionally occur near Lilongwe (Fig.6) and
30-50 km north-west of Kasungu (see Map 5). Assemblages (c)
and (d) are also present in the poorly exposed terranes of the
Thyolo region (see Fig.7), where both orthopyroxene-bearing
granulite and amphibolite facies rocks have been described
(Habgood et ol., 1973).  Assemblage (c) characterises melanocratic
to mesocratic rocks with an (antiperthitic) plagioclase and
frequent orthopyroxene. This mineral coexists with garnet only
in the Fort Mlangeni-Ncheu area (see Fig.6), while elsewhere
they appear to be in mutual disequilibrium. Leucocratic
garnet granulites with assemblage (d) occurring in the Kirk Range
are deficient in K-feldspar and have apatite and allanite as
accessory constituents. In contrast, perthitic K-feldspar is

a major constituent in massive granulites from Thyolo (see Fig.7;
Locality 128,‘ﬁap 1) and Mwanza (see Fig.7) where ilmenite forms
symplectitic intergrowths with clinopyroxene (see Locality 358,
Map 2). Finally, Bloomfield and Garson (1965, p.55) described
the occurrence of a granulite characterised by about 70 per cent
modal oligoclase with minor orthoclase, garnet and hornblende

to the north-west of Senzani (see Locality 8, Fig.7).

Amongst the other rock types in the granulite facies
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terranes, calc-silicate granoblastite is common west of Blantyre
where it is characterised by the assemblage scapolite-clinopyroxene-
labradorite-quartz * sphenethornblendezcalcitetgarnetiphlogopite.
Wollastonite was mentioned in a marble from the important
Changalume quarry (Bloomfield, 1968, p.129; see Locality 9,
Fig.7). In addition, quartzo-feldspathic granoblastite is common
north-east of Zomba and forms ridges up to a few kilometres

long., It is characterised by a sugary texture and o mesoperthite-
quartz-sodic oligoclase mineral assemblage; alkali feldspar

always exceeds quartz and rare accessories are magnetite, hematite,
zircon and allanite.

Finally, the granulite terranes of southern Malawi contain
important bodies of gnorthosite. Although the term anorthosite
is generally employed for rocks with a plagioclase content of
95 per cent, it is used here for rocks with up to 15 per cent
of mafic constituents: generally orthopyroxene, clinopyroxene
hornblende, garnet and biotite. The largest body of anorthosite
in Malawi is a refolded sill-like ma#s of 250 km2 near the
Linthipe river, east of Lilongwe (see Locality 10, Fig.6).

Other occurrences in the south and south-east of Ncheu form long
bands extended for a combined length of about 50 km (see Figs.
6 and 7), while west of Tengani (see Fig.7) strongly refolded
anorthosite underlies an area of about 60 km2. The plagioclase

composition in this puzzling group of rocks ranges from
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lgbradorite (An7o) at Linthipe to andesine/oligoclase at Tengani.
In the latter locality and’ in the Ncheu area quartz and perthite
are appreciable minor constituents (Bloomfield, 1968, p.136)

while garnet is occasionally present; opaque minerals, apatite, graphite
and zircon are among the accessory constituents. In addition,
xenoliths of anorthosite occur in a dyke of charnockitic

granulite at Njuli quarry, Blantyre (see Locality 4, Fig.7).

The anorthosite is characterised by appreciable amounts of

quartz and perthite interstitial between frequently hypidiomorphic
and antiperthitic oligoclase (An28); orthopyroxene and biotite
are also present. The plagioclase is often dusted by very

small inclusions of opaque lamellae, fluid and carbonate. The
suite of accessories includes ilmenite, magnetite, idiomorphic
apatite, carbonate (primary), allanite and zircon. Wide rims

of quartz-plagioclase myrmekite are developed at the contact

with the enclosing charnockitic perthite .granulite.

2.3 Amphibolite Facies Rocks

The amphibolite facies suite is well developed both in
southern and central Malawi (see Figs 6 and 7) and comprises a
wide range of lithologies (Bloomfield, 1968); a brief general
description will therefore suffice. Among the common lithological
types, amphibolite is well developed in the Middle Shire, in the
Kirk Range and elsewhere in central Malawi (ibid., p.67), and,

its mineral assemblage is generally hornblende-oligoclase-
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andesine * garnettquartziclinopyroxenetbiotite. Relicts of
igneous minerals in rocks ﬁreviously referred to as metagabbro

are sometimes preserved (ibid., p.66). Mesocratic gneisses,

generally described as 'semipelitic' gneisses in the literature

(ibid., p.29), are common in the Middle Shire Valley region, and

in the south-east Kirk Range. These rocks have the assemblages:
oligoclase/andesine-biotite + quartzthornblende or clinopyroxene-
K-feldspar-epidote-garnet; magnetite, sphene, apotite and zircon

are accessory minerals. Calc-silicate rocks are quite frequent

in the Nsanje area, in the Middle Shire Valley region and also
in central Malawi (igig., pp.35-37; and pp.129-130) and are
characterised by the assemblage labradorite-clinopyroxene +
calcite = hornblende * garnet * epidote =+ scapolite; gradation

toward garnetite may also occur. Pelitic gneisses are more

widely developed in the north-west Kirk Range (ibid., pp.32-33;
and pp.126-127), where they are characterised by the assemblage:
quartz-muscovite-albite-oligoclase * kyanite * sillimanite * K-
feldspar. Biotite % garnet predominate in some bands, while
staurolite is a rarer minor constituent. Pelitic schists
particularly enriched in graphite, pyrite and pyrrhotite occur
in the region south-west of Lilongwe in central Malawi (see Fig.
6; ibid., p.35), while an unusual 'khondalite' rock with the
assemblage mesoperthitic feldspar-garnet-sillimanite-hercynite

+oligoclase, is interbanded with calc-silicate and biotite
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(-graphite) gneisses near Nsanje (see Locality 11, Fig.7).

Quartzo-feldspathic rock, generally referred to as psammite in

the literature occurs in narrow lenses within the banded
gnelssic sequence (ihig., p.31) and its characteristic mineral
assemblage is oligoclase/andesine-K-feldspar-quartz. Occasional
minor constituents are biotite, diopside, hornblende, muscovite
and kyanite whilst opaque minerals, apatite, rutile, sphene

and allanite are the common accessory constituents. Feldspathic

rocks of various types occur scattered within the gneisses of
the northern Kirk Range (see Fig.7) and have the following
mineral assemblages (Bloomfield and Garson, 1965, pp.44 and 55ff.):
(a) oligoclase (Anl4) - hornblende-clinopyroxene-rutile,
(b) oligoclase/andesine-K-feldspar + biotitermuscovitetgarnet,
(¢) oligoclase (An25) + quartz * microcline,
(d) albite % quartz,
(e) - microcline-orthoclase-orthoclase/microperthite-oligoclase.
In assemblages (a), (b) and (c) plagioclase is the maiq
constituent, ranging from 70 to 90 per cent of the mode which
possibly suggests anorthositic affinities. Assemblage (d) is
an albitite and in (e) microcline and orthoclase are the essential

components.  Aegirine gneiss, ranging from mesocratic to

leucocratic, is common in parts of central Malawi (see Locality
12, Fig.6; Bloomfield, 1967) with the following mineral

assemblage: quartz-albite-microcline-aegirine *riebeckite.



34

Accessory constituents form up to 20 per cent of the mode, and
include magnetite, zircon, leucoxene, allanite, monazite,
sphalerite and sometimes pyrochlore.

2.4  Amphibolite to Granulite Facies Transitional Rocks

(a) General characters and field relationships

Granulite and amphibolite facies terranes are gradational
in a number of areas throughout south and central Malawi with
frequent interbanding of granulites and gneisses (Evans, 1965,
p.26). In the present study emphasis has particularly been
placed on the Middle Shire Valley transition zone where the
boundary between amphibolite facies gneisses in the west and
granulites in the east (the orthopyroxene 'isograde') transgresses
recognisable metasedimentary horizons (Morel, 1958; 196lq;
see Fig.8).

During the present study it was found that the transitional
types of the Middle Shire were often barely distinguishable
from typical granulites in colour and appearance. In other
cases these transitional rocks have a strong superficial
resemblance to the regional gneisses for their light colour and
the widespread anatectic, migmatitic and nebulitic structures
(see Plates 5 and 6). The presence of orthopyroxene in these
lithotypes may only be established under the microscope.
Significant observations were made in the present study at the

Wakurumadzi River Bridge, about 12 km south-east of Mwanza
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Fig.8. Geology of the Middle Shire area (after Morel, 196la).

along the Blantyre-Mwanza Road (see Fig.8). In this locality
a typical charnockitic granulite with melanocratic xenoliths,
shown in Plates 7(a) and (b), crops out on the west bank of
the river less than 50 metres from a very similar, but light
coloured orthogneiss; these granitoid rocks, with or without
orthopyroxene, are rather common in the area (see Fig.8).

With the exception of the orthogneiss, rocks similar to those
observed along the Blantyre-Mwanza Road (see Fig.8) were

also found in the south-east extension of the Middle Shire
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Plate 5. Migmatitic granulite with stromatic and ptygmatic
structures. Amphibolite-granulite transition zone,
Maperera Wander (see Locality 13, Fig.7).

Plate 6. Nebulitic granulite with melanocratic amphibolite
bands. Amphibolite-granulite transition zone
(see Mpatamanga Gorge, Fig.8: locality 331, Map 2)s

36
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Plate 7.

(a).

(b).

Charnockitic hornblende-biotite granulite.
Amphibolite-granulite transition zone (see

Wakurumadzi River Bridge, Fig.8, locality
351, Map 2).

Charnockitic hornblende-biotite granulite

with melanocratic xenolith. Same locality
as Plate 14(a).



Valley transition zone, near Chikwawa (see Localities 13 and
14, Fig.7). 1In the north; near Nsipe (see Locality 15, Fig.
6), garnet-biotite granulites are interbanded with garnet-
biotite gneisses which are sporadically cut by thin veins of
greenish feldspar and orthopyroxene porphyroblasts (?) up to
a few centimetres long. Finally, south of Cape Maclear (see
Locality 16, Fig.6) anatectic quartzo-feldspathic garnet-
biotite gneisses occur adjacent to biotite-rich granulites.

(b)  Petrography

The basement suite in the. Middle Shire Valley transition
zone includes mainly melanocratic, mesocratic and leucocratic
types with rare pelitic schist, quartzo-feldspathic rock and
calc-silicate granulite. In these lithologic types the
textures are generally granoblastic, equigranular to seriate,
with interlobate, curved mineral boundaries and frequent

myrmekites. Melanocratic rocks, grading to amphibolite, are

characterised by an hornblende-oligoclase + orthopyroxene
clinopyroxenetspinel mineral assemblage. The mesocratic

and leucocratic rocks share the typical colour and appearance

of granulites and have the assemblage oligoclase-hornblende-
quartz-biotite-K-feldspar t orthopyroxenefclinopyroxene.
This mineral assemblage is also characteristic of the
charnockitic granulites and associated granitoid gneisses.

Where leucocratic and melanocratic rocks are associated (see
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Plate 6) orthopyroxene is absent or less frequent in the

amphibolite interbands. A pelitic schist (see Locality 365,

Map 2) interbanded with melanocratic rocks presents a unique
microcline-quartz-muscovite-biotite~garnet assemblage.

Calc-silicate granulites are similar to those found in

the granulite facies terranes except for presence of more
abundant sphene.

2.5 Relationships between the Amphibolite and the
Granulite Facies

There has been considerable debate during the past twenty

years about the relationships between the amphibolite and the
granulite facies assemblages as it was mentioned in the

Introduction (see p.3). Yet, Holt (1961), Walshaw (1965)

and Evans (1965) suggested that the gneisses generally represent

granulites affected by retrograde Mozambiquian metamorphism.

In contrast, Morel (1958, 196la) asserted the view of a prograde

metamorphism from the amphibolite to the granulite facies.
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Finally, Bloomfield (1968) proposed that the majority of higher=—

and lower-grade suites represent different structural levels in
the same metamorphic event, the latter part of which was perhaps

hydrous and retrogressive. In this work, a very careful field

and petrographic investigation of critical outcrops, particularly

those in transitional areas described in 2.4 (a) and (b),
revealed the existence of simple geometric relationships

between mineral assemblages of the amphibolite and granulite



facies. Such relationships are referred to here as Type I,
IT and III geometries. In prograde development geometry of
Type I, a two-pyroxene-plagioclase mineral assemblage armours
an amphibolite nucleus (see Plate 8). The alternative
retrograde development geometry of Type I, at the interface
between melanocratic pyroxene-bearing rocks and enclosing
leucocratic assemblages characterised by a hornblende-biotite-
rich paragenesis had not been previously observed in southern Malawi,
The Type II geometry includes prograde and retrograde changes
induced by cross-cutting veins of a different metamorphic grade
from that of the wall-rocks. An example of prograde metamorphism
is provided by Plate 9 in which an orthopyroxene-bearing
vein cuts an amphibolite. In both Types I and II prograde geometries
the rims and veins have generally sharp interfaces which may
be characterised by changes in mineral size (see Plate 8) or
by small pyroxenes growing at the expense of larger hornblendes
(see Plate 10). In Type III geometry the replacement of
minerals by others takes place without the strict control
exerted in the Types I and II by physical or lithological
discontinuities. Examples of such prograde and retrograde
relationships are shown in Plates 11 and 12 respectively.

Morel's (196la) amphibolite to granulite facies transition
zone provides frequent well-developed examples of prograde

Type I and Type II geometries, also visible on outcrop surfaces,
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anhydrous

shields an amphibolite nucleus,

Map 2).

I

Type I prograde metamorphism geometry:

granulite rim (X)
X4, Blantyre (see Locality 177

Plate 80

Type II prograde metamorphism geometry: pyroxene-

Plate 9.

X5, Blantyre

rich vein cross-cuts amphibolite.

(see Locality 179, Map 2).
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Plate 10, Type I prograde geometry: detail of interface
between granulite (left) and amphibolite (right).
Note the incipient growth of small orthopyroxene (X)
from a large hornblende (H). X120, Middle Shire
Valley transition zone (see Locality 322, Map 2).

Plate 11. Type III prograde geometry: detail of orthopyroxene
(X) replacing biotite (B) in a melanocratic biotite-
hornblende-rich rock. X50, Chikwawa (see Locality
157, Map 1).
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Plate 12. Type III retrograde geometry: detail of an
orthopyroxene relict (x) rimmed by a hornblende-
quartz symplectite (S). X50, Zomba area (see
Locality 38, Map 2).

Plate 13. Migmatitic granulite, with stripes and boudins of
amphibolite. Blantyre area (see Locality 242,
Map 2).



and of Type III geometries, only detectable under the microscope.
Rocks with various types of prograde geometries were found in
many different localities beside the Middle Shire Valley
transition zone, and in particular in the south near Chikwawa
(see Locality 13, Fig.7 and Plate 11), and at the Wakurumadzi
River Bridge (see Fig.8). More to the north, prograde
geometries occur at Nsipe (see Locality 15, Fig.é and p.38),

at Fort Mlangeni (see Fig.6), 20 km south-east of Dedza (see
Locality 1, Fig. 6) an& near Salima on the western side of Lake
Malawi (see Fig.6). On a broader scale, the prograde geometries
of the Type I and Type II also occur in the area of highest
metamorphic gradg namely the Shire Highlands - Zomba region
(see Fig.7). Near Blantyre they were found in the Njuli and
Malabwi quarries (see Localities 4 and 17, Fig.7 and Plates 8
and 9) and elsewhere. An interesting example of Type I
geometries from the Blantyre area is offered by a leucocratic
"'migmatitic' granulite in which biotite-hornblende-rich stripes
present thin two-pyroxene-plagioclase reaction rims (see Plates
13 and 14). In addition, Type III prograde geometries were
identified near Mulanje (see Locality 18, Fig.7) and also in
various localities from the Zomba area, namely at Zomba quarry,
at the north-western outskirts of the town and at the Chikala
quarry (see localities 3, 19 and 20 respectively, Fig.7). At

the latter locality, bands of quartz-free biotite-plagioclase



Plate 14, Photomicrograph of an amphibolite stripe from the
sample of Plate 13, showing a Type I prograde
‘geometry; note pyroxenes (X), hornblende (H) and

biotite (B). X6, Blantyre area (see Locality 242,
Map 2).

Plate 15. Sheared garnet-clinopyroxene granulite, note the
partings in the clinopyroxene (X) and the kelyphitic
rims (K) replacing the garnet (G). X50, Tengani
area (see Locality 498, Map 1).
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gneiss present orthopyroxene-bearing reaction rims toward the
enclosing leucocratic granﬁlites. Finally, type III prograde
geometries occur in garnet-clinopyroxene granulites from the
Kasungu area of northern Malawi (see Fig.6; and Localities
505 and 507, Map 4).

The retrograde metamorphism of the two-pyroxene granulites
to the amphibolite facies, is generally represented by the
widespread development of Type III retrograde geometries. In
contrast, retrograde Type I geometries in melanocratic rocks
seem lacking and those of the Type II appear relatively rare (see
Plate 1 and Locality 55, Map 2). If the melanocratic and
mesocratic transitional rocks are associated and interbanded,
evidence of retrogression is only confined to the leucocratic
lithotypes whereas the melanocratic ones retain good evidence
of (Types I and II) prograde metamorphism. In various parts
of southern and central Malawi garnet granulites frequently
present Type III retrograde geometries to either amphibolite
facies parageneses or to orthopyroxene granulites, indicating
lower pressure conditions (Green and Ringwood, 1967).

Garnet breakdown to orthopyroxene-plagioclase kelyphitic
rims was observed north-west of Tengani (see Locality 497, Map 1),
near Thyolo and in the Chikwawa area (see Locality 14, Fig.7)
and near Ncheu (see Fig.6 and Locality 456, Map 3). In central

Malawi it was observed in rocks from an area north-west of
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Kasungu (see Localities 505 and 506, Map 4). A more complex
polymetamorphic pattern, such as: garnet-out/hornblende +
biotite-in —> garnet, biotite-out/orthopyroxene~in was observed
in a group of granulites from a distinctive area west of
Tengani. In these garnet granulites the minerals, mainly the
clinopyroxene, are strongly zoned and sheared (see Plate 15).
In addition, the clinopyroxene occasionally includes
crystallographically oriented plagioclase lamellae (see Plate 16),
while certain (sheared) orthopyroxene megacrysts from
orthopyroxene-garnet veins in anorthosite include regularly
spaced rods of garnet (see Plate 17) and more scattered
plagioclase lomellae. The garnet is often rimmed by kelyphitic
intergrowths of hornblende + scapolite and/or plagioclase (see
Plate 18) which in some cases is poikiloblastic and includes
minute pyrite grains (see Plate 19). The Tengani area is the
only one of southern Malawi where rutile is a stable phase in
melanocratic rocks.

To summarize, Table 2 presents the complex mineral
paragenetic sequences observed in granulite facies terranes of
contrasting assemblages. In particular, Table 2(a) indicates
that in the regions where two-pyroxene granulites predominate,
an older hornblende and biotite were replaced by ortho- and
clinopyroxene during the main metamorphic event. Broken lines

indicate the persistence of metastable (?) hornblende and less
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Plate 16. Garnet-clinopyroxene granulite: detoil of
poikiloblastic clinopyroxene (X) with
crystallographically oriented plagioclase lamellae.
X200, Tengani area (see Locality 132, Map 1).

.

2
4

3 2

Yo

Plate 17. Detail of orthopyroxene megacryst with rods of
garnet parallel to the C-axis of host. X200,

crossed nicols, Tengani area (see Locality 132,
Map 1).
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Plate 18. Sheared garnet-clinopyroxene with Type III
retrograde geometries; note the kelyphitic rim (K)
of amphibole and scapolite replacing garnet (G);
orthopyroxene (0), rutile (R), clinopyroxene (X),
and hornblende (H). X120, Tengani area (see
Locality 498, Map 1).

Plate 19. Garnet-clinopyroxene-hornblende granulite:
note clouded scapolite (S), poikiloblastic plagioclase
(P) with opaque inclusions of pyrite,garnet (G) and
hornblende (H). X100, Tengani area (see
Locality 132, Map 1).
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TABLE 2 - MINERAL PARAGENETIC SEQUENCE IN GRANULITES

(a) Hornblende —— — —
Biotite — e - =~ = —

Orthopyroxene ———— e - - -

Clinopyroxsne _-

(b)  Hornblende —— . — - [

Biotite -—

Orthopyroxens
Clinopyroxene ———— XX — ——

Garnet

Scapolite/
plagioclase

(a) two-pyroxene granulites.
(b) garnet-clinopyroxene granulites.

X shearing.

frequently biotite in particular lithologies or localities.
Table 2(a) also indicates that clinopyroxene was formed before
the orthopyroxene and it remained stable for a longer period
even under later retrogressive amphibolite facies conditions.
Plagioclase is not shown as it appears stable in all parageneses.
In contrast Table 2(b) summarises the complex relationships of
the regional garnet-clinopyroxene granulites found in the
Tengani area. Garnet and clinopyroxene are the main and

oldest minerals and occasionally include relict hornblende and
biotite which testify to a possible even earlier prograde
metamorphic event. The stability of garnet is terminated by

a strong shearing episode, while clinopyroxene persisted in part

during the development of hornblende, biotite, scapolite and
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plagioclase. At an even later stage hornblende, biotite and garnet
were finally replaced by orthopyroxene according to Type III
prograde geometries.

2.6 Plutonic Rocks

Rocks of clear plutonic affinity are common in Malawi,
and, although they do not form part of this research project,
they cannot however be ignored because of their possible
relationships to metamorphism. The rocks described here
belong to hypermelanic bodies, the Ring Complexes, to the
Perthitic Complexes and to granitic massifs and stocks.

With regard to the hypermelanic rocks, biotitite is
typical of the Middle Shire Valley amphibolite facies terranes
(see Map 5) and it is composed of phlogopite * tremolite
K-feldspar * anthophyllite * clinopyroxene =+ apatite =+ chromite

(Morel, 1958). Meta-websterite is more common in granulite facies

terranes and is characterised by clinopyroxene-orthopyroxene-

spinel + labradorite = biotite # olivine * hornblende (see Bloomfield,
1968, pp.65-66), and p.138). At Ncheu, Walshaw (1965, pp.46-47)
described intergrowths of poikiloblastic olivine and plagioclase,
occasionally with spinel inclusions. A serpentinised

peridotite mass from Chimwadzulu in the northern Kirk Range

(see Locality 21, Fig.7) is associated to corundum amphibolite,

garnet amphibolite, nephrite rockand with scapolitised garnet-

clinopyroxene rock (Bloomfield and Garson, 1965, pp.84ff).
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Finally, Thatcher and Walter (1968, p.34) mentioned garnet-

olivine-hornblende metapyréxenite from the Lilongwe area (see

Locality 22, Fig.é).
Many different petrographic types have been described

by Bloomfield (1965b), in the Ring Complexes of Mlindi,

Chipilanye - Little Michiru, Chingale and Ntonya from the
Middle Shire and Zomba areas (see Fig.5). Typical rock of the
Mlindi body is biotite-clinopyroxenite in which apatite may
constitute up to 20 - 30 per cent of the mode (ibid., pp.29ff.).
Melanocratic and hypermelanic. rocks form the core of the
largely syenite and syenite-gneiss bodies at Chipilanje-
Little Michiru and at Chingale (see Fig.5). In contrast, the
Ntonya structure is formed by a granite outer ring and a core
of (quartz-)syenite, which presents charnockitic features
including: a dark-green colour with a vifreous lustre, a
granoblastic texture, late crystalloblastic orthopyroxene, and
feldspar riddled with very fine needle-shaped opaque inclusions.
Lenticular or sill-like massifs of K-feldspar=-rich,
quartz-poor rocks of syenitic affinity occur within the high=
grade granulite facies terranes of Malawi, south-east of
Lilongwe (Bloomfield, 1968, pp.74ff. and 143-144). They are

known as Perthitic Complexes of which the largest, near Dedzaq,

underlies an area of over 600 km2 (see Fig.6). The second

largest mass is the Shire Highlands massif near Blantyre, covering
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an area of 580 km2 (see Fig.7). The Dedza massif is characterised
by perthite-monzonite and érqnite (ihiﬂ;) while the Shire massif
exhibits a complete gradation between perthitised granulites
and gneisses, perthite gneiss, perthite syenite and minor granite
(iéigi)' In the Ncheu area smaller bodies concordant within
the regional metamorphic sequence are generally made up of
microperthite-hornblende-biotite-oligoclase-quartz + orthopyroxene
and clinopyroxene (ihig:). The accessory minerals in the
Perthitic Complex = rocks are titano-magnetite, pyrite, apatite,
sphene, zircon and rare garnet, while the textures suggest
replacement of plagioclase by microperthite and of the pyroxenes
by hornblende and biotite indicating Type III retrograde texture
(ibid., p.l43).

Sheared, epidotised and porphyroblastic granite
characterises the early-kinematic Dzalanyama Batholith (see

Fig.6; ibid., p.155). Granitoid rocks, including 'permeation’

augen gneiss and 'anatectic' granite are common throughout
Malawi, particularly in the Middle Shire Valley areé (see Fig.
8) and Chiripa Plateau (see Locality 23, Fig.6; Walshaw, 1965,
pp.54-55). The granitoid orthogneiss of the Middle Shire area
is foliated, lineated, and in certain cases presents incipient
anatectic textures. The mineral assemblage of this rock is
oligoclase/andesine-microperthite-biotite-quartz-hornblende.

Accessory minerals are opaque grains, idiomorphic zircon and
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apatite. In the Chiripa Plateau (see Locality 23, Fig.6) the
same rocks range from pred;mincntly potassic, microperthite-
microcline rich, to almost sodic and are composed by quartz,
K-feldspar and oligoclase in greatly variable proportions
(Bloomfield, 1968, p.154). The final intrusive activity before
the Karoo volcanic-sedimentary cycle is probably represented

by a number of post-kinematic granite stocks scattered along

the shoresof Lake Malawi (see Fig.4).
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CHAPTER 3.  MINERAL CHEMISTRY

3.1 Introduction

Prior to the present investigation there were very few analyses

of minerals from southern Malawi and other Mozambiquian metamorphic
terranes. In particular, none are available from the Malawi
granulites and, in this section, the results are presented for

29 orthopyroxenes, 8 garnets, 9 plagioclases, 3 ilmenites and

1 mcgnetite from orthopyroxene + clinopyroxene + garnet granulites.
In addition, 5 clinopyroxenes, 11 garnets, and an ilmenite have
been analysed from garnet-clinopyroxene + orthopyroxene granulites.
Finally, to understand the relationships between the granulite

and the amphibolite facies assemblages, 29 hornblendes and 9
biotites were analysed in appropriate samples of contrasting
metamorphic grade.

In Fig.9 the localities for the various specimens are shown
and the majority of the samples studied are of comparable,
melanocratic to mesocratic composition, in order to reduce
problems caused by differences in the bulk chemistry (see Wilson,
1976a).  All minerals were analysed with electron-microprobe
 techniques, details of which are provided in Appendix III.

From the analytical dota a computer programme written by
Dr. G. Cawthorn has been used to recalculate the structural

formulae and also the end-members of garnet and clinopyroxene.
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Fig.9. Locality map for samples of mineral analyses.
Orthopyroxene granulite and associated amphibolite (0);
garnet-two-pyroxene granulite (#); garnet-clinopyroxene

granulite and associated amphibolite (M); orthogneiss
(O)(modified after Bloomfield, 1968).
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The end-members of pyroxenes yereyféﬁqlcdlaféd on the basis. of
the following general formula, proposed by Deer et al. (1963):

. . 2+ .
wl_p(xly)lﬂ‘pzzo6 in which p<1; W=Ca, Na, K; X=Mg,Fe™", Mn, Ni,
Li; Y=AL"D FeS*, cr, Ti; z=si, A1'Y. The end-members of
hornblende were recalculated following the scheme by Misch and

Rice (1975).

3.2 Typical Minerals

Orthopyroxene analyses are presented in Table 3, from which

it is clear that the mineral contains small but appreciable
amounts of A1203, Ca0 and MnO, while N020 and TiO2 are
insignificant. The variation range of the major oxides in the
orthopyroxenes from the main mineral assemblages are compared in
Table 4: SiO2 is rather constant, but A1203 is distinctly
higher in the garnet-orthopyroxene granulites. In contrast,
Ca0 and the FeO/Mg0 ratio are higher in orthopyroxenes from
garnet-free assemblages. On a chemical basis most of the
orthopyroxenes from two-pyroxene or garnet granulites listed in
Table 5 are hypersthene (nos. 43, 45, 55a, 55b, 104, 135b), a

few are ferrohypersthene (nos. 5, 7, 436) and one is a bronzite

(no.456).

Clinopyroxene analyses from garnet-free assemblages are

presented in Table 6 while their recalculated end-members are
given in Table 7. Chemical analyses of clinopyroxene coexisting

with garnet and the relative end-members compositions are shown



TABLE 3 - ELECTRON-MICROPRCBE ANALYSES

OF ORTHOPYROXENE FROM GRANULITES

A B c
sample 7 55a  55b 5 46 48 104 135n | 436 456
No. of - - - - - - -
analyses 6% c 3M M 3M 3M 3M aM 1 2M 1
sio, 49,56 0,61 S1,06 50,35 51,82 51,74 51,09] So,04 52,78 50,27 31,95
Tio, 0,07 0,02 0,08 0,13 0,14 0,10 0,17 0,211 o0,03| 0,22 0,12
A1,0, 0,82 0,10 1,02 1,9 1,56 1,23 1,06] 2,56 1,67 | 1,48 3,30
*Fe0 32,80 0,41 27,45 26,49 30,12 23,34 28,9 29,18 22,14 | 29,47 18,37
Mno 1,19 o,05 1,26 1,21 0,51 1,15 0,98 0,45 0,15 0,68 0,18
Mgo 14,93 0,16 18,61 17,85 16,21 21,66 17,18{ 17,58 23,77 | 16,43 25,13
cao 0,96 0,09 0,34 1,34 1,24 0,66 1,08 0,38 0,29]| 0,92 0,64
Na,0 0,05 o,01 0,05 0,07 0,10 0,08 0,08 0,09 - 0,1 0,04
Total 100, 38 100,37 99,40 101,74 99,96 100,56|100,39 100,77 | 99,47 99,73
CATIONS ON THE BASIS OF 6 OXYGENS
si 1,951 1,955 1,941 1,970 1,948 1,956] 1,921 1,954 1,955 1,303
AliY 0,038 0,043 0,059 0,030 0,052 0,044| 0,079 0,046/ 0,045 0,097
avt 0,0 0,0 0,030 0,040 0,003 0,005| 0,037 0,027] 0,023 0,047
Ti 0,002 0,002 0,003 0,004 0,003 0,005| 0,00 0,001| 0,006 @,003
Fe 1,080 0,879 0,854 0,957 0,735 0,933| 0,937 0,668 0,959 0,563
Mn 0,040 0,041 0,040 0,016 0,037 0,032} 0,015 0,011| 0,022 0,006
Mg 0,876 1,062 1,026 0,920 1,216 0,990 1,006 1,291 0,952 1,372
ca 0,039 0,037 0,055 0,051 0,025 0,047| 0,015 0,009 0,038 0,025
Na 0,004 0,004 0,006 0,008 0,006 0,007| 0,007 - 0,007 0,003
sz 1,989 1,998 2,000 2,000 2,000 2,000 2,000 2,000 2,000 2,000
= xwy 2,041 2,025 2,014 1,996 2,025 2,019| 2,021 2,009| 2,007 2,022
ug®* 30,5 39,3 39,2 24,6 46,9 36,5 |37,2 51,6 35,3 57,5

*All iron as PeQ; 456 includes 0,11% cr2°3'

X: arithmetic mean; o: standard deviation; M: average

A
c
I

TABLE 4 ~ MAIN OXIDE VARIATIONS IN ORTHOPYROXENE

(SEE TABLE 3)

A B

: two-pyroxene granulite; B: garnet-orthopyroxene granulite.
: garnet-two-pyroxene granulite.
ndividual analyses are listed in Appendix III-12.

Sample localities-are given in Fig.9.

SiO2 49,56 - 51,82 50,04 - 52,76
A1203 0,82 - 1,96 1,67 - 2,56
*Fe0 23,34 - 32,80 22,14 - 29,18
Mg0 14,93 - 21,66 17,58 - 23,77
cao 0.82 - 1,34 0,29 - 0,38

50,27

1,48
18,37
16,43

0,84

51,95

3,30
29,47
25,13

0,92

*All iron as FeO.

two-pyroxene granulite.

garnet-orthopyroxene granulite .

garnet-two-pyroxene granulite.
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TABLE 5 - CLASSIFICATION OF ORTHOPYROXENES (SEE TABLE 3)

Bronzite 456 (R =*70,7)

Hypersthene 46 (R = 61,2); 48 (R = 50,6); 55a (R = 53,6)
55b {R = 53,4); 1lo4 (R = 51,3); 135 (R = 65,5)

Ferrohypersthene 5 (R = 48,6); 7 (R = 43,9): 436 (R = 49,2)

R = Mg x 100/(Mg + Fe + Mn}.

TABLE 6 ~ ELECTRON-MICROPROBE ANALYSES OF CLINOPYROXENE FROM

TWO-PYROXENE GRANULITE (SEE TABLE 3)

A
Sample 7 - 552 55b 5 46 48
No. of - — - - —
analyses 2M 6X o 3M 4M 2M 1
$i0, 49,77 50,01 0,44 50,00 50,32 50,8l 50,33
Ti0, 0,28 ©,30 0,04 0,32 0,35 0,27 0,59
21,0, 2,25 2,67 0,24 2,99 3,00 2,18 2,62
*Feo 15,32 12,67 0,22 11,46 13,22 10,16 11,60
Mno 0,51 0,57 - 0,62 0,39 0,50 0,46
Mgo 10,57 11,56 ©,28 11,83 11,11 13,17 12,13
cao 19,79 20,00 0,63 21,80 21,32 21,15 21,83
Na,0 0,53 0,48 - 0,51 0,57 0,75 0,42
Total 99,02 98,26 99,53 100,28 98,98 99,98
CATIONS ON THE BASIS OF 6 OXYGENS

si 1,931 1,931 1,907 1,913 1,832 1,910
a1ty 0,069 0,069 0,093 0,087 0,068 0,090
avt 0,034 0,052 0,042 0,048 0,030 0,028
TP 0,008 0,009 0,009 0,010 0,008 0,017
Fe 0,497 0,409 0,366 0,420 0,323 0,368
Mn 0,017 0,019 0,020 0,013 0,0l6 0,015
Mg 0,611 0,665 0,672 0,630 0,746 O,686
ca 0,823 0,828 0,890 0,867 0,862 0,887
Na 0,040 0,036 0,038 ©,043 0,055 0,031
Tw 2,000 2,000 2,000 2,000 2,000 2,000
Iwxy 2,030 2,018 2,037 2,031 2,040 2,032
Mg®* 40 46,6 49,5 44,9 55,3 50,1

* All iron as FeO.
M: average: X: arithmetic mean; o: standard deviation.

Sample localities are given in Fig.9.

are listed in Appendix III-13.

Individual analyses

TABLE 7 ~ END MEMBERS OF CLINOPYROXENE FROM TWO-PYROXENE

GRANULITE (SEE TABLE 6)

Sample 7 55a 55b 5 46 48
Jadeite 3,87 3,53 3,64 4,08 5,32 3

Ti-tschermak 0,79 0,86 0,89 0,97 0,74 1,63
Ca-tschermak 2,27 3,35 3,78 3,51 1,30 2,55
Wollastonite 38,43 38,56 40,65 39,89 40,43 40,96
Enstatite 29,68 32,69 32,44 30,54 35,90 33,28
Ferrosilite 24,96 21,02 18,60 21,00 16,31 18,57
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in Tables 8 and 9.  The data of Tables 7 and 9 indicate that
the minerals are mainly qubite , and in these analyses A1203 is
variable but it can be rather high, up to 6,83 per cent; NQZO,
TJ'.O2 are generally very small but they are appreciable in a few
samples (nos. 132, 133 and 136, Table 8) while MnO is insignificant.
It is interesting to observe that the sum of cations in the
clinopyroxenes (Ixwyz) seldom approaches the theoretic 4,000
and that certain minerals (nos. 133a, b, and c, 353b and 468,
Table 8) have a total in the 3,975 - 3,989 range. In other
cases the clinopyroxenes have totals ranging from 4,018 to
4,071 (see Tables 6 and 8). This may not necessarily mean poor
quality of the analyses since high totals may be induced by the
presence of Fe3+ in the minerals and low totals are frequently
reported in analyses of metamorphic clinopyroxenes of reputed
good quality (Cawthorn and Collerson, 1974).

Table 10 summarises the chemical composition of
clinopyroxenes from different areas and mineral assemblages.
The 5102 content is relatively constant; A1203, TiOz, N020 and
Mg0/FeQ are generally higher in the Tengani augites (nos. 132,
133, 135,and 136, Table 8) which are also characterised by a
variable Ca0 content. The strong variability in some samples
is due to marked zoning of the minerals as in sample 133 from

Tengani.  An electron-microprobe scan across some zoned

clinopyroxene grains indicated that the nucleus is enriched in



TABLE 8 - ELECTRON~MICROPROBE ANALYSES OF CLINOPYROXENE FROM GARNET-BEARING GRANULITE

c D
Sample 436 456 468 353a 353b 121 19 140 136 132 498 498 133 133a 133c
No. of - nucleus rim
analyses 2M 1 1 1 1 1 1 1 1 1 1 1 3M 1 1
SiO2 48,55 50,03| 53,93 50,34 52,48 50,29 50,85 50,59 49,46 49,49 50,96 50,71 51,03 49,76 50,93
Ti02 0,42 0,64 0,24 0,48 0,18 0,19 0,29 0,30 1,09 0,74 0,65 0,53 0,93 0,89 0,43
A1,0, 2,27 5,15| 2,88 3,15 1,53 5,93 5,76 2,35 6,83 4,80 3,98 3,85 4,35 6,60 5,96
Cr203 n.d, 0,17 n.da. n.d. n.d. n.d. n.d. 0,04 n.d. 0,09 0,03 0,03 n.d. n.d. n.d
*#Fe0 11,14 7,00{ 6,79 14,13 12,10 10,85 11,49 13,23 7,14 7,88 8,06 8,12 9,56 9,46 8,63
Mno 0,54 o0,07| 0,23 0,18 0,20 0,26 0,31 0,20 0,28 0,09 0,08 0,08 0,32 0,27 0,25
Mgo 12,94 13,52| 12,89 10,72 11,29 11,68 12,03 11,03 12,34 13,65 15,09 14,26 11,52 11,89 10,79
ca0 22,08 21,75| 22,53 20,42 21,26 22,10 20,94 21,27 22,23 21,47 18,80 20,53 21,00 17,87 21,03
NaZO 0,41 0,81 0,73 0,58 0,45 0,64 0,42 0,35 0,91 0,83 0,65 0,55 0,75 1,14 0,97
Total 98,35 99,14 [100,22 100,00 99,49 101,06 102,08 99,36 100,28 99,05 98,30 98,65 99,46 98,08 98,11
CATIONS ON TIE BASIS OF 6 OXYGENS
Si 1,881 1,870} 1,982 1,919 1,989 1,858 1,872 1,938 1,832 1,862 1,910 1,905 1,916 1,882 1,909
atv 0,104 o0,130] 0,018 0,081 0,011 0,142 0,128 0,062 0,168 0,138 0,090 0,095 0,084 0,118 0,091
arvi - 0,097 0,107 0,061 0,058 0,117 0,122 0,044 0,131 0,074 0,086 0,076 0,108 0,176 0,173
Ti 0,012 o0,018| 0,007 0,014 0,005 0,005 0,008 0,009 0,030 0,021 0,018 0,015 0,026 0,025 0,012
Cr n.d. 0,005 n.d. n.d. n.d. n.d. n.d. 0,001 n.d. 0,003 0,001 n.d. n.d. n.d. n.d.
Fe 0,361 0,219| 0,209 0,451 0,384 0,335 0,354 0,424 0,221 0,248 0,253 0,255 0,300 0,299 0,271
Mn 0,018 0,002 0,007 0,006 0,006 0,008 o0,0l0 0,006 0,009 0,003 0,003 0,003 0,010 0,009 0,008
Mg 0,747 0,753 0,706 0,609 0,638 0,643 0,660 0,630 0,681 0,765 0,843 0,799 0,645 0,670 0,603
ca 0,917 0,871] 0,887 0,834 0,864 0,875 0,826 0,873 0,883 0,865 0,755 0,827 0,845 0,724 0,845
Na 0,031 0,059| 0,052 0,043 0,033 0,046 0,030 0,026 0,065 0,061 0,047 0,040 0,055 0,084 0,071
zz 1,985 2,000 2,000 2,000 2,000 2,000 2,000 2,000 2,000 2,000 2,000 2,000 2,000 2,000 2,000
2 wxy 2,086 2,025| 1,975 2,018 1,988 2,030 2,0l0 2,013 2,021 2,040 2,007 2,015 1,989 1,987 1,982
Mg 52,6 65,6 |64,7 42,8 47,9 51,2 50,5 45,1 62,4 63,1 64,9 63,0 53,8 55 54,9
*All iron as Feo; M: average.

C: garnet-two-pyroxene aranulite;

Sample localities are given in Fig.9.

D:

garnet-clinopyroxene granulite ,

Individual analyses are listed in Appendix III-13.
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TABLE 9 - END MEMBERS OF CLINOPYROXENE FROM GARNET-BEARING GRANULITE

(SEE TABLE 8)

c D

Sample 436 456 468 353a  353b 121 19 140 136 132 498a 498b  133a 133b 133c
Jadeite 2,88 5,73 15,34 4,21 3,35 4,45 2,97 2,57 6,41 5,82 4,70 3,95 5,52 8,47 7,18
Ti-tschermak 1,14 1,76 | 0,68 1,35 0,52 0,51 0,79 0,85 2,98 2,01 1,82 1,48 2,66 2,56 1,24
Ca-tschermak 2,26 6,45 | 3,05 3,5 1,27 9,80 lo0,l0 3,10 8,44 5,31 4,57 4,96 4,32 8,11 8,53
Wollastonite 41,12 38,28 [43,64 38,57 42,83 37,33 35,46 41,09 37,53 37,88 34,30 37,51 39,22 31,34 38,11
Enstatite 34,91 36,75 |36,21 29,93 32,29 31,23 32,68 31,08 33,38 36,79 41,89 39,36 32,59 33,94 30,70
Ferrosilite 17,69 10,79 |11,07 22,43 19,75 16,67 18,00 21,24 11,27 12,06 12,68 12,70 15,69 15,59 14,84

C: clinopyroxenes from garnet-two-pyroxene granulite.

D: clinopyroxenes from garnet-clinopyroxene granulite.

TABLE 10 - MAIN OXIDE VARIATIONS IN CLINOPYROXENE

(SEE TABLES 6 AND

8)

A
SiO2 49,77 - 50,81 49,46 53,93
,Tioz 0,27 - 0,59 o,18 1,09
Al,04 2,18 - 3,00 1,53 6,83
*FeO 10,16 - 15,32 6,79 14,13
Mgo 10,57 - 13,17 10,72 15,09
cao 19,79 - 21,83 17,87 22,53
Na,0 0,42 -~ 0,75 0,35 1,14
wWollastonite 38,4 - 41,0 31,3 43,6

* All iron as FeO.

A: clinopyroxenes from two-pyroxene granulite.

D: clinopyroxenes from garnet-clinopyroxene granulite.
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Fe, Ti and Al relative to the more Si-rich rim, while Na does
not change appreciably. '

Analyses of garnet from Malawi granulites are listed in
Table 11, from which it appears that these compositions are
characterised by uniform Si02 and A1203 contents and only small
amounts of TiO2 and NQZO. The concentration of the other
oxides, mainly FeO with minor MgO and Ca0, is however strongly
dependent .on both mineral parageneses and geographic location.

Chemical variations related to zoning were found in a
garnet from Tengani (no.132, Table 11): the nucleus has a
higher Mg0 and Cr203 concentration than the more FeO-, MnO-
enriched rim. An electron-microprobe scan for Al on a hypersthene
megacryst from the same area (see Plate 17) confirmed that the
pink-coloured, rod-shaped inclusions are garnet.

The reccl;ulated end-members are presented in Table 12
from which the minerals appear to be solid solutions of almandine,
as the main component, with pyrope and grossular in substantial
proportions. The spessartine end-member is quite small.

The ranges in the minimum and maximum oxide values in the
garnet from various assemblages are shown in Table 13, indicating
that the analyses of the garnet coexisting with orthopyroxene
are characterised by the lowest Ca0 content. Moreover, garnets
from Ncheu two-pyroxene-garnet granulites (nos. 436 and 456,

Fig.9) are quite dissimilar, reflecting the fact that one



TABLE 11 -~ ELECTRON- MICROPROBE ANALYSES OF GARNET FROM GRANULITE

B c D

Sample 104 135b 436 456 353 468 506 121 19 140 498 132a  132b
No. of - - - - rim nucleus rim
analyses 3M 1 3M 1 2M 2M 1 1 1 1 1 1 1
sio, 38,66 38,721 37,37 39,811 38,17 38,01 37,92 37,84 38,29 38,11 38,66 39,24 38,68
Tio, 0,02 0,06}{ 0,24 0,09} 0,02 0,18 0,03 0,05 0,04 0,07 0,11 o,1 0,11
Al,0,4 21,95 22,38| 20,98 23,01 20,52 20,30 20,30 19,79 20,16 22,00 22,59 22,79 22,47
Cr,04 . n.d. Q0,19 n.4. 0,03 | n.4. n.d. n.d. n.d. n.d. 0,05 0,04 0,33 0,22
*FeO 29,55 26,08127,76 20,80126,18 23,96 26,83 25,29 25,24 27.67 22,23 20,38 22,03
MnoO 1,22 o0,53§ 1,64 0,40 | 1,24 0,76 1,03 0,99 1,27 0,62 0,31 0,48 0,59
Mgo 7,75 8,631 4,89 10,82 | 3,44 4,38 5,25 4,40 5,60 5,23 8.19 9,32 7,92
cao 2,18 4,85} 6,31 6,34 | 8,84 11,53 8,19 10,00 7,54 7,47 8,81 8,89 8,96
Na,0 - 0,031 0,12 o0,01{ 0,04 0,11 - - 0,09 0,01 0,02 0,01 0,04
Total 101,32 101,46 { 99,31 101,32 | 98,45 99,23 99,28 98,36 98,53 101,23 100,96 101,54 101,02
CATIONS ON THE BASIS OF 24 OXYGENS.

Si 5,955 5,893 5,529 5,929] 6,059 6,007 6,018 6,053 6,086 5,910 5,872 5,878 5,879
a1tV 0,047 0,107 0,071 0,071| - - - - - 0,09 0,128 0,122 0,121
avi 3,942 3,909 3,851 3,969 3,837 3,782 3,766 3,786 3,864 3,932 3,918 3,904 3,906
Ti 0,002 0,007 | 0,052 0,010} 0,001 0,021 0,004 0,006 0,005 0,008 0,013 0,011 0,013
Cr n.d. 0,023 pn.a. n.d.] n.d. n.ad. n.d. n.d. n.d. 0,006 0,005 0,039 0,026
Fe 3,807 3,3201 3,683 2,591 3,476 3,167 3,562 3,384 3,356 3,589 2,824 2,554 2,801
Mn 0,158 o0,068] 0,220 0,050} 0,167 0,102 0,138 0,134 0,171 0,081 0,040 0,061 0,076
Mg 1,779 1,958 1,156 2,402 | 0,812 1,032 1,242 1,049 1,327 1,209 1,854 2,081 1,794
ca 0,360 0,791 1,073 1,012)1,662 1,952 1,393 1,714 1,284 1,241 1,434 1,427 1,459
Na - 0,009 | 0,037 0,003{0,012 0,034 - - 0,028 0,003 0,006 0,003 0,012
Ziv 6,000 6,000| 6,000 6,000 6,059 6,007 6,018 6,053 6,086 6,000 6,000 6,000 6,000
Ivi 10,049 10,085 {10,074 10,040 { 9,995 10,009 10,104 10,074 10,034 10,070 10,093 10,080 10,087

* All iron as FeO; M: average;

B: garnet—-orthopyroxene granulite;
b: garnet-clinopyroxene granulite.
Sample localities are given in Fig.9:

the thesis.

n.d.:
C:

not determined.

for sample no.506,

Individual analyses are listed in Appendix III-14.

garnet-two-pyroxene granulite;

see Map in the pocket at the back of
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TABLE 12 ~ GARNET ‘END-MEMBERS (SEE TABLE 11)

B C D

‘ nucl, nucl. rim

104 135b 436 456 353 468 506 121 19 140 498 132a 132b

Pyrope 29,74 32,28 | 19,55 39,53 |14,12 18,11 22,07 18,72 23,39 19,98 30,40 34,07 29,45

Uvarovite - 0,56 n.d. 0,09 n.d. n.d. n.d. n.d. n.d. 0,15 0,20 0,96 0,65

Schorlomite 0,04 0,11 0,48 0,17} 0,04 0,38 0,06 0,11 0,08 0,13 0,21 0,18 0,21

Grossularite 5,98 12,36 | L7,65 16,40 26,05 33,91 24,70 30,48 22,56 20,23 23,23 22,22 23,1

Spessartine 2,64 1,13 3,73 0,83} 2,89 1,79 2,46 2,39 3,01 1,35 0,60 1 1,25

Almandine 61,60 53,55 | 58,59 42,99 |56,89 45,81 50,71 48,31 50,95 58,16 45,34 41,57 45,35
n.d.: not determined; nucl.: nucleus.

B: garnet-orthopyroxene granulite.
C: garnet-two-pyroxene granulite
D: garnet-clinopyroxene granulite.

TABLE 13 - MAIN OXIDE VARIATIONS IN GARNET

(SEE TABLE 11)

(i)

(ii)

*FeO

Mno

MgO

cao

20,80 - 29,55
0,40 - 1,64
4,89 - 10,82
2,18 - 6,34

20,38 - 27,67
0,31 - 1,27
3,44 - 9,32

7,47 - 11,53

* All iron as FeO,

(i) garnet-orthopyroxene t clinopyroxene granulite

(groups B and C, Table 11),

'(11) garnet-clinopyroxene granulite (group D, Table
1
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(no.456) is from an interband in anorthosite and has higher
MgO but lower FeO and MnO of the other (no.436) which is
associated with two-pyroxene (garnet-free) granulites. Finally
the analysis of a garnet from an albite-prehnite-garnet-
sericite rock (no.l14l, Fig.9), not shown in Table 11, is an
almandine with appreciable grossular and pyrope components
(total iron as Fe0 = 24,2 per cent; Mg0 = 6,4 per cent; Ca0 =
9,2 per cent). The complete analysis of this garnet is given
in Appendix III-14.

Hornblende analyses are presented in Tables 14 (i) and (ii)
while Table 15 shows the recalculated end-members, indicating
that the amphiboles are mainly solid solutions of hastingsite

with appreciable amounts of tschermokite, edenite and tremolite.

The content of richterite and anthophyllite are quite insignificant.
Considering the chemistry of the amphiboles in more detail,

Table 16 shows the range of the main oxides in hornblendes from
rocks of different assemblages. The hornblendes from garnet

o but lower TiO2 than those

from two-pyroxene granulites; in addition a higher MgO0/Fe0

granulites have generally higher Si0

ratio distinguishes the amphiboles from Tengani (nos. 132a and
132b, Table 14(i)) from the majority of the others which were
analysed. In particular, an early formed, reddish coloured
amphibole (no. 132b, Table 14(i)) presents higher A1203, FeO and
higher NQZO/KZO ratio than a latter developed green hornblende



TABLE 14{(i) - ELECTRON-MICROPROBE ANALYSES OF HORNBLENDE

A D E

Sample 5 48 46 55b 468 436 353 132a 132b 498 KB749 54
No. of - - — — e - . - vy
analyses 3M 5X o aM M 2M 2M 1 2M 2M 1 1 4M
Sio2 41,63 41,68 0,19 41,95 40,69 |44,30 40,32 41,31 40,63 40,15 45,42 [ 45,07 41,65
Tio2 2,63 3,26 0,06 2,19 2,23 1,31 3,00 2,07 2,12 2,03 1,87 0,44 1,97
A1203 11,12 11,68 0,17 10,77 12,15 J11,67 12,96 11,69 13,88 16,98 10,85 |13,10 11,98
Cr203 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0,07 0,04 0,11 n.d.
*FeO 17,60 16,17 0,21 14,83 17,22 |14,45 16,15 21,21 13,39 110,49 10,28 9,3 14,23
MnO 0,33 0,25 0,02 0,31 0,30 0,26 0,39 0,09 0,31 0,04 0,07 0,19 0, 30
Mgo 10,26A 10,03 0,29 12,18 9,38 111,12 8,92 8,01 12,86 12,71 14,46 | 14,97 11,53
ca0 11,32 11,27 0,24 11,26 11,4% 12,05 10,67 11,62 11,20 11,54 11,45]112,28 11,43
Na,0 1,77 1,75 0,13 1,75 1,45 1,48 1,53 0,70 2,27 2,63 1,78 1,83 1,82
K,0 1,44 1,83 0,06 1,63 2,29 0,51 2,49 1,73 1,41 0,69 0,50 0,29 1,86
Total 98,82 97,92 96,87 97,12 {97,15 96,43 98,43 98,07 97,30 96,72 | 99,46 96,77
* All iron as FeO; X: arithmetic mean; o: standard deviation; M: average; n.d.: not determined.

KB 749 (from Bloomfield and Garson, 1965, p.97), total includes 1,88% H,0 and 4,27% Fe,0
A: two-pyroxene granulite: D: garnet-clinopyroxene granulite: E: amphibolite.

3°

Sample localities are given in Fig.9, 1Individual analyses are listed in Appendix III-15.
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TABLE 14(ii) - CATION OF HORNBLENDES ON THE BASIS OF 23 OXYGENS*

(SEE TABLE 14(i))

A D =

Sanple 5 48 46 58b 468 436 353 132a 132b 498 KB749 54
Si 6,302 6,285 6,354 6,241| 6,585 6,194 6,317 6,039 5,898 6,636 | 6,463 6,296
a1tV 1,698 1,715 1,646 1,759) 1,415 1,806 1,683 1,961 2,102 1,264 | 1,537 1,704
AlVi 0,285 0,360 0,277 0,438} 0,629 0,542 0,425 0,472 0,839 0,506 | 0,676 0,429
Ti 0,300 0,370 0,249 0,257| 0,147 0,347 0,238 0,237 0,224 0,206 | 0,047 0,224
Cr n.d. n.d. n.da. n.d. n.d. n.d. n.d. n.d. 0,008 0,005 0,012 n.d.
Fe 2,559 2,039 1,873 2,208) 1,797 2,075 2,713 1,665 1,289 1,256} 1,115 1,826
Mn 0,042 0,032 0,040 o0,038| 0,032 0,051 0,012 0,039 0,005 0,009 | 0,023 0,039
Mg 2,316 2,254 2,743 2,145} 2,463 2,043 1,826 2,849 2,783 3,145 3,198 2,598
ca 1,836 1,820 1,828 1,874} 1,918 1,757 1,904 1,748 1,817 1,793(1,886 1,851
Na 0,518 0,511 0,507 0,432] 0,425 0,456 0,208 0,654 0,749 0,504 | 0,508 0,533
K 0,278 0,352 0,316 0,448} 0,096 0,488 0,338 0,267 0,129 0,093 |0,053 0,358
Ziv 8,000 8,000 8,000 8,000| 8,000 8,000 8,000 8,000 8,000 8,000] 8,000 8,000
Zvi 7,008 6,875 7,022 6,960} 6,986 6,814 7,118 7,046 6,964 6,923)] 6,597 6,967
LA 0,798 0,863 0,823 0,880/ 0,521 0,944 0,545 0,922 0,878 0,598} 0,561 0,891
*Structural formula of KB 749: recast to 24 (0,0H); H: 1,798; Fe includes 0,461 cations of Fe

n.d.:
Fig.9.

not determined:

rock types are the same as in Table 14(i).

Sample localities are given in

o\
o0



TABLE 15 - HORNBLENDE END-MEMBERS (SEE TABLES 14 (i) AND (ii))
A B

Sample 5 48 46 55b 498 132a 132b 468 436 353 54 KB 749
Richterite - 12,5 - 4 3,8 1,8 5,6 1,4 18,6 - 3,3 4,3
Pargasite 58,5 61,3 54,8 69,5 44,3 84,2 69,7 49,3 56,9 53,6 65,3 47,5
Edenite 21,1 - 27,5 10,5 - - - - - - 17,2 -
Tschermakite - 5,8 - - 13,7 10,9 20,4 21,4 16,0 5,8 - 36,0
Tremolite 12,2 17,6 - 9,1 11,7 29,8 - - 24,4 5,0 34,2 8,4 8,6
Anthophyllite 8,0 2,7 8,6 4,3 6,9 2,17 4,3 3,5 2,5 6,4 5,8 3,6
Mgox 36,4 37,9 44,6 34,9 58,3 48,4 54,7 43,0 35,0 27,3 44,2 61,7

A: two-pyroxene granulite; D: garnet-clinopyroxene granulite;

E: amphibolite .

TABLE 16 - MAIN OXIDE VARIATIONS IN HORNBLENDE (SEE TABLES 14(1) AND (1i))

A D 54 KB_749
sio, 40,69 - 41,68 40,15 - 45,42 41,65 45,07
Tio, 2,19 - 3,26 1,31 - 3,00 1,97 0,44
a1,0, 10,59 - 12,15 10,85 - 16,98 11,98 13,10
*FeO 14,83 - 17,60 10,28 - 21,21 14,43 9,29
Mgo 9,38 ~ 12,48 8,01 -~ 14,46 11,53 14,97
cao 11,26 - 11,41 10,67 - 12,05 11,43 12,28
Na,0 + K0 3,21 - 3,74 1,99 - 4,02 3,68 2,12

* All iron as FeO.

A: two—-pyroxene granulite;

54 and KB 749:

amphibolite.

garnet-clinopyroxene granulite;

69
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(no. 132a, Table 14(i)). The data presented in Table 16 also
suggest that hornblendes o% amphibolites within high-grade
terranes (no.54, Fig.?) may not be chemically distinguishable
from those coexisting with pyroxenes in melanocratic granulites.
In contrast, a published analysis from the northern Kirk Range
(no. KB 749, Fig.9; Bloomfield and Garson, 1965, p.97) presents

lower TiO, and FeO but higher Si0

2 Al.0., MgO and Ca0 than the

2" 7273

corresponding minerals from granulite facies terranes. As
shown in Table 15, these chemical differences are reflected in
a higher tschermakite / pargasite ratio for the Kirk Range
sample.

Biotite compositions and structural formulae, listed in
Table 17, indicate that the micas from two-pyroxene granulites
and associated amphibolites are titanium-rich and transitional
between biotite and phlogopite. Bulk chemical differences,
suggested by the paragenesis garnet-hypersthene-biotite, may
account for the appreciable content of AlVI (siderophyllite
component) in sample no.104 (see Fig.9). Like the amphibole‘
from the marthern Kirk Range (no. KB 749, Fig.9), the only mica
analysis available from a low-grade area (no.KB 1097, Fig.9;
Bloomfield, 1965b, p.30) is characterised by low Ti02, FeO and
high MgO. This is probably related to the bulk chemistry of

the rock, which is o hypermelanic orthogneiss (see p.52).

The mica is in fact a phlogopite since its Fe/Mg ratio is less



TABLE 17 - ELECTRON-MICROPROBE ANALYSES OF BIOTITE

A B E
sample 48 104 54 KB1CO7%*
N°-]°f 3 3m W 1
si0, 36,38 | 36,18 | 36,98 37,74
Ti0, 5,60 5,33 4,54 2,68
AL,0, 13,53 14,90 | 13,72 13,57

*FeO 16,80 16,80 14,80 10,05
Mno 0,11 0,05 | 0,15 0,18
Mgo 12,78 | 12,18 | 14,32 19,82
Nazo 0,14 0,08 0,20 0,49
K,0 10,59 | 10,45 | 10,64 8,75
B20 - - - 1,80
H,0 - - - 3,59
F 1,22 - - 1,22
Total 95,93 | 95,97 | 95,35 99,89

CATIONS ON THE BASIS OF 22 OXYGENS

si 5,513 5,462 5,577 5,544
a1*Y 2,415 2,538 2,423 2,350
a1Vt - 0,114 0,011 -
Ti 0,638 0,605 | 0,519 0,296
Fe 2,130 2,122 1,867 0,958
Mn 0,014 0,007 0,019 0,022
Mg 2,885 2,741 3,219 4,34
Na 0,040 0,023 0,058 0,140
K 2,047 2,011 2,047 1,753
Ba - - - 0,069
- - - 3,521
F - - - 0,567
1z 7,928 8,000 | 8,000 7,894
Iy 5,667 5,589 5,635 5,893
W 2,087 2,034 2,105 1,961

*All iron as FeQ:; M: average.

**pe0 includes 2,50% Fe203; and structural formula is
recast to 24 (0,0H,F) (after Bloomfield, 1965b, p.30).
A: two-pyroxene granulite; B: garnet-orthopyroxene
granulite; E: amphibolite.

sample localities are given in Fig.9. Individual
analyses are listed in Appendix III-16.
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than 0,5 (Deer et al., 1963). Plagioclase analyses are listed

in Table 18 and they indicbte an andesine (An39_45) composition
in accordance with petrographic observations.

Magnetite and ilmenite are typical accessory constituents
in most rocks, and are particularly cbundant in the melanocratic
granulites, from which the analysed samples presented in Table
19 were selected. The composition of ilmenite, including one
from an ilmenite-clinopyroxene symplectite (see Appendix III-13,
no.353), is characterised by very low MgO, and MnO but traces
of A1203. The electron-microprobe was also used to identify a
silicate mineral from an albite-rich, garnet-bearing rock (no.
141, Fig.9) collected north of Tengani. Its chemical composition
is simple (5102 43,5 per cent; A1203 23,7 per cent; Ca0 26,8
per cent) and matches that of prehnite if the balance to 100 per

cent is due to water (see Deer et al., 1963).

3.3 Interoxide Relationships

(a) Pyroxene

In the literature much attention is paid to the partitioning
of Fe and Mg between coexisting ortho- and clinopyroxene (Wood
and Banno, 1973) because this parameter was found sensitive to
the physical conditions of equilibration. In Fig.1l0, nearly
all the tie-lines joining coexisting pyroxenes project to the

. . . 78 82
enstatite-wollastonite side between Wo = and Wo . Moreover
. 0-50 . s

they do not cross each other in the range Wo , a characteristic

which is generally accepted as an indication of equilibrium




TABLE 18 - ELECTRON~MICROPROBLE ANALYSES
OF PLAGIOCLASE FROM TWO-
PYROXENE GRANULITE

TABLE 19 -~ ELECTRON-MICROPROBE ANALYSES OF ILMENITE AND MAGNETITE
FROM GRANULITE

Sample 55a 55b 5
No. of analyses 3M 3M 3H-
5102 56,68 55,69 57,81
A1203 26,50 26,51 25,56
cao 9,01 9,51 8,16
Nazo 5,91 5,72 6,79
x20 0,37 0,23 0,45
Total 98,47 97,66 98,77

CATIONS ON THE BASIS

OF 32 OXYGENS

si 10,314 10,231 10,485
Al 5,682 5,739 5,462
Ca 1,757 1,872 1,584
Na 2,084 2,038 2,385
K 0,085 0,053 0,103
END MEMBERS

or 2,18 1,36 2,54
ab 53,08 51,43 58,58
an 44,74 47,24 38,88

M: average,

Sample localities are given in Fig.9.
Individual analyses are listed in
Appendix III-17.

ILMENITE MAGNETITE
Sample 55 46 104 353 46
Ti0, 48,85 49,09 51,22 48,96 0,12
1,0, 0.28 - - 0,03 0,40
Cr203 0,02 - - 0,08 0,23
*Feo 51,41 51,32 45,31 47,57 93,52
Mno 1,11 0,80 0.29 0,52 -
MgO 0,20 1,18 1,68 0,06 0,20
Total 101,87 102,39 98,61 97,22 94,27
CATIONS ON THE BASIS OF 6 OXYGENS

Ti 1,864 1,858 1,964 1,936

Al 0,017 - - 0,002

cr 0,019 - - 9,003

Fe 2,182 2,161 1,932 2,092

Mn 0,048 0,034 0,013 0,023

Mg 0,015 0,089 0,128 0,005

iv 1,882 1,858 1,964 1,941

Ivi 2,245 2,283 2,073 2,120

* All iron as FeO.

Structural formula of magnetite not calculated;

to Fe, 0, or unsatisfactory microprobe working conditions.

Sample 46, 55,
Sample 353:
Sample localities are given in Fig.9:

104:

two~pyroxene granulite .

garnet-clinopyroxene granulite .

listed in Appendix IIX-18.

poor totals relate

individual analyses are

€L



crystallisation between mineral pairs. The main exception is
represented by the pyroxen;s of a garnet-bearing granulite (no.
436, Fig.3), which may indicate either a disequilibrium
assemblage or an analytical imprecision, particularly on the

iron determination, since metamorphic clinopyroxenes may

WOLLASTONITE

wo™

80
w0 \‘\
wo™ "’
DIOPSIDE SA’L]TE HEDENBERGITE

TH\o® & AUGITE
‘ \

>

L/ o 1 die ) \ NN

ENSTATITE BRONZITE ' HYPERSTHENE " EULITE ' FERROSILITE
» FERROHYPERSTHENE

Fig.1l0. Distribution of wollastonite-enstatite-ferrosilite
end-members in pyroxenes. Two-pyroxene granulites ((J);
garnet-clinopyroxene granulites (M); and garnet-two-
pyroxene granulites (P)). Broken lines join analyses
from zoned minerals and tie-lines join coexisting ortho-
and clinopyroxenes.
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contain a significant Fe203/FeO ratio (Deer et dl., 1963).
Attempts to recalculate tHé Fe3+ content from the structural
formula with the scheme proposed by Cawthorn and Collerson (1974)
do not however improve the plot significantly.

Equilibrium crystallisation for the majority of the
pyroxenes is therefore suggested by the small variations in the
composition of different grains from the same sample (see Tables
3 and 6), by the lack of visible zoning and by the rare
overlapping of the tie-lines observed in Fig.1l0. The very same
plot suggests a metamorphic origin for the hypersthene-augite
granulites since the tie-lines intercept the wollastonite-
enstatite join in the range of metamorphic pyroxene pairs
(Bartholomé, 1962). A metamorphic origin for the clinopyroxenes
of both pyroxene and garnet granulites is also suggested by
Fig.1ll in which all analyses except one plot in the appropriate
field. The only pyroxene plotting in the igneous field (no.
436) occurs in a Type III prograde granulite which implies
possible analytical errors. Fig.1ll also indicotes that augites
in two-pyroxene granulites have in most cases not only a lower
Aliv, AlVi content but also a lower AIVi/Aliv ratio than the
clinopyroxenes coexisting with garnet. A few of the minerals
have omphacitic affinities since they plot in the eclogitic

field, but they are not true omphacites because their maximum

No20 content (1,1 per cent) is well below the minimum accepted
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Fig.ll. Distribution of Al*Y and A1Y? in clinopyroxenes.

Two-pyroxene granulites ((J); garnet-clinopyroxene
granulites (M) and garnet-two-pyroxene granulites (¥).
Labelled fields after Aoki and Kushiro (1968).

See text for data on no.l.

value of 1,8 per cent (Deer et al., 1963). The same pyroxenes
(nos. 133, 353b, 468) have nyz< 4 (see Table 8) and this may be
related to observations by Cawthorn and Collerson (1974), that
in omphacites the cation totals are statistically lower than the
ideal 4,000, The data plotted in Fig.ll therefore may indicate
that the garnet granulites did experience higher pressure than
the two-pyroxene granulites.

Considering other interoxide relationships, various authors,
particularly Wilson (1976a, b) have stressed the importance of
the pyroxene gross composition as a control on the solubility
of minor elements in their structure: in particular he suggested

that alumina steadily increases with magnesia. To test Wilson's
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Studies, the variation of alumina relative to the magnesia
content in clinopyroxenes is illustrated in Fig.12(a) where
AL, is plotted against Mg®*, i.e. 100 Mg0/(MgO +XFe0 + MnO),
in weight per cent. In this diagram the low=-alumina
clinopyroxenes from two-pyroxene granulites define a certain
(outlined) trend; in contrast there is no trend at all amongst
clinopyroxenes from garnet granulites. The flat-lying field
suggests that the ratio Mg/Fe had a relatively minor effect on
the concentration of Al in the augites. The higher concentrations
shown by some minerals may therefore reflect other causes, such
as the higher Al content of the rocks or differences in
physical conditions during crystallisation. The distribution
of the jadeite component in relation to ferrosilite is shown in
Fig.12(b) where a number of clinopyroxenes, from the pyroxene
éranulites of Zomba, define a trend with a positive slope.

This observation is consistent with the direct relationship
existing between jadeite and ferrosilite in minerals
recrystallised under the some P-T conditions and in rocks of
comparable bulk chemistry (Wilson, 1976b). Fig.12(b) suggests
that the higher jadeite content of some augites from garnet
granulites cannot however be related solely to variations in
ferrosilite component. On the contrary, since the minerals

with higher jadeite are also more magnesian, the normalisation

of the pyroxenes from garnet granulites with those from two-
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pyroxene rocks to the same ferrosilite value, as proposed by
Wilson (1976b), would acéuully increase the differences between
the two groups.

The relative proportions of the main components in the
clinopyroxenes are shown in Fig.l3 where the minerals from
garnet and two-pyroxene granulites apparently occupy two fields.
The garnet granulites are characterised by pyroxenes with a
greater proportion of jadeite and ZItschermakite (Ca-Ti-
tschermakite + Ca-Al-tschermakite) component perhaps related
to a higher temperature and pressure of recrystallisation
(Wilson, 1976b; Thompson, 1974).

(b) Garnet

In view of the interdependence of Mn and Fe in garnet,
the affinity of spessartine ond almandine components are shown
in Fig.i4 and illustrate a direct relationship, with a positive
slope (see outlined field in Fig.14). 1In this diagram, a
certain deficiency of spessartine of some of the garnets is
probably related to their coexistence with orthopyroxene
rather than clinopyroxene. Analytical data suggest that Mn
enters preferentially into the hypersthene (range MnO in Table
3 = 0,45 - 1,26 per cent) than in augite-salite (range MnO in
Tables 6 and 8 = 0,39 - 0,62 per cent), thus leaving less Mn
available for solid solution in the coexisting garnet.

The composition of the garnets, expressed in terms of
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' Ca-PYROXENE

Fig.13. Distribution of jadeite - Z tschermakite-Ca pyroxene
end-members in clinopyroxenes. Broken lines join
analyses of zoned pyroxenes. Symbols as in Figs.lZ(u) and (b)

SPESSARTINE

40 50 60
ALMANDINE

Fig.l4, Distribution of almandine and spessartine end-members
in garnets. Garnet-orthopyroxene granulites (O;
garnet-clinopyroxene granulites (-); and garnet-two
pyroxene granulites (®). Broken line joins analyses
of zoned garnet; for the field between lines, see text.
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their end-members is shown in Fig.l1l5, in relation to the fields
typical of different metamarphic environments. Most of the
analyses plot in the field where garnets from granulite and
eclogite in medium- and high-grade terranes overlap (Winkler, 1974,
p.262). Fig.1l5 also indicates that the grossular component is

very low in the garnet associated to hypersthene but it becomes

appreciable where Ca-rich augite is the only pyroxene present.
In a garnet-hornblende granulite from the northern Kirk
Range (no.468, Fig.9) an eclogitic garnet (no.l, Fig.15) coexists
with a clinopyroxene of omphacitic affinity (no.l, Fig.ll);
and it’is likely that the host rock is transitional to eclogite.
It is now important to consider the distribution of Ca,
Mg and Fe between coexisting garnet and clinopyroxene in view
of recent studies on element partitioning (Raheim and Green,
1974; Ellis and Green, 1979). The cation proportions
recalculated to 100 per cent from the structural formulae are
plotted in Fig.l6 where only one mineral pair exhibits tie-
lines grossly discordant with the others and is probably
related to the unknown Fe3+ content, zoning and differences in
P-T conditions. The broad parallelism of most tie-lines in
Fig.16 could be interpreted as indicating conditions of
equilibrium between coexisting garnet and clinopyroxenes. In
addition, a Mg-enrichment of certain clinopyroxenes relative

to most others is remarkable, whilst zoning of both garnet
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Distribution of end-members in garnet, showing the
fields of garnet from granulite, eclogite, etc. from
Winkler (1974, p.269). Garnet-orthopyroxene
gronulites (O); garnet-clinopyroxene granulites (H);
and garnet-two-pyroxene granulites (P). -Broken line

joins analyses of zoned garnet; for sample no.l see
text.

and clinopyroxenes in samples from Tengani (nos.132 and 498) is

also significant (see Tables 8 and 11);

and for this reason the
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tie-lines relate the compositions of adjacent garnet-clinopyroxene

rims.

In general, both petrographic and electron-microprobe

data indicate that during the metamorphism in the Tengani area

the Fe/Mg ratio increased in garnets (see Table 11) and decreased

in clinopyroxenes (see Table 8). This may also be expressed by

saying that the value of KD = (Fe/Mg) ga: (Fe/Mg)cpx increased

in these rocks during recrystallisation.
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Fig.16. Distribution of Ca, Mg, Fe in coexisting garnet and
clinopyroxenes from garnet-clinopyroxene granulites (W)
and garnet-two-pyroxene granulites (P); broken tie-
lines link minerals nos. 132 and 498 from Tengani (see
Fig.9); dotted lines join analyses of zoned minerals.

(c) HornBlende

Distribution of eﬁd—members amongst the hornblendes is
investigated in Fig.l7 where the main components (pargasite,
edenite/tschermckite and tremolite + richterite) have been
recalculated to 100 per cent. The last two components are
added together since Deer et al., (1963) described these two
amphiboles as formed under similar, low~grade environments.

In the tschermakite triangle all amphiboles from garnet-
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TREMOLITE + RICHTERITE TSCHERMAKITE

EDENITE PARGASITE

Fig.l7, End members distribution in hornblendes. Two-
pyroxene granulite (®), and an associated amphibolite
(0); garnet-clinopyroxene granulite (M), and a
related amphibolite ((J). Dashed line joins analyses
from the same sample.

clinopyroxene granulites and from associated amphibolite are
plotted while in the edenite triangle most of the hornblendes
from two-pyroxene granulites and associated amphibolite fall.,
The highest tschermaokite content characterises a hornblende from
Chimwadzulu (no. KB 749 Fig.9) for which the content of Fe3+

3+ + Ti + Cr)

] 1

is known and therefore Al Vi was taken as (AlVI+-Fe
following Misch and Rice (1975).

The interoxide variations in hornblendes are particularly
complex because of the number of components present in the

. . . . 'VvI' Iv .
amphibole structure. The distribution of Al and Al” " in
hornblendes is shown in Fig.18(a) where most of the minerals
from two-pyroxene granulites and a hornblende from a Zomba

amphibolite (open dot) plot near the pargasite-edenite join.

In contrast, the amphiboles from garnet-clinopyroxene
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an associated amphibolite (O); garnet-clinopyroxene
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Broken lines project towards amphibole end-members
(Deer et al., 1963). Dotted line joins
amphiboles from the same sample and(#)indicates
where pargasite plots.

Distribution of Mgox (see p.77 ) between hornblendes
and associated clinopyroxenes. Dotted lines join
analyses from the same sample and dashed line is
trend of equal Mg®* distribution.
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assemblages and an amphibolite from Chimwadzulu (open square)
are rather more scattered and in most cases they seem to plot

along the tremolite-pargasite join,

The strict chemical relationships between hornblendes and
associated clinopyroxenes are shown in Fig.18(b). In this plot
the distribution of the Mgox values defines a crude trend with
a positive slope which is parallel to and lying above the line
of equal partitioning, indicating that magnesia is more abundant
in the clinopyroxene.

The chemical characters of the hornblendes suggest that
they equilibrated with their associated pyroxenes and/or garnet
because substantial differences occur amongst amphiboles from
different mineral assemblages. It is in fact significant that
the clinopyroxenes and hornblendes coexisting with garnet have

lVl
I /AlIV ratio than those coexisting with orthopyroxene

a higher Al
(see Figs. 11 and 18(a)). In addition, because tschermakitic
amphibole is characteristic of hornblende eclogite (Deer et dal.,
1963), the more abundant jadeite component in clinopyroxene and
tschermakite component in the associated amphibole are compatible

with a common metamorphic environment of garnet granulite

transitional to eclogite.
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CHAPTER 4.  PETROCHEMISTRY

4,1 1Introduction

In this section the results of an extensive investigation on

the chemical characteristics of the granulite facies rocks are
presented and discussed. Most of these rocks were analysed

for major and minor elements as well as Rb, Sr, Y, Zn and Nb.
The granulites considered include melanocratic, mesocratic,
leucocratic types and garnet granulites; but certain rock

types such as khondalite, calc-silicate granulite and marble

are omitted since their metasedimentary origin is generally
undisputed. In addition to the granulites the chemical
characteristics of about 18 gneisses and 11 amphibolite-
granulite facies transitional rocks are also discussed, but

the majority of the analyses of amphibolite facies gneisses used
are taken from the literature. Finally whole-rock chemical
analyses of 40 plutonic rocks are examined including amphibolite,
metagabbro, metadolerite, Ring Complexes, Perthitic Complexes,
granitoid orthogneisses and post-kinematic plutons.

The analytical data and aenalytical methods are given in
Appendix IV, while the sample localities for the specimens
analysed in this work are shown in Fig.l9 and in Maps 1 to 4 in
the pocket at the back of the thesis. A very generalised

locality map for the published analyses is shown in Fig.Z20.
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4,2 Granulite Facies Rocks

(a) Major oxides

The granulites may be subdivided on the basis of their
SiO2 content, into melanocratic, mesocratic, and leucocratic
types; the anorthosite is considered with the melanocratic

granulites. Of these, the melanocratic granulites are

generally characterised by a 5i0O, content between 43 and 53

2
per cent (Table 20). These are predominantly undersaturated,
are characterised by 50 - 62 per cent of normative feldspar,
and are either nepheline- or olivine-hypersthene-normative but
seldom quartz-normative. Most of the two-pyroxene granulites
(cols. a to f, Table 20) have a high N020/K20 ratio reflecting
a plagioclase of relatively sodic composition, ranging from
calcic oligoclase to sodic labradorite. Amongst the two-
pyroxene granulites, one (col. d, Table 20) is distinguished
from the other rocks by its low NGZO/KZO ratio (1.2) but the
highest NOZO + KZO content of about 7 per cent. Of the two
garnet~clinopyroxene granulites (cols. h and i, Table 20), one
is nepheline- and the other quartz-normative and they are

markedly dissimilar from the other melanocratic rocks in their low

Na,0 and K,O contents and the high FeO, FeO/Fe

2 2 Mg0O, and

203

Ca0 contents. Table 20 also lists four analyses of anorthosite




TABLE 20 -~ COMPOSITIONS OF MELANOCRATIC GRANULITES AND ANORTHOSITE

(a) (b) (c) (@) (e) (£) {a) {(h) (i) (i) (k) (1) {m)
gz;lsges 1 1 1 1 i 1 1 1 1 1 1 1 1
sio, 43,01 43,56 48,20 49,60 S0,32 51,70 51,92 46,17 46,69 49,74 51,40 52,17 57,87
Tio, 4,30 2,48 1,63 1,39 1,81 1,73 1,57 1,41 31,41 0,16 0,44 0,15 0,11
AL, 14,62 15,89 15,02 17,09 15,00 13,91 15,48 14,23 14,10 27,16 28,95 28,43 26,87
Fe,0, 3,60 1,94 5,70 ., 3,91 3,18 7,01 4,08 1,51 1,56 1,13 0,11 0,34 0,05
Feo 13,22 11,68 7,22 5,53 8,38 7,88 9,02 11,22 14,00 1,87 0.86 0,98 0,09
MnO 0,23 0,26 0,21 0,23 0,20 0,26 0,16 0,11 0,17 0,05 0,01 0,02 -
MqO 5,48 7,15 6,75 4,46 5,77 4,24 6,52 9,49 6,14 2,12 0,35 1,14 -
cao 9,07 10,15 9,78 8,28 8,38 7,50 5,14 13,14 10,26 13,53 12,90 12,18 9,09
Na,0 2,76 2,13 3,63 3,89 3,79 4,66 3,7 2,17 1,23 3,22 4,00 4,00 5,18
K,0 0,60 1,21 0.99 3,03 1,25 0,61 1,01 0.42. 0,48 0,21 0,31 0,56 1,03
P,0, 0,91 0,19 0,17 0,19 0,30 0.20 0,24 0,09 0,68 0,37 - 0,01 0,09
HZO_ 0,06 0,04 0,06 0,21 0,05 - ?,05 0,06 - - - 0,03 0,11
H,0+ 0,49 0,09 0,17 0,60 0,34 - 0,46 0,19 - 0,47 0,41 0,40 0,24
Total 98,35 98,07 100,41 93,41 98,77 99,35 99,37 100,21 98,79 100,13 99,74 100,41 100,73

CIPW NORMATIVE MINERALS (MOLECULAR PERCENTAGES)

q - - - - - 1,91 1,69 - 2,9 - - - 4,14
or 3,72 7.50 5,93 18,31 7,50 3,68 6,08 2,51 3,01 1,77 ° 1,7 3,25 5,93
ab + an 53,01 47,70 53,05 46,43 55,45 58,24 56,92 40,43 44,81 86,39 94,2 91,60 88,58
ne - 2,42 1,19 5,96 - - - 4,23 - - - 0,28 -
c - - - - - - - - - - - - 0,93
ai + he 13,80 15,85 20,76 16,04 15,80 16,43 1,04 29,52 12,59 4,70 1,2 1,88 -
fo + fa 14,09 20,35 10,29 6,69 7,29 - - 19,57 - 1,21 - 2,42 -
en + fs 3,12 - - - 7,39 8,93 27,18 - 28,49 2,62 0.8 - -
ap 2,00 0,42 0,36 0,41 0,62 0,43 0,51 0,19 1,5 0,76 - 0,02 0,18
ma 3,95 2,13 6,03 4,18 3,39 7.48 4,34 1,58 1,72 1,16 0,2 0,35 -
il 6,29 3,62 2,38 1,98 2,56 2,46 2,23 1,97 5,00 1,34 0,7 0.2 0,15
An% 52 68 43 46 39 28 42 69 75 68 64 63 48

low totals are related to little carbonate, as observed in thin sections; M: average . See p.92 for rock types

16



TABLE 20 - COMPOSITION OF MELANOCRATIC GRANULITES AND
ANORTHOSITE

(a) Two-pyroxene granulite: (29).

(b) Two-pyroxene-hornblende granulite: (48).

{c) Two-pyroxene granulite: (46).

(d) Charnockitic granulite: (P1).

(e) Average of melanocratic two-pyroxene £ hornblende
granulites: (28), (40), (61) and (99).

(f) Two-pyroxene-hornblende granulite: (38).

(g) Orthopyroxene-plagioclase granulite: (107).

(h) Garnet-clinopyroxene-hornblende granulite: (132).

(i) Garnet-clinopyroxene-quartz granulite: (129).

(j) Gabbroic anorthosite: (rP2).

(k) Anorthosite: (P3).

(1) Garnet-clinopyroxene-hornblende anorthosite: (106).

(m) Anorthosite: (135).

Numbers in brackets are samples from localities shown in Fig.l9
and in Maps 1 to 3 in the pocket at the back of the thesis.

Analyst: M. Andreoli except for no.6l, which was analysed by
A,Bemath and for numbers preceded by P which are published
analyses from localities shown in Fig.20.

Individual unpublished analyses are listed in Appendix IV-8;
dota sources for published analyses are listed in Appendices IV-9 and
Iv-10.

(cols. j to m), including nepheline-, diopside- and quartz-
corundum-normative types. The recalculated feldspar ranges
from Ca-labradorite (An68) to andesine (An48); K-feldspar is

only a minor component.




The mesocratic granulites comprise banded and massive
rocks in which SiO2 ranges from 53 to less than 62 per cent
(see Table 21); most of these rocks are quartz-rather than
olivine-normative; diopside is always present in the norm.
However, the majority of the granulites seem to fall into two
groups distinguished by their K20. In the main group (cols.
b, ¢, and f, Table 21) K20 is less than about 2 per cent and
normative sodic andesine (s:An35) constitutes between 50 and

74 per cent of the total. In the other groups (cols. d, e,

g, h, and i, Table 21) K20 is generally about 4 per cent or
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above that percentage and these rocks have a greater proportion

(60 - 80 per cent) of normative albite + orthoclase. The
garnet-clinopyroxene granulites (cols. k to h , Table 21)

differ from the other groups being K,O-poor and with a

2
normative plagioclase which makes up between 47 and 65 per

cent of the total.

The leucocratic granulites include a variety of types:

perthite-rich orthopyroxene-bearing rocks, quartz-and

plagioclase-rich granulites, with or without biotite and

garnet, and quartzo-feldspathic granoblastites (see Table 22).

The silica content of these rocks is taken to be higher than
65 per cent Si02; however there are only two analyses of

granulites with a SiO2 content between 63 and 66 per cent



TABLE 21 - COMPOSITIONS OF MESOCRATIC GRANULITES

(a) () c) () (e) (£) (9) (h) (i) () (k) (1) (m) (n)
Noalyses 1 28 1 1 6X o 6% o 28 1 1 2 1 1 1 1
sio, 54,05 55,95 56,63 56,82 58,72 0,77 60,86 2,78 61,56 61,80 62,14 62,34 53,51 53,67 58,29 61,62
Ti0, 2,36 1,12 0,91 1,35 1,39 0,44 1,09 0,31 0,63 0.88 1 0,78 1,35 0,98 0,89 1,03
Al,0, 15,13 20,24 16,87 16,67 16,98 0,77 15,97 1,33 17,47 16,63 18,29 17,57 17,89 16,24 16,84 15,93
Fe,0,4 12742 2,17 3,92 3,69 3,23 0,19 1,73 1,16 3,39 1,34 a1b c,75 2,41 1,13 1,73 1,82
FeO ' 3,30 4,67 3,90 *3,13 0,21  *%4,7 1,05 3,28 4,34 ! 3,86 6,03 7,73 5,86 4,77
MnO 0,16 0,11 0,18 - 0,09 0,04 0,12 0,04 0,19 0,09 - 0,08 0,05 0,16 0,14 0,11
Mgo 2,49 2,35 3,81 3,18 2,17 0,45 2,74 0,76 0,13 2,19 1,11 2,64 3,88 6,20 3,04 2,39
cao 6,80 6,80 6,98 4,86 4,27 0,15 5,35 1,01 3,5 4,03 2,13 5,00 8,54 9,26 6,38 4,58
Na,0 3,35 5,34 4,60 4,44 4,54 0,19 4,40 0,34 4,14 3,72 3,64 4,34 4,53 3,36 4,05 3,42
K,0 2,48 1,53 1,00 3,72 4,68 0,17 1,46 0,43 5,23 4,63 6,91 2,21 1,26 1,01 2,40 4,02
P,0, 1,26 0,33 0,15 0,93 0,72 0,03 0,26 0,09 0.16 0,35 0,32 0,25 0,32 0,26 0,38 0,29
H,0 0,11 0,13 0,10 0,16 0,08 0,08 0,07 0,03 0,04 - 0,11 0,05 0,10 - - -
H,0+ - 0,22 0,14 0,29 0,35 0,05 0.37 0,32 - - 0,45 0,22 0,08 - - -
Total 100,93 99,59 100,49 100,01 100,35 99,12 99,79 100,0 100,8 100,09 99,95 100 100 100
CIPW NORMATIVE MINERALS (MOLECULAR PERCENTAGES)
q 8,53 1,63 5.9 3,82 4,20 12,66 9,15 9,48 7.95 11,57 - 0,35 6,52 11,33
or 15,07 8,97 5,93 22,06 27,65 8,77 31,29 27,42 44,28 13,05 7,46 5,96 14,14 23,97
ab + an 50,33 74,30 63,90 54,61 52,82 59,96 51,20 46,59 47,76 59,66 65,35 56,31 54,75 47,32
di + he n.c. 3,80 8,99 2,74 3,48 4,33 1,76 2,26 n.c. 1,01 12,41 14,34 7,01 3,70
fo + fa - - - - - - - - - - 1,84 - - -
en + fs n.c. 6,75 9,57 9,05 5,05 10,35 1,64 10,17 n.c. 11,28 7,86 19,95 12,56 9,69
ap n.c. 0,68 0,31 1,96 1,51 0,55 0,18 0,82 n.c. 0,53 0,67 0,54 0,88 0,61
ma n.c. 2,25 4,11 3,87 3,37 1,84 0,89 1,58 n.c. 0,78 2,52 1,18 2,5 1,92
il n.c. 1,55 1,27 1,88 1,93 1.54 Q0,44 1,68 n.c. 1,08 1,88 1,36 1,68 1,45
An% 40 37 37 28 24 34 29 32 27 37 39 48 38 36
¥: arithmetic mean; a: standard deviation; M: average; *: except 441lb; **: except 69. n.c.: non calculated. see p.95 for rock types.

A1l iron as Fey03.

14



95

TABLE 21 - COMPOSITION OF MESOCRATIC GRANULITES v

(a) Porphyritic pyroxene-hornblende gronulite: (405).

(b) Average of plagioclose-rich pyroxene granulites: (l0l) and
(Pa).

(¢) Pyroxene granﬁlite: (102).

(d) Perthite-rich granulite: (44la).

(e) Average and standord deviation of pyroxene-perthite +
hornblende granulites: (76), (81), (82), (83), (84) and (441b).

(f) Average of pyroxene * hornblende-biotite granulites: (45),
(49), (69), (98), (116a) and (118a).

(g) Average of perthite-rich pyroxene granulites: (74) and (75).

(h) Biotite-orthopyroxene granulite: (P5).

(i) Perthite-rich pyroxene granulite: (432).

(3) Average of pyroxene granulites: (118b) and (120).

(k) Garnet-clinopyroxene-quartz granulite (133).

(1), (m), (n) Clinopyroxene-hornblende-garnet-biotite

granulites: (P6), (P7) and (P8) respectively.

Numbers in brockets are samples from localities shown in Fig.l1l9
ond in Maps 1 to 3 in the pocket at the back of the thesis.

Analyst: M. Andreoli except for numbers preceded by P which

are published cnalyses of samples from locolities shown in Fig.20.
Individual unpublished analyses are listed in Appendix IV-8;

data sources of individual published analyses are listed in
Appendices IV-9 and IV-10.

(see nos. 45 and 116a, Appendix IV-8).
Considering the other oxides, the rocks are in some cases

morkedly sodic (cols. b, ¢, e, k, 1, and m, Table 22), less




TABLE 22 - COMPOSITIONS OF LEUCOCRATIC GRANULITES

(a) (b) (c) (d) (e) (£) (g) () (1) N (k) (1) (m)
o s M 2M 1 2M 4R 1 1 1 1 4 3N M 1
si0, 66,30 67,46 67,85 68,08 69,00 71,37 71,78 73.10 73,15 74,31 74,51 77,77 78,56
Tio, 0,81 0,66 0,31 0,57 0,52 0,44 0,09 0,15 0,25 0,22 0,28 0,20 0,10
Al,04 14,53 16,35 18,71 15,24 14,62 14,79 14,48 14,51 13,86 12,73 12,28 11,72 12,22
Fe,04 0,96 1,29 2 854 0,85 1,40 0,98 0,73 0,21 2,14 0,91 1,46 1,41 0,79
FeO 5,04 2,29 ' 3,21 3,48 1,59 1,62 0,60 0,87 0,97 2,80 1,79 0,34
Mno 0,14 0,06 0,06 0,07 0,09 0,06 0,0 - 0,07 0,02 0,09 0,05 0,03
MgO 0,93 1,12 0,32 0,91 1,30 0,68 t t - 0,22 0,96 0,45 -
cao 2,75 4,33 2,16 2,68 3,93 2,73 1,08 1,37 1,9 1,76 1,96 3,38 1,5
Na,o0 3,68 5,00 6,73 3,12 4,13 " 3,67 2,53 3,83 4,72 3,52 4,59 2,98 4,57
K,0 4,36 1,03 1,53 4,39 0,67 3,48 7.86 5,85 2,89 4,36 0,97 0,36 2,22
P,0g 0,13 0,16 0,06 0,16 0,13 0,09 0,05 0,04 0,06 0,05 0,05 0,02 0,03
H20— 0,0 0,06 0,07 0,05 0,05 0,02 0,13 0,16 0,04 0,05 0,05 0,03 0,05
H,0+ o,11 0,26 0,26 0,32 0,33 0,34 0,26 0,45 0,52 0,32 0,19 0,18 0,19
Total 99,74 100,07 100,91 99,65 99,81 100,24 100,61 100,27 100,47 99,44 100,19 100,32 100,6
CIPW NORMATIVE MINERALS (MOLECULAR PERCENTAGES)
q 17,38 21,60 14,95 23,11 28,73 27,52 22,26 23,81 28,94 31,58 35,27 48,00 37,79
or 26,21 6,12 8,87 26,48 4,04 20,80 46,94 34,8 17,25 26,35 5,83 2,19 13,21
ab + an 43,99 64,23 69,37 41,06 56,81 46,40 27,87 39,68 50,88 38,48 51,05 44,67 47,59
c - - 2,35 0,96 0,03 0,26 - - - - 0,43 0,37 -
di + he 2,08 1,08 - - - - 0,07 1,08 - 1,32 - - -
en + fs 7,91 4,41 n.c. 6,33 7.42 3,18 1,84 - 1,81 0,26 5,81 2,92 -
ap 0,28 0,32 n.c. 0,34 0,28 0,19 0,11 0,08 0,35 0,11 - 0,04 0,06
ma 1,02 1,35 " 0,91 1,61 1,04 0,77 0,29 0,38 0,97 1,55 1,52 0,53
il 1,15 0,92 " 0,81 0,81 0,62 0,13 0,21 0,39 0,31 0,40 0,29 0,22
An% 25 31 15 32 35 29 18 14 17 17 20 40 14
M: average; n.c.: non calculated; t: traces. Sece p.97 for rock types.,

* All iron as Fe203.
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TABLE 22 - COMPOSITION OF LEUCOCRATIC GRANULITES
(a) Average of perthite-rich pyroxene granulites: (65) and (73).

(b) Average of leucocratic, plagioclase-rich granulites: (63) and (P9).

(c¢) Oligoclase-rich garnet granulite: (375).

(d) Average of garnet-pyroxene granulites: (55) aond (P10).

(e) Averoge of quartz-plogioclase-rich * biotite granulites:
(37), (44) and (U1).

(f) Orthopyroxene-biotite gronulite: (1).

(g) Perthite-rich charnockite: (115).

(h) Perthite-rich pyroxene granulite: (433).

(i) Plagioclase-biotite-pyroxene granulite: (39).

(j) Average of quartzo-feldspathic granoblastites: (57), (60),
(113), and (116b).

(k) Average of plagioclase-biotite-pyroxene granulites: (51),
(52) and (370).

(1) Average of plagioclase-rich, pyroxene-poor granulites: .(3)
and (U2).

(m) Quartzo-feldspathic granoblastite: (56).

Numbers in brackets are samples from localities shown in Fig.1l9
and in Mops 2 and 3 in the pocket at the back of the thesis.

Analyst: M. Andreoli, except for saomples nos. 44, 56 and 60
which were analysed by A. Bemath and nos. Ul aond U2, which ore
unpublished analyses by E. Pinkney of Leeds University of
samples from locolities shown in Fig.19. Numbers preceded

by P are published analyses of samples from localities shown
in Fig.20.

Individual unpublished analyses are listed in Appendix IV-8;
data, sources of published analyses and individual compositions
are listed in Appendices IV-9 and IV-10.
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commonly potassic (cols. g, and h, Table 22), and in the remaining
cases their alkali content'is fairly well balanced (Na20::K20).
In the sodic group the normative albite constitutes
between 30 and 40 per cent of the total and the normative
plagioclase composition ranges from andesine (An35) to
oligoclase (Anl4). In nearly all samples the albite/quartz
ratio is greater than 1, while the albite/orthoclase ratio may
be as high as 11; most of these analyses are either diopside-
or only slightly corundum-normative. In two samples (col.
1, Table 22) N020 and K20 are markedly lower than in all other
leucocratic granulites. In the more potassic rocks (cols. g
and h, Table 22) the MgO content is very low.
Despite the number of available chemical analyses, an
average chemical composition for the scuthern Malawi granulites
cannot be reliably calculated owing. to the gregqt variability of
rock types encountered and to their largely unknown percentage of
distribution. The broad chemical characters of this suite may
however be investigatedrwith the aid of the.VQridtion diagrams.
When granulite facies rocks analyses are plotted in a KZO-NQZO—MgO
diagram (Fig.21(a)) a 'Y'shaped field results, suggesting that
low-magnesia granulites tend to be either potassic or sodic in
character. In & plot of A (K20 + NaZO), F (total iron as Fe0), and

M (Mgb)'the granulites define a relatively narrow trend (Fig.21(b)),

marked by variable proportions of alkalis.
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Na,0 MgO

M

Fig.21(a). NazO—KZO-MgO diagram (weight per cent) of all

two-pyroxene granulites,('); and garnet-
clinopyroxene granulites, (A) listed in Tables 20 to 22.

Fig.21(b). AFM diagram of all granulites listed in Tables
20 to 22. Symbols are the same as Fig.21(a).
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The distribution of the alkalis in relation to silica
amongst the granulites is shown in Fig.22 in which the majority

of the two-pyroxene and garnet granulites define a broad trend.
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1 1 1
50 60 70

Si0, (WT %)

Fig.22. Distribution of (Na,0+K.,0) and 5102 in all granulites

listed in Tables 20~ to "22. Two-pyroxene granulites,(o);
garnet-clinopyroxene granulites (A).

On the basis of their inter-oxide relationships the granulites
appear as a suite of rocks characterised by a gradual increase
both in silica and alkalis with a decrease in Fe and Mg (Figs.
21 to 22). The recalculated CIPW mineral compositions also
indicate that the granulites are generally diopside-normative.
Few analytical data are available for garnet-clinopyroxene
rocks; however sodic plagioclase generally predominates over
K-feldspar in mesocratic to leucocrotic types from the northern

Kirk Range (no.500 in Appendix I-2 and no.501 in Map 2 in the

pocket at the back of the thesis)and from many parts of central

and
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Malawi (Bloomfield and Garson, 1965; Thatcher and Walter,
1968; Walter, 1972b; Beliinghqm and Broomley, 1973; Peters,
1969). It seems likely that these rocks are chemically akin
to the main type of two-pyroxene granulites.

A few samples from the Tengani area (see Fig.l9) were
also analysed for Cl and S since the two light elements may
be contained in scapolite. The results are presented in
Table 23 which indicates that the chlorine content is directly
related to the presence of (marialite-bearing) scapolite.
Sulphur is probably present in larger opaque minerals and in

minute opaque inclusions within scapolite and plagioclase

(see Plate:19).

TABLE 23 - CHLORINE AND SULPHUR CONTENT IN
SCAPOLITISED GRANULITES FROM TENGANI

Locality

nos. Cl ppm S ppm Rock type
132 2 460 780 Scapolite-rich melanocratic granulite.
12¢%a 580 2 440 Scapolite-poor melanocratic granulite.
129b 360 5 Scapolite-poor anorthosite.
133 90 5 Scapolite-free mesocratic granulite.

For sample localities see Fig.1S.

(b) Trace elements

The concentration of rubidium, strontium, yttrium,
zirconium, niobium within the melanocratic, mesocratic and
leucocratic granulites (listed in Tables 20 to 22) is
summarised in Tables 24 to 26. The data presented in these

Tables indicate that only Sr and Zr are present in oppreciable



TABLE 24 - SELECTED TRACE ELEMENTS IN MELANOCRATIC GRANULITES

(1) Locality

hos. {29) (48) (46) M1 (38) (107) (106)
Rb 11 22 7 13 8 14 6
st 238 208 269 277 150 476 449
Y 68 29 29 35 37 26 3
zr 273 109 85 136 52 65 33
Nb 31 5 5 7 - 4 -

(1) For sample localities see Pig.19.Individual trace elements concentrations
are listed in Appendix IV-8.

M1: average of samples nos. 28, 40,

61 and 99,

TABLE 25 ~ SELECTED TRACE ELEMENTS IN MESOCRATIC GRANULITES

L Locality

102

nOS . {1lol) (102) M1l X1 o M2 M3

Rb 28 13 103 21 9 97 43

Sr 2 527 389 1 265 457 133 247 632

Y 20 29 32 19 12 51 12

2r 15¢ 78 432 129 39 1 154 140

¥b 1o 4 24 6 3 41 6

*See Note 1, Table 24,

Ml: average of samples nos. 76, 82, 83 and 84.

X1l: arithmetic mean of samples nos. 45, 49, 98, ll6a and llsa,

¢: standard dewviation.

M2: average of samples nos. 74 and 75,

M3: average of samples nos. 118b and 120.
TABLE 26 - SELECTED TRACE ELEMENTS IN LEUCOCRATIC GRANULITES
shocality fiL 63 55 2 1 39 M3 fi4 3 56

S.

Rb 120 11 79 10 73 32 90 21 3 26
Sr 152 382 251 234 240 215 310 149 142 54
Y 38 7 13 30 19 15 20 24 12 32
zx 453 108 180 137 202 140 176 106 101 346
Mk 22 3 5 3 6 2 5 3 - i6
*See Note 1 in Table 24.
Ml: average of samples nos. 65 and 73.
M2: average of samples nos. 4, 37 and 44.
M3: average of samples nos. 57, 60, 113 and 116b.
M4: average of samples nos. 51 and 52.
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amounts, followed by less Rb and Y, whereas Nb is negligible.
Despite the influence of s;mpling, distinctive overall
characters distinguish the melanocratic, from the mesocratic
and leucocratic group. The low-silica group has a very low
concentration of Rb (M ~ 10 ppm) but appreciable Sr (M ~ 300 ppm)
and 2,5 times less Zr (M ~120 ppm). Mesocratic granulites
are characterised by very high Sr (M =800 ppm) and appreciable
Zr (M ~350 ppm) while Rb has also substantially increased
(M =60 ppm) despite the fact that in occasional samples it
remains very low (10 - 15 ppm). Finally the leucocratic rocks
possess the lowest content of Sr (M =230 ppm) while the Zr
concentration is intermediate between the values in the
melanocratic and mesocratic granulites (M =220 ppm). The
concentration of Rb is about the same as in the latter group
and ranges from 10 to 120 ppm (M =50 ppm). 1In contr;st to
the other elements Nb presents gradually decreasing values
from melanocratic (M. ~33 ppm) to mesocratic (M ~26 ppm) and
leucocratic rocks (M =23 ppm). Finally little variation is
shown by Nb through the melanocratic (M =5 ppm) to leucocratic
(M =4 ppm) sequence, with the exception of a minor increase
in the mesocratic range (M =16 ppm).

In considering now the individual troce elements,

rubidium concentrations in the granulites range between

approximately 5 to over 100 ppm. The lowest values characterise



certain low-KZO melanocratic and leucocratic granulites while

values over 50 ppm are present in K

leucocratic rocks.

2

O-rich mesocratic to

Rubidium has close geochemical affinities

with potassium and their relative distribution amongst the

granulites is presented in Fig.23 which shows a broad trend

of decreasing K/Rb ratio, from over 700 to less than 400, with
increasing K content (1 to 4 per cent).

are encountered in a few melanocratic to mesocratic granulites

The highest values

with ratios up to about 1 000, while the lowest values are

presented by leucocratic, perthite-rich pyroxene granulites

which are apparently separated from the other data points by

a small higtus.
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Fig.23.

Distribution of K and Rb in melanocratic (e),

mesocratic (@), and leucocratic (A) orthopyroxene-
bearing granulites listed in Tables 24 to 26.

Strontium concentration is generally below 800 ppm in the

majority of the Malawi granulites, while a few intermediate,
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K20-rich rocks from Blantyre localities (nos. 76, 82, 83 and
84, Fig.19) have contents’between 1 200 and 1 500 ppm;
however the highest value determined is about 2 500 ppm and
characterises a mesocratic granulite with a high NQZO/KZO
ratio (no.101, Fig.19). The relationship between Sr and Ti02
shown in Fig.24 indicates the existence of a rather irregular
trend of increasing Sr from melanocratic to mesocratic types,

as monitored by decreasing TiO, content, up to a maximum of

2
600 - 650 ppm (at 1 per cent TiOz). Thereafter, Sr rapidly
decreases to low values (below 100 ppm)in the leucocratic
granulites; while the group of high-Sr potassic granulites

is enriched also in TiO2 relative to the majority of the

other mesocratic rocks.
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Fig.24. Distribution of Sr and TiO, in melanocratic (e),
mesocratic (l),and leucocratic (A) orthopyroxene
granulites listed in Tables 24 to 26.




Yttrium concentration in Malawi granulites ranges from
10 to 70 ppm, although valdes above 40 ppm are ;elctively
uncommon, In the melanocratic rocks,yttrium has a raother
restricted range, between about 30 and 40 ppm, while a greater
spread characterises the majority of the mesocratic and
leucocratic types. Although yttrium has affinities with

calcium (Lambert and Holland, 1974) no clear trend is observed

amongst Malawi granulites in a Ca0-Y diagram (see Fig.25).
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Fig.25. Distribution of Y and Ca0 in melanocratic (e),

mesocratic (lh.cnd leucocratic (A) orthopyroxene
granulites listed in Tables 24 to 26.

The concentration of zirconium amongst granulites shows a
certain degree of bimodality since in most samples this element
ranges between 50 and 200 ppm while in others it is between 350
and 500 ppm; moreover values of 1 000 and 1 300 characterise
certain samples from the Mangochi area (nos. 74 and 75, Fig.l19).

Fig.26 shows the relatively uniform distribution of Zr

relative to SiO2 amongst granulites and no significant
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variation of the trace element may be observed.
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Fig.26. Plot of Zr and Si0p in orthopyroxene granulites
listed in Tables 24 to 26. ] "

Niobium contents of the granulites range from 1 to 50 ppm
but the majority of the samples do not exceed 30 ppm.

distribution of niobium relative to yttrium is shown in Fig.27

The

where the majority of plagioclase-bearing melanocratic,

mesocratic and leucocratic granulites cluster below = 40 ppm Y

and =10 ppm Nb.
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Fig.27.

Y ppm

Distribution of Y and Nb in melanocratic (e),

mesocratic (®), and leucocratic (&) orthopyroxene

granulites listed in Tables 24 to 26.
field is discussed in the text.

The outlined
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In contrast, a number of mesocratic to leucocratic
perthite-rich granulites f;om the Blantyre area (nos. 76, 82,
83 and 84, Fig.19) and Mangochi (nos. 65, 67, 73, 74 and 75,
Fig.19) have an enrichment both in Y and Nb shown by the field
outlined in Fig.27.

4,3 Amphibolite and Amphibolite to Granulite Facies
Transitional Rocks

(a) Major oxides

The available chemical analyses of amphibolite facies
gneisses are presented in Table 27 ond illustrate a broad
gradation in SiO2 content from 54 to 77 per cent. This range

is not accompanied by a significant variation in the Na

2o/|<20
ratio, which varies between 1,4 and 2. Nearly all gneisses
are quartz-normative and in the norm cofundum appears more
frequently than Ca-pyroxene. (diopside + hedenbergite);
plagioclase is in the andesine range and constitutes between
43 and 62 per cent of the norm. Finally, the content of
alkalis (NQZO + K20) is sometimes relatively low, (e.g., cols.
b and k, Table 27).

The analysis presented in col.c is unique as it is
nephéline-normative and with a high proportion of normative

feldspars (84 per cent) suggesting a relationship of this

sample with the nepheline gneisses occurring in the same area

(see p.7).




TABLE 27 - COMPOSITION OF AMPHIBOLITE FACIES GNEISSES

(a) B ()r (@) (e)* (£) (@*  (n W@ ©*  (ur (m (n)*
L o 2H 1 1 - oM 1 20 1 1 1 1 28 1 1 1
sio, 54,57 55,39 58,28 59,30 62,43 63,52 63,88 66,68 67,06 67,40 68,89 72,08 72,63 77,54
Tio, 1,20 0,65 0,13 0,94 0,J2 0,9 0,58 0,67 0,42 0,55 0,71 0,81 0,69 0,06
AL, 16,12 17,79 21,67 15,39 15,92 14,38 17,68 16,19 13,88 17,12 17,64 14,50 12,78 12,58
Fe,0, 3,26 3,40 1,2 1,63 3,04 2,04 1,49 1,06 2,70 1,93 4,46 1,85 1,20 1,45
Fe0 4,95 8,41 5,58 5,23 5,5 544 3,06 2,80 4,46 1,94 3,63 0,49 3,35 0,94
Mno 0,15 0,22 0,26 0,3 0,0 0,14 0,08 0,06 0,08 - 0,07 0,02 0,07 -
Mgo 4,65 5,15 o,1 3.63 3,05 3,12 2,13 1,41 2,02 1,19 0,86 0,26 1,78 0,48
cao 8,00 4,18 1,44 5,62 0,44 6,22 500 2,60 1,45 2,08 0,1 1,48 2,24 0,73
Na,0 4,77 4,4 7,06 2,83 2,20 2,38 4,58 3,60 2,33 4,49 0,55 4,02 2,73 4,37 -~
K,0 1,59 o,10 4,27 4,49 6,30 1,84 1,32 4,19 5,28 3,15 3,00 4,98 2,48 1,32
9205 0,41 0,31 0,09 0,28 0,13 0,20 0,20 0,27 0,32 0,13 0,07 0,10 0,14 0,03
Total 99,69 100,00 100,00 99,47 100,00 100,18 100,00 99,53 100,00 99,94 100,00 100,00 100,09 100,00

CIPW NORMATIVE MINERALS (MOLECULAR PERCENTAGES)

q - 7,62 ** 7,47 15,78 22,1 17,19 19,91 24,23 21,2 49,75 24,52 36,96 40,10
or 9,317 0,59 25,31 26,86 37,81 11,11 7.79 25,03 31,91 18,6 18,65 29,60 13,81 10,90
ab + an 60,50 58,36 57,86 41,% 22,21 45,41 62,12 43,87 26,59 49,78 4,94 42,99 35,74 43,21
c - 3,93 3,04 = 5,36 - 0,1 1,82 2,74 3,12 15,44 0,04 2,29 2,39
di + he 15,26 - ~ 8,12 - 5,25 - - - - - - - -
fo + fa 0,50 - 6,76 - - - = - F o - - - s =
en + fs 8,44 24,37 - 12,00 14,31 12,26 9,08 6,72 10,37 4,24 5,78 0,72 8,62 1,71
ap 0,86 0,65 0,21 0,59 0,28 0,43 0,46 0,57 0,68 0,27 0,17 0,21 Q,30 0,06
ma 3,42 3,56 1,88 1,72 3,22 2,18 2,15 1,12 2,88 2,02 2,63 0,54 1,28 1,53
il 1,67 0,98 0,25 1,32 1,03 1,28 1,1 0,94 0,6 0,71 1,03 0,40 0,98 0,08
An% 31 32 11 40 6 53 38 26 20 20 7 16 29 8

M: average. *: Composition recalculated anhydrous to 100 per cent. **; Includes 4,69% normative nepheline. See p.if for rock types,
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TABLE 27 COMPOSITION OF AMPHIBOLITE FACIES GNEISSES

(a) Average of hornblende-biotite gneisses: (71) ond
(p11).

(b) Anthophyllite gneiss: (P12).

(c) Biotite-muscovite-plagioclase gneiss: (P13).

(d) Average of biotite-gneisses: (70) and (P63).

(e) Biotite-hornblende gneiss: (Pl4).

(f) Average of biotite + hornblende-garnet gneisses: (P15) and
(r16).

{g) Hornblende gneiss: (P17).

(h) Mesocratic biotite-garnet gneiss: (105).

(i) Mesocratic biotite-garnet gneiss: (P18).

(i) Quartzo-feldspathic gneiss: (P19),

(k) Average of biotite-garnet-sillimanite gneisses: (P20) and (P21).

(1) Quartzo-feldspathic rock: (P22).

(m) Quartzo-biotite-garnet gneiss: (108).

(n) Quartzo-feldspathic schist: (P23).

Numbers in brackets are samples from localities shown in Fig.l9
and in Maps 2 and 3 in the pocket at the back of the thesis.

Analyst: M. Andreoli, except for numbers preceded by P which are
published analyses of samples from localities shown in Fig.20.

Individual unpublished analyses ore listed in Appendix IV-8;
data sources of published analyses and individual compositions
are listed in Appendices IV-9 and IV-10.
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Chemical analyses of a number of rocks transitional from
the amphibolite to the gra;ulite facies are shown in Table 28
and they comprise melanocratic, mesocratic and leucocratic
types, showing a wide range in SiO2 contents (47 to 75 per
cent). Only two analyses of melanocratic rocks of this type
are available, of which one (col.a, Table 28) is olivine-
hypersthene normative, with N020/K20 ~1! and Mg0 > Ca0 while
the other, (col.b, Table 28) is silica undersaturated and
nepheline normative with Ca0 > MgO and N020/k20:>2.

The mesocratic  rocks(cols. ¢ to g, Table 28) have a
5102content ranging from 59 to 62 per cent, and in general
possess a high NGZO/KZO ratio and normative plagioclase in the
oligoclase-andesine range. In contrast two hornblende-
perthite-bearing rocks (col.e, Table 28) have K202>Na20 and
about 77 per cent of normative orthoclase + oligoclase (An25).
These rocks also have relatively high P205 and a ratio
Fe203/re0,a 1,

The leucocratic transitional rocks have a SiO2 content
above 67 per cent and their compositions are rather
heterogeneous, most oxides showing large variations, particularly
those of potassium, magnesium and iron; NazO is however
relatively constant. Normative andesine and quartz largely

predominate in certain K,O-poor rocks (cols. f and j, Table

2

28) but leucocratic granulites enriched in K20 are also present

(col.i, Table 28).



TABLE 28 - COMPOSITIONS OF AMPHIBOLITE~GRANULITE FACIES TRANSITIONAL ROCKS

(a) {b) (c) {d) e} (£) (9) (h) (1) (1)
Mot . 1 1 1 1 2H 1 1 1 1 1
sio, 47,37 47,94 59,17 59,45 59,63 60,91 61,96 67,57 69,92 74,35
Tio, 1,92 1,72 1,5 1,16 1,5 1,19 0,97 0,92 0,37 0,43
AL,0, 15,20 13,54 15,53 12,79 16,20 16,90 15,59 14,81 13,80 11,88
Fe,0, 2,46 3,42 1,89 1,40 3,07 2,59 1,31 0,98 1,73 0,93
FeO 10,50 9,31 8,8 64l 3,17 4,86 595 4,38 1,71 2,61
Mno 0,23 0,23 0,19 0,15 0,10 0,13 0,11 0,09 0,07 0,07
Mgo 9,33 6,97 3,94 6,77 2,15 2,15 3,75 1,33 0,06 1,74
cao 7,56 11,41 3,28 5,60 4,30 4,18 3,82 2,72 1,47 3,46
Nazo 2,28 2,85 3,76 2,21 4,14 4,51 3,79 3,01 3,04 3,43
K,0 2,05 1,14 1,02 1,78 4,58 1,11 1,91 4,20 5,66 0,54
P.0g 0,26 0,13 0,02 100 0,73 o012 0,18 0,25 0,08 0,10
H,0 0,1 0,02 0,06 0,07 0,05 0,13 0,10 0,02 0,08 0,07
H20+ 0,09 0,30 0,05 0,67 0,45 1,00 0,09 0,30 0,31 0,67
Total 99,37 98,98 99,25 99,47 100,13 98,87 99,53 100,64 98,30 100,29
CIPW RORMATIVE MINERALS (MOLECULAR PERCENTAGES)
a - - 14,11 15,9 7,62 15,41 14,50 22,61 25,91 39,18
or 12,25 6,90 6,17 10,78 27,26 6,70 11,43 25,16 34,72 3,27
ab + an 46,24 44,62 51,03 40,51 49,60 61,69 52,40 39,38 35,33 47,37
ne - 1,72 - - - - - - - -
c - - 2,6 - - 1,08 0,85 1,07 0,21 -
di + he 8,48 28,65 - 1,19 3,58 - - - - 0,88
fo + fa 20,78 11,72 - - - - - - - -
en + fs 6,45 - 21,83 26,29 4,94 10,42 17,68 8,92 1,25 7,46
ap 0,59 0,28 0,04 2,16 1,55 0,26 0,38 0,53 0,17 0,21
ma 2,6 3,66 2,02 1,50 3,23 2,76 1,38 1,04 1,88 1,00
il 2,7 2,45 2,1y 1,65 2,19 1,69 1,37 1,30 0,53 0,61
An% 57 49 34 33 25 34 36 32 21 35

H: average; see p.115 for rock types,

[ANS



TABLE 28 - COMPOSITIONS OF AMPHIBOLITE-GRANULITE FACIES TRANSITIONAL
ROCKS ’

{0) Melanocratic biotite-two-pyroxene granulite: (92).

(b) Melanocrotic hornblende-clinopyroxene granulite: (34).

(c) Mesocratic garnet-biotite granulite: (104).

(d) Mesocratic biotite granulite: (50a).

(e) Average of mesocratic hornblende-perthite granulites:
(3),and (31).

(f) Mesocratic biotite granulite: (43).

(g) Mesocratic biotite-pyroxene granulite: (93).

(h) Leucocrotic garnet-pyroxene granulite: (36).

(i) Leucocratic hornblende granulite: (67).

(j) Leucocratic biotite-andesine granulite: (50b).

Numbers in brackets are samples from localities shown in Fig.l9
and in Maps 2 and 3 at the back of the thesis.

Analyst: M.Andreoli, except for samples nos. 31, and 50b
which were analysed by A. Bemath. Individual analyses ore
listed in Appendix IV-8.

Considering the interoxides relationships, Fig.28 shows

113

the distribution of Na,0-K,0-MgO in amphibolite and amphibolite

272

to granulite facies transitional rocks in relationship to the
trend defined by the granulites. The amphibolite facies

gneisses are scattered and many fall outside the field of the
granulites, while the majority of compositions of amphibolite
to granulite facies transitional rocks fall within the field

of the granulites. The distribution of NaZO and K20 amongst
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granulites is shown in Fig.29(a) and amongst gneisses and
transitional rocks in Fig.29(b). It seems that the latter
type plots within or near the granulites field, in contrast

with a somehow greater scatter of the gneisses.

K,0

Na,0 MgO

Fig.28. N020—K20-MgO diagram (weight per cent) of all
amphibolite facies gneisses (®) and amphibolite to
granulite facies transitional rocks (®) listed in
Tables 27 and 28, in relationship to the field
(shaded) of granulites in Fig.21(a).

(b) Trace elements
Only scanty data shown in Table 29 are available for
amphibolite facies gneiss and amphibolite-granulite facies

transitional rocks. The abundance of rubidium in them varies

from about 10 ppm to over 100 ppm, with a hiatus from 15



Fig.29(a).

Fig.29(b).
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Distribution of K,O and Nc 0 in qll two-pyroxene
grenulites (@) ang gcrnet-cllnopyroxene granulites
(A) listed in Tables 20 to 22.

Distribution of K20 and Na,0 in all amphibolite
facies gneisses (0) and transitional rocks (&)
listed in Tables 27 and 28. The outlined area
is the field of distribution of granulites in
Fig.29(a).
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to 50 ppm and the distribution of rubidium relative to potassium

(Fig.30) is characterised by a marked scatter of the data points.

TABLE 29 - SELECTED TRACE ELEMENTS IN GNEISSES AND TRANSITIONAL ROCKS

A B

Locality - -

e (71) (70) Ml (92) (34) (104) (50a) M2 (43) (93) (36) (67) (50b)
Rb 51 171 73 118 11 9 65 55 6 64 107 140 2
Sr 855 118 308 125 144 697 897 946 326 335 205 96 513
b4 19 30 29 32 30 58 46 33 23 26 32 64 15
2r 171 189 267 118 90 580 293 394 116 189 407 514 214
Nb 10 15 6 15 12 16 24 4 9 14 44 3
M,: average of nos. 105 and 108; M,: average of nos. 30 and 31.

A: amphibolite facies gneisses: B: amphibolite to granulite facies transitional rocks.

For sample localities see Fig.l9. Individual trace element compositions are listed in
Appendix VI-8.

There is a great variability in K/Rb ratios from 1 300 to
300, with one value as low as 150. The higher values
apparently characterise the transitional rocks and these fall
in the field of the granulite facies suite. In contrast, low
K/Rb ratios (down to 200 - 400) are encountered amongst the
gneisses. Petrographic observations indicate that the high
K/Rb ratios tend to be characteristic of hornblende-bearing
rocks while the low ratios are more typical of biotite-rich
types.

The strontium content in amphibolite facies gneisses is
quite variable and in one sample it exceeds 800 ppm while in
the others it is <300. Equally, the majority of the
transitional rocks are characterised by Sr values not exceeding

350 ppm although some samples (nos. 104, 50a, 30 and 31, Table
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Fig.30. Distribution of K and Rb in all amphibolite facies
gneisses (M) and transitional rocks (®) listed in
Table 29. The outlined area is the field of the
granulites in Fig.23.
29) have Sr contents between 700 and 1 000 ppm. The distribution
of Sr and TiO2 is shown in Fig.31; this plot suggests that the
amphibolite and granulite facies rocks Have a wider compositional
range than the granulite facies rocks. In qddition, an
enrichment in Sr and Ti characterises perthite-rich mesocratic
rocks (nos. 30 and 31, Fig.l9) similar to those described from
a neighbouring locality (nos. 76 to 84, Fig.l9).
The niobium content of the amphibolite and amphibolite to
granulite facies transitional rocks ranges between a few ppm
to about 40 ppm, and above-average values between 20 and 27

ppm characterise certain perthitic transitional rocks (see

col. M2, Table 29 and Appendix IV-8).
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Fig.31., Distribution of Sr and TiO, in amphibolite facies
gneisses (M) aond transitional rocks (). A and B
are samples from localities nos. 30 and 31 (see Fig.
19). The outlined areas are the fields of
granulites in Fig.24.

Yttrium concentrations do not differ significantly between
amphibolite and amphibolite to granulite facies transitional
rocks and the values range between 13 and 45 ppm. The
distribution of Y relatively to Nb in these suites is shown in
Fig.32 where, as in Fig.3l, the amphibolite and amphibolite
granulite facies transitional rocks are more scattered than the
granulites.

Zirconium distribution in gneisses and transitional rocks
(see Fig.33) is characterised by values generally in the range
100 ppm to 400 ppm: no differences between the two suites are
evident.

In conclusion, there is no clear and simple relationship
between the restricted (major and trace element) chemistry
of the granulites and the chemistry of the amphibolite and

amphibolite to granulite facies transitional rocks.
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4.4 Plutonic Rocks

There is a large number of rock types in Malawi that were
considered of clear intrusive origin, despite their frequent

metamorphic overprint and their geographic distribution is
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shown in Fig.20. Whilst the petrography of these rocks is
outlined on p.51 ff., a séort discussion of their chemical
characters (based almost entirely on published analyses), is
introduced here for completeness. A further reason for their
investigation is the possibility, founded mainly on petrographic

data, that these rocks are genetically related to granulites.

Published analyses of corundum, and garnet amphibolite,

serpentinite, metadolerite, and metagabbro are presented in

Appendix IV-1l. An important feature of the amphibolite rocks
from Chimwadzulu (see Fig.20) is their high normative anorthite
content with some diopside, minor larnite and feldspathoid.

The serpentinite has a harzburgitic normative mineral composition
and a Mg0/Fe0 ratio = 9,5.

These intrusives, including metadolerite and metagabbro,
are chemically quite different from the melanocratic pyroxene
granulites as illustrated in a AFM diagram (Fig.34).

Few data are available in the literature on the
geochemistry of amphibolite, metadolerite, metagabbro; however
the corundum amphibolite from Chimwadzulu contains about 500
ppm Sr, and traces of Li (Bloomfield and Garson, 1965, p.101),
while appreciable U or Th may be suspected from common
pleochroic haloes to epidote grains (see no.16, Map 2).

The Ring Complexes (see Figs.5 and 20) include a large

number of different petrographic types and their composition is



Fig.34. AFM diagram of all amphibolite, metadolerite,
metagabbro and related rocks (e), listed in
Appendix IV-11, Shaded area is the field of
pyroxene granulites in Fig.21(b).

presented in Appendices IV-12 and IV-13. The pyroxenites are

enriched in Al203, Fe203,

biotite (see P35, Appendix IV-12) have a high K

Ca0, and Sr0, and those rich in

2O content (70

per cent), a ratio FeO/Fe203 =1,3 and olivine, leucite,
clinopyroxene and larnite as normative minerals. In addition,
the syenites and syenitic gneisses are nepheline normative and
are characterised by enrichment in K20 (between 6 and 7 per
cent) and of P

and Fe with low MgO and Ca0. Granitic

2%

rocks are corundum-normative with neglectable MgO, FeO/Fe

295

2%
ratio 2,4 and a K2O/N020 ratio ) 2.
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Analyses of syenitic rocks from the Perthitic Complexes

are listed in Appendix IV-14, and these present a Si0, content

Z

between 56 and 63 per cent, a FeO/Fe ratio ~1 and a K20/

293

N020 o 3 A moderate enrichment in P,O. and little normative

279

nepheline are also characteristic of the rocks with less than

60 per cent in weight of SiO Above this silica content

2.
little quartz is present in the norm. The composition of the

granitoid gneisses, shown in Appendix IV-15 presents in general

a SiO2 content {70 per cent, a FeO/fFe

ratio =0,8 and

2%3

KZO/NQZO ratio often > 1. Finally, post-kinematic plutons
presented in Appendix IV-16, include both (quartz-) syenite and
granite types and they are characterised by neglectable
MgO, and K20/N020 ratiownl,7 and K20 + Nc|20 = 10 - 11 per cent.
The analyses of two perthitic granulites are compared in
Table 30 with the average composition of certain rocks from the
Perthitic Complexes and the Ring Complexes, suggesting distinct
chemical similarities between the various suites. Sample no.

432 in Table 30 has a higher 5102, AJ.203 and K,O but lower FeO,

2

MgO, Ca0 and Na,0 than the syenites from the Ring Complexes;

2
its composition is however generally within the standard
deviation range of a few syenite rocks from the Perthitic
Complexes. Sample no.1ll5 is not exactly comparable,

yet two granites from the Ring Complexes share with it certain

common features, mainly a high K20/N020 ratio 2 2. Despite
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the scarcity of data, there is also evidence that the plutonic
rocks described above have certain similarities with the

perthitic granulites even in regard to the trace elements

concentrations.

TABLE 30 - CHEMISTRY OF PERTHITIC GRANULITES IN RELATION TO
PRE~KAROO PERTHITIC ORTHOGNEISSES

= (432) i1 “R1 o (115) 2
SJ'.O2 62,1 58,2 59,6 2,6 71,8 68,2
'rioz x i 5 0,75 0,2 0,1 0,5
}5;].203 18,3 17,5 17.4 1,2 14,5 13,5
Fezo3 4,1* 2,4 2,9 0,7 0,7 1:5
FeO 3,1 2,1 0,8 1,6 3,6
Mgo 13 1,6 1,6 0,9 t 0,2
cao 27 3,8 3,1 1,9 1,1 1,9
Nazo 3,6 4,6 4,5 0,9 2,5 3,1
K20 6,9 6,3 6,8 1,0 7,9 6,7
*All iron as Fe,0,. o : standard deviation.

(432): pyroxene-perthite granulite (col.i, Table 21).

ﬁl: average of 3 syenite rocks from Ring Complexes (cols. ¢, d, and e, Appendix IV-13).

X1: arithmetic mean of 7 syenite rocks from Perthitic Complexes (cols. a to g, Appendix IV-14).
(115): leucocratic charnockite dyke (col.g, Table 22).

M2: average of granites from Ring Complexes (cols. f and g, Appendix IV-13).

For sample localities: see Appendices IV-13, IV-14 and Figs. 19 and 20.

Trace elements data listed in Appendix IV-17 indicate that

the syenites from the Ring Complexes and the Perthitic Complexes
are enriched in Sr which varies between 700 and 1 300 ppm up

to a maximum of 2 000 ppm and thus cover the = 1 200 ppm range
of the perthitic mesocratic granulites (see col.Ml, Table 25

and Fig.24). Moreover, the range of Y and Nb in Ring Complexes
and in Perthitic Complexes encompasses the values of the
perthitic granulites (see Figs.25 and 27). Similarly, Zr

ranges in the plutonic rocks between 80 to over 1 000 ppm while
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the perthitic granulites have an average concentration of about
430 ppm (see col. M1, Table 25). These similarities are
particularly important since the perthitic granulites are
generally closely associated to the Perthitic Complexes. In
the Blantyre area, a charnockitic dyke (see no.115, Table 30

and Fig.l9) intrudes melanocrqtic,perthitic granulites 1 km

west of the Chimwadzulu Mountain perthitic massif (see Map 2 in
the pocket at the back of the thesis). Moreover, south-east of
Dedza. mesocratic,massive, perthitic granulites occur adjacent

to small masses of perthitic rocks (see no.432, Table 30 and

Map 3). Perthite-rich, hornblende-, and biotite-free mesocratic
granuiites (see Plate 2 and cols.d and e, Table 21) occur in
Ncheu at a few hundred metres from a massif of perthitic

syenite shown in Fig.20., Finally perthite-rich, hornblende-,
and biotite-free mesocratic two-pyroxene granulites (see col.

g, Table 21) occur north-east of Mangochi near a lenticular

body of perthitic syenite (see Map 3).



CHAPTER 5.  DETERMINATION OF P-T METAMORPHIC CONDITIONS
AND MINERAL PARAGENETIC SEQUENCES

5.1 Introduction

The available petrographic, petrochemical and mineral-
chemical data may now be considered in relation to published
theoretical and experimental studies in order to examine the
P-T conditions of the different mineral assemblages identified
in southern Malawi. For this purpose a number of areas (shown
in Fig.35) for which most information is available, have been
selected. In particular the Zomba-Blantyre and the Tengani
areas were chosen as typical examples of regions with pyroxene
and garnet granulites respectively. The former area is
characterised by rocks with the mineral assemblage hypersthene-
augite-plagioclase * quartz, hornblende and biotite, which
range from melanocratic to mesocratic and leucocratic. The
Téngoni'area contains rocks with the assemblage garnet-
clinopyroxene-plagioclase * quartz, hornblende and biotite.

The chapter will then deal with the metamorphic conditions in a
number of other areas where amphibolite and granulite facies
rocks are either associated or grade into each other and
special attention was given to the terranes extending around
Fort Mlangeni, Ncheu and the northern Kirk Range respectively

(see Fig.35). Between the two former localities (see Fig.35),
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there are garnet- two-pyroxene * hornblende rocks, two-
pyroxene granulites, orth;pyroxene-garnet-biotite transitional
rocks, biotite gneisses and anorthosite in a characteristic
association. In contrast, the northern Kirk Range area (see
Fig.35) contains garnet-clinopyroxene-plagioclase + quartz,
hornblende and biotite rocks ranging from melanocratic to
leucocratic, pelitic and graphitic schists, calc-silicate rocks
and amphibolite. Subsequently, a brief consideration is given
to the metamorphic conditions in the Lilongwe area, in the
Middle Shire transition zone, where two-pyroxene-hornblende
granulites, amphibolite and gneissic rocks are closely
associated, and in typical amphibolite facies terranes.

Finally, the evidence for retrograde metamorphism in different

areas will be considered.

5.2 Grcnulite Facies Rocks

Rocks with coexisting orthopyroxene and clinopyroxene have

their best development in the Zomba-Blantyre region, where the

typomorphic parageneses are characterised by the coexistence
of orthopyroxene with plagioclase. The main assemblages,
found in melanocratic, mesocratic and leucocratic rocks,
respectively are: (a) hypersthene-augite-andesine; (b) andesine-
hypersthene-augite-quartz + perthite; and (c) quartz-oligoclase-
perthite-hypersthene.

In these assemblages, hdrnblende and biotite are sometimes

present and the rocks range from two-pyroxene granulites to
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hornblende *+ biotite granulites, amphibolite or gneisses. of
these, the most melanocratic granulites, with or without
hornblende, are silica undersaturated, olivine- and even
nepheline-normative.  The discrepancy between norm and mode may
be explained by the aluminous nature of the pyroxenes in
relation to ideal mineral reactions of the type:nepheline +
albite = 2 jadeite; and anorthite + olivine = enstatite + Ca-
tschermak pyroxene. The jadeite and the Ca-tschermak molecules
formed fromthese reactions enter in solid solutions within the

pyroxenes.

In regard to the P-T metamorphic conditions in the Zomba-
Blantyre area (see Fig.35) there is now a considerable volume
of published experimental data on the stability of orthopyroxene
or garnet with plagioclase under different pressures
and temperatures. In particular Gréen and Ringwood (1967)
and Irving (1974) investigated the stability of olivine in the
presence of plagioclase and clinopyroxene, with or without
hypersthene, in basaltic rocks of differing Mg/{(Mg + Fe) ratios.
This parameter was found to have a great influence on the breakdown
of olivine and more magnesian compositions raise its stability field
toward high pressures. Rocks of olivine-tholeiitic composition
(with Mg/(Mg + Fe) = 0,5) and characterised by stable hypersthene
and absence of olivine, were designated intermediate pressure

granulites by Green and Ringwood (1967).
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With recent advances in experimental techniques, analytical
probe chemistry and thermodynamic inyestigctions there is at
present a number of reasonably precise geothermometers.

These are semi-empirical formulae relating partitioning of
dominant cations, mainly Mg and Fe, between coexisting phases
in function of changes of T and subordinately P.

As the geothermometers are derived from experimental data
it was found that the T values obtained are generally within
50°C of the experimental conditions. This suggests that for
the practical purpose of this study, the values obtained will
be + 50°C (or at worst lOOOC) from true geological conditions.
Apart from possible inaccuracies of the electron-microprobe
discussed in Appendix III, a further soorce of error in the
calculated conditions is the unknown amount of Fe3+ in garnet
and pyroxenes. However, a study conducted on this subject by
Horrocks(l980) on a suite of Archean granulites from the
Limpopo Belt, S.Afr;ca, suggests»thatfthe stoichiometric estimate of
Fe3+ does not lower the T estimates by more than 50°C in most
cases, while it is generally much less (Ebii')'

Of particular importance for the determination of T in
the Zomba-Blantyre granulite facies terranes is the thermodynamic
behaviour of the following exchange reaction:

MgSi0, + CaFeSi = FeSi0, ~  + CaMgSi,0 (1)

3 2% 3 2%

enstatite hedenbergite ferrosilite diopside
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Wood and Banno (1973) have determined the following semi-

’

quantitative equation:

~10202
TK = (2)
cpx
Oy o 2
MgSiO
1n 3 | x[-7,65 x S + 3,88 x °P* _ 4,6)
opx Fe Fe
“MgSi0

3

For equation (2) the authors considered that activities of
enstatite in coexisting pyroxenes could be estimated by an ideal
two-site solution model, accordingly:

X;Zx = Fe/(Fe+Mg) in orthopyroxene 3)

More recently, Wells (1977) has proposed a new equation (4),
based on the thermodynamics of reaction (1) which he claims to
be accurate within + 70°C from experimental results and to be

less sensitive to aluminium content in MgO-rich pyroxenes:

T = 7 341

(4)
3,355 + 2,44 XSP* _ 1nK
Fe
[ cpx (5)
Si,0
In _iaM__g_z_l,z_é - 7.65 x (;px + 3.88 (X§zx)2_ 4.6
opx e
Mg,31,04
and X2P% is expressed as in (3).

Fe

However, Powell (1978) criticised Woods and Banno's (1973)

equation and from the following mineral reaction




CaMgSi0,  + Mg,5i,0, = CaMgSi 0, -+ Mg,5i,0, (6)

clinopyroxene orthopyroxene orthopyroxene clinopyroxene

he derived a formula (7) that takes better account of the non-

ideal solid solution behaviour of pyroxenes:

T =3_ 1 600 + 80P + (xCa,M2 - ng,Mz)cpx

(6 670 - 88P) - 1 900xFe M2, opx t1n KD' (7)
where Ib: (:(_C_:g‘ﬁ?_) (M)
ng,MZ opx ch,MZ cpx (8)

and P is in Kbar.

The site occupancies of Ca, Mg, Fe in coexisting pyroxenes
are calculated after Wood and Banno (1973) assuming that the
Mg/Fe ratios in the ML and M2 sites are equal to the Mg/Fe
ratio of the mineral.

Such an assumption was however questioned by Ellis and
Green (1979) who argued that the partitioning of Mg and Fe2+
between Ml and M2 is sensitive to T and CaSiO3 content of
clinopyroxene. Metamorphic temperatures derived from
equations (2), (4) and (7) applied to mineral chemical data
from the Zomba-Blantyre area are listed in Table 31.

In the light of the approximations introduced (unknown

3+
Fe" content or the Fe/Mg partitioning between Ml and M2 sites)

and of the sensitivity limits of the methods (% 50°C), there

is a substantial agreement between temperatures obtained with

equations (2) and (4) on hornblende-bearing and hornblende-free

131
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TABLE 31 - GEOTHERMOMETRY OF TWO-PYROXENE GRANULITES
FROM ZOMBA-BLANTYRE

Locality Tl T2 T3
no. 5Kbar 10Kbar

A (7) 825 886 907 921
(550) 803 849 882 895

B (5) 794 828 942 950
(48) 820 826 843 853
(48) 795 824 937 942
(55b) 771 781 924 928

(A) two-pyroxene grgnulites; (B) two-pyroxene-hornblende
granulites. Tl, T2, Té are temperatures in °C calculated
according to equations (2), (4) and (7) respectively.
Sample localities are shown in Fig.9 and in Map 2 in the
pocket at the back of the thesis; mole fractions and
partition coefficients are listed in Appendix V-1.

granulites from different localities. However, the more
refined Powell's (1978) geothermometer provides temperatures

up to 130 - 150° higher than values obtained from Wood and

Banno (1973) and Wells (1977). The determination of pressure
(P) is a more complex exercise since there are no available
thermodynamic formulae applicable to the mineralogy investigated.
Some broad indications may be obtained from published
experimental data if the composition of the rocks used in such
studies can match that of at least some of the granulites

investigated. The CIPW norms presented in Table 32 indicate
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that there is a crude resemblance between certain melanocratic

granulites of the Zomba-Blantyre area and the experimentally

determined rocks.

In particular, the granulites listed in

cols. 1 and 4 compare respectively to the basalts of cols. 5

and 7 which were investigated by Green and Ringwood (1967);

and the rock of col. 3 matches the granulite of col. 8 which

was studied by Irving (1974).

It is then reasonable to conclude

that since orthopyroxene + clinopyroxene and not garnet +

clinopyroxene or olivine + plagioclase are the stable phases in

the granulites, P ranged between 7 and ? Kbar

at 800 - 950°C

(see Fig.36) in the Zomba-Blantyre granulite terranes.

TABLE 32 - CIPW NORMS OF SELECTED GRANULITES AND EXPERIMENTALLY

INVESTIGATED MATERIALS

(ii)

2

(%)

5

and (i) in

ab + an 47 53 55 45 44 42 45 57
ne 2 1 - - 2 - - ~-
di + he 16 21 16 13 16 1?7 20 18
fo + fa 20 10 7 ~ 26 22 - 1o
en + fs - - 7 28 - 12 24 10
Mg/ (Mg + Fe) 0,3 0,4 0,3 0,3 0,4 9,5 0.5 0,4
An% 68 43 39 75 59 66 65 58
(): Nos.l to 4, melanocraticgranulites: see cols.(b), (¢}, (e)
in Table 20.
(i1): Nos.S5 to 7, basalts(Green and Ringwood, 1967); no.8, two=
pyroxene granulite (Irving, 1974).

It is now important to consider the significance of the

prograde geometries of Types I, II and III in amphibolite to

granulite facies transitional rocks.

the interaction of two main causes.

These may be related to

The first caquse is




Fig.36.

14 ! | I o L

Some experimental data relevant to the determination
of the P-T conditions in parts of southern Malawi.
Fields of Al-silicates are from Richardson et al.
(1968; 1969), and Althaus (1967; 1969q,b).  Numbered
curves are: 1, high-pressure stability limit of
olivine in olivine-tholeiites (Irving, 1974);

2, first appearance of garnet in iron-rich alkali-
olivine basalt (Green and Ringwood, 1967); 3,
high-pressure stability limit of olivige +
plagioclase in basalts with Mg/(Mg+Fe)“T= 0,6

;(ibid;); and 4, high-pressure stability limit of

orthopyroxene in olivine-tholeiites (Irving, 1974).
The shaded areas are: A, P-T field over which
olivine may coexist with plagioclase (Green and
Ringwood, 1967); B, range in P-T conditions for
first appearance of garnet in quartz-tholeiites with
Mg:(Mg + Fe?*) 0,4 - 0,7 (ibid.);and

C, range in P-T conditions associated to
disappearance of plagioclase in quartz-tholeiite
compositions (ibid.).

134
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chemical: most melanocratic granulites and transitional rocks
are undersaturated and the activity of tremolite in hornblende,
as determined from electron-microprobe analyses listed in Tables l4(i)
and 15 is low. In such rocks upgrading occurs preferentially
if silica is added to the pargasite-rich amphibole at the
contact with leucocratic granulites (geometry I) or along cross-
cutting”quartz veins (geometry II). Certain biotite-rich
transitional rocks interbanded with the pyroxene granulites in
the Zomba area (see no.308, Fig.35) may be similarly interpreted:
within the biotitic bands, the mineral assemblage is quartz-
deficient and a mineral reaction of the type: biotite + quartz
= orthopyroxene + K-feldspar + ilmenite + water may not have
taken place.

Biotite is however completely replaced by pyroxene at the
interface with the leucocratic granulite and the resulting
reaction rim does not exceed a width of a few millimetres.

A further reason for the prograde texture is the activity
of H20 and there is the clear petrogrcphic evidence that, in
Zomba and Blantyre, Type III prograde geometries resulted from
a delicate equilibrium in the reaction of hornblende with
quartz to produce pyroxenes, plagioclase, ilmenite and vapour.
Petrographic evidence therefore contrasts with the suggestions
of Sen and Ray (1971) that the stability of the amphibole in

hornblende granulites is not influenced by the relative PH 0
50+
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The amphiboles and pyroxenes of southern Malawi are solid
solutions of a number of end-members; however, a crude

approximation of PH o can be obtained by considering the reaction:

2

Ca,MgsSig0,, (OH)2 = 2CaMgSi 0, + 3MgSi0, + Si0, + H0  (9)

tremolite diopside enstatite quartz vapour
Three samples were initially taken into consideration for

calculation of P nos. 43, 55b and 436 (see Fig.35);

H20

however, specimen no. 43 is a hornblende-rich, quartz-free
granulite lacking prograde textures. In addition, no. 436 is
devoid of quartz and shows the replacement of biotite by
hypersthene and garnet; reaction(9)may not therefore be applied
to these rocks. In contrast sample 55b (see Fig.35) is
characterised by a hypersthene-augite-andesine-hornblende-quartz
mineral assemblage. This rock also shows Type III prograde and
Type II retrograde geometries, and perhaps in relation to this,
two different amphibole compositions have been obtained.

Three analyses show a high content of alkalis and are comparable
to the amphiboles from other granulites. The fourth analysis
(see Appendix III-15) has in contrast a relatively low NazO +
K20 content which could be related to an analytical error

(Ml + M3 = 3,716) or to the difficulty of recognizing prograde
from retrograde amphibole in probe petrography. For these

reasons the latter analysis was not discussed in Chapter 3.
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vapour

a
H20

calculated using the following equation by Smith (1973)

The in a'granulite of the Zomba area may be

together with approximations by Fisher and Zen (1971):

- 0 . G - *
Ap= DE (1 298) solids A% solids (1,298) (T-298) + G HO +
o
+ AV 1ide (P-1) + RT 1n K. (10)
Under equilibrium conditions Ap= O and
(OCpX )2 ( CpX )3 ( qz ) ( VOpOUI')
diop %enst 9510 “H,0
(1) K = Vs 2 (11)
(Gamph)
trem
To solve equation (11) relative to (uﬁqgour) the value of K
2
has been derived from (10) using available values of Avosolid 5
o o .
AS solid and Ap solid (Dr. S. Richardson, personal
communication) and the function of G*HZO from Fisher and Zen (1971).
The above values are listed in Table 33 and yield values of
K = 0,7765 (800°C, 7 000 bar)
K = 2,4187 (950°C, 9 000 bar)
Diopside activity in clinopyroxene is calculated from
analytical data using the general formula:
cpx _ M2y, MLy, Tet\2 _
Uiop = (xcc)(ng)(xSi )" = 0,4872 (12)

while c:::t = 0,2591 (see Appendix V-1). The determination

(1) diop = diopside; cpx = clinopyroxene; qz = quartz;
enst = enstatite; amph = amphibole; trem = tremolite.
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of the tremolite activity in amphibole is more complex, due to

the problems of site occupancy in hornblende (see Deer et al.,

1963; Misch and Rice, 1975)

M2 M4 MIM3
amph _ [ (tet\8 (x 2 ( 2<X >3 (xé> - (13)
%% rem Si Mg Ca Mg

(a) 0,000353 and (b) 0,000554

where (a) and (b) refer to the prograde and retrograde
amphiboles respectively. Tremolite activity is in both cases
very low but the recalculation of up to 14% FeO as Fe203(Powell,
1975) does not change the above activity values significantly

(P. Horrocks, personal communication).

TABLE 33 - THERMODYNAMIC VALUES USED FOR CALCULATIONS

AR® as% = ap° ¥ .3
(cal) (cal deg ™) (cal) (cal bar ) Mineral
-2946575 -582,92 -2772865 6.,5229 tremolite @
- 766590 -139,55 - 725004 X,5795 diopside
- 370030 - 69,58 - 349295 0,7522 enstatite
- 217650 - 43,62 - 204652 00,5423 quartz
o o -

AS  solids AP so1ids av solids

(cal deg~l)  (cal) (cal bar-1l)

51,46 70318,4 -0,5650

(ii) 6* H,0  (800°C, 7000b)
(950°C, 9000b)

-25943 cal/mole
-19780 cal/mole

R = 1,9872 cal/deg mole

(1) Data source: §S. Richardson, personal communication.
(1i) Data source: Fisher and Zen (1971).

Using the above data the following values have been

obtained:!



vap 0,07 0,10 (800°, 7 000 bar )
H,0 0,21 0,32 (950°, 9 000 bar )

These values indicate that, at the peak of the granulite facies

a ;qgour was probably low and

2

metamorphism in the Zomba areaq,

did not exceed 30 - 35 mole per cent of the total vapour phase.

It is therefore very probable that the latter was mainly CO2 as

suggested by the presence of scapolite in a Type II prograde
geometry from Blantyre (Locality no.l179, Map 2).

Granulitic rocks characterised by coexisting almandine-
rich garnet, clinopyroxene, plagioclase and quartz occur in a
number of areas in southern and central Malawi, but only the

Tengani region has been studied in detail (see Fig.35). The

typical rock types are mesocratic granulites with an augite-
garnet-plagioclase-quartz + hornblendezbiotite mineral
assemblage.  Anorthosite with melanocratic and hypermelanic
interbands is also frequent.

The presence of garnet, plagioclase and the absence of
orthopyroxene in quartz-tholeiitic compositions is a clear

indication of the influence of pressure (Green and Ringwood,
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1967), and garnet-clinopyroxene rocks of appropriate composition

would be classified as high-pressure granulites according to
these authors. It is of particular importance therefore that

a melanocratic rock (no.4, Table 32) from Tengani is quartz-
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normative but unfortunately only broadly comparable, in its
chemistry, to one of the quartz-tholeiites used by Green and
Ringwood for their experimental investigation (no.7, Table 32).
Indications on the temperatures, for fixed P, at which the
Tengani granulites equilibrated may be obtained from the

thermodynamic behaviour of the following reaction:

: i 2 . 1 .
CuM951206 + 3 Fe3A12513012 = CaFeSJ.206 +3 Mg3A12513012 (14)
diopside almandine hedenbergite pyrope

Raheim and Green (1974) first proposed the following semi-

empirical equation based on (14):

T(OK) _ 3 686 + 28,35P (15)
an"D + 2,33
where P is in Kbar and
K (Fe0/Mg0)ga (16)

D - (Fe0/Mg0)cpx

On the basis of experimental data, Wells (1979) developed

the following equation approximate to * 40°K:

T - 24 440 + 0,06524 (P-1) (17)
ga Ccpx
Xyo X
13,41 - 3 Rln [ ——
Xgu chx
Fe "Mg

where P is in bars and R is the gas constant (see Table 33).
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In addition Xa; = Mg/(Mg + Fe + Mn + Ca) in garnet (18)
and X?: = Fe/(Fe + Mg + Mn + Ca) in garnet (19)

A further improvement was claimed by Ellis and Green (1979)
with the following formula, based on experimental
crystallisation of natural and synthetic compositions:

3 104 xg" + 3 030 + 10,86 P(Kbar)

T(°K) = a
kK In Ky + 1,9034 (20)
in which
ng = Ca/(Ca + Mg + Fe) in garnet (21)

and, since the minerals are assumed to be ideal solid solutions,
KD is calculated according to (16).

An interesting aspect of equation (20) is that it takes
into account the grossular component of garnet, which is present
in appreciable amounts in the Tengani minerals (see Fig.l15)

Since a garnetiferous orthopyroxene megacryst (135b,
Fig.35) has been identified in the hills of the Tengani area,
the following reaction may be considered:

2MgSio0,, - MgAL,Si0, = Mg,Al Si 0 (22)

3 27312

enstatite solid solution  pyrope

The pressure-temperature dependence of (22) was investigated

by Wood (1974) who developed the equation:

T (uxﬁ) (7 012-3,89T)
P=A_\I'rln - 3 + x 41,860
(1=Y) AVr
ga
opx M1
- C(xgPT) (-2 x,]) (23)

This equation has been modified to reduce all constants to the
same reference system".
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where *R = 83.143 cm3oar’s/mob K; C =10 450 and T = °K

M1

In addition XAl _ (AlVl + AllY) in orthopyroxene (24)
2
_ y9a ga
and (l-Y)ga_ XFe + XMg (25)

Finally, AVr = F(Xzi) is shown in Appendices V-2 and V-3; and

o> Npr B

Fe' Mg’ *F are as in equations (3), (18) and (19)respectively.

The pressure value obtainable from equation (23) must be taken
with particular care in view of the problems of Al solubility
in pyroxenes (0'Hara and Yarwood, 1978).

Available mineral chemical data for three samples of
garnet-clinopyroxene granulite and for a garnet-bearing
hypersthene megacryst were applied to equétions (15), (17), (20)
and (23); the calculated P-T values are listed in Table 34.
Pressure estimates may also be inferred from available experimental
data on the transition: garnet-in/orthopyroxene-out in quartz-
normative basaltic compositions (Irving, 1974; Green and
Ringwood, 1967; see Fig.36). Data presented in Table 34, in
conjunction with curve 4 and fields C and B in Fig.36, suggest
that near Tengani the conditions attained were T ~750° - 900%
P ~11 - 13 kbar . It must also be added that such P-T data

were obtained from the analyses of coexisting outer rims.
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TABLE 34 - GEOTHERMOMETRY AND GEOBAROMETRY OF GARNET-CLINOPYROXENE
GRANULITES FROM TENGANI

Sample (132) (498) (140) (135b)
Equation no. T(5Kbar)  ,(lOKbar)| ,(5Kbar) . (lOKbar)|,(5Kbar) ,(lOKbar) ,(r=750) ,(T=900)
(15) 708 744 710 747 731 768 - -
(17} 814 828 799 813 840 854 - -
(20) 827 843 806 822 823 839 - -
(23) - - - - - - 9,3 19,4

Sample localities are shown in Fig.35 and in Map 1 in the pocket at the back of the thesis.
o : i st p ; id
T = C; and P = Kbar ; mole fractions and partitioning values are listed in Appendix V-2.

Moreover, analytical results on samples from Tengani suggest

that during an earlier phase K. in equation (16) was smaller

b
than the value presently calculated (see p. 82 , and Appendix
V-2). This implies that the following conditions were probably
attained before equilibration: T 2= 9000; P >12 kbar ..

D+0 Amphibolite to Granulite Facies Transitional
Rocks and Amphibolite Facies Gneisses

(a) Transitional rocks

Rocks with variable proportions of hornblende, biotite,
pyroxenes and garnet are common in various parts of southern
Malawi, but only those occurring in the Fort Mlangeni-Ncheu areq,
in the northern Kirk Range, at Lilongwe and finally in the
Middle Shire Valley transition zone (see Fig.35) will be
successively considered.

In the Fort Mlangeni area (see Fig.35) melanocratic

garnet-two-pyroxene granulites and leucocratic garnet-orthopyroxene
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transitional gneisses are associated with one another. The
following mineral cssembléges are common:(a) clinopyroxene-
orthopyroxene-garnet-hornblende-biotite-andesine; and

(b) garnet-biotite-andesine-orthopyroxene-perthite-quartz.
Replacement textures of hornblende and biotite by garnet and
pyroxenes are frequent in the above assemblages and they have
probably been derived from the reaction of quartz with biotite and
hornblende to yield garnet, clinopyroxene, orthopyroxene,
alkali-feldspar and water. Broad indications on the temperatures
during metamorphism are obtained by the application of equations
(2), (4), (7), (15),(17) and (20) to samples of which mineral
chemical data are available. The calculated values are listed

in Table 35, together with information derived from the

following reaction:

Fe3A12513012 + KMg3AlSJ.3OlO(OH)2=:KFe3AlSi3010(OH)2 - Mg3A125i3012 (26)
almandine phlogopite “annite : pyrope
The partitioning of Fe-Mg between garnet and biotite as a

function of P and T was experimentally investigated by Ferry

and Spear (1978) and yielded the equation:

0,057P + 12 454
4,662 - 3RLnK (27)

ga
where K = (:;/E:)bi (28)

either as oxides or on an atomic metal basis; and P is in bars

T(°K) =




TABLE 35 - GEOTHERMOMETRY OF AMPHIBOLITE-GRANULITE FACIES TRANSITIONAL ROCKS FROM FORT MLANGENI,
THE NORTHERN KIRK RANGE AND AN ANORTHOSITE MASS NEAR NCHEU

’
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FORT MLANGENI KIRK RANGE NCHEU
Sample

86, 436 104 468 456
§:f°ti°“ Skbar 10Kbar (SKbar 10Kbar (SKbar L0Kbar SKbar 10Kbar
(2) 742 2 g 5 860

(4) 751 - - - 841

%) 805 807 “ - . 800 807
(15) 636 669 . 547 577 779 817
(17) 732 745 - 632 644 894 909
(20) 684 698 = 682 695 849 866
(27) - - 920 931 - " - -

Sample localities are shown in Fig.35, and in Map 3 in the pocket at the back of the thesis.

T = °C and P = Kbar.

The values obtained from equation (27) on samples of the Fort

Mole fractions and partitioning values are listed in Appendix V-3.

Mlangeni area are listed in Table 35 and appear about 50° -

150°C higher than temperatures calculated from other equations,

such as (2), (4), (7), (15), (17) and (20).

Moreover,

pressure data obtained from equation (23) are presented in

Table 36.

TABLE 36 - GEOBAROMETRY OF AMPHIBOLITE-GRANULITE FACIES TRANSITIONAL

ROCKS FROM THE FORT MLANGENI AND NCHEU AREAS

FORT MLANGENI NCHEU
Sample no. 436 104 456
pb00° 0,8 0,5 -
p700° = - 1,9
p800° 10,5 10,0 -
p900° - o 10,2

Sample localities are shown in Fig.35 and in Map 3 in the pocket at

the back of the thesis.

P = Kbar is calculated according to equation (23); mole fractions
and partitioning values are listed in Appendix V-3.
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Additional information about pressure in the terranes
near Fort Mlangeni is pro@ided by the absence of garnet in
quartz and clinopyroxene-bearing rocks and by the presence of
a little sillimanite in sample no. 104 (Fig.35). There is also
evidence that garnet and clinopyroxene coexist in melanocratic
rocks of nepheline-normative composition. This is consistent
with expérimentai results by Green and Ringwood (1967) that
garnet appears at lower P in alkali-olivine basalt relative to
a quartz-tholeiite. The metamorphic conditions as shown in
Fig.37 indicate that near Fort Mlangeni (see Fig.35) T ranged
between 650° and 850° while P was between 6 and 8 kbar .

In contrast, the metamorphic conditions characterising
a sheared anorthosite from Ncheu (no.456, Fig.35), based on data
presented in Tables 35 and 36, are as follows: T = 800° - 900°C
and P w8 - 11 kbars.

Of additional interest are the transitional rocks
occurring at the northern end of the Kirk Range -betweenv
20 and 30 km south-south-east of Ncheu (see Fig.35). The main
typomorphic mineral assemblages are: (a) hornblende-garnet-
augite/salite-andesine + biotite*quartz; (b) andesine-hornblende-
biotite-clinopyroxene-garnet + perthite; and (c) oligoclase-
quartz-perthite-hornblende-biotite-garnet-clinopyroxene.

The mineral relationships observed in these granulites
indicate the replacement of hornblende and/or biotite by garnet

and clinopyroxene.
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Fig.37. Some experimental data relevant to the determination
of the P-T conditions in parts of southern Malawi.
The fields of Al-silicates, the shaded areas A, B and
C and the numbered curves 1 to 4 are the same as in
Fig.36; curve 5 is beginning of melting in granitic
rocks (Merril et al., 1970; Tuttle and Bowen, 1958);
and 6 islhehigh-temperature stability limit of
muscovite + quartz (Althaus et al., 1970).

Data on the P-T conditions in the northern Kirk Range are
obtainable by introducing mineral chemical data for sample 468
(see Fig.35) in equations (15), (17) and (20) and the results
cre.presented in Table 35. Additional information is provided
by experimental curves relating bulk rock (basaltic) chemistry
to the garnet-in/brthopyroxene + plagioclase-out transition (see

Green and Ringwood, 1967; Irving, 1974). In addition,

hornblende-diopside gneisses, with or without garnet are associated
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to a kyanite-ore deposit 18 km south of Ncheu (no.l17, Fig.35).
Despite the fact that felted masses of sillimanite associated
with kyanite are described by Walshaw (1965), in sample no.l7
only large blades of stable kyanite were found. The above data
are combined in Fig.37 and suggest that in the northern Kirk
Range T ranged between = 550° and 700°C, while P was between 6
and 8 kbar .

Another interesting area, extending for 25 km south-east
of Lilongwe (see Fig.35) is mainly defined by biotite (-garnet)
gneisses with subordingte calc-silicate rocks, graphite schists
and occasional lenses of pyroxene or garnet-hornblende-
clinopyroxene granulite in sheared gneisses (Thatcher and
Walter, 1968). Granulite with the assemblage hornblende-
clinopyroxene-biotite-plagioclase~quartz-garnet-K-feldspar,
forms occasional narrow interbands within the gneisses.
Although the overall relationships between amphibolite and
granulite facies mineral assemblages are unclear, in certain
samples (nos. 121 and 19, Fig.35) garnet and clinopyroxene have
formed from biotite + hornblende gneisses presumably according
to reactions between biotite, plagioclase and quartz to yield
K-feldspar, clinopyroxene, garnet and water. Temperature datq,
calculated with equations nos. (15), (17) and (20) from mineral
analyses, are listed in Table 37 and indicate that sample no.

19 was metamorphosed between 700° and 850°C while sample no.121
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TABLE 37 -~ GEOTHERMOMETRY OF TRANSITIONAL GARNET GRANULITES
FROM THE LILONGWE AREA

Sample no. (19) (121)

Equation

no. 1n KD TSKbar TlOKbar 1n KD TSKbar TloKbar
(15) 1,5516 713 750 1,8222 649 683
(17) ~1,5508 820 835 -1,8232 747 760
(20) 1,5508 808 824 1,8232 782 796

Value of x‘g: (21) for no.19 = 0,2092, and for no.l21 = 0,2729.

Sample localities are shown in Fig.35 and in Map 4 in the pocket at the back
of the thesis; T = CO

records a temperature 50 - 100°c lower, yet within the
experimental error of the method.

Information on pressure is scanty. Isolated masses of
olivine-bearing metapyroxenite were reported by Thatcher and
Walter (1968) from a few sites between localities (121) and (19),
(see Y, Fig.35) and the rock is characterised by the assemblage

(2)

hornblende-orthopyroxene-olivine-garnet. Spinel and
ilmenomagnetite are additional mineral constituents and apatite
is a common accessory.

Following earlier investigations by MacGregor (1964) on

a Ca-free system, experimental data by O'Hara et al. (1971)

on the reaction:

(2) Other occurrences of rocks with the assemblage garnet +
hornblende + olivine * spinel + plagioclase have been
described from the Salima area (see W, Fig.35) by Walter
(1972b p.13). Further, the assemblage olivine-clinopyroxene-
hypersthene-hornblende~biotite-garnet is recorded in the
Ncheu-Balaka areq.(see Z, Fig.35) by Walshaw (1965, p.28).
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MgzsiO + Mg,CaAl $i. 0., = 2 MgSiO,, + CaMgSi + MgAl (29)

4 2513012 =, 3 2% 204
forsterite Ca-pyrope enstatite diopside spinel
demonstrated that forsterite can coexist with garnet only if
P > 12 kbar over a wide femperature range below 1 200°C. It
was also found by O'Hara et al. (1971) that the rightward
reaction rate for (29) is particularly rapid at temperatures of
about 850°C and pressures less than 12 kbar . It has also been
known for a iong time that garnet-olivine ultramafic rock
(lherzolite) is, among other lithotypes, typical of the eclogite
facies (Eskola, 1921). Yet, no eclogite nor comparable rocks
have so for‘been reported from the mainly amphibolite facies
terranes in the region south-east of Lilongwe. Therefore, the
logical conclusion to the above experimental results, and to
field and petrographic observations,6is that the olivine-
metapyroxenite bodies were tectonically emplaced in the present

position and cannot be used to derive pressure data for the area.

Finally, the critical assemblages in the Middle Shire

Valley transition zone are:(a) hornblende-orthopyroxene-

clinopyroxene-oligoclase/andesine; (b) andesine-hornblende-
orthopyroxene-clinopyroxene-qﬁcrtz + biotite; and
(c) oligoclase/andesine-quartz-biotite-orthopyroxene-
clinopyroxene-hornblende.

In these assemblages, particularly in the mesocratic ones,

biotite and hornblende have reacted with quartz according to
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reactions yielding orthopyroxene, clinopyroxene, plagioclase,
alkaline feldspar, ilmenite and water. The lack of electron-
microprobe data precludes the application of the various two-
pyroxene geothermometers, However, temperatures between 650°
and 750° are suggested by (@) the coexistence of K-feldspar-
quartz-muscovite in a pelitic gneiss (no.365, Fig.35)
occurring at 800 m from the nearest granulite outcrop

(see Storre and Karotke, 1972); and (b) the frequent occurrence
in the region of anatectic rocks (see Plates 5 and 6).

There are also scarce data on pressure during metamorphism,
but it was possibly in the 5 to 7 kbar range (see Fig.37)
because: (a) In the Middle Shire area Morel (1958, p.23)
mentioned the development of sillimanite from kyanite in
metapelites; and (b) in melanocratic rocks, such as hornblende-
rich two-pyroxene granulites and amphibolite, garnet is absent.

(b) Amphibolite facies gneisses

Amphibolite facies rocks have their mgximum development
in central Malawi ond are limited in the south. In this
investigation, a number of assemblages have been studied from
the (western) Middle Shire region and the south-east Kirk Range
(Fig.35) and typical rocks have the following mineralogy:

(a) hornblende-oligoclase/andesine-biotite + epidotexgarnet;
(b) oligoclase/andesine-hornblende-biotite-quartz * epidote; and

(c) quartz-oligoclase/perthite/microcline + biotite * garnet.
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In the (western) Middle Shire area the following pelitic
assemblage is characteristic (Morel, 1958): (d) quartz-K-
feldspar-sodic plagioclase-muscovite-sillimanite. In the Kirk
Range there are also muscovite and kyanite-bearing schists with
the following assemblages (Bloomfield, 1968, p.56)ﬁ (e) quartz-
kyanite-staurolite-muscovite-biotite-oligoclase; and (f) quartz-
almandine-muscovite-biotite-oligoclase.

Since this study is mainly concerned with rocks of
granulite facies or those characterised by the presence of
pyroxenes and/ or garnet, no detailed study on the P-T conditions
within the omphibolite facies terranes has been conducted.
Experimental data by Hoschek (1969) on staurolite appearance in
rocks of appropriate composition and the presence of kyanite
and sillimanite (but no andalusite) suggest that temperatures
of ©600°C and pressures of w6 kbar were attained (see Fig.37).

5.4 Retrogression of the Granulites

Retrogression of granulites is a rather common observation
and generally involves the growth of biotite or hornblende from
the pyroxenes and/or garnet.

As previously mentioned (see p. 46 ) Type I retrograde
geometries in two-pyroxene granulites have not been observed
but those of Type II are occasionally present (no.38, Fig.35) and
of Type III are quite common even in high grade terranes.

Examples of this are provided among many others by samples
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from localities nos,4, 38, 55a, 61, 76, 99 and 101 (see Fig.35).

In most cases retroéression is characterised by sporadic
rimming of pyroxenes by bluish-green amphibole or brown mico
indenting garnet and hypersthene. In certain samples (see
Plate 12 and no.38, Fig.35) symplectites of quartz with
hornblende or biotite derive from a reaction between orthopyroxene,
clinopyroxene , . plagioclase , ilmenite and water to produce
hornblende, quartz and some biotite if K-feldspar was present.

Available analytical information is at present

insufficient to define P-T conditions that controlled this

Vap

H20

garnet-clinopyroxene rocks, the frequent kelyphitic replacement

reaction, mainly because variations of a are involved. In

of garnet by orthopyrdxene + plagioclase may be interpreted in

terms of the following reaction under conditions of decreasing

P and increasing T (Green and Ringwood, 1967):

2 garnet + 1 clinopyroxene + 2 quartz = 3 orthopyroxene + 2 anorthite (30)
In this mineral reaction the availability of quartz is

vital and its absence.will cause the garnet to occur in a

metastable state at lower pressure. However, if water and

alkali¥sare present, they would react with garnet and clinopyroxene

to yield hornblende and quartz. These retrogressive reactions

have frequently been observed, not only at Tengani (nos.

131 and 133, Fig.35) but also in the Middle Shire (nos. 350 and

355, Fig.35), in the Thyolo area (No.122, Fig.35) and near Ncheu
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(no.456, Fig.35). Other interesting textures observed in the
rocks from the Tengani cr;a are the inclusions of plagioclase
lamellae in clinopyroxene and rods of garnet + plagioclase
lamellae in orthopyroxene. The former texture could probably be
derived from the exsolution of excess tschermak component under
decreasing pressure. In fact, the plagioclase lamellae in
clinopyroxene are generally concentrated in the Al-rich nuclei
and are rarer in the colourless rims. Likewise, the origin of
the garnet rods in orthopyroxene is probably related to the
exsolution of excess alumina from the host; but for the garnet
it 1s unclear whether this texture indicates decreasing or
increasing P-T metamorphic conditions. The occasionally
associated plagioclase lamellae were most probably derived from
Al and Ca exsolved under decreasing P-T conditions (Emslie,
1975). The sporadic presence of plagioclase filled by minute
pyrite inclusions in scapolitised rocks from the same area (no.
132, Fig.35 and Plate 19) remains unexplained.

The presence of the unusual mineral assemblage prehnite-
albite-sericite in a rock of anorthositic origin (no.l41, Fig.
35) from the Tengani area implies that the anorthosite underwent
probable shearing, hydration and recrystallisation at a
temperature between 200° and 400°C (Liou, 1971; Winkler,

1976, pp.158 and 189). No indication on pressure is available.
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CHAPTER 6.  PETROGENESIS

6.1 Introduction

One of the major problems confronting the study of high-grade
metamorphic suites is the identification of the parent rock types
of granulites, gneisses, etc. In the simpler case of an
isochemical metamorphism, the detailed study (involving binary,
and ternary diagrams) of a large number of rock analyses, including
major and trace elements, may provide reliable clues to the
nature of the original rocks. This approach is much less
reliable if the influence of metasoﬁatism and partial melting

are suspected. The relative effects of these processes and
their importance will be discussed later as they have often

been described by previous authors of southern Malawi geology ,
This chapter is therefore first concerned with a discussion

of the affinities and similarities between granulites, gneisses
and unmetamorphosed sedimentary and igneous rocks. After
consideration of the various physico-chemical processes that

may have affected the high-grade southern Malawi suite, a
discussion on the origin of certain associated intrusions is
given., The localities mentioned are shown in Fig.38.

6.2 Granulites, Gneisses and Transitional Rocks

Average analyses of greywacke, gabbro, andesite, rhyodacite,
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Fig.38. Generalized map of localities referred to in
Chapter 6; P: biotitite rocks(modified after
Bloomfield, 1968; Morel, 196la).
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syenite and granite have been plotted in the Na.0-K 0-Mg0

' 27 2

ternary diagram shown in Fig.39 (nos. 1-10). This demonstrates
the wide range of granulites compositions and their apparent
affinity with the chemistry of igneous rocks.

The amphibolitic gneisses and transitional rocks are shown
in Fig.40 and are equally distributed between the igneous and
the sedimentary fields. Rather similar relationships are
presented by an ACF diagram (see Fig.4l) in which the granulites
define a rather well-marked trend stretching from the basalt-
andesite field toward the median point on the C-A join (anorthite).
Only a few analyses fall in or near the greywacke/pelite region.
In contrast, the majority of the amphibolite facies gneisses
and transitional rocks fall in the domain of greywacke, pelite,
Al-rich clay and shale (Fig.42). Some of these differences
are most likely due to sampling bias. In Fig.43 the granulites
are plotted in an AFM diagram which also shows the trends of
Hawaii tholeiite and alkali basalt differentiation products.

The distribution of the granulites closely compares with that
of calc-alkaline igneous rocks (Robinson and Lecke, 1975).

The same diagram indicates that alkali-poor granulites tend to
be enriched in total iron, whilst amphibolite has a distinctly
higher Mg0 proportion.

In Fig.44 the distribution of alkalis and silica amongst

the granulites is compared with some igneous and sedimentary
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K,0

Sedimentary
Field

Na,0 Mg0

K O—NGZO-MgO diegram illustrating the distribution of
t%e southern Malawi granulites (shaded area; see Fig.
2%(a) in relation to sedimentary and igneous fields
(given by de La Roche, 1966). Dots (®) 1 to 10 are
average plots of: (1), alkali gabbro; (2),Ural spilite;
(3), spilite; (4),and (5), andesite; (6),Fiji (low-K)
rhyodacite; (7),New Zealand quartz-keratophyre;

(8), monzonite; (9), alkali syenite; (10), calc-alkali
granite. Sources of data are: (1), (4), (5), (8),
(9), and (10), Nockolds (1954); (2),Sharfman (1968); (3)
Sundius (1930, p.9); (6),Gill and Gordon (1973);and
(7),Bartrum (1936, p.417, n.l1).
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e SEDIMENTARY
FIELD

IGNEQUS FIELD
©

Na,0 MgO

K O—NOZO—MQO diagram illustrating the distribution of
tge southern Malawi amphibolite facies gneisses (@),
and amphibolite to granulite facies transitional rocks
(®) (see Fig.28),in relation to sedimentary and
igneous fields (given by de La Roche, 1966).
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ACF diagram illustrating the distribution of all
southern Malawi two-pyroxene granulites (e) and
garnet-clinopyroxene granulites (A) listed in Tables
20 to 22,in relation to sedimentary and igneous
fields of:(I), clays and shales with up to 35 per cent
carbonate; (II),marls; (III), greywacke; (IV),basaltic
and andesitic rocks(given by Winkler, 1967, p.56).
Squares ((J) 1 to 4 are average plot of: (1),
granodiorite; (2), tonalite; (3), calc-alkali
granite; (4), basalt (Nockolds, 1954).
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c F

ACF diagram illustrating the distribution of southern
Malawi amphibolite facies gneisses and amphibolite to
granulite facies transitional rocks (e) listed in
Tables 27 and 28, in relation to the sedimentary and
igneous fields and average composition of igneous
rocks referred to in Fig.4l. Field (V): Al-rich
clay and shale (given by Winkler, 1967, p.56).
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A M

AFM diagram illustrating the distribution of southern
Malawi granulites and of world calc-alkaline rocks
(shaded area G+A; see Fig.21(b); Robinson and
Leake, 1975) in relation to the trend of Hawaii
tholeiitic and alkaline rocks (stippled area T,

given by MacDonald, 1968). Dots (®) are plots of
northern Kirk Range amphibolite, metagabbro and
peridotite (see Fig.34 and Appendix IV-11).

Si0, (WT %)

Alkali-silica diagram illustrating the distribution

of the southern Malawi granulites (shaded area; see
Fig.22) in relation to fields of (I), alkali-olivine
basalt; (ii) high-alumina basalt; and (III), tholeiite
(given by Kuno, 1968). The arrow defines the trend

of pelitic rocks from Japanese Paleozoic geosynclinal
deposits (igig.).
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trends. The data points define a distribution pattern in which
the melanocratic, part of {he mesocratic, and a few leucocratic
granulites plot in the field of alkaline olivine bgsalt and its
differentiation products. Yet a large proportion of mesocratic
and leucocratic rocks plot in the calc-alkaline field of the
high-alumina basalt and consanguineous magmas. From the same
diagram it is evident that the melanocratic granulites show a
very gradual transition toward rocks with calc-alkaline
character. There is a. hiatus between these and the more
alkali-rich compositions.

Figs. 39 and 41 illustrate that the granulites exhibit
strong igneous affinities, while Figs.40 and 42 suggest that a
greater number of the amphibolite facies gneisses and amphibolite-
granulite facies transitional rocks have a possible
metasedimentary parentage from greywacke, pelite ;nd shale.

Some average compositions of selected granulites are compared
in Tables 38 and 39 to analyses of ignéous rocks from elsewhere
in the world; and in Table 40 a number of the gneisses and
transitional rocks are compared to greywackes.

In regard to the trace elements, Fig.45 shows the
distribution pattern of K and Rb among the granulites in

relation to the average trend of island-arc volcanics (Jakés

and White, 1970). For K values up to about 1 per cent the



TABLE 38 - AVERAGE COMPOSITION OF SOME MELANOCRATIC, MESOCRATIC AND LEUCOCRATIC GRANULITES

AND COMPARABLE IGNEOUS ROCKS

I A - II B III c v D E
sio, 50, 3 49,0 51,7 53,1 60, 90 63,60 68, 50 67,4 73,6
Tio, 1,8 3,1 1,7 1,5 1,1 0,6 0,6 0,7 0,3
A1203 15,0 15,2 13,9 14,4 16. 16,7 15,2 15,3 14,0
Fe,04 3,2 3,7 7,0 1,3 1,7 2,2 1,4 1,1 0,4
FeO 8,4 8,3 7,9 9,3 4,7 3 3,1 3,9 1,4
Mgo 5,8 5,00 4,2 4,7 2,7 2,1 1,2 1,2 0,4
ca0 8,4 8,8 7,5 7,0 5,3 5,5 4,1 4,5 1,4
Na,0 3,8 3,7 4,7 4,6 4,4 4 4,4 4,7 4,0
K20 1,2 1,2 0,6 1 1,5 1,4 0,8 0,9 4,3
I, Average composition of four melanocratic granulites (col.e, Table 20).

A, Average trachybasalt from Ascension Island (Borley, 1974, p.322).
IT1, Melanocratic hornblende granulite (col.f, Table 20).
B, Spilite from Oregon (Gilluly, 1935, p.235).

III, Average composition of six mesocratic granulites (col.f, Table 21).

c. Average dacite (Nockolds, 1954, p.1015).

Iv, Average composition of six leucocratic granulites (cols.b and e, Table 22).

D, Augite-hypersthene andesite, Japan (Kuno, 1950, p.1004).

v, Average composition of four quartzo-feldspathic granulites (col.j, Table 22).
E, Rhyolitic obsidian,Medicine Lake Highlands (Anderson, 1941, p.399).
VI, Average composition of three leucocratic granulites (col.k, Table 22).

F, Metakeratophyre,Hoggar (Caby, 1970, p.106).

Y91
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TABLE 39 - AVERAGE COMPOSITION OF SOME MESOCRATIC AND LEUCOCRATIC GRANULITES
AND COMPARABLE IGNEQUS ROCKS

I A II B III o] Iv D v E
SiO2 58,7 58,5 61,6 63,0 66,3 65,9 71,5 72,1 71,8 72,1
Ti02 1,4 1,4 0,6 0,8 0,8 0,8 o, 0,4 o,l 0,1
A1203 17,0 15,7 17,5 16,0 14,5 15,1 14,1 13,9 14,5 14,6
Fe,0, 3,2 3,3 3,4 2,3 1,0 1,7 1,0 0,9 0,7 G,3
FeO 3,1 4,0 3,3 3,1 5,0 2,7 1,2 1,7 1,6 Q,3
Mgo 2,2 2,5 0,1 1,0 0,9 1,4 t 0,5 t 0,3
cao 4,3 5,5 3,5 3,3 2,8 3,4 1,4 1,3 1,1 0,4
NaZO 4,5 3,5 4,1 4,5 3,7 3,5 3,4 3,1 2,5 3,1
K,0 4,7 4,6 5,2 5,0 4,4 4,6 5,7 5,5 7,9 8,2
I, Average composition of six mesocratic granulites (col.e, Table 21).

A, Average hornblende-biotite monzonite (Nockolds,1954; p.1l0l17).

II, Average composition of two mesocratic granulites (col.g, Table 21).

B, Quartz-syenite, Dyana Complex, Adirondacks (Buddington, 1939; p.l1l03).

III, Average composition of two leucocratic granulites (col.a, Table 22)

c, Average hornblende-biotite adamellite (Nockolds,1954, p.1012).

Iv, Average composition of two leucocratic granulites (col.h, Table 22, and c¢ol. i, Table 28).
D, Average calc-alkali granite (Nockolds, 1954, p.l012).

v, Charnockitic granulite (col.g, Table 22).

E, Potassic granite, Finland (Harme, 1965, p.l1l9).

TABLE 40 -~ COMPOSITION OF SOME AMPHIBOLITE FACIES GNEISSES AND
TRANSITIONAL ROCKS AND COMPARABLE SEDIMENTARY ROCKS

No. I A II B III [o
SiO2 59,2 61,4 63,0 60,5 72,6 69,7
TiO2 : 1,5 0,6 0,8 0,9 0,7 o,7
Al,0, 15,5 17,0 16,4 15,4 12,8 14,8
Fe,0, 1,9 0,4 2,0 0,8 1,2 0,7
FeO 8,9 5,3 4,8 7,6 3,3 3,2
Mgo 3,9 3,8 3,4 3,4 1,8 1,8
cao 3,3 3,2 4,5 2,1 2,2 1,8
Nazo 3,8 2,9 2,4 2,5 2,7 2,6
K20 1,0 1,3 2,4 1,7 2,5 2,3
I, Mesocratic garnet-biotite granulite (col.c, Table 28)

A, Greywacke from Minnesota (Pettijohn et al., 1972, P.200).
II, Garnet-biotite gneiss (pl6é, Appendix IV-10).

B, Greywacke (Pettijohn, 1957, p.306).

III, Biotite-garnet gneiss (col.m, Table 27).

c, Greywacke (Caby, 1970; p.68).




166

K(WT %)

Fig.45. Distribution of K and Rb in southern Malawi granulites
(shaded area; see Fig.23) and in gneisses and
transitional rocks (dots (e); see Fig.30), in relation
to igneous trends of: (A), island-arc igneous suites
(given by Jakés and White, 1970); (b), lower crust
granulite and charnockite suites (given by Lewis and
Spooner, 1973); and (c), high-level igneous rocks
(given by Shaw, 1968). Stars (¥ are: (1), average
of five rhyolites (Groome and Hall, 1974); and (2),
Saipan dacite (Taylor et al., 1969).
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Malawi rocks overlap the island-arc trend while, above this
value, the Malawi rocks appear Rb-depleted relative to the
island-arc, but not relative to certain silicic igneous rocks
such as dacite. The granulites of Malawi are also strongly
deficient in Rb relative to K if compared either to the high-
level igneous trend (Shaw, 1968) or to the world granulite trend. The
distribution of Sr against Rb, shown in Fig.46, illustrates
that the granulites plot in the general basalt-andesite-rhyolite
trachyte trend defined by Hedge (1966). From these data it may
be concluded that the granulites have, in a very general way, an
igneous-like composition even in regard to trace elements like
Rb and Sr.

Data plotted in Fig.45 also indicate that some gneisses
ond transitional rocks have a K and Rb distribution which is
characteristic of world high-level and island-arc igneous
suites. However, a few other rocks have an enrichment in Rb

relative to K which is not consistent with a direct igneous origin.

Before considering a genetic model for the granulites and
gneisses it is necessary to consider whether or not the high-
grade metamorphism has been allochemical or isochemical. 'The
main processes responsible for such chemical changes include
cnafexis and depletion in the granitophile components,
metasomatism and metamorphic segregation. Of these, partial
melting and separation of the liquid fraction is considered

to be a major petrogenetic process in lower crustal regions
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Distribution of Rb and Sr in southern Malawi

melanocratic (o), mesocratic (®) and leucocratic (A4)
granulites in relation to the basalt-rhyolite/

trochyte trend (given by Hedge, 1966). = Numbers

indicate: (1), granite (ibid.); (2), rhyolite and rhyodacite
(Groome and Hall, 1974); (3),latite (Nockolds and

Allen, 1954); and (4L Fiji keratophyre (Gill, 1970).
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and its importance has been stressed by a number of authors,

’

including Lambert and Heier (1968), Sighinolfi (1969), Lewis
and Spooner (1973), Field and Clough (1976), and McCarthy

(1976). The experimental anatexis of rocks with mineralogy

and composition comparable to that of the southern Malawi
biotite-plagioclase-quartz * hornblende gneisses was investigated
by Steuhl (1962), Knabe (1970 ), Bisch EE_EL-(1974)‘ From
their data it appears that at temperatures approaching those

of the granulites and transitional rocks (750 - 850°C) nearly
complete melting would take place in water-saturated compositions.
There is indeed field and petrographic evidence of melting not
6nly of the granulites and transitional rocks (see Plates 5,

6 and 13) but also of the amphibolite facies gneisses as
emphasised by Bloomfield (1968, p.69). Many of the granulites
and transitional rocks have migmatitic structures (see Plates 5
and 13) and, in the Zomba area, leucocratic transgressive veins
with very coarse idiomorphic orthopyroxene crystals are present.
In addition, the leucocratic granulites exhibit amoeboid,
poikiloblastic quartz similar to that of late crystallisate in
granitoid rocks. It is therefore crucial to evaluate the
degree of partial melting and segregation of the residue if one
wants to define the primitive composition of the granulites;

and this should not be grossly affected by the depletion of only

limited amounts of liquids. Definite evidence of element
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depletion (mainly K, Al, Si, Rb and OH) from granulite facies
rocks is offered by petrog;aphic and geochemical studies. Yet,
among the numerous thin sections of amphibolite to granulite
facies transitional rocks investigated,only very few (e.g. nos.
104, 430, and 499, Fig.38) provide definite evidence of a
prograde replacement of biotite by orthopyroxene in the absence
of K-feldspar. The stoichiometry of the reaction requires in
fact the development of a K-bearing phase; and if this is
missing, it is deduced that K-feldspar, quartz, plagioclase and
H20 formed a granitic liquid later removed from the sample
investigated. Geochemical evidence for elements depletion is
derived from the high K/Rb ratios of the K-rich granulites as
previously described (see p.l67 and Fig.45) while K-poor
granulites appear less affected. This may be explained in
terms of decreasing melt fractions which can be generated in
increasingly melanocratic granulites. Having established that
partial melting and element depletion did affect at least a

few granulites, the problem is to assess at least in broad
terms what percentage of the granulite facies suite was molten
at the time of metamorphism. In this regard, the field data
suggest that only a relatively minor amount of melt was present
because the granulites often preserve their lithological
individuality of well-banded rocks. The scarcity of melts

may be explained by the water deficiency in the granulites as
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made evident by the thermodynamic calculations presented in

’

Chapter 5, which show that melanocratic transitional rocks had

a ;agour w7 - 35 mole per cent.

2 This result should bé considered in relation to experimental
data by Yoder and Tilley (1962) which indicate that for
temperatures of about 800°C the plagioclase in rocks of alkali
basalt composition starts to melt if PHZO =5 - 6 kb. Since
at least some of the melanocratic granulites do have an alkali
basalt composition, it is likely that,because of the low activity
of H20,partial melting affected these rocks only in a small way.
Considering the leucocratic granulites, Tuttle and Bowen (1958),
Brown and Fyfe (1970) and Winkler (1976, p.306) stressed the
control exercised by the concentration of'HZO on the percentage
of melt in rocks experiencing conditions of high pressure and
temperature. Only small amounts of melts may be formed at
800°C in leucocratic granulites if little water was available,
and which was provided by the breakdown of hornblende and
biotite in the reaction rims, discordant veins and in Type III
prograde geometries.

The conclusion that only limited quantities of melt were
sporadically formed in leucocratic granulites indicates two
things. The first is that it was difficult for the partial
melts to be removed on a large scale from their residues and

secondly that the depletion of anatectic liquids did not alter
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considerably the chemical characters of the granulite suite.
These conclusions are stre;gthened from the observation that
certain common rock types maintain their distinctive lithological
characters throughdut the P-T range encompassed by amphibolite
facies gneisses and two-pyroxene granulites.

In the northern Kirk Range (see Fig.38) the granulites
recrystallised at temperatures about 150 - 200°C lower than in
the Zomba-Blantyre area (see Figs. 36 and 37) and yet in both
regions comparable, leucocratic, sodic plagioclase-quoftz
granulites occur§3) In the Kirk Range area,K~-feldspar-poor
hornblende-biotite~gneisses are extensively developed (Bloomfield
and Garson, 1965). Rocks similar to these are also frequent
in the Middle Shire area (see p.32 ) and their careful
petrographic investigation across the amphibolite-granulite
facies transition zone has failed to indicate gross changes in
the plagioclase/K-feldspar ratio, in the anorthite content of
the feldspar, and in the percentage of quartz or ofhthe mafic

constituents.

Metasomatism is a petrogenetic process believed by certain

authors such as Sheraton et al. (1973) and Robinson and Leake

(1975) to be operative on a large scale in deep crustal regions

(3) Experimental data also indicate that at temperatures in the
600°-650° range only melting of water-saturated granite is
possible (Tuttle and Bowen, 1958; Merril, et al., 1970;
see Fig.37).
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during metamorphism. In southern Malawi this hypothesis

appears to be unsupported'by the widespread occurrence of

banded granulites which maintain well-defined chemical

differences between adjacent, often massive, layers. In

addition, the Types I and II prograde textures which in general

do not exceed 1 - 2 cm in width, point toward a very limited
mobility of water, the transporting agent, in unsheared rocks.

A more specific metasomatism was advocated by Bloomfield (1968, pp.
89ff,) for the development of perthitic gneisses (in cases
remobilised to syenite/granite) from pyroxéne granulites by

progressive introduction of H, 0,, K,Al, Na, and Ba. It was

21
considered that these elements were derived from lower crustal
levels affected by progressive dehydration during high-grade
metamorphism. However, this hypothesis does not appear
compatible with the occurrence of certain perthitic granulites
with a H20-deficient mineralogy and an enrichment in elements
like P, Ti,and Sr. The absence of hornblende and biotite in
certain orthopyroxene-perthite granulites (see Plates 2 and 3)
is in fact difficult to reconcile with the high activity of HZO
that should characterise metasomatic rocks. Moreover, the
refractory behaviour of elements such as P, Ti and Sr in crustal
anatectic processes has been described by McCarthy (1976),

Lambert and Heier (1968) and Lewis and Spooner (1973), who

observed that these elements tend to be concentrated on the
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granulites depleted of granitophile components (U, Th, Rb, K,

’

etc.).
The only area of Malawi where metasomatism has probably
been operative is near Tengani (see Fig.38). In this area the
granulites and anorthosite have been intensely sheared,
scapolitised and retrograded to hornblende-biotite assemblages
by a fluid phase composed of H20, Cl and CO2 as suggested by
petrographic evidence and geochemical data. Finally, a
prehnitised anorthosite from a nearby locality (no.l141, Fig.38)
probably suffered H20 and Ca metasomatism to convert anorthite
(Ca = 1 atom/mole) into prehnite (Ca = 2 atoms/mole) if no
other Ca-mineral had been present.
The last process possibly relevant to the petrogenesis of

granulites and gneisses is metamorphic segregation, investigated

extensively by Bowes and Park (1966), and EVan% and Leake(1960).
According to these authors, the rocks redistribute their

cations under the effect of tectonic stress, qnd concomitant
mineral Blastesis produces léucocratic and melanocratic bands
aften several metres long and * lmm to + 2cm wide. The

contacts between striped and unstriped amphibolites are generclly
gradational in the examples referred by Evans and Leake (1960).
While it is possible that metamorphic segregation could have
produced the banding in melanocratic transitional.rocks (see

Plates 5, 6.and 13), the thick melanocratic layers within
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banded granulites and gneisses in Malawi are massive, homogeneous
and with contacts generall} sharp. Further, since in southern
Malawi rocks of undoubted sedimentary o?igin such as marble and
calc~silicate granulite are interbanded with typical granulites,
a primary origin for the typical regional layering is generally
acceptable.

In this regard, the banded granulites are most likely of
supracrustal origin, and probably represent either volcanic
rocks (see Figs. 39 and 41, and Tables 38 and 39) or chemically
similar greywackes, perhaps together with metamorphosed
plutonic igneous rocks.

The petrochemistry of the amphibolite facies gneisses and
of the amphibolite to granulite facies transitional rocks
indicates either equivalence to diopside-normative granulites
of basaltic, andesitic, rhyolitic, keratophiric composition, or
to greywacke, shale and pelite (see Figs. 40 and 42 and Table
40). The affinity of the gneisses of the Tambani area (see
Fig.38) to basalt, andesite, quartz-monzonite was mentioned by
C.E. Tilley (quoted in Cooper and Bloomfield, 1961, p.15). In
addition, bands of basaltic rocks with relict andesine/
labradorite, augite and olivine (see cols. a, and b, Table
20) occur in the same area and these were considered of
supracrustal volcanic origin and contemporaneous to the

enclosing gneisses by Cooper and Bloomfield (1961, p.185).
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The presence near Ncheu of a quartz-Mn-pyroxene-spessartine
rock (no.462, Fig.38) fit; the above interpretation as it may
be derived from a manganese chert, a sediment typical of
volcanosedimentary environments (Stanton, 1972, p.492). In
the same way a nepheline gneiss from Ncheu (no.26, Fig.38) may
be derived from analcime-bearing argillites or ashes
(Bloomfield, 1968, p.55). Similar tuffs were reported from

a New Zealand geosyncline sequence (Blatt et al., 1972, p.566).
In addition, the aegirine gneisses and granulites of central
Malawi were also considered of igneous origin by Carter and
Bennett (1973).

6.3 Plutonic Rocks

In addition to the granulite and amphibolite facies rocks,
there are a number of clearly plutonic types emplaced within
the Basement Complex of southern Malawi. Of these, the
anorthosite and the Perthitic Complexes are generally restricted
to granulite facies terranes while pyroxenite, amphibolite, the
Ring Complexes and finally the granitoid orthogneisses occur
both in the granulite and in the amphibolite facies terranes.

Anorthosite occurs in southern and central Malawi as large

sill-like uniform bodies, with a cho content ranging from 3 to
5 per cent and a scarce content of mafic minerals. In the
Tengani area (no.129b, Fig.38) anorthosite includes lenses and
layers of Fe-Ti (magnetite-ilmenite-rutile + garnet) ore with

veins of orthopyroxene.t garnet rock (Bloomfield, 1958, p.l19).
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Well developed bands of melanocratic to hypermelanic garnet-two-
pyroxene * hornblende rock; were also observed in anorthosite
from the Ncheu area (no.456, Fig.38) while in the north, at
Linthipe (no.19, Fig.38) the massive plagioclase rock is
bordered by a more melanocratic variety. Finally, near Blantyre,
inclusions of anorthosite in a charnockitic .granulite dyke
present cumulus textures of plagioclase laths with intercumulus
quartz and K-feldspar (no.115, Fig.38). A meta-sedimentary
origin of anorthosite from marl and greywacke , with or without
an intervening partial melting + liquid depletion event, was
proposed by Hietanen{1969) and de Vore (1975). This
interpretation may not be a priori excluded at least for some of
the minor occurrences. However the main bodies of southern
Malawi are in general too large in size, uniformly massive and
;eucocrotic to be explained in the above way, and for example
the anorthosite of Linthipe is * 200 km2 in area.

The possibility that anorthosite represents the product of
partial melting of amphibolite under highlﬁzo and P-T compatible
with those of the granulite facies was investigated by Yoder and
Tilley (1962). However, southern Malawi amphibolites and related
rocks were probably characterised by «a very/low PHQO to allow
partial melting, complementary bodies of (pyroxene-)
hornblendite with an adequately large size are not present in

the terranes where anorthosite occurs.
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The above discussion, based on petrological and field
evidence suggests an igneo;s parentage for the massifs of
anorthosite characterised by oligoclase/andesine to labradorite-type
plagioclase. However, the origin of this rock is problematic,
mainly since the majority of anorthosite bodies are 1 300 %
200 million years old and they generally occur in two main belts
when plotted on a predrift continental reconstruction (Herz, 1969).

A general model involving plagioclase fractionation from a
basaltic-andesitic liquid rather than simple crystallisation of
an anorthositic magma was stressed by many authors (Isachsen,
1969; s Sighinolfi and Gorgoni, 1975; Bridgwater and Windley,
1973; Wynne-Edwards, 1976; Higgins and Doig, 1977).

A  mantle origin of the parent magma was inferred by
Emslie (1975) from the occurrence in Quebec anorthosites of
sheared aluminous . orthopyroxene megacrysts formed at
P =15 +%5 kbar.. This model by Emslie (1975 ) seems perhaps
applicable to the anorthosite bodies of Tengani. These include
probable cumulate bands of ilmenite-magnetite * rutile ore
(Bloomfield, 1958, p.64ff). Associated veins of alumincus
orthOpyroxene(in occasional megacrysts) * garnet + rutile,were
recrystallised at P > 12 kbars (see no.135b, Fig.38 and Plate 17;
Bloomfield, 1958, pp.l7 and 64ff.).

Syenite is the main lithotype constituting the Perthitic

Complexes, which occur in massifs of variable dimensions within
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the granulite facies terranes (see Fig.38). Beside the perthitic
gneisses and associated géanulites, these rocks may grade

into either (quartz-) monzonite or quartz-syenite and granite.
In addition, this suite of perthitic rocks appears spatially
associated with anorthosite, for example:(i) masses of syenite
and syenitic gneiss surround the Linthipe anorthosite, intruded
by dykes of perthite rock on the Linthipe river (see S,

Fig.38); (ii) sill-like masses of syenitic, granitic gneiss

and granulite alternate with anorthosite west-south-west of
Ncheu (see Fig.38 and Map 4 in the pocket at the back of the
thesis); and (iii) xenoliths of anorthosite are included within
a dyke of perthite-rich charnockitic granulite near Blantyre
(no.115, Fig.38).

On the basis of the reasons previously expressed, the
Perthitic Complexes did not probably Férm by metasomatism
(Bloomfield, 1968, 1970) but represent metamorphosed plutonic
igneous‘rocks. In this second case the Perthitic Complexes
might be comparable for origin, geological setting, lithological
association, and petrochemistry to certaoin plutonic igneous
rocks (see Table 39) often accompanying anorthosite in
Precambrian granulite facies terranes (de Waard, 1969; Anderson
and Morin, 1969; Krank, 1969; Bridgwater and Windley, 1973).

The association of anorthosite with (pyroxene-bearing) igneous

rocks of monzonite (quartz-) syenitic and K-rich granitic
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composition was defined as the 'anorthosite suite' by Emslie
(1973).  This ussociqtion'is possibly related to the rapakivi
granites, an acidic suite characterised by K20/N020 > 2 (Krank,
1969; Carmichel et al., 1974).

With regard to plutonic rocks within amphibolite and

granulite facies terranes, insufficient analytical data is

available for the isolated masses of ultramafic rocks, mainly

meta-websterite and rare garnet-olivine-metapyroxenite described

by Bloomfield (1968, p.138). An igneous origin and a primary
crystallisation under spinel-peridotite facies conditions (0'Hara,

1968) was asserted by Haslam et al. (1976) for the amphibolite

and serpentinised peridotite rock from Chimwadzulu in the

northern Kirk Range (see Fig.38). Moreover, the chemical
resemblance of the Chimwadzulu serpentinised peridotite to
alpine-type peridotitic rocks was described by Bloomfield (1968,
p.138). In contrast, a metasomatic origin is probable for

the bodies of biotitite, scattered within the metamorphic
'terrcnes of the western Middle Shire Valley and possibly
related to the Mlindi Complex (see Fig.38, Bloomfield, 1968, p.68).
Rocks similar to biotitite were described by Gittins et dal.
(1975) as formed by localised fenitisation in an ultramafic

- carbonatite complex in Ontario, Canada. However, there is no
evidence as yet of any alteration of the enclosing gneisses nor

of the presence of marbles akin to metamorphosed carbonatite in
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Malawi (Morel, 1958). As a consequence, the bodies of
phlogopitite are probably exotic masses formed by metasomatism
of pyroxenite or peridotite at greater depth. This is in
accordance with a model put forward by Lloyd and Bailey (1973)
and Aoki (1975) for certain mantle-derived xenoliths in
alkalinelvolconics from Uganda, the Eifel region of Germany and

South Africa.

Within the amphibolite and granulite facies terranes, more
or less concordant bodies of metagabbro with relic igneous

textures, and homogeneous bands of amphibolite are common.

General field relationships suggest that these rocks may be
comparable to certain melanocratic granulites and that their
chemistry was not altered during metamorphism. Like many among
the granulites, these rocks plot in the field of Hawaiian
tholeiitic and alkalic rocks (see Fig.43). In addition, the
chemical analyses of a melanocratic granulite and of an
amphibolite are broadly comparable (cf. col. a, Table 20, and

col.e, Appendix IV-11).
The infracrustal Ring Complexes of the Middle Shire Valley

and Zomba areas (see Figs. 5 and 38) occur in a variety of
metamorphic environments, but only the Mlindi Complex lays
within amphibolite facies terranes while the others are in
granulite or amphibolite to granulite facies transitional areas.
According to Morel (1961b) this suite was igneous and pre-
kinematic; however this assertion was criticized by Bloomfield

(1965b, 1968 and 1970) who maintained a late-kinematic and
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metasomatic genesis. An updated petrogenetic model for the
Ring Complexes must satisf& the following evidence: (a) the
Chipilanje - Little Michiru body (see Fig.38) was emplaced
within the amphibolite to granulite facies transitional area in
the Middle Shire Valley; (b) the same complex has a strongly
deformed canoe-shaped zoned structure, yet no widespread
shearing and cataclastic textures have been described in the
literature (see Morel, 1958; Bloomfield, 1968); (c) perthitic
norite from the Chipilanje - Little Michiru Complex was
described with a granulitic texture and intrusive contacts into
melanocratic granulites (Morel, 1958, p.44); and (d) quartz-
syenite from the Ntonya Complex (no.9, Fig.38) is characterised
by a charnockite-like dark—green colour, a waxy lustre and a
clearly metamorphic orthopyroxene. The most logical
interpretation of the above data is that the Ring Complexes are
probably of igneous origin dnd emplaced before or during an
vimportant tectonometamorphic event which affected the region.
This induced occasional recrystallisation under conditions
prograde from the amphibolite facies to the granulite facies
Vapour XrOCk and T mainly influenced the

HO , "'si,

attainment of a granulite facies mineralogy.

and variagtions of a

Considering the granitoid orthogneisses, those of the

Middle Shire Valley (see Fig.38), previously not recognised,

are similar to granodiorite, relatively deficient in perthitic
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K~feldspar and richer in oligoclase-andesine, hornblende and
biotite. The metamorphic‘grade of these rocks is variable and
a garnet-clinopyroxene paragenesis is possibly preserved at
Mwanza while further east, amphibolite and orthopyroxene-
bearing transitional assemblages are characteristic (see Fig.8
and P;ates 7(a) and (b)). The frequent occurrences of cognate
melanocratic ;enoliths and the absence of metasedimentary,
anatectic resistors suggest that this large granitic-
granodioritic mass is of igneous origin. It is however unclear
whether this is an early- to synkinematic intrusion or perhaps
the relict of a cratonic infrastructure of greater antiquity.
Comparable granodioritic gneisses with melanocratic amphibolite
layers and schlieren are in fact typical of many Precambrian,
mainly Archean terranes (Tarney, 1976).

Among the felsic plutonic rocks of central Malawi, the
Dzalanyama Batholith (see Fig.20) occupies a prominent place as
it extends into adjacent Mozambique. Its pre-kinematic and
anatectic origin was argued by Thatcher ahd Walter (1968, p.38).
An anatectic origin for the quartz-syenitic to granitic
'permeation gneisses' of central Malawi was also suggested by
Bloomfield (1968, p.154); and finally the granite and quartz
syenite emplaced along the shore of Lake Malawi were regarded
as high-level, post-kinematic intrusions by Bloomfield (1968,

p.95).
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CHAPTER 7,  GEOCHRONOLOGY

7.1 Introduction

To date there is very little detailed information on the
age of the metamorphic terranes in southern Malawi and, in most
cases, it was obtained by dating micas from amphibolite facies
rocks of the Middle Shire Valley and the Kirk Range areas. The
present chapter therefore presents and discusses data for
granulite facies and amphibolite facies rocks of southern Malawi
kindly supplied by Professor T.N.Clifford and other geochronologists
of South Africa and the United Kingdom whose help is acknowledged.
Most of the dated samples were collected by Professor T.N.
Clifford,but a group of 12 specimens was taken by the candidate.

A review of previous age determinations, ranging between
550 and 380 m.y. ago, was made by Bloomfield (1968), and they
are listed in Appendix VI-1.

More recent preliminary Rb/Sr (whole-rock) dating on three

suites of granulites, amphibolite facies rocks and discordant

dykes yielded 1 126 + 29; 718 £ 25 and 493 * 16 m.y. old ages
respectively (Clifford, 1974).

In accordance with the multidisciplinary approach followed
in this thesis, it was considered crucial to date amphibolite

and granulite facies rocks from the Middle Shire Valley
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transition zone where they coexist and grade into each other by

%

primary gradients.

The samples dated (gneisses, granulites and transitional

types) include supracrustal and metaplutonic rocks, whose

localities are shown in Fig.47 and in Appendix VI-A and VI-B.

Fig.47.

[ MATN LY 5
S GRANULITE
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Locality map of samples from the Middle Shire area
used for age determinations (nos. 315 to 367). (A)
to (I) are the localities of published radiometric
mineral ages listed in Appendix VI-1. (Geology
modified after Bloomfield, 1968; Morel, 1958)

In addition, the results of Rb-Sr whole rock age determinations

previously carried out by Professor T.N.Clifford on suites of
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regional granulites, gneisses and intrusive dykes will be
considered. ’
The rocks of southern Malawi were dated with the zircon
U-Pb method by Dr. A.J. Burger of the CSIR, Pretoria and by
the Rb-Sr whole-rock technique by Messrs. D.C. Rex and
A. Gledhill and Miss J. Gronow of Leeds Universiﬁy. Details
of the analytical techniques and calculating methods ud;pted
on dating the samples are described in Appendix VIGiv)
7.2 Results
The results of the Rb-Sr whole-rock determinations on
the Middle Shire areatransitional rocks are listed in Table 41,
while the U-Pb isotopic data and the calculated zircon ages
for a number of granulites and gneisses are listed in Table 42.
Fig.48 presents the results of the Rb-Sr age determinations,
and the main isochron is shown with a continuous line which was
recalculated using three points, nos. 330, 331 and 335,
representing anatectic granulites and transitional rocks from
nearby outcrops in the same locality (see Appendix VI-A).
This isochron gives an age of 1 128 i}l4 m.y. with a Ro = 0,7027
and a MSUM value = 0,757. Two lines parallel to this isochron
and the data points for the remaining samples from other Middle
Shire localities are also shown in Fig.48. Considering the

zircon isotopic data, two different graphic interpretations

are considered here. In Fig.49(a) the points representing
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TABLE 41 - Rb~Sr ISOTOPIC DATA AND PETROGRAPHIC DESIGNATION FOR GRANULITES AND
ASSOCIATED ROCKS FROM THE MIDDLE SHIRE

187

(1) g1ige

Sar:l;p'le vy Name Rbppm srppm RbB 7/Sr86 Sre 7/Sr86
315 X21356 Quartzo-feldspathic granulite 34 604 0,164 0,70620
321 X21753 Granulite with leucocratic bands 42 642 0,19 0,705%4
330 X21245 Granitic gneiss 20 352 0,736 0,71448
331 X21246 Quartzo-feldspathic granulite 29 897 0,094 0,70418
335 X21247 Mesocratic gneiss 82 407 0,584 0,71218
351 X21224 charnockitic granulite 69 464 0,428 0,71035
324 MA 203 Mesocratic granulite 70 411 0,491 0,71268
325 MA 204 Mesocratic granulite 35 422 0,239 0,70944
326 MA 205 Mesocratic granulite 54 450 0,349 0,70925
328 X21752 éharnockitic gneiss 57 555 0,299 0,70922
366 X21750 Melanocratic granulite 4 437 0,025 0,70357
367 X21751 Mesocratic hornblende granulite 4 744 0,017 0,70328

Analyst; A .Gledhill.

(1)

See Fig.47 and Appendices VI-A, VI-B and VI-2 for localities, and Appendix II-3 for
petrographic descriptions.

TABLE 42 - U-Pb ISOTOPIC DATA FOR ZIRCONS OF GRANULITES AND ASSOCIATED ROCKS FROM THE

MIDDLE SHIRE AREA

ppm isotopic ratios calculated ages (m.y.) atomic ratios

Sumplea)Fraction U Pb 206 Pb 207 Pb 208 Pb ] 207 Pb 206 Pb 207 Pb 207 Pb 206 Pb
204 Pb_ 204 Pb 204 Pb ] 235 U 238 U 206 Pb 235 U 238 U
315 composite 292 24 3 331 230 2781 766 378 318 0,45 0,05
321 composite 106 10 1 851 128 167 655 588 570 0,78 0,09
330 composite 247 31,8{12 084 857 13 922 807 769 1,22 0,12
330 100-150p 302 32 9 070 630 923 922 687 632 0,97 0,10
330 75-100p 334 22 8 681 609 921 881 490 410 0,62 0,07
331 composite 236 26 3117 220 428 802 655 639 0,94 0,10
331 75-100p 219 24,5]| 9 132 629 1 031 846 710 670 1,01 0,11
331 75-100p 247 27,8| 7 252 495 1 007 818 691 664 0,97 0,11
331 <501 285 27,31 4 927 344 703 834 619 563 0,84 0,09
335 composite 223 26 6 803 477 739 870 746 705 1,08 0,12
335 >150p 190 25 4 702 330 764 840 777 751 1,14 0,12
351 composite 218 26 6 723 487 885 936 750 691 1,09 0,11
351 100-150p 134 21 4 572 329 634 902 892 884 1,41 0,15

Analyst: A.J, Burger.
(1) See Fig.47 and Appendices VI-A, VI-B ond VI-2 for localities and Appendix II-3 for petrographic

descriptions.




Sré/sr8

0.141- Middle Shire granulites p
and associatedrocks -
one-
0710
0.708 -
0706 Isochron (I)basedon
! sample nos. 330,331and 335
from Mpatamanga Gorge
0,704 Age=1128:14 m.y.
357 RO =0,7027
0,702+
$r81/Rpt6
| I | ] | | |
0,700
0.2 04 0.6 0.8
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localities and Appendix II-3for petrographic data).
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Fig.49(a). Concordia plot for zircon fractions from metaplutonic rocks of the Middle Shire
area; (e) hypersthene-bearing rocks, and (o) gneisses and orthogneisses (see note 1 to Table 42).

Fig.49(b). Concordia plot for zircon fractions from supracrustal rocks of the Middle Shire area
(the symbols are the some as in Fig.49(a); see note 1 to Table 42).
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whole zircon concentrates and size fractions from metaplutonic

rocks, charnockitic granulite (no. 351) and granitoid orthogneiss

(n0.330), define a chord with an upper intercept age of 920 m.y.;
the lower intercept of 40 m.y. is probably spurious and the
spread of data points is more reacdily understood in terms of
continuous Pb-diffusion.

upracrustal granulite (nos. 315 and 321), amphibolite facies (no.

335) and transitional rocks (no.331) present a relative scatter

and more than one chord may be calculated. However, a 7-point
regression line, calculated excluding the composite fraction
of granulite no.321 , provides a concordia upper intercept age
of 840 m.y. The MSUM values calculated for the chords of the
metaplutonic and supracrustal rocks are 0,44 and 0,55
respectively, indicating that the scatter of the data points is
less than what is predicted by experimental uncertainties.

7.3 Interpretation

The lateral extent and degree of Rb-Sr isotopic homogeneity
in igneous and metamorphic suites during mineral (re) -
crystallisation is a process not yet fully understood and which
for igneous complexes has only recently begun to be investigated
(McCarthy and Cawthorn, 1980). It is therefore appropriate to
consider Rb/Sr ratios and isotopic distributions in a suite of
prograde transitional rocks from an area of the Middle Shire
Valley which is sufficiently narrow to keep the geological

disturbances to a minimum.
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The small scatter of data points for nos. 330, 331 and 335
from the ideal straight li;e is possibly consistent, among other
possibilities,with o model of near-complete homogengisation at
the scale of the outcrop, up to a distance of about 200m (see
Appendix VI-A). This is particularly true sincg considerable
difficulty was experienced in the field in establishing whether
or not the orthogneiss no.330 could represent a total melt
product of the mesocratic gneisses associated (no.335). With
increasing distance between each other, the remaining samples

shaw
present in Fig.48 / a clear tendency to scatter. No isochron
can in fact be calculated for samples nos. 324, 325 and 326
collected in an area about 1 km wide. Even greater reciprocal
distances separate the remaining samples nos. 315, 321, 328, 351,
361 and 367 and their corresponding data points also present a
substantial scatter in Fig.48. Yet, it is perhaps significant
that 8 out of 9 samples from the separate localities plot either
on (or very near to) the main Mpatamanga Gorge isochron (() in
Fig.48) or otherwise on (or near to) a set of lines parallel to
it. This observation suggests that the granulites and gneisses
of the Middle Shire transition zone had perhaps different Ro
(Sr87/5r86) initial ratios ranging from about 0.7027 to at least
0,7045. The age obtained is particularly significant since it

is nearly coincident with the 1 085 * 71 m.y. old isochron (with

Ro = 0,7066) calculated by Clifford et al. (in prep.) from a
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suite of regional granulite facies rocks of the Zomba, Blantyre,
Mangochi and other areas (see Appendices VI-B and VI-C).

In addition, the results of the Rb-Sr isotope age
determinations confirm petrographic observations that, in the
Middle Shire, amphibolite facies gneisses grade into granulite
facies rocks by primary P-T gradients. For consistency with
the method adopted in the Middle Shire area, an attempt was made
to calculate separate isochrons for the Zomba, Blantyre, Dedza
and Mangochi areas using the data of Appendix  VI-3,

However most of the data points presented an excessive scatter
with the exception of the three samples, nos. 65, 67 and 75,
from an area north-east of Mangochi which yielded an errorchron
of 981 * 34 m.y. with a Ro = 0,7103 and a MSUM = 3,4 (see
Appendix VI-D). Of additional interest is the slope of the
line joining two samples of interbanded melanocratic (no. 92)

- and leucocratic (no.93) retrograded granulites from the Dedza
area, and which is less steep than a 750 m.y. reference
isochron (see Appendix VI-C). The age of 1 128 + 14 m.y.
obtained dating the gneisses from the Mpatamanga Gorge of the
Middle Shire is strikingly different from an unpublished age of
835 + 65 m.y. with a Ro = 0,7051 obtained on regional amphibolite
facies gneisses (Clifford et al, in prep.; see Appendices VI-4
and VI-E). The latter age is strictly comparable to the age

of 826 + 32 m.y., with a Ro = 0,7048 and MSUM = 2,4 provided by
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an isochron based on samples from a single quarry near
Liwonde (see Appendices VI-B and VI-F). The near coincidence
of the Ro of the regional gneisses with that of the Liwonde
gneisses might perhaps imply that the amphibolite facies
terranes of southern and central Malawi either evolved from

87/Sr86

a pre-existing materigl with a Sr initial ratio, which
was very uniform over large areas, or that they experienced
an episode of exceptional isotopic homogenisation.

Finally the Middle Shire granulites appear far older than
the granite and syenite dykes from various localities in southern
Malawi and whose scatter precludes the calculation of a single
religble isochron (Clifford et al., in prep.; see Appendices
VI- 5 and VI-G).

Considering now in detail the U-Pb age determinations, the
metaplutonic rocks seém to indicate an event at about 920 m.y.
ago; and the closeness of one of the fractions of sample no.
351 to the concordia curve suggests the possibility that the
crystallisation of the zircons occurred ;hortly before the |
920 m.y. old metamorphic event (Dr, J.Barton, personal
comenication). A narrow time interval is suggested by the
lack of significant scatter of the analytical points relative
to the 920 m.y. chord as otherwise expected for a multistage

model., In contrast, the rocks of supposed metasedimentary

origin associated with the former indicate a metamorphic event
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which is about 80 m.y. younger. This apparently took place

’

about 840 m.y. ago.

In addition, Fig.49(a) indicates that the granitoid
orthogneisses were affected by the same event recorded in the
charnockitic granulites; and similarly Fig.49(b) shows that
also supracrustal gneisses and granulites yield a common age.

The study of the zircon morphologies supports field
observations on the intrusive nature of sample no.351. The
crystals have predominantly idiomorphic, double terminated,
stout shapes indicative of primary magmatic generation (see
Plate 20). However, the majority of the gneisses and
granulites often carry rounded and oval, probably corroded
zircons (see Plates 21 to 23), which are a common feature in
high-grade metamorphic rocks (Professor T.N. Clifford,
personal communication). Refacetted zircons and slender,
uncorroded crystals are also present in leucocratic granulites
(see Plate 22). These various morphologies, particularly the
ghost zircon nuclei rich in older lead (see Plate 20), could
possibly account for age differences the metaplutonic and
supracrustal rocks yield. Therefore, the 920 m.y. event
would either represent a 'mixed' age, or it represents the
time at which T dropped below a 'threshold' value for the re-
equilibration in the coarser idiomorphic zircons of the

metaplutonic rocks (Dr. V. Képpel, personal communication).
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Plate 20. Zircon population of a charnockitic granulite;
(#), crystal carrying ghost inclusion of older
zircon. X100 (no.351, see Fig.47).

Plate 21. Zircon population in orthogneiss. X90 (no.330,
see Fig.44).



Plate 22. Zircon population of a leucocratic migmatitic
granulite; (4), new facet developed. X90 (no.
331, see Fig.47).

Plate 23. Zircon population in a leucocratic.granulite.
X120, (no.315, see Fig.47).
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Likewise, the age of 840 m.y. should represent the time at
which the same threshold w;s passed at lower T in the more
corroded and recrystallised zircons of supracrustal origin.
According to this interpretation, neither would reflect
the time of the peak of high-grade metamorphism, which the

Rb-Sr whole-rock method, applied to the same samples, dates

further back at 1 128 * 14 m.y. ago.



CHAPTER 8.  CONCLUSIONS

Southern Malawi is at the heart of one of the major and
least known tectonometamorphic terrenes of Africa, namely the
Mozambique Belt. Broad expanses in the central and south-
eastern parts of the country are characterised by pyroxene or
garnet-bearing rocks; and massive granulites, in some cases
clearly intrusive, are also present locally. Elsewhere the
metamorphic grade is clearly lower and amphibolite and gneisses
underlie much of central Malawi and the western part of
southern Malawi.

Near the Shire River, west of Blantyre and elsewhere (see
Fig.38) transitional rocks occur between the higher and the
lower grade terranes and are characterised by the association
of pyroxene-bearing gneisses and hornblende-biotite granulites.
Three different kinds of textural relationships between
amphibolite and granulite facies mineral parageneses have
been identified in many different areas of southern and central
Malawi and have been designated Types I, II and III. Such
textures contributed substantially to the clarification of the
development of mineral sequences that aredepicted in Fig.50 in
which the arrows indicate the direction in which the mineral

reactions have proceeded. The thickest line represents a
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ORTHOPYROXENE +
CLINOPYROXENE

GARNET +
CLINCPYROXENE

~

—-"
HORNBLENDE +
BIOTITE

Fig.50. Mineral relationships amongst southern Malawi
amphibolite and granulite facies parageneses (see
text for explanation).

sequence of prograde development documented by all three types

of textures while the thinner, continuous lines refer to

reactions only shown by two types of prograde geometries and
in a more restricted number of localities. The thinnest,
broken arrow indicates a sequence of mineral development only
seldom encountered; and the bifurcating arrows represent the
multiple mineral reactions present in certain polymetamorphic
granulites.

Field and petrographic evidence and an electron-microprobe
investigation of the typical minerals of the granulites have
demonstrated their metamorphic origin; they also show that
the typical orthopyroxene is hypersthene or, more seldom,
bronzite and ferrohypersthene while the clinopyroxene is a

calcic augite. Analyses of coexisting garnet and clinopyroxene
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show that the former is an almandine with a variable, but
often substantial content ;f MgO and Ca0. The pyroxene is
an augite, less commonly salite, with occasional appreciable
amounts of A1203, TiO2 and N020. The variation diagrams
show that the garnet-clinopyroxene granulites from the
northern Kirk Range and the Tengani areas have distinct
eclogitic affinities and that the grossular content of garnet
is distinctly higher in orthopyroxene-free granulites.
Amphibole analyses indicate a substantial chemical difference
between hornblendes from different metamorphic environments;
those from two-pyroxene granulite terranes are Ti-pargasite
with minor edenite, while the Ti-poorer pargasite from garnet-
clinopyroxene granulite terranes contains tschermakite as an
additional component. Finally, a titaniferous biotite

transitional to phlogopite is the typical mica of two-pyroxene

granulite terranes.

The petrochemistry of the granulites is characterised by

a broad variation in the content of SiO2 from about 43 to 80

per cent which is paralleled by an increase in alkalis (Na

2O
+ K20) from about 3 to 10 per cent and a decrease in iron,
titanium, magnesium and calcium oxides. In a substantial
number of mesocratic/leucocratic granulites N020 predominates
over K20, while another group is defined by a pronounced K,0

2

enrichment, up to nearly 8 per cent ', and the resulting
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distribution of rocks in the appropriate diagrams is distinctly
bimodal. The granulites ;re also diopside-normative and the
calculated plagioclase is relatively sodic, seldom exceeding
An50’ even in melanocratic rocks which are frequently nepheline-
and olivine-normative. Many of the rocks in amphibolite to
granulite transitional zones are chemically similar to
granulites, but an appreciable number is distinguishable by
their corundum-normative composition, a pronounced scatter in
the K20/N020 ratio and a predominance of K20 over NOZO. The
distribution of Rb relative to K in granulites presents a trend
marked by K/Rb ratios of 250 to 1 000 while the amphibolite
facies gneisses and the transitional rocks often present a
more pronounced Rb enrichment with ratios in the 100 - 500 ppm
range.

Reasonable estimates cf the different P-T conditions
prevailing in a number of areas of southern Malawi are shown
in Fig.51 and indicate that the Zomba-Blantyre rocks equilibrated
in the medium-pressure granulite field of Green and Ringwood
(1967), while the rocks of the Tengani and Ncheu areas fall into
the high-pressure granulite field of Green and Ringwood (1967).
The granulites of Tengani are especially intriguing as they
evolved from earlier metamorphic assemblages at pressures in
excess of 12 Kb and temperatures above 800° - 900°C.. The other

areas of southern and central Malawi often experienced
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relevant metamorphic subdivisions and geothermal

gradients (after Green and Ringwood, 1967; Winkler,
1974).
metamorphism at considerably lower P and/or T. At Fort

Mlangeni (see Fig.52) intermediate conditions between the

medium- and high-pressure granulite facies prevailed,

in the development of interbanded two-pyroxene and two-pyroxene-

garnet rocks with biotite-garnet *= orthopyroxene gneisses.

Further south,

conditions straddled the amphibolite/high-pressure granulite

facies boundary which are reflected in the widespread

resulting

in the northern Kirk Range (see Fig.52) the P-T
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occurrence of amphibolite facies gneisses, and the presence

of prograde mineral textu;;s. Similarly, the metamorphic
conditions in the Middle Shire Valley encompassed the
amphibolite to medium-pressure granulite facies fields and the
area is therefore characterised by hornblende-biotite

pyroxene gneisses and charnockitic gneisses. Elsewhere in
southern Malawi the transition between terranes of different
~metamorphic grade appears cbrupt suggesting the influence of
tectonism. Near Tambani for example (see Fig.52) a lithological
unit of garnet-clinopyroxene rocks occurs at less than one
kilometre from lower-grade gneisses and interbanded rocks with
coexisting olivine — plagioclase — clinopyroxene (Cooper and
Bloomfield, 1961, p.14). In addition, a vertical displacement
in excess of 15 km is required from experimental data (O'Hara
et al., 1971) to explain the scattered occurrence of garnet-
olivine rocks within the mainly gneissic or amphibolite to
granulite facies t:ansitionql terranes (assuming P < 8 kbar )
of the Lilongwe, Salima and Ncheu areas (see Fig.52, and p.149).
These garnet lherzolite rocks deserve special attention in the
future because they have a very restricted distribution
elsewhere in the world and are usually allochtonous and also

generally restricted to the Caledonian and Alpine terranes

(0'Hara, 1967; Evans and Trommsdorf, 1978; Obata, 1980).
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The available petrographic, chemical and experimental
data have produced importa;t constraints on the activity of
H20 in granulites. In melanocratic hornblende granulites,
the H20 was in the 6 - 35 mole per cent range; and the
narrowness of the reaction rims in the prograde geometries
indicates the restricted mobility of the vapour phase. These
conclusions apparently preclude large-scale allochemical
processes such as partial melting, metasomatism and metamorphic
segregation. The only area of southern Malawi which probably
suffered mild metasomatic changes is that of Tengani, where a

COZ’ Cl, and H,0-rich fluid diffused through the sheared

2
granulites causing retrogression to hornblende-biotite-
scapolite assemblages akin to those observed in rocks from the
Tete region (see Fig.52 and Appendix VII). Finally, deep
seated K,Al,H20 metasomatism was perhaps also active in the
Middle Shire terranes to account for the occurrence of a swarm
of unusual biotitite lenticular bodies (see Fig.52).

At present, only a partial depletion of Rb relative to K
passing from the amphibolite to the granulite facies can be
identified; but in general the majority of the granulites and
transitional terranes have maintained the composition of basalt
or andesite, dacite and rhyolite (see Figs. 53 and 54) and

related sediments such as greywacke. This interpretation is

particularly interesting because Figs. 53 and 54 also show that
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the granulites of southern Malawi have chemical similarities,
despite a certain enrichme;t in alkalis, with 240 hypersthene-
bearing rocks from African charnockite-granulite suites
investigated by Clifford (1974). In contrast, shale, marl and
marly limestone compositions predominate in the lower-grade
terranes of the Kirk Range, intruded by comparitively less
alkalic and more magnesian amphibolites (see Figs.53 and 54).

The area between Fort Mlangeni and Chimwadzulu (see Fig.52)

includes rocks of a transitional character. Massive,

CONTOURS AT 1§4%

A M

Fig.53. AFM diagram for the southern Malawi granulite facies
rocks (@), and Kirk Range amphibolite and metadolerite
(0) superimposed on field of 240 hypersthene-bearing
rocks of African charnockite-granulite suites(after
Clifford, 1974), in relation to Daly's (1933) average
rhyolite (r), dacite (d), andesite (a) and basalt (b).
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Fig.54. Alkali-silica diagram for the southern Malawi
granulites (®) and for the Kirk Range amphibolites
and metadolerites (O) superimposed on the field of
240 hypersthene-bearing rocks of African charnockite-
granulite suites (after Clifford, 1974). Dashed
lines separate the fields of: (1) alkali olivine
basalt, (2) high alumina basalt, and (3) tholeiite
(after Kuno, 1968).

occasionally intrusive granulites often have the composition

of K-rich norite, monzonite, syenite, granite and granodiorite.
Those occurring at Ncheu, near Dedza, north-east of Mangochi
and in the Blantyre areas (see Fig.20) have strong affinities
to the areally associated monzonite, syenite and K-rich granite
of the Perthitic Complexes. Moreover, the spatial association
of these massifs and of their metamorphic pyroxene-bearing
varieties with anorthosite bodies in areas of granulite facies
metamorphism is comparable to the intriguing anorthosite-
monzonite-syenite-charnockite-K-rich granite suites that are

characteristic of many high-grade Precambrian terranes
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elsewhere in the world. Rocks of granodioritic affinity,
regionally distributed in ;he Middle Shire transitional
terranes could represent early-to--syn-kinematic intrusives or

a pre-existing basement (see Fig.52). Petrographic and
structural data further indicate that a group of Ring Complexes
intruded the terranes of the Middle Shire Valley and Zomba
areas before the end of the main regional metamorphic event,
which produced orthopyroxene-bearing parageneses in areas of

appropriate grade.

The results of Rb-Sr whole-rock and U-Pb (zircon) age
determingtions carried out on samples from the Middle Shire
transition zone are shown in Fig.55. In this diagrom some
other relevant data are presented, including ages recalculated
from unpublished results (Clifford et al., in prep.) on
selected southern Malawi granulite and amphibolite facies
suites.

Fig.55 indicates that southern Malawi experienced a
metamorphic evolution between c. 1'130 m.y. ago and c. 450
m.y. ago. Within this range, hypersthene-bearing granitic
magmas were emplaced in the Mchinji region of central Malawi
at the same time of the prograde metamorphism in the Middle
Shire terranes some 1 100 m.y. ago. Considering the Sr87/Sr86

initial ratios (Ro), the Middle Shire transition zone

granulites and gneisses have a very low value (Ro = 0,7027),
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Fig.55. Age determinations in southern Malawi and other
relevant areas. (1) Snelling (1963); (2) Clifford

et al. (in prep.);
24) Brewer et al., (1979);

and (6) Cahen 21970).

(3) Bloomfield (1970);
(5) Clifford (1974);

consistent with their derivation from (mantle-derived) volcanic

rocks (Kistler, 1974;

uncertainties.

Davies et al., 1970) despite obvious

Subsequently, the c. 980 m.y. event in the

Mangochi area could represent the intrusion of syenite and

pyroxene granite and their recrystallisation under granulite

facies conditions.

Their high initial ratio (Ro = 0,7103)

suggests that the rocks are a granitophile extract rich in Rb

and Sr87

or reworked high-level crustal material (Heier, 1964;
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Lambert and Heier, 1968). The spread of ages in the 920 -
840 m.y. range obtained wi%h the U-Pb zircon method from the
Middle Shire transition zone is probably related to an
insufficient knowledge of the zircon isotopic systems in rocks
of different origin. Similarly, no precise geological
significance can yet be attributed to the ¢c. 830 m.y. old
event recorded in gneisses from Liwonde and from other
localities of southern and central Malawi.

The c. 700 m.y. old age of the retrogression of the
granulite facies parageneses in the Dedza area is also obviously
crude and speculative and may apply only to that specific area.
The late K-Ar mica ages obtained from the Middle Shire Valley
area probably indicate the time when temperature fell below
about 300° - 400°C (Hunziker, 1979).

The available geochronological and P-T data are combined
in Figs.56{a) and (b) in an attempt to synthesize the evolution
of metamorphism with time; and curves I and II in Fig.56(b)
indicate the thermal profiles prevailing at about 1 100 m.y.
ago across the transitional areas of southern Malawi, shown in
Fig.56(a). The hypothesized changes of P-T conditions with
time in threé distinct localities of garnet-clinopyroxene
granulites are shown with arrows, A, B and C in Fig.56(b); and
since there are no radiometric age determinations for these

rocks, the existence of earlier metamorphic cycles cannot be
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Fig.56(a).

Fig.56(b).
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Generalised map of metamorphic assemblages in southern
Malawi. Horizontal ruling, mid-Paleozoic to
Recent; black, metamorphosed plutonic rocks;
gneissesy vertical ruling, transitional rocks; and
stippled, granulites. Curves (I) and (II) are thermal
profiles and (A), (B), (C) and (D) are polymetamorphic
terranes shown in Fig.56(b).

blank,

P-T diagram showing (I) and (II} thermal profiles
across transition zones shown in Fig.56(a): (A), (B),
(C) and (D) are possible P-T-time pathways followed
by granulites in areas shown in Fig.56(a). Ages
are in millions of years and the metamorphic
subdivisions are after Green and Ringwood (1967).

Arrow D is the possible P-T-time evolution

pathway followed at a later stage by typical two-pyroxene

granulites and by garnet-clinopyroxene granulites (arrows A

and B).

The steep gradients of 30 - 40°C/km of profiles I



and II across two transitional areas suggest that the granulites
perhaps developed in broad aureoles in response to localised

heat sources such as massive, high temperature plutonic bodies.

in a multiple-stage model of crustal evolution for southern
Malawi which is summarised in Table 43 and represented (see

stage VII, Table 43) in Fig.57.

’

simplified and it includes a number of speculations.

particular, the existence of an older sialic infrastructure

at the base of the geosyncline-like volcanic sequence (stuge

TABLE 43 - SEQUENCE OF EVENTS IN THE PRE-KAROO HISTORY OF SOUTHERN MALAWIL

The results discussed so far may be tentatively combined

In

Age
Event (m.y.)

XIT Cooling, uplift, and emplacement of post-tectonic Lake Malawi granite

stocks and dykes (?) 450
XI Resetting of granulite facies parogeneses and faulting of high-pressure

ultramafic rocks into omphibolite facies and transitional terranes 650-750
X Cooling, uplift, and closure of Rb-Sr isotope systems in amphibolite

facies terranes 826 * 32
IX Widespread downgrading of high-pressure granulites to lower-pressure

(hornblende) granulites, and resetting of U-Pb zircon ages in

tronsitional granulites 840-920
VIII Shearing, scapolitisation and retrogression of high-pressure

granulites of Tengani
VII Remobilised Basement rocks crystallised under granulite facies conditions

east of Mangochi 981 * 34
vl Emplacement of hypersthene granite in the Mchinji region of central )

Malawi; possible intrusion of Ring Complexes in southern Malawi 1119 * 46
v Folding, prograde medium~pressure granulites in areas of high heat-flow

from the magma cushion and from the emplacement of anorthosite and

related Perthitic Complexes; »nrograde high-pressure granulites at

greater depth, and in areas of reduced heat-flow 1128 14
IV Plagioclase fractionation of the igneous cushion to yield anorthosite and

crust-contominated K-rich mogmes, mainly of syenitic composition
III  Burial, crustal thickening and emplacement of large magmatic cushion

at mantle-crust discontinuity or in the lower crust
II Deposition of volcanic rocks and greywacke, with minor pelite and

carbonate sediments in marine environment
1 Older Basement (e.g. Ubendian fold belt, Archean granite complex)

2

This synthesis is obviously very

12
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Fig.57. Schematic interpretation of the Mozambique Orogenic
Belt at c. 1 000 m.y. ago (episode VII, Table 43).
Patterns indicate the: (1) lithospheric upper mantle;
(2) pre-Mozambiquian sialic crust; (3) Mozambiquian
supracrustal gneisses and granulites; (4) Mozambiquian
pelitic and carbonate rocks; (5) high-pressure mafic
cumulates, anorthosite and related rocks; (6) syenitic
and granitic plutons of remobilised basement and/or
cover rocks; (7) orthopyroxene isograd ; and (8)
garnet-clinopyroxene isograd .

I, Table 43) is postulated according to present views on the
evolution of eastern Africa (Piper, 1976; Shackleton, 1976).
The intrusion of larée, deepfseated, cushion-like igneous

bodies (stoge III, Table 43) is based on a model for the genesis
of anorthosite by Bridgwater et al., (1974) and on hypotheses

by Shackleton (1973). This model is also consistent with

the hot-spot model of crustal growth proposed by Newton et al.,
(1980) and is supported by the presence of deep-seated, positive
gravity anomalies in the regions of granulite facies

metamorphism of southern and central Malawi (Andrews, 1974).
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The actual occurrence, in north-west Mozambique, of the huge
(26 000 km2) anorthositic'Tete Complex, recrystallised
under P-T conditions comparable to those of Zomba-Blantyre
(see Fig.52 and Appendix VII) provides further evidence for
this interpretation.

Contamination by crustal material of the anorthosite-
related residual magmas (stcge IV, Table 43) is consistent
with the observed widespread occurrence of migmatitic granulites.
Moreover, the cause-effect relationship between rocks of the
anorthosite-K-rich granite/charnockite kindred and high-grade
metamorphism (stage V, Table 43) is consistent with similar
conclusions reached in southern Greenland by Bridgwater and
Watterson (1967) and in the Grenville Belt of eastern Canada
by Hargraves (1962) and Berrangé (1966).

" The sheared and scapolitised anorthosite. and granulites
of Tengani might perhaps indicate an important event of
regional metasomatism (stage VIII, Table 43). This could
perhaps correlate, under the Karoo cover, with (a) the
regionally sheared, scapolitised and davidite mineralised
anorthosite and granulites of Tete (see Appendix VII; Davidson
and Bennett, 1950), and (b) with the davidite-mineralised
feldspathic mylonite occurring near the Mwanza fault area south-
west of Tambani (see Fig.52 and Appendix VII; Cooper and

Bloomfield, 1961). Faulting of high-pressure hypermelanic
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rocks is attributed to a relatively late event (stage XI,
Table 43) because, had thi; occurred egrlier, the P-T
conditions prevailing in the Lilongwe area would have rapidly
replaced the garnet-olivine pair with plagioclase or spinel-
bearing lower-pressure mineral parageneses (see p.150; O'Hara
et al., 1971).

The model presented and the geological processes
highlighted in these conclusions will hopefully provide a
basis for further studies of a more specialised nature.
However two points are worthy of additional mention. The
first relates to the possibly important influence exerted by
the delivery of (mantle derived) CO2 into the lower crust during
granulite facies metamorphism (Touret, 1975; Newton et al.,
1980). Flushing of granulites by a C02-rich vapour phase
occurred in the Tete and Tengani regions, and CO2 was also
probably the dominant vapour phase in a mafic granulite from
Zomba. In addition, the common Type II prograde geometries
observed in amphibolite and transitional rocks could also be
related to the introduction of CO2 along discontinuities,
with resultant dilution and flushing of H20, in accordance
with the interpretation given to similar structures in prograde
charnockitic gneisses from south India by Janardhan et al. (1979).

The second relevant point appears to be the significance

of southern Malawi as a possible link between two distinct
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structural regions of the African subcontinent, namely the

600 £ 100 m.y. quaran-Kat;ngan (Pan-African) orogenic domain
and the 1 100 * 200 m.y. Kibaran orogenig domain (Clifford,
1974). In this regard, the climax of the Mozambiquian
tectonothermal event in southern Malawi coincides with a period
of low- to very high-grade metamorphism that affected the
Namaqualand-Natal Belt of southern Africa (A, Fig.58) between

c. 1 200 and 900 m.y. ago (Nicolaysen and Burger, 1965;

Joubert, 1971; Clifford et al., 1975). Other coeval regions
in central Africa are the Kibaride Belt (B, Fig.58, Cahen, 1970)

and the Irumide Belt (C, Fig.58; Shackleton, 1973). In view

of the results of this thesis it is worthy of note that Ramsay

Fig.58. Major structural units of Africa with Archean-lower
Proterozoic (=2 000 m.y. old) mobile belts (black),
stable continental crust since 1 500 m.y. ago
(stippled), and mobile belts younger than 1 500 m.y.
(blank)(after Onstott and Hargraves, 1981). (A) to
(G) are mobile belts discussed in the text and (O)
is position of southern Malawi.
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and Ridgway (1977) found no evidence for an Irumide Belt in
eastern Zambia and proposed that the Pan-African Mozambique Belt (D,
Fig.58) forms the margins of the Zambian (and Tanzanian) Cratons.

Among the Pan-African terranes, the Lufilian Belt of Zambia
(E, Fig.58) experienced an earlier, lower/middle Kundelungu
tectonic phase with pegmatite emplacement at c. 800 - 840 m.y.
ago and a subsequent major tectonic event, the Kolwezian phase,
at ¢. 700 m.y. ago (Cahen, 1970). These periods of tectonic
(and igneous) activity coincide in time with the age of the
amphibolite facies rocks and of certain retrograded granulites
of southern Malawi respectively (see Fig.55).

The Zambezi Belt of southern Zambia (F, Fig.58) includes
scapolitised eclogite facies rocks originally extruded as
mafic volcanic rocks at the base of the Lufilian sedimentary
sequence not earlier than 1 300 m.y. ago (Cahen, 1970; Vrana
et al., 1975; Martin and Porada, 1977).  This may possibly
provide an indication of the time in which analogous volcanic
and sedimentary rocks, the precursor of the granulites, were
deposited in southern Malawi.

In contrast, the Namibian Damara Belt (G, Fig.58)
experienced sedimentation and mafic marine igneous activity
between 810 and 720 m.y. ago, followed by a major cycle of
tectonic activity between 560 and 490 m.y. ago (Hawkesworth

et al., 198l) corresponding to the period of cooling, uplift
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and sporadic emplacement of post-tectonic intrusive rocks in

»

southern Malawi.

In conclusion (see Fig.57), the Mozambiquian Orogenic

Cycle of southern Malawi appears characterised by a very
complex and perhaps continuous thermotectonic activity in-
which the following events may be recognized: (a) the c.

1 100 m.y. Kibaran stage; (b) the c. 830 m.y. old "middle’
(lower to middle Kundelungu) stage; (c) the c. 700 m.y. old
'Katangan' (Kolwezian) stage; and finally (d) the c. 450 -
500 'waning' stage of Damaran age. If this interpretation
is correct, the Mozambiquian Orogenic Cycle spans the time
sequence of two major orogenic events, the Kibaran and Pan

African, in southern Africa.
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LIST OF SAMPLES
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In the present thesis 509 samples of granulites and gneisses

from southern Malawi have been considered, as shown in Table
I-1., The localisation of nearly all samples is shown in Maps

1 to 4, enclosed in a pocket at the back of the thesis.

However for some specimens insufficient information was available

for them to be plotted on the Maps: they are listed in Table
I-2 with some relevant data. Field numbers, thin section
(laboratory) numbers, Map reference numbers and the ones used
throughout the thesis are listed for all the 509 specimens in
Table I-3.

In addition, 10 samples of granulites from the Tete area
of Mozambique have been obtained from the Geological Survey of
Portugal and their numbers, preceded by a letter T, are listed
at the end of Table I-3. In this thesis the original numbers
occurring in a paper by Coelho (1969) have been used throughout.
This work should be considered for further information on the
sampling localities, but the details are however scanty. In
addition, no. T19 was not described in the above publication
(Coelho, igig,) but it was collected from the same area as the

others (Coelho, personal communication).
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TABLE 1I-1  SAMPLE SOURCES
Group Thesis no. Collector/Collection
I I - 122 T.N.Clifford.
11 123 - 496 M. A.G. Andreoli.
I1I 497 - 508 Malowi Geological Survey, Zomba.
v 509 University of the Witwatersrand
Geology Department Collection.
TABLE I-2  AREA OF ORIGIN OF UNDETERMINED SAMPLES
12e51s Sheet Area References
22 - Manono Bridge (Central Molawi).
64 Lake Malombe Mpalo River, 50Km south of Mangochi
(Liwonde Road).
122 Chikwawa Livingstone Falls.
499 Mulanije Kafiri Quarry, Nachinjango.
500 Kirk Range 4Km west of Charlie's Court.
503 Dedza North of Khoma Hill. Grid
references: 160502; 50 000 Sheet
No. 1434Al.
508 Mchinji Kapote Hill, Zambia border.
509 Tambani 2Km east of Mwanza Fault.




TABLE 1-3 - SPECIMEN NUMBERS

Thesis Field Slide Map Thesis Field Slide Map
no. no. no. no. no. no. no. no.
1 66-C-3 19647 2 43 69-B-18 23463 2
2 -4 19648 2 44 =19 23464 2
3 -5 19649 2 45 =20 25185 2
4 -6 19650 2 46 =21 25186 2
5 -7 19651 2 47 =22 23465 2
6 -8 19652 2 48 -23 23466 2
7 -9 19653 2 49 -24 25187 2
8 -10 19654 2 50a -25 25188 2
9 -11 19655 2 50b -25 25188 2
10 -12 19656 2 51 -26 25189 2
11 -13 19657 2 52 =27 25190 2
12 -17A 19658 2 53 -28 20467 2
13 -17B 19659 2 54 =29 23468 2
14 -188 19660 2 55a -30A 23469 2
15 -18C 19661 2 55b -30B 23469 2
16 -18E 19662 2 56 72-D-1  X19664 2
17 -20 19663 ] 57 -2 X19665 2
18 -23 19664 4 58 -3 - 4
19 -24 22246 4 59 -4A  X19666 2
20 -25 19665 4 60 -4 X19667 2
21 -31C 22247 4 61 -5A  X19746 2
22 =32 22248 - 62 -5B  X19747 2
23 -33 19668 4 63 -5C X19748 2
24 -34 19669 4 64 -6 X19671 -
25 -36 19670 4 65 -7A  X19672 3
26 -37 19671 3 66 -78 - 3
27 -38 19672 2 67 -7C  X19674 3
28 68 -NA 22250 2 68 -8A  X19749 3
29 -NB 22251 2 69 -8B  X19750 3
30 -KA 22252 2 70 -9  X19751 3
3 -KB 22253 2 71 -10  Xx19752 3
32 69-B-1 23452 2 72 -1l X19753 3
33 -2 23453 2 73 -12  X19754 3
34 -3 23454 2 74 -13  X19755 3
35 -4 23455 2 75 -14  X19756 3
36 -7 23456 2 76 -15  Xx19782 2
37 -8 23457 2 77 -16  X19783 2
38 -9 23458 2 78 -17  X19784 2
39 .11 23459 2 79 -18  X19785 2
40 -12 23460 2 80 -19 - 2
41 =13 23461 2 81 -20  X19786 2
42 .17 23462 2 82 -2l X19787 3
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" TABLE 1-3 - SPECIMEN NUMBERS (CONTD.)

Thesis Field Slide Maop Thesis Field Slide Map
no. no. no. no. no. no. no. 21+ 29
83 72-D-22  X19788 2 120 72057 X19986 2
84 -23  X19789 2 121 D-H~20 X19983 4
85 -24 - 2 121a -20A  X20120 4
86 -25 - 2 to to to 4
87 -26 - 2 121i -20F  X20205 4
88 -7 X19791 2 122 -161A  X20896 1
89 -28  X19792 4 123 MA -2 X21723 1
90 -29  X19793 4 124 -3 - 1
91 .30 x19826 4 125 -4 X21303 t
92 -31A  X19827 3 126 -5 X21304 1
93 -31B  X19828 3 127 -6 - 1
94 -32A  X19829 3 128 -7 X21305 1

129a -8 x21258 1
95 -32B  X19830 3 1295 X21384 1
96 -32C  X19831 3 130 -9 X21378 1
o7 -33  X19832 3 131 -10 X21266 ]
98 -34  X19833 3 132 -11 X21267 1
99 -35  X19834 3 133 -12 x21221 1

100 -36  X19835 3 134 -13  X21765 1
101 =37 X19929 3 135 -14  X21379 1
102 -38  X19930 3 135b -148  MA400 1
103 -39 X19931L 3 136 -15  x21222 1
104 -40  X19932 3 137 -16  X21380 1
105 -41  X19933 3 138 -17  X21268 1
106 -42  X19934 3 139 -18  x21382 1
107 -43  X19935 3 140 .19  x21223 1
108 -44  X19936 3 X22154 1
109 -45  X19974 3 141 -20  X21390 1
110 -46A  X19975 2 142 -21  X21436 1
1 -46B  X19976 2 143 -2 X21744 1
112 -46C  X19977 2 144 -23  X21745 1
113 -47  X19978 2 145 -24  X21383 1
114 -48  X19979 2 146 -25 - 1
115 -49  X19980 2 147 -26 - 1

X20678 2 148 =27 X21437 1
116a -50A X19981 2 149 -28 - 1
116b -508 - 2 150 -29 - 1
1174 -518  X19982 2 151 -30  X21385 1
117b -52  X20557 2 152 -31 - 1
118q -53A  x19984 2 153 -32 - 1
1186 -538 - 2 154 -33 - 1
118¢ -54  X20854 2 155 -34 - 1
119 -55  X19985 2 156 ~35 - 1
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TABLE 1-3 - SPECIMEN NUMBERS (CONTD.)

Thesis Field Slide Map Thesis Field Slide Map
no. no. no. no. no. no. no. no.
157 MA-36  X21386 1 200 MA-79 - 2
158 =37 - 1 201 -80 - 2
159 -38 - 1 202 -81 - 2
160 -39  X21387 1 203 -82 - 2
161 -40  X22155 1 204 -83 - 2
162 -41  X21388 2 205 -84 - 2
163 -42  x21389 2 206 -85 - 2
164 -43 - 2 207 -86 - 2
165 -44 - 2 208 -87 - 2
166 -45  X21396 2 209 -88 - 2
167 -44 - 2 210 -89 - 2
168 -47 - 2 211 -90 - 2
169 -48 - 2 212 -93 - 2
170 -49 - 2 213 92 x21320 %
171 -50  X21392 2 214 -93 - 2
172 -51 - 2 215 94 - 2
173 -52 - 2 216 -95 - 2
174 -53 - 2 217 -96 - 2
175 -54  X21393 2 218 -97 - 2
176 -55 - 2 219 -98 X21321 2
177 -56  X21712 2 220 -99 - 2
178 -57  X21713 2 221 -100 - 2.
179 -58  X21589 2 222 -101  X21724 2
180 -59 - 2 223 =102 - 2
181 -60  X21714 2 224 -103 - 2
182 -6l  X21715 2 225 -104  X21353 2
183 -62 - 2 226 -108 - 2
184 -63 - 2 227 -106 - 2
185 -64 - 2 228 -107  X21725 2
186 -65 - 2 229 -108 - .2
187 -66 - 2 230 -109 - 2
188 -67 - 2 231 -110 - 2
189 -68 - 2 232 -111 - 2
190 -69 - 2 233 -112  X21354 2
191 -70 - 2 234 -113 - 2
192 -71 - 2 235 -114  X21726 2
193 =72 - 2 236 -115 - 2
194 -73 - 2 237 -116 - 2
195 -74 - 2 238 =117 X22159 2
196 -75 - 2 239 -118  x21837 2
197 -76 - 2 240 -119  Xx21716 2
198 77 - 2 241 =120  X22156 2
199 -78 - 2 242 121 X21590 2
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TABLE 1-3 - SPECIMEN NUMBERS (CONTD.’)

Thesis Field Slide Map Thesis Field Slide Mep
no. no. no. no. nc. no. no. no.
243 MA-12la  X21657 2 285 MA-164 - 2
244 -123 - 2 286 -145 - 2
245 -124 - 2 287 -166 - 2
246 -125 - 2 288 -167 - 2
247 -126 - 2 289 -168 - 2
248 -127 - 2 290 -169 - 2
249 -128 - 2 291 =170 - 2
250 -129 X21727 2 292 -171 - 2
251 -130 - 2 293 -172 X21322 2
252 -131 X21838 2 294 =173 - 2
253 -132 - 2 295 -174 - 2
254 -133 X21854 2 296 =175 - 2
255 -134 X21853 2 297 -176 - 2
256 -135 - 2 298 =177 - 2
257 -136 - 2 299 -178 - 2
258 -137 - 2 300 -179 - 2
259 -138 - 2 301 -180 - 2
260 -139 - 2 302 -181 - 2
261 -140 - 2 303 -182 - 2
262 -141 X21728 2 304 -183 - 2
263 -142 - 2 305 -184 X21658 2
264 -143 - 2 306 -185 - 2
265 -l44 - 2 307 -186 - 2
266 -145 - 2 308 -187 X21730 2
267 -146 - 2 309 -188 - 2
268 -147 - 2 310 -189 X21355 2
269 -148 - 2 311 =190 X21755 2
270 -149 - 2 312 -191 - 2
271 -150 - 2 313 -192 - 2
272 -151 X21729 2 314 -193 X21756 2
273 -152 - 2 315 -194 X21356 2
274 -153 - 2 316 -195 X21757 2
275 -154 - 2 317 -196 - 2
276 -155 - 2 318 -197 - 2
277 -156 - 2 319 -198 X22157 2
278 -157 - 2 320 -199 X21758 2
279 -158 - 2 321 -200 X21753 2
280 -159 - 2 322 -201 X21731 2
281 -160 X21591 2 323 ~-202 X21323 2
282 -161 - 2 324 -203 MA-203 2
283 -162 - 2 325 -204 MA-204 2
284 -163 - 2 326 -205 MA-205 2
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TABLE 1-3 - SPECIMEN NUMBERS (CONTD.)

Thesis Field Slide Map Thesis Field Slide Map
No. no. no. no, no. nNo. no. Nno.
327 MA-206 - 2 366 MA-245  X21750 2
328 -207  X21752 2 367 -246  X21751 2
329 -208 - 2 368 -247 - 2
330 -209  X21244 2 369 -248  X21768 2
X21259 370 -249  X21438 2

3L -210  X21246 2 7L -250 - 2
X21260 372 -251 - 2

332 -211 - 2 373 -252  X21439 2
333 -212 - 2 374 -253 - 2
334 -213  X21748 2 375 -254  X21440 2
335 -214  X21247 2 X21040 2
336 -215 - 2 376 -255 - 2
337 -216 - 2 377 -256 - 2
338 -217 - 2 378 -257 - 2
339 -218 - 2 379 -258 - 2
340 -219  X21270 2 380 -259 - 2
341 -220  X21928 2 381 -260 - 2
342 -221  X21747 2 382 -261 - 2
343 -222 X21774 2 383 -262 - 2
344 -223  X21732 2 384 -263  X21735 2
345 -224  X21839 2 385 -264 - 2
346 -225  X21840 2 386 -265 - 2
347 -226 - 2 387 -266 - 2
348 -227  X21929 2 388 -267 - 2
349 -228 - 2 389 -268 - 2
350 -229  X21261 2 390 -269 - 2
351 -230  X21224 2 391 -270 - 2
352q¢ -231  X21225 2 392 -271 - 2
352b -231B  X22158 2 393 -272 - 2
353 232 X21766 2 394 273 - 2
354 -233 - 2 395 ~274  X21734 2
355 -234  X21930 2 396 -275 - 2
356 -235 - 2 397 -276 - 2
357 -236  X21943 2 398 -277 - 2
358 -237 - 2 399 -278 - 2
359 -238  X21944 2 400 -279 - 2
360 -239 - 2 401 -280 - 2
361 -240 - 2 402 -281 - 2
362 -241  Xx21767 2 403 -282 - 2
363 -242  X21768 2 404 -283 - 2
364 -243  X21243 2 405 -284  x21212 2
365 -244  X21749 2 406 -285 - 3
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TABLE 1-3 - SPECIMEN NUMBERS (CONTD.)'

Thesis Field Slide Map Thesis Field Slide Map
no. no. no. no. no. no. no. no.
407 MA-286 - 3 447 MA-326 X21741 3
408 -287 - 3 448 -327 - 3
409 -288 X21213 3 449 -328 X21484 3
410 -289 X21717 3 450 -329 - 3
411 -290 X21214 3 451 -330 - 3
412 -291 X21718 3 452 =331 X21485 3
413 -292 - 3 453 -332 - 3
414 -293 X21719 3 454 -333 X21486 3
415 -294 X21720 3 455 -334 X21487 3
416 -295 X21721 3 456 -335 MA335 3
417 ~296 - 3 457 -336 X21488 3
418 -297 - 3 X21769
419 -298 X21736 3 458 -337 X21770 3
420 -299 - 3 459 -338 X21531 3
421 -300 X21737 3 460 -339 X21532 3
422 -301 X21738 3 461 =340 X21533 3
423 =302 X21739 3 462 -341 X21760 3
424 -303 - 3 463 -342 X21324 3
425 =304 - 3 464 =343 X21596 2
426 -305 - 3 465-6 -344 X21761 2
427 -306 - 3 467 -345 X22016 2
428 -307 X21592 3 468 =346 X21762 2
429 -308 X21593 3 469 -347 - 2
430 -309 X21278 3 470 -348 X21763 2
431 =310 X21279 3 471 -349 X21764 3
432 =311 X21215 3 472 =350 - 3
433 =312 X21357 3 473 -351 X21771 3
434 -313 X21280-1 3 474 -352 X21772 2
X21781 475 -353 X21773 2
435 -314 X21282 3 476 =354 - 2
436 -315 X21483 3 477 -355 X21775 2
437 =316 X21528 3 478 =356 = X21776 2
438 -317 - 3 479 -357 X21777 2
439 =318 X21529 3 480 -358 X21778 2
440 =319 - 3 481 -359 X21779 2
44]q -320A X21216 3 482 -360 X21780 2
441b -3208 - 3 483 -361 - 2
442 =321 X21351 3 484 =362 - 2
443 322 X21594 3 485 ~-363 - 4
444 =323 X21530 3 486 =364 X21782 4
445 -324 - 3 487 -365 X22161 4
446 =325 X21740 3 488 -366 - 4
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14
TABLE 1~-3 - SPECIMEN NUMBERS (CONTD.)

Thesis Field Slide Map
no. no. no. no.
489 MA-367 - 4
490 -368  X21783 4
491 -~369 - 2
492 =370 X21659 2
493 371 X21597 2
494 =372 X21660 2
495 -373 X21661 2,
496 ~374 X22018 2
4960 - -375 X21598 2
497 KB-487 X22013 1
498 KB~507 X21262 1
499 E-418 X21290 -
500 KB-712 X21269 -
501 KB-717 X21742 2
502 T-480 X21289 3
503 T7~560 X22014 -
504 P~-297 X21293 4
505 P.329 X21291 4
506 P-373 X21292 4
507 P-377  X22015 4
508 Q34 X21302 -
509 - MAS1-1
TETE SAMPLES
Thesis Original Slide
no. no. no.
T8 8 T8
Ti1 11 Tl
9 19 T19
T37 ’ 37 137
78 78 T78
TL17 117 T117
T180 180 T180
T201 201 T201
T240 240 T240

T257 257 T257
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APPENDIX II

PETROGRAPHY

In the various chapters of the thesis only the more
interesting or otherwise more typical mineral assemblages
found in selected granulites were described. For
completeness this Appendix presents in Table II-1 a list of
mineral name abbreviations and in Table II-2 a comprehensive
tabulation of the minerals present in all thin sections
investigated. In addition, short petrographic descriptions

of the samples analysed for Rb-Sr geochronology are presented

in Table II-3.




TABLE II-1 ~ LIST OF ABBREVIATIONS

aeg
alb
all
and
ano
apa
bio
bit
Cap
car
cha
chl
cor
cpx
con
epi
flu
gar
gra
hor
Kfl
kya
lab

mes

acegirine
olbite
allenite
andesine
anorthite
apatite
biotite

bitownite

1
Ca-andesine/ﬁubrodoritg

carbonate
chalcopyrite
chlorite
corderite
clinopyroxene
corundum
epidote
fluorite
garnet
graphite
hornblende
Krfeldspor(z)
kyanite
labraodorite

mesoperthite

mic
Nap

nep

om
opx
phl
pla
pre
qtz
rut
sca
sil
spe

sph

tou
tre
ura
zir
zoi
undet
tr

sym

micrecline

oligoclase/Na-andesine 1

nepheline
oligoclase
opaque minerals
orthopyroxene
phlogopite
plagioclase
prehnite

quartz

rutile
scapolite
sillimonite
spessartine
sphene

spinel (hercynite)
tourmaline
tremolite
vralite omphibole
zircon

zoisite
undetermined
traces

symplectite

(1) Mainly antiperthitic plagioclase with polysynthetic albite twinning.

(2) Mainly perthitic orthoclase-like feldspar unless microcline
when it is specified in brackets in the column of the
additiongl minerals.
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TABLE II-2 - MINERAL ASSEMBLAGES OF SOUTHERN MALAWI ROCKS

constituent minerals accessories

Slide no:sa;g?‘eopx cpxjgar|horibio | Kfl Na.pk‘:ap aptizir jom additional minerals
19647 1 x | x X x| x x | mus; rut str

19648 2 x x x '

19649 3 x| x x | x x x ura, mus, car; chl = tr
19650 4 x x | x x X | x x {cor

19651 5 x| x x x x x x

19652 6 x x x x x | x x

19653 7 x | x x x x x | x x

19654 8 x | x Ix | x x {x | x {(mic), sph, all

19655 9 x x x | x x x | x x

19656 10 x | x |x (mic)

19657 11 x x x x x x {bio = tr

19658 12 X x {x | x x {{mic) car

19659 13 x x | x X x sph, om, zir = tr

196460 14 x |x x epi, rut

19661 15 tre

19662 16 x x zoi, com

19663 17 x x x | x x lkya, sil, rut, mus, car
19664 18 x x x x mus, car

19665 20 x x | x (mic) aeg, sph.

19668 23 b3 x x x x {aeg, sph

19669 24 x X x lall, ceg, sph

19670 25 x| x x | x x x

19671 26 - x x x | % x x |nep, sph; Kfl,spi = tr
19672 27 x x |x X x | x

22246 19 X | x X x x mus, radioactive mineral
22247 21 x x epi

22248 22 x x

22250 28 x| x x x | x x X | x x

22251 29 x x |x x x | x x

22252 30 x x x | x x x | x x lura

22253 31 x x |x x x | x x lcar

23452 32 x x x Ix x x rut, sph

23453 33 x X | x x x | x x {{mic), all, sph
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 TABLE II-2 - MINERAL ASSEMBLAGES OF SOUTHERN MALAWI ROCKS (CoNTD. )

constituent minerals accessories
Slide nof> T8 opx|cpxigar nor|bio [kt NaplCaplatz [apt [zir [om additional minerals
23454 34 x x x x x x | sph; Kfl = tr
23455 35 X x | x (mic)
23456 36 x x x | x x x x| x x { (mic)
23457 37 x| x x x x x x | x x
23458 38 x| x x x | x x X X x
23459 39 x | x x x x {x % {(mic), mus, chl, tou, car; hor = tr
23460 40 x| x x x x |x x | x x
23461 4] x x Ix x X x | x x f(mic), all, flu (?)
23462 42 x x 1x x x x | x x
23463 43 x x X 1% x | x x x Jrut, car
23464 44 x x x | x x |x x ix x
23465 47 x |x X pla = undet
23466 48 x| x x x x x | x x
23467 53 x | x x x x x {(mic), alb
23468 54 x X x x x |Kfl = tr
23469 554 x | x x |x x | x x x
ditto 55b X | x x x x x | hor = tr
25185 45 x |x x x | x x 1 x x | ura, car
25186 46 x | x x x | x x | x x i x x
25187 49 x | x x | % X | x x x
25188 50a x | x x x |-x x | x x| x x
ditto 50b x | x X X | x x x
25189 l5l x X x | x 3 x
25190 52 x x x | % % x x | x %
X19664 56 . x x x x x foll; bio = tr
X19665 57 x | x x x X x | (mes); all, opa = tr
X19666 59 x x x x x| x x} (mic), chl, mus
X19667 60 X x x x
X19671 64 x x | x x x
X19672 65 x x x x x x| x x| (mic), all, car; bio = tr
X19674 67 x X X x x| x x| (mic), all, sph, tou
X19746 61 X x x x x | tov
X19747 62 x x x | x x | x x| x x | pla = undet
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%19748 63 x| % x x| x X rut
X19749 68 x x x x x| x sph, car
X19750 49 x | x x x x x
X19751 70 x x| x x x X { mus, ura, gra, sph, car
X19752 71 x x x| x x x X
X19753 72 x | x x x 1 ox x| x x { (mic)
X19754 73 X | x x x x
X19755 74 x |x X x x| x x 1 {mic), oll
X19756 75 x X X x| x x { all, sph
X19782 76 x | x x x x x| x x
X19783 77 x x x x x| x x
X19784 78 x Ix x x x x | ox x
X19785 79 X | x x x x x | x x
X19786 81 x |x x x | x x x | x x
X19787 82 x Ix x x x x | x x
X19788 83 X |x x x | x x x | x x
X19789 84 x X x x X
X19791 88 x x x x | x x |sph
X19792 89 x x x | x x x | x x | (mic)
X19793 90 x x x {x x x | x X
X19826 91 X x x x §x x |(mic), car
X19827 92 » X Ix x X | % x jchl; opx, car, gor = tr
X19828 93 % 3 x X x Jura, chl, car; zir = tr
X19829 |94 x | ox |x x (mic)
X19830 95 x x x x
%X19831 96 x | x x (mic)
X19832 97 x x | x X x | x x
X19833 98 x |x x x x |apa, gra, car
X19834 99 x |x x | x x x x {chl, ura, car
X19835 ]100 x x x| x x x | x x
X19929 101 x |x x | x x hem, rut
X19930 |102 x |x x x
X19931 103 x x |Ix X x | x x |(mes), car
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X19932 104 x x x | x x | x X x|{spi, sil, car

X19933 105 x x | x X x| x

X19934 106 X x | x X x bit, chl,ure, car
X19935 107 x [ x x x x | x x { x x

X19936 108 x x | x x x x x {rut

X19974 109 x x | x x

X19975 110 X x (mic), alb; om = tr
X19976 111 x x x |(mic), bio, alb, mus
X19977 112 x x | x x | x X | x x | (mic), alb, sph
X19978 113 X |x x x [ x X | x x

X19979 114 x x | x x | x X {mus

X19980 115 x x |x

X19981 1léa |x x | x X ¥x x | x x }car

X19982 117a | x [x x x x | x X

X19983 121 x x | x x x | x

X19984 118a | x x | x x x x jqtz; cpx = tr

ditto 118b | x X x | x pla = undet

X19985 119 X ix x x x | x x

X19986 120 x x | x X x x x | alb

X20197 121a x| x x x x| x x { sph, all (?)

X20198 121b x X | x x x x| x x | (mic), sph, all, epi, car, zoi, mus
X20199 121c x | x x x| x pla = undet; epi
X20199 121d x x | x x 1 x X [ x

X20200 121e x x | x x | x sph, oll, epi, mic, chl
X20201 121F X x | x x x pla = undet, epi, all
X20202 1219 x x | x x X nla = undet

X20203 121h x x x x x x |sph

X20204 121i x | x x x ) x sph

%20205 121k x % X x x X %

X20523 116 b{ x X x i x x x {pla = undet

X20557 117b x x x x | x x them; bio = tr

X20586 116 @ x |x x | x x x x {car, epi

X20854 118¢ x x x x x {(mic), alb; bio = tr
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Slide no/>TPopxicpxigar hor [bio | Kft NaplCaplatz Japt |zir |om additional minerais
X20896 122 x | x x ple = undet

X21212 405 x | x x x| x x| x x x

X21213 409 x X x x x x| pla = undet

X21214 411 x | x x| x x x x | pla = undet, ura, sph
X21215 432 x x x | x x| x X { car

X21216 441q | x x x x x}qtz = tr

ditto 441b § x x x x x

X21221 133 x x | x x | x x x opx, chl, uroc = tr
X21222 136 x |x x | x x sca, rut

X21223 140 x x |x x pla = undet; opx = tr
X21224 351 x {x x x {x x Ix x | x x

X21225 382¢ fx |x x % X }x x |K-fl, qtz = tr
X21243 364 x x x | x x x x

X21244 329 x x | x x x x | x x

X21245 330 x |x x x {x x x x | x x

X21246 331 x x x x x x | x x

X21247 335 x x | x x x x | x x |sph_

X21258 129 X X Ix x x | x sca, rut; opx = tr
X21260 331 x x x x x x | x x

X21261 350 x x fx x x |x X

X21262 498 x Ix x | x x | x rut

X21266 131 x |x x | x x | x x rut

X21267 132 x ix x {x x x x {sca, rut, pyr
X21268 138 x x sil, spi

X21269 500 x x |x x x pla = undet

X21270 340 x x | x x x x x

X21278 430 x |x X |x x X

| X21279 431 x x X |x x Ix x | x x | car

X21280 434 x |Ix x x x |lab-bit

X21281 ditto |x |[x X x x [lab-bit

X21282 435 X {x x x [x x {x x x Jecor

X21289 502 x x |x x x |ecor, sil, spi
X21290 499 x Ix x x x |x x x
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X21291 505 x{ x] x x| x x x x
X21292 506 x| x| x x x x| rut
X21293 504 x | x x| x x | and, Kfl, qtz = tr
X21302 508 x x Kfl, Nap, qtz = tr
X21303 125 x{ x| x x x x x | bit
X21304 126 x| x x| x x x| x x
X21305 128 x | x x x x| x [ x gar, hor, bio = tr
X21320 213 x| x x| x x§x |x x | hor, bio = tr
X21322 293 x | x X | x x x | bio = tr
X21323 323 x | x x x x | x x bio; Kfl = tr
ditto x | x x x
X21324 463 x | x x x
X21351 442 x | x x | x x x X x
%21353 225 x | x x | x x x x x x | spd
X21354 233 x {x X x x fx ix x |spi
X21355 310 x | x x x x x | Kfl = tr
X21356 315 X | x x | x x x x | x {x x
X21357 433 x x| x x x
X21378 130 x | x x | % x X | x x | rut
X21379 135 x % % x x Ix TUt
X21380 137 x x | x x x x x | bit, sca, sph, car
X21382 139 x x x x x sph, lab-bit, gra, tre, car
X21383 145 x x x x | x x rut
X21385 151 x x x | x x x x x |gro
X21386 157 % x | x x x x
X21387 160 x | x x x x |x x | sph, hér = tr
X21388 162 X x | x x spi, rut; bio = tr
X21389 163 X x |x x x x |Kfl = tr
X21390 141 x pre,alb ,mus
X21392 171 x x x x | x {x x {bio = tr
X21393 175 x | x x x x i spi
X21396 166 x | x X x x | alb=oli, mes, spi
X21436 142 x | x [x x | x X x | x x | spi, qtz = tr
* X21321 219 x | x x} x x | x ix x |bio = tr
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Slide no}sﬁ"gfidopx cpxigar{horibio (Kft Napapiqtz |apt |zir jom additional minerals
X21437 148 x x

x x x| gro

X21438 370 X x alb, bio = tr
X21439 373 x x x x

X21440 375 x x x x x x

X21483 436 x x x| x x x | x x

X21484 449 x| x x| = x Kfl, qtz = tr
X21485 452 x x | x x| x x bit, cpx, bio = tr
X21486 454 x x x x | x x | bit, cpx, bio = tr
X21487 455 x| x Ix x x x

X21488 457 x| x |x x x bit; bic = tr
X21528 437 x x x x x| x [x x | rut

X21529 439 x x x| x x|} x |x x | car, bio = tr
X21530 444 x x x x x cor; ape, zir = tr
X21531 459 x x x x x x rut

X21532 460 x x x x x §x x | tre-act, cor

X21533 461 x x x x x x tre, chl, rvt, aepa, car
X21593 429 x x X gra, pyr, sph, chap Kfl = tr
X21594 443 x | x x | x x x x

X21596 464 x {x x X x sph

X21597 493 x | x x | x x x x

X21598 496a x | x x hor, bio, Kfl, gtz = tr
X21657 243 x x X car

ditto x | x . x x x | bio = tr

ditto x x | x x

X21658 305 x x x x x x | qtz = tr

X21659 492 x | x x x x |qtz = tr

X21660 494 x | x x x

ditto x | x x | x x x

X21589 179 X x x x

ditto x x x |sca

ditto x 1% x

X21590 242 x x x x x bio = tr

B21591 281 x | x x {x x | x
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X21592 428 x x x x
ditto x| x x| x X x X uro, bio, car
X21661 495 x x X car, ura, bio, om = tr
X21712 177 x| x x| x x x
%x21713 178 x x x x x ] spi
X21714 181 % x
X21715 182 x x x x x
X21716 240 x| x X x x x x | ear
X21717 410 x| x x 1 x % x x
X21718 412 x x x x
X21719 414 x | x x | x x
X21720 415 x | x x | x x X
X21721 416 X | x X x x x Ix X
X21723 123 x %X |x x x |pla = undet
ditto x x opx, bio, Kfl = tr
X21724 222 x x x lab-bit
X21725 228 X | x x x | pla = undet
ditto X ditte
X21726 235 X | x x x | pla = undet
ditto x X ditto
X21727 250 x ditto
ditto x | x X {x ditto
ditto X | x X | x
X21728 262 x x
ditto b3 x X x {car
X21729 272 x | x x pla = undet
ditto x | x x | ditto
ditta b3 ditto
X21730 308 3 x x ditto
X21731 322 x x ditto, spi
ditte x Ix x pla = undet
ditto | | x ditto
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X21732 344 x| x X x| x| x x | pla = undet; sph, cor
X21734 395 X x x bio = tr
X21735 | 384 | « x x ola = undet
ditto x x x ditte
X21736 419 x x | x 2| x X X | ort, cpx = igneous ?
X21737 421 x x | x % % x | x x | zir = tr
X21738 422 % ) % x | x x x apa, om = tr
X21739 423 x | x x| x x opa, zir, om =z tr
X21740 446 x X x | x apa, zir, am = tr
X21741 447 x x x mus, rut
X21742 501 x 1 x x x x om = tr
X21744 143 x x x sph
ditto x X x { pla = undet
X21745 144 x x| x x x
X21747 342 x| x x| x x
X21748 334 x x
ditto ' X x pla = undet
X21749 365 Jﬁx x x x mus
X21750 366 x x | x X x x
ditto x X X x
ditto x x x x x
X21751 367 x| x x| x x x| x x | gra ?
X21752 328 x x | x x x x | x x | pla = undet
ditto x 1 x X spi
X21753 321 X x x x X | X |x x | Kfl = tr
X21755 311 x | x x x x
X21756 314 x | x x | x X x
X21757 316 x | x x | x x | x x
X21758 320 x | x x | x x 1 x X
X21760 462 x spe, Mn~ pyroxene
X21781 465 x x x x
X21762 468 x | x x x x sph
X21763 470 x | x x | x X x | epx = tr
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X21764 471 x x | x x | x x chl, car
X21765 134 x | x |x x ! x x x
X21766 353 x 1x x | x X x x | x ilmenite + cpx sym, car
X21767 362 x x x x x | (lab=bit), sph
X21768 | 363 x x (mic), olb
X21769 457 x
ditto X [ x |x x x bio = tr
X21770 458 x x x
X21771 473 x | x x| x x | x {x x
X21772 474 x X | x X | x x %
X21773 475 x x x 3 x | alb, all, mic, mus, chl
X21774 343 x 1 x {x X §x x x x X
X21775 477 x | x x x |x epi, sph
X21776 478 x X x x x
X21777 479 x x x Ix |Ix
X21778 480- x % x x x | kya, sil
X21779 481 x x x x chl, car
X21780 482 X x x X
X21781 434 x x x x x (alb-oli), kya, sil
X21782 486 x | x % tx |x mus, sph, pla = undet
X21783 490 x X x X
%21837 239 x x x 1% x
X21838 252 x x | x x
ditto x | x x | x X
X21839 345 x |x x |x x
X21840 346 X |x x |x x x sph
X21853 255 x | x x {x x | x x {x |x
X21854 254 x }x x x X {x
X21928 341 x x X sph
X21929 348 x | x x | x x sph
X21930 355 X % x X epi, sph
X21943 357 alb=oli, hor = tr
X21944 359 x x

239
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%X22013 497 x | x |x X X x x | rut; bio = tr
X22014 503 x {x |x x X x
X22015 507 X Ix x x x x | gra, ilmenite + cpx svn
X22016 467 x X x < x
X22018 496 X x hor = tr
X22154 140 x X x sph
X22155 161 x | x x x x {ura, opx = tr ?
X22156 241 x x x x
X22157 319 X sca
X22158 352b x | x x x | gtz Kfl = tr
x22159 {238 | x x Ix | x x x x
X22161 487 x x sca, epi, sph; zir = tr
MA 8l-1 | 509 x | x x | sph, davidite
MA 203 324 *x {x X §x x x x | sph
MA 204 325 x | x x {x x x x lure
MA 205 326 x | x x {x x x X x | pla = zoned
MA 400 1356 X x rut; ple = tr
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TABLE II-3 - PETROGRAPHIC DESCRIPTIONS OF SAMPLES USED IN
AGE DETERMINATIONS

Sample

no. Petrography

1. Quartzo-feldspathic granulite

The medium~ tocoarse-grained rock has a granulitic
texture, and is poorly foliated, with a xenoblastic
to polygonal, granoblastic fabric. Poikiloblastic,
platy quartz and oligoclase are the main components
with minor perthite, skeletal biotite and

traces of deuteric muscovite. Opaque minerols,
apatite, zircon and rutile are the accessory
constituents.

3. Quartzo-feldspathic graonulite

The rock is medium-grained and characterised by «
xenoblastic, granoblastic texture. Lobate
boundaries of poikiloblastic, elongated quartz
grains are present. Quartz ond antiperthitic
andesine are the main constituents with minor ortho-
ond clinopyroxene, skeletal biotite and traces

of K-feldspar, Apatite and opaque minerals are

the accessory constituents. Little sericite,
chlorite and calcite are deuteric.

8. Gneissic granite dyke

This rock, fine- to medium-grained, is charocterised
by o granolepidoblastic, inequigranular, seriate
texture. Perthitic microcline, quartz and
oligoclase are the moin constituents, with minor
dork-brown biotite and bluish~-green hornblende.
Accessory constituents ore:very abundant sphene,
allanite, opaque minerals, apatite and zircon.

The plagioclase may be dusted by sub-microscopic
needles as in certein gronulites. Feldspar augen-
like grains may represent relicts of igneous
minerals.

9. Hypersthene-quartz syenite

The rock is dark coloured and fine- to medium-groined,
The texture is seriate, grading from hypidiomorphic
to granoblastic with complex grain boundaries,
frequently lobate, scalloped and occasionally with
triple-point junctions. Perthite and zoned oligoclase
are the maoin constituents with minor quartz,
hornblende, hypersthene and biotite. Accessory
constituents are abundant idiomorphic zircon,
apatite and opaque minerals. The hypersthene is
xenoblastic, interstitial, ond occasionally includes
some hornblende and quartz grains.
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Sample

no. Petrography

11. Perthitic gneiss

The gneiss is medium-to coarse-grained, well
foliagted and characterised by a granonematoblastic
texture and straight, polygonal graoin boundaries.
Perthitic feldspar (about 60 per cent of the mode)
and green hornblende are main constituents with
minor oligoclase, gugite and traces of biotite.
Apatite and little opaque minerols are the
accessory constituents. Replacement of sodic
plaogioclaose by perthite and microrapakivi textures
are sporadically present.

12, Quartzo-feldspathic gneiss

The rock is medium-to coorse-groined and has a
xenoblastic, seriate texture with common amoeboid
grain boundaries and myrmekites. Large,
recrystallised quartz ribbons show ondulose
extinction. Quartz, antiperthitic feldspar (iAnlo)
and microcline constitute over 90 per cent of

the rock. Dark-brown biotite and green hornblende
are the minor constituents, while the accessories
are very rare and include carbonate and opaque
minerals.

13. Biotite gneiss

The gneiss is medium-grained with a granolepido-
blastic, equigranular to seriate texture.

Myrmekites are common and the grain boundaries
between felsic minerals are lobate and amoeboid.

Main constituents are oligoclase, and minor brown
biotite with o little interstitial quartz, K-feldspar
and green hornblende. Apatite, rare zircon,

sphene and troces of opaque minerals are the
accessory constituents.,

26. ' Nepheline gneiss

The gneiss is medium~ to coarse-grained, has o grano=
lepidoblastic, seriote to equigranular texture,
slightly curved grain boundaries and sporadic triple-
point junctions. Antiperthitic, sodic oligoclase

is the main constituent with minor nepheline,
dark-brown biotite, olive-green hornblende and

rare K-feldspar. Accessory constituents are
abundant idioblastic apatite, opaque minercls,
sphene, carbonate (primary ?) aend hercynite.
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27. Biotite gneiss

This medium-grained gneiss has o granoblastic,
equigranular to seriate texture. Grain boundories
between felsic minerals are frequently dentate;
triple-point junctions are rare. Main constituents
are andesine, feldspar and quartz, occasionally
forming elongated grains porallel to foliation.
Minor constituents are dark-brown biotite and little
garnet. The accessory minerals are little idioa
blastic zircon and apatite.

30. Mesocratic gronulitic gneiss

The rock is fine- tomedium-grained ond mesoscopically
resembles a granulite; it is characterised by a
granoblastic texture with frequent straight grain
boundaries. Antiperthitic plagioclase (t,Anao),
perthite and brown hornblende are the main components
with minor quortz, skeletol biotite, and clinopyroxene,
Opaque minerals, zircon, apotite are accessory
constituents. Replacement of pyroxene by hornblende
and uralite is occasionally present.

3l. Mesocratic granulitic gneiss

The rock is fine- to medium-grained and mesoscopically
it resembles a granulite, and, has o texture
transitional from hypidiomorphic to granoblastic.
Perthitic, myrmekitic oligoclase and green hornblende
are the main components, with minor quartz ond
biotite. Opoque minerals, apatite and zircon are
the accessory constituents, while carbonate replaces
hornblende and biotite.

33. Quortzo-feldspathic gneiss

The ‘gneiss is fine- to medium-groined and has a gronoa
lepidoblastic, seriate texture with irregular,
dentote grain boundaries. Sporadic, elongated
quartz grains show undulose extinction. Quartz,
plogioclase (* Angg), perthitic microcline are the
main constitvents with minor dark-brown biotite
and green hornblende. Sphene, zircon, opaque
minerals, apatite and metamictic allanite are
accessory constituents. Quartz-plagioclase
myrmekites are very common at the plagioclase-
K-feldspar contact.
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34. Pyroxene amphibolite dyke

The rock is medium-grained and presents a grano=
nematoblastic, equigranular texture with curved to
straight groin boundaries and common triple-point
junctions. Greenish-brown hornblende, clinopyroxene
and sodic andesine are the main constituents with
minor biotite and traces of K-feldspar. Apatite,
opaque minerals and sphene are the accessory
constituents. The pyroxene is poikiloblastic ond
includes hornblende and plagioclase groins.

35. Granite dyke

The gronite is coarse-grained, hypidiomorphic,
granulaor and with o column index (5. Myrmekites
and microropokivi textures are common. Perthitic
microcline, quartz and sodic feldspar are the main
constituents with minor biotite. Zircon and apatite
are the accessory minerals.

36. Garnet granulite

The granulite is fine- tomedium-grained, lineated,

ond presents a granolepidoblestic texture with

irregular grain boundaries. Sodic andesine,

perthitic microcline and quartz are the main

components with scarcer garnet, biotite and orthopyroxene.
Apatite, opaque minerals, and zircon are accessory
constituents. Relationships between garnet,

biotite and pyroxene are complex and indicate

replacement of the latter by quartz-biotite symplectites.

39. Quartzo-feldspathic granulite

This unfoliated rock is fine- tamedium-grained and
characterised by a xenoblastic texture and irregularly
sutured grain boundaries. Perthitic microcline,

sodic oligoclase and quartz ore the main components

with only minor amounts of biotite and troces of hornblende.
Accessory constituents are apatite, subidioblastic

zircon, opaque minerals and tourmaline. Deuteric
alteration of feldspars and biotite is shown by some
sericite, chlorite and carbonate.
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40.

41,

42,

48,

Melanocratic hornblende granulite

The grenulite is rather fine-grained, well lineated
and slightly foliated. The texture is grano-
nematoblastic with frequent straight boundaries and
triple-point junctions. Andesine, brown hornblende,
and clinopyroxene are the main constituents with minor
vrolitised orthopyroxene and brown biotite.

Accessory constituents are apatite, opaque minerals
and zircon. Replacements of pyroxenes by biotite

or hornblende (and vice versa) are occasionally
present.

Microgranite

The rock has a fine-grained, seriate, granoblastic
texture with mony myrmekites ond sporadic triple~
point grain boundaries. Main constituents are
perthitic microcline, quartz ond subordinate albite-
oligoclase, with minor dark-brown biotite and bluish-
green. hornblende.  Accessory constituents are
apatite, opaque minerals, zircon, allanite, and
fluorite (7). Inclusions of quartz aore present in
the feldspar while perthite, quartz and hornblende
are intensely recrystollised.

Syenite

The rock is coarse-grained, with a granoblostic
texture ond extremely complex grain boundaries,
indicating three phases of mutual replacements and
recrystallisation. Main constituents ore perthitic
K-feldspor and sodic plagioclaose with minor amounts
of quartz, clinopyroxene and biotite. Accessory
components are zircon, an unidentified high-relief,
high birifrangence minerol, opaque grains and apatite.
Biotite stems to be secondary after the pyroxene.

Melanocratic hornblende granulite

The granulite is fine-grained, foliated with a grano=
nematoblastic texture and frequent stroight groin
boundaries. Sodic labradorite and brown hornblende
are the moin constituents, followed by hypersthene,
biotite and augite. Accessory constituents are
opague minerals, apatite and rounded zircon.

Pyroxenes reploce biotite while augite is infrequently
included in hornblende.
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TABLE IX-3 - PETROGRAPHIC DESCRIPTIONS OF SAMPLES
USED IN AGE DETERMINATIONS (CONTD.)

Sample
no. Petrography
57. Quartzo-feldspathic rock

The rock is fine-grained, unfoliated with a grano=
blastic, mainly equigronular texture and rounded,
interlobote grain boundaries. Mesoperthitic feldspar
and quartz constitute up to 95 per cent of the mode.
Sodic oligoclase ond biotite ore minor constituvents
while opaque grains, zircon, metamictic allanite and
traces of apatite are the accessory minerals.

59. Quartzo-feldspathic rock

The rock is fine-grained, with a granoblastic,
equigranular texture and occasional myrmekites.

Main constituents ore quartz, perthitic microcline

and sodic oligoclase which, in equal proportions, form
over 90 per cent of the mode. Opaque minerals,
zircon, and apotite make up for the remainder.

65, Quartzo-feldspathic granulite

The granulite, slightly lineated, has a fine- to
medium-grained, granoblastic and inequigranular to
seriate texture with common myrmekites. Perthitic
microcline, quartz, and oligoclase are the main
constituents, followed by o little orthopyroxene,
olive~green hornblende and traces of biotite.
Frequent idiomorphic zircon, metamictic allanite,
corbonate, opaque minerols, and apatite are the
accessory constituents,

67. Quartzo-feldspathic granulite

The rock is well lineated and resembles a granulite

in hand specimen. It is characterised by -

an inequigranular, flaser fabric aond ribbon-like quartz
grains in a fine-grained felsic matric.

Quartz, perthitic K~feldspar and oligoclase are

main constituents with little dark olive-green
hornblende. Opague minerals, ollaonite, idiomorphic
zircon, apatite, sphene, and tourmaline are the
accessory constituents.
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TABLE II-3 - PETROGRAPHIC DESCRIPTIONS OF SAMPLES
USED' IN AGE DETERMINATIONS (CONTD.)

Sample

h
no. Petrography

70. Biotite-diopside gneiss

The gneiss is fine-groined and presents a granoa
lepidoblastic, seriate texture with interlobate,
sutured grain boundaries and widespread myrmekites.
Cryptic and recrystallised mortar fabric is
sporadically developed. Main components are,in the
order, orange-brown biotite, plagioclase (An30),
perthite, colourless clinopyroxene and quartz.
Opaque grains, graphite (?), apatite and sphene are
accessory minerals. Biotite and clinopyroxene
generally coexist but occasionaly disequilibrium
textures are preserved, while the vralitisation of
the pyroxene is widespread.

75. Leucocratic augite granulite

The rock, fine-to medium-grained, is poorly lineated,
unfoliated, ond with a granoblastic, seriate texture.
Boundaries are straoight to lobate while myrmekitic
textures of quartz and sodic feldspar frequently rim
the K-feldspar. Perthitic microcline, antiperthitic,
sodic andesine ond quartz are the main constituents
with minor, xenoblastic, greenish augite. Accessory
constituents are quite abundant and include opaque
minerals, sphene, zircon, opetite and ollanite.

92.. Melanocratic rock

The rock is fine- tomedium-grained, greenish in colour,
with a granolepidoblastic, seriate texture and curved,
irregular groin boundaries. Occasional quartz

grains are amoeboid to poikiloblastic.

Sodic, antiperthitic andesine, quartz, ond dark-brown
biotite are the main constituents with minor K-feldspar
ond vralite which possibly replaces pyroxene.
Orthopyroxene and garnet were not found in the thin
section but ore present in the sample. Zircon, carbonate,
apatite, and opaque minerals are accessory constituents.

93. Mesocratic granulite

The rock, fine- tomedium-grained, presents a grano=
lepidoblastic, seriagte texture, with rare platy quartz
grains. The constituvents are, in the order, anti-
perthitic andesine, quortz, orthopyroxene, and biotite.
Acctessory components are opaque grains, carbonate,
apatite and rare zircon. Biotite and orthopyroxene
oppear in general to coexist, but some mica forms from
the pyroxene which is also affected by vuralitisation
and is replaced by carbonate.
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TABLE II-3 - PETROGRAPHIC DESCRIPTIONS OF SAMPLES
USED IN AGE DETERMINATIONS (CONTD.)

Sample

no. Petrography

97. Perthitic orthogneiss

The gneiss is fine- tomedium-grained, with a grano=
blastic texture, curved, irregulor groin bounderies
and myrmekites, Quartz may form elongated grains
with slightly embayed boundaries. Perthitic micro=
cline, quartz, Ne-oligoclase are the main constituents,
followed by minor green hornblende and dark-brown
biotite. Zircon, apatite and opaque minerals are

the accessory constituents.

108. Garnet gneiss

The gneiss is poorly fcliated, fine- tomedium-grained
and with a granolepidoblastic texture. The grain
boundaries of quartz are frequently embayed and this
mineral forms sporadic, flattened blebs, parallel to
the foliation and showing, in places, incipient
development of mortar febric. Myrmekitic textures
of quartz and plagioclase are also present. Quartz,
perthite and sodic feldspar (* Angg) are the main
constituents with minor garnet and biotite. Opaque
minerals, zircon and rutile (as needles in the quartz)
are the accessory constituents.

110, Granite dyke

The granite is coarse~grained with an hypidiomorphic to
xenomorphic texture and o colour index (M) next to O.
Main constituents are slightly perthitic microcline,
antiperthitic albitic feldspar (slightly zoned) ond
quartz. Specks of opaque minerals are rare.

117b.  Granite vein

The granite is medium- to coarse-grained, with M { 10,
a xenomorphic texture and very frequent myrmekites.
K-feldspar, sodic feldspar and quartz are the main
constituents followed by very little biotite.

Opaque minerals, apatite, hematite, and zircon are
the accessory components.

118c. Granite vein

The granite is medium-groined, with an hypidiomorphic
to xenomorphic texture and a M < 10,

Main constituents are perthitic K-feldspar (microcline),
quartz and albitic feldspar. Biotite is a very
minor component and the accessory constituents are
opaque minerals and rare apatite.
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TABLE II-3 - PETROGRAPHIC DESCRIPTIONS OF SAMPLES
USED IN AGE DETERMINATIONS (CONTD.)

Sample
no.

Petrography

121a., Biotite gneiss

The gneiss has a granolepidoblastic, seriote texture
with scalloped, amoeboid grain boundaries.

Xenoblastic, poikiloblastic, and amoeboid quartz, dark-
brown biotite and oligoclase are the main constituents
with minor K-feldspar. Opaque minerals, apatite,
zircon, sphene and metomictic allanite (?) are the
accessory constituents.

121b, Hornblende-biotite gneiss

The gneiss is fine-to medium-grained and presents a
granolepidoblastic, inequigranular-seriate texture
with groin boundaries that ore generolly irregular.
Myrmekites and triple-point junctions are also
present, Dark-brown biotite and quartz are the
main constituents, followed by minor (antiperthitic)
plagioclase (tAn 3&, microcline and green hornblende.
Accessory sphene, zircon, opaque minerals, apotite
and allaonite are accompanied by traces of late-formed
carbonate, epidote, zoisite and white mica.

315. Quartzo-feldspathic granulite

The granulite has a fine-grained, subequigranular,
granoblastic texture and interlobate, curved grain
boundaries. Antiperthitic andesine is the main
constituent with minor quartz, orthopyroxene, biotite,
perthite and hornblende. Relationships between
hornblende, biotite and pyroxenes are unclear.

Opaque minerals, zircon ond cpatite are the accessory
constituents. Biotite is included in orthopyroxene.

321. Gronulite with leucocratic bands

The granulite has a fine- tomedium-grained grano=
lepidoblastic, subequigranular texture with curved and
interlobate grain boundaries. Antiperthitic andesine is
the main constituent with minor amounts of quortz, biotite,
orthopyroxene and traces of K-feldspar. Opagque

minerals, cpatite, zircon and hercynite are accessory
constituents. Green spinel (hercynite ) is rimmed

by an opaque mineral and biotite is replgced in a few

cases by orthopyroxene. The reverse reaction is

also present but more often the two minerals coexist.



TABLE II-3 - PETROGRAPHIC DESCRIPTIONS OF SAMPLES

USED IN AGE DETERMINATIONS (CONTD.)

Sample
no.

Petrography

324.

325.

326.

. 328,

Mesocratic granulite

The rock is fine-grained and its texture
is granonematoblastic, seriate with frequent

myrmekites and curved, rather irregular grain boundaries.

Main constituents are hornblende, intermediate
plagioclase and perthitic K-feldspar followed by
biotite and minor ortho- and clinopyroxene.
Apatite, opaque groins, rare sphene and corbonate
are accessory minerals. Mineral textures provide
evidence of prograde mineral development.

Mesocratic granulite

The granulite is medium-grained and with a seriate,
granoblastic texture showing irregular and interlocking
grain boundaries grading to curve or straight.

Main components are orthopyroxene, clinopyroxene,
hornblende, biotite, antiperthitic andesine ond

quartz. - Apatite and opaque groins are accessory
minerals. Some uralite is also present and the

rock presents evidence of both prograde and

retrograde minercl developments.

Mesocratic granulite

The rock is medium-to coarse-grained and presents a
granoblastic, inequigranular to seriate texture with
interlocking to curved grain boundaries. Main
constituents are zoned, intermediate plagioclase,
guartz, orthopyroxene, clinopyroxene, K-feldspar,
hornblende and biotite with apatite ond opaque grains
as accessory minerals., The rock provides

clear indications of prograde mineral development.

Pyroxene gneiss

In hand specimen the rock is characterised by o dark
colour typical of granulite, and, in thin section it
is fine-grained with curved to straight grain
boundaries and a granonematcblastic texture, Main
constituents ore intermediate plogioclase and
hornblende followed by clinopyroxene, K-feldspar,
minor biotite ond quartz. Accessories are apatite
and opaque minerals. A cross-cutting quartz-rich vein
with biotite-rich selvedges carries perthitic
K-feldspar, antiperthitic oligoclase and quortz.
Clinopyroxene appears to replace hornblende.
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TABLE II-3 - PETROGRAPHIC DESCRIPTIONS OF SAMPLES
USED IN AGE DETERMINATIONS (CONTD.)

Sample

no. Petrography

330. Granitic gneiss

The gneiss is medium-grained, poorly foliated with a
granolepidoblastic, seriate texture and with curved to
interlobate grain boundaries. There is no evidence

of a relict igneous texture; antiperthitic

oligoclase, perthite and quartz are the moin constituents
with minor hornblende and biotite. Opoque grains,
apatite, and zircon are the occessory minerals.

331. Quartzo-feldspathic granulite

The granulite is fine to medium-grained with a grano=
lepidoblastic, seriate texture and interlobate,
curved grain boundaries between felsic minerals.
Sodic andesine, quartz and dark-brown biotite are the
main constituents with minor orthopyroxene and
hornblende. Biotite and orthopyroxene generally
coexist but, in places, the former seems to replace
the latter. Opaque minerals, apatite and zircon

are the accessory constituents.

335. Mesocratic gneiss

The rock, banded ond foliated, has a grano=
nematoblastic, seriate texture with curved, lobate
grain boundaries and myrmekites. Antiperthitic
plagioclase (i:AngoD, quartz, biotite and green
hornblende are the main constituvents with minor
K-feldspar. Hornblende replaces biotite in places
and the latter mineral is rimmed by sphene.

Opaque grains, apatite, sphene and zircon are the
accessory constituents.

351. Granulite

The rock is fine grained, unfoliated with a grano=
lepidoblastic, seriate texture and complex grain
boundaories from straight to interlobate. Anti=
perthitic endesine, quartz, K-feldspar and biotite

are the main constituents, followed by clinopyroxene,
hornblende, and orthopyroxene. Pyroxene, hornblende and
biotite are in general coexisting but biotite is
occasionally replaced by pyroxenes. Opaque minerals,
opatite ond zircon are accessory constituents.
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~ TABLE II-3 - PETROGRAPHIC DESCRIPTIONS OF SAMPLES
USED IN AGE DETERMINATIONS (CONTD.)

Sample
no. Petrography

366. Melanocratic hornblende granulite

The rock is subequigranular, fine grained with a
granonematoblostic texture and generally curved

to straight mineral boundaries. Moin constituents
are hornblende, intermediate plagioclase with minor
orthopyroxene, biotite and accessory apatite and
opaque grains. The rock is cut by a quartz-
myrmekitic andesine ocidic vein with scattered
pyroxenes, hornblende and K-feldspar grains.

At the contact between the melanocratic rock and
the leucocrotic vein an orthopyroxene-plagioclase
reaction rim is developed (Type 1 prograde geometry).

367, Mesocratic grenulite

The rock presents o fine-grained, inequigranular to
seriate, granoblastic texture with straight to
curved mineral boundaries. Main constituents are
andesine, orthopyroxene, hornblende, biotite,
clinopyroxene and quartz, Apatite, opaque grains
and, graphite (7) are gccessory minerals ond there
is evidence for prograde mineral development.
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APPENDIX III

ELECTRON-MICROPROBE MINERAL ANALYSES

(i) Analytical Equipment Employed

The programme of mineral analyses on rocks from southern
Malawi and related areas was carried out in the following
laboratories:

1) National Institute for Metallurgy, Johannesburg.

2)  Anglo-American Corporation Research Laboratories,

Johannesburg.

3) Geological Survey, Pretor;a.

4) Geology Department, Witwatersrand University.

In the above laboratories .different microprobes and
analytical techniques were used and these are referred to
separately. In all cases the probed sections were coated
under vacuum by a thin film of high purity carbon.

1) National Institute for Metallurgy

In this loboratory 97 silicate and 8 opaque minerals were
probed. The electron-microprobe used was an ARL EMX model;
the working conditions for silicates were as follows: 15 KV

accelerating voltage, 0,5 pA sample current measured on brass,

(4) A list of the abbreviations used in this Appendix to
define the different analytical laboratories is as follows:

N.I.M.= National Institute for Metallurgy.

A.A.C.= Anglo-American Corporation, Research Laboratories.
Geological Survey, Pretoria.

Geology Department, Witwatersrand University.

G.S
G.D.
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focused beam for all the minerals. Counts were accumulated
against a constant total beam current collected over a period
of time of * 10 seconds. Ka radiation was measured for all
elements. In the case of the opaque minerals the working
conditions differ in the accelerating voltage: 20 KV and the
beam current: 0,04 pA; the other parameters did not change.

In each marked grain three different areas were probedl
each a few migrons in area; the average of the X-ray counts
from each area was used in the calculation of the percentage
of each element. For the analysis of the standards, 10
readings were measured on peak, but for the unknown samples
the probe took 5 readings on the peak plus 3 readings on each
side of it to calculate the background. The X-ray intensities,
expressed as counts, were automatically punched on a computer
paper-tape and converted into oxide mass percentages by the
computer programme EMPDAR VII. This programme applied corrections
for fluorescence, absorption, atomic number, dead time and
background. In Tables III-1 and III-2 the standards used for
the analysis of the silicate and oxide (opaque) minerals are
presented.

The microprobe operators of the electron-microprobe were
Miss E.Gasparrini and Dr,E.A.Viljoen.

2) Anglo-American Corporation Research Laboratories

The electron-microprobe used to obtain 23 quantitative




TABLE III-I
SILICATE STANDARDS (N.I.M.)

Element Standard

Si,Mg,Ca Synthetic diopside

Al " anorthite

Ti " rutile

Fe " ferrosilite

Mn " tephroite

K " microcline

Na " plagioclase Angg

TABLE III-3
PYROXENE STANDARDS (A.A.C.)
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TABLE III-2
OXIDE MINERAL STANDARDS (N.I.M.)

Element Standard

Fe synthetic magnetite
Ti " ilmenite
Cr,Al,Mg Analyzed chrpmite
Mn " tephroite

TABLE III-4
SILICATE STANDARDS (G.S.)

Element Standards

K orthoclase

Mn hedembergite

Na anorthoclase

Mg forsterite

Al enstatite glass + 10% A1203
Fe hedembergite

Ca diopside

si enstatite glass

Ti diopside glass + 2% TiO
Cr chromite

Element Standard

si quartz (natural)

Ti rutile "

Al corundum "

Fe hematite "

Mn pyrolusite "

Mg periclase (synthetic)
Ca wollastonite (natural)
N albite "

K sanidine "

TABLE III-5 - SILICATE STANDARDS (G.D.)

si,Mg,Al:

synthetic enstatite glass containing 10% Alzo3

Rhodocrosite
Anorthite

sanidine

Stiliwater chromite

Apollo 11 ferric glass (synthetic)
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mineral analyses is an ARL SEMQ equipped with 3 scanning
spectrometers used for K,’Mn, Na, Al, Mg and 6 fixed channel
spectrometers measuring Fe, Si, Ti, Ca, Cr. The accelerating
voltage was 20 KV with a sample current of 0,05 pA (measured on
brass). One reading of 20 seconds was taken on the standard
peak, and, 3 counts of 20 seconds each on the unknown. Background
counts were taken once only for 10 seconds on each side of the
peak. Only Ka radiation was measured, and the same conditions
were used for both silicate and opaque mineral grains (1
analysis only).

The raw data was processed on line using a computer
programme which applied an empirical matrix correction according
to Albee and Ray (1970). Standards used in the analyses of
silicates (except garnet) are presented in Table III-3. 1In
the case of garnet, Al, Fe, Mg were calibrated against an
analysed pyrope. One ilmenite was analysed with the above

standards. The electron-microprobe operator was Mr.G.Hutchenson.

3) Geological Survey of South Africa, Pretoria

The electron-microprobe used by this laboratory is a JEOL,
JXA50A model, fitted with 3 spectrometers. It was operated
under the following cgnditions: 15 KV accelerating voltage and
0,05 pA of specimen current, measured on brass. The diameter
of the beam ranged between 3 and 5 0. On the peaks counts

were taken 3 times for 10 seconds each and on background




counting was made twice for 5 seconds on both sides of the peak.

The electron-microprébe was computer controlled and the
raw data were immediately processed by applying Bence and Albee
(1968) corrections. The standards used are given in Table
I1I-4 and they were analysed by the National Institute for
Metallurgy and the McLachlan and Lazar analytical laboratories
of Johannesburg. The electron-microprobe operator at the

Geological Survey laborgtory was Mr, L.W.Esterhuyse.

4) Geology Department, Witwatersrand University
Johannesburg

Only two analyses were carried out in this laboratory
using an electron-microprobe ARL SEMQ model fitted with 3
scanning spectrometers. Operating conditions were as follows:
15 KV accelerating voltage. and 0,05 pA specimen current (on
brass); the beam was focused with a resolution of 5p.
Radiation measured was the Ka of elements and the time of
accumulation was 1 x 20 seconds on peck and 2 x 10 seconds on
background on each side. All data processing was done on line
and the counts were compared against the peak of the standards.
Corrections were done according to the method of Albee and Ray
(1970). The stondards used are listed in Table III-5 and were
cross~-checked with the Anglo-American Research Laboratories
electron~microprobe. The electron-microprobe operator was

Mr, G. Davies.
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(ii) Precision and Accuracy of Electron-microprobe Analyses

’

No data on precision and/or accuracy were directly provided
by the National Institute for Metellurgy analytical leboratory
but more information is available for the Anglo-American and
Geological Survey microprobes. In particular in Table III-6
the analysis of a standard clinopyroxene provided by the
Australian National University, Canberra,(A),is compared with
the average composition determined by the Anglo-American
laboratory electron-microprobe. This mineral was analysed
éccasionqlly to monitor instrumental drift. The reproducibility
of the analyses seems adequate for the present purpose.despite
a deterioration in the precision for the minor elements e.g.

Mn shows a 12,5 per cent variation calculated as A % = ﬁé:E%é%%QO

The precision and accuracy of the Geological Survey Laboratory
electron-microprobe may be evaluated from Tables III-7 and ’
III-8 in which are compared the analyses of a standard
clinopyroxene and garnet (A) with the average composition (B)
determined during a run. The quality of the analyses is below
that from the Anglo-American probe, particularly for the minor
elements. The only major oxide with a large A% (6 per cent)
is A1203 in garnet. To evaluate the quality of the analyses
obtained from N.I.M. and to provide a cross-reference between

the three electron-microprobes, the same garnet, hypersthene and

augite were analysed in the different laboratories. The
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TABLE - III-6

CLINOPYROXENE STANDARD* COMPOSITION(A) AND A.A.C. ANALYSIS (B)

a B A%
Sio2 51,4 51,65 1
Tio2 0,53 0,50 6
Al,0, 5,51 5,20 6
Cr203 0,61 0,65 7
FeO 3,80 4,00 5
MnO 0,08 0,07 12
Mgo 16,07 15,93 1
Cao 21,06 20,91 1
Nazo 0,95 0,92 3
Kzo 0,05 t n.c.

*Clinopyroxene from garnet-clinopyroxenite nodule,
University of Canberra, AUS.

All iron as Fep: t=traces; n.c. = not calculated.

TABLE TIII-7
CLINOPYROXENE STANDARD* COMPOSITION (A) AND G.S. ANALYSIS (B)

A B A%
sio, 55,05 54,72 1
Tio, 0,16 0,12 25
Al,0,4 1,12 0,85 24
FeO 3,14 2,81 10
Mno 0:16 0,13 19
Mgo 15,47 15,89 3
cao 24,13 23,96 1
Na,0 0.6 1,04 42
K,0 0,04 0,03 25
Total 99,87 99,55

*pPitcairne, New York, USA (Diop-l).
All iron as FeO.

TABLE III-8
GARNET STANDARD* COMPOSITION (A) AND G.S. AMALYSIS (B)

A B A%
5102 40,46 40,06 1
TiO2 0,1 0,06 40
A1203 23,48 22,07 6
Fel 15,2 15,55 2
MnO 0,69 0,55 20
Mgo 14,77 15,06 2
[o£:T0) 4,27 4,05 5
Nazo 0,03 t n.c.
KZO 0,04 t n.c.
Total 99,04 97,4

*Magdala, Scutpansberg, S.A.
All iron as FeO; t = traces; n.c. = not calculated.



compositions of these minerals are presented in Tables III-9,
10 and 11, with the different percentages between the analyses.
These same tables proyide also a more precise evaluation on
the accuracy of the analytical data obtained from the

Geological Survey electron-microprobe.

TABLE TII-9
ORTHOPYROXENE *ANALYSES BY DIFFERENT LABORATORIES

’

1-N.I.M. 2-G.S. 3-A.A.C. A%1-2 A%l-3 A% 2-3
§i0, 51,09 53,16 50,83 4 - 5
Tio, 0,11 0,16 0,08 48 30 67
A1203 1,32 2,03 1,63 54 21 22
FeO 27,60 25,29 27,41 4 1 8
Mno 1,26 0,59 0,90 53 33 41
Mgo 18,37 18,37 18,60 - 1 1
cao 0,80 0,81 0,77 1 4 5
NaZO 0,05 0,04 0,01 20 133 lo0
KZO - 0,04 - - n.c. n.c.
Total 100,60 100,49 100,23
*sample locality (55a) shown in Fig.9.
All iron as FeO: t= traces: n.c.= not calculated.
TABLE TII-lO
CLINOPYROXENE *ANALYSES BY DIFFERENT LABORATORIES
1-N.I.M. 2-G.§. 3-A.A.C. A%l-2 A%l-3 A%2-3

sio, 50,44 51,21 50,53 1 - 1

'.1‘:i.02 0,31 0,33 0,28 6 10 16

A1203 2,76 3,17 2,81 15 2 12

FeO 12,61 12,50 12,35 1 2 1

Mno 0,57 0,54 0,43 5 28 22

Mgo 11,58 11,96 11,91 3 3 -

cao 20,51 19,68 21,27 2 4 8

Na20 0,48 Q,44 0,46 8 4

K20 - 0,04 - n.c. n.c n.c.

Total 99,26 99 .87 100,04

*Sample locality (55a) shown in Fig.9.

All iron as FeO;

n.c.,= not calculatec.
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TABLE III-1l
GARNET *ANALYSES BY DIFFERENT LABORATORIES

1-N.I.M. 2-G.S. 3-A.A.C. A%l-2 A%l-3  A%2-3
sio, 38,83 39,52 38,50 2 1 3
Tio2 t 0,09 - n.c. n n.c.
1,0, 22,31 21,25 22,49 5 1 6
FeO 29,11 27,22 29,61 6 2 8
Mno 1,18 1,11 0,81 6 37 31
Mgo 7,67 7,57 7,44 1 3 2
cao 2,29 2,35 2,40 3 5 2
Nazo t 0,04 0,01 n.c. n.c. 100
Kzo t 0,04 - n.c. n.c. n.c.
Total 101,41 99,19 101,25

* Sample locality (104) shown in Fig.9.

All ironm as FeO:

(iii) Mineral Analyses

Orthopyroxene

Clinopyroxene

Garnet
Hornblende
Biotite

Plagioclase

Prehnite, ilmenite, magnetite

n.c. not calculated;

t = traces.

Table III-12
Table III-13
Table III-14
Table III-15
Table III-16
Table III-17

Table III-18

262




TABLE III-12 ~ ORTHOPYROXENE ANALYSES

Locality no. 7 55a 5 46

SiO2 50,30 50,22 49,68 49,17 48,80 49,20. | 51,13 50,97 51,09 52,37 51,55 51,55 51,76 52,07 51,39
TiO2 0,08 0,04 0,08 0,07 0,06 0,08 0,06 0,07 0,11 0,14 0,15 0,14 . 0,09 0,10 0,12
A1203 0,88 0,76 0,72 0,78 0,80 0,99 0,89 0,86 1,32 1,71 1,58 1,39 1,41 1,07 1,20
FeO 33,20 32,53 33,22 32,95 32,74 32,17 27,44 27,30 27,60 29,98 30,49 29,88 23,09 23,53 23,39
MnoO 1,26 1,26 1,16 1,16 1,16 1,16 1,26 1,26 1,26 0,04 0,74 0,74 1,24 1,07 1,14
MgO 15,01 15,01 14,70 14,85 15,16 14,83 18,89 18,56 18,37 16,28 16,38 16,08 21,26 21,94 21,78
Ca0 1,04 0,91 0,82 1,00 0,94 1,06 0,86 0,85 0,80 1,17 0,84 1,71 0,60 0,75 0,62
NaZO 0,06 0,06 0,04 0,04 0,04 0,04 0,05 0,05 0,05 0,10 0,09 0,12 0,07 0,09 0,07
KpP - - - - - - - - - - - - - - -

Total 101,84 100,80 100,42 100,02 99,70 99,53 |l00,58 99,92 100,60 | 101,79 101,82 101,61 99,52 100,62 99,71

Sample localities shown in Fig.9 and in Map 2 in the pocket at the back of the thesis.

All iron as FeO. All analyses by N.I.M.
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TABLE 1II-12 - ORTHOPYROXENE ANALYSES (CONTD.)

Locality 48 55b 104 436 456 135b
sio2 51,11 51,34 51,08 50,41 50,64 49,99 49,84 50,19 50,14 49,98 50,13 50,41 51,95 52,76
Tio, 0,17 0,17 0,18 0,13 0,13 0,12 0,12 0,08 0,14 0,11 0,25 0,19 0,12 0,00
_A1203 1,01 1,15 1,10 1,96 2,14 1,78 2,49 2,56 2,53 2,68 1,71 1,25 3,30 1,67
Cr,0,4 n.d n.d n.d n.d. n.d n.d n.d n.d n.d n.d n.d n.d 0,11 0,05
Fe0 29,09 29,80 28,71 26,30 26,53 26,64 |28,62 29,20 29,48 29,42 28,93 30,02 18,37 32,14
Mno 0,99 0,96 0,97 1,19 1,19 1,25 0,46 0,45 0,45 0,45 0,65 0,70 0,18 0,15
Mgo 17,33 17,78 17,03 17,77 18,05 17,73 17,64 17,51 18,09 17,07 16,35 16,51 25,13 23,77
cao 0,91 1,29 1,26 1,34 1,41 1,28 0,37 0,41 0,37 0,38 1,01 0,83 0,64 0,29
Na,0 0,09 0,09 0,09 0,0 0,12 0,10 0,09 0,09 0,09 0,10 0,0 0,2 0,04 0,00
K20 - - - - - - - - - - - - - -
Total 100,70 102,58 100,42 ] 99,10 100,21 98,89 99,63 100,49 101,29 100,19 99,03 100,29 99,84 100,82
Analyst N.I.M., N.I.M. N.I.M.|N.I.M. N.I.M. N.I.M.|N.I.M. N.I.M. N.I.M. N.I.M.| G.S. G.S. G.S. A.A.C.

Sample localities shown in Fig,9 and in Maps 1 to 3 in the pocket at the back of the thesis,

All iron as FeO;

n.d.:

not determined.
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TABLE III-12 - ORTHOPYROXENE ANALYSES ( CON’I‘D.), MOZAMBIQUE

‘Locality no. T37 T78 T19 T19

sio, 50,14 51,31 52,75 53,25
Tio, 0,18 0,05 0,03 0,03
Al,0, 4,81 3,43 2,6 2,72
Cry04 - - 0.04 0,08
Feo 21,66 19,43 16,16 17,81
Mno 0,34 0,30 0,33 0,37
Mgo 22,63 24,15 26,52 26,6

cao 0,57 0,37 0,63 0,12
Total 100,85 99,04 99,09 100,94
Analyst A.A.C. ALA.C. G.S. G.S.

For sample localities see Appendix I-3 and Coaelho (1969).

All iron as FeO.
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TABLE I11~13 CLINOPYROXENE ANALYSES

Locality no. 7 55a 46

sio2 49,36 50,19 50,15 49,26 49,71 50,19 50,44 50,31 50,06 50,09 50,47 50,66 | 50,25 51,36
Tio, 0,27 0,29 0,33 0,24 0,34 0,30 0,31 0,27 0,36 0,36 0,35 0,32 0,32 0,23
Al,04 2,10 2,40 2,75 2,20 2,80 2,65 2,76 2,84 3,06 3,07 2,79 3,09 2,28 2,08
FeO 14,68 15,96 12,60 13,01 12,82 12,37 12,61 12,63 13,39 13,42 13,20 12,85 9,86 10,46
MnO 0,51 0,51 0,57 0,57 0,57 0,57 0,57 0,57 0,43 0,37 0,44 0,33 0,52 0,48
Mgo 10,64 10,50 11,73 11,04 11,55 11,86 11,58 11,61 11,02 11,09 10,91 11,42 13,08 13,26
ca0 20,11 19,46 19,02 19,62 20,03 20,79 20,51 20,00 21,21 20,74 21,82 21,50 | 21,40 20,90
Na20 0,52 0,53 0,48 0,49 0,48 0,48 0,48 0,48 0,58 0,57 0,54 0,61 0,74 0,75
K,0 - - - - - - - - - - - - - -
Total 98,19 99,84 | 97,63 96,43 98,30 99,21 99,26 98,71 | 100,11 99,71 100,52 100,78 98,45 99,52

Sample localities shown in Fig.9 and in Map 2 in the pocket at the back of the thesis.

All iron as FeO.

All analyses by N.I.M.
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TABLE I11I-13- CLINOPYROXENE ANALYSES (CONID.)

Locality no. 436 * 353 121 19 468 456 48 55b

8102 48,62 48,47 50,96 50,13 50,34 52,4é 50,29 50,85 53,93 50,30 50,33 49,19 49,68 61,13
Tio2 0,39 0,45 0,73 0,54 0,48 0,18 0,19 0,29 0,24 0,64 0,59 0,30 0,34 0,31
Alzo3 2,19 2,34 1,31 1,45 3,15 1,53 5,93 5,76 2,88 5,15 2,62 2,79 3,06 3,12
Cr,0,4 n.d n.d n.d n.d n.d n.d n.d n.d n.d4 0,17 n.d n.d n.d n.d
Fel 11,28 11,00 12,98 12,76 14,13 12,10 | 10,85 11,49 6,79 7,0 11,60 11,91 10,65 11,82
Mno 0,50 0,58 0,16 0,19 0,18 0,20 0,26 0,31 0,23 0,07 0,46 0,60 0,57 0,68
Mgo 13,03 12,85 11,09 11,69 10,72 11,29 § 11,68 12,03 12,89 13,52 12,13 11,41 12,29 11,79
Cca0 22,03 22,13 23,22 23,51 20,42 21,26 § 22,10 20,94 22,53 21,75 21,83 21,57 22,55 21,28
Na20 0,43 0,38 0,40 0,41 0,58 0,46 0,64 0,42 0,73 0,81 0,42 0,51 0,50 0,53
Ky0 - -~ - - - - - - - - - - - -
Total 98,47 98,20| 100,86 100,69 100,00 99,50 {101,06 [102,08 |100,22 | 99,41 99,98 | 98,28 99,64 100,66
Analyst G.S. G.S. AA.C., AAA.C. AAC, AA.C.IN.I.M. N.I.M. G.S. A.A.C N.I.M.| N.I.M, N.I.M. N.I.M.

Sample localities shown in Fig.9 and in Maps 2 to 4 in the pocket at the back of the thesis,
All iron as FeO.

*Analysis from a clinopyroxene-ilmenite symplectite;

n.d.

not determined.
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TABLE III-13 - CLINOPYROXENE ANALYSES (CONTD.) MOZAMB IQUE
Locality no. 132 136 133 498 140 T37 T8
SiO2 49,49 | 49,46 |50,87 50,39 51,82 49,76 50,93 | 50,96 50,71 |50,59 | 48,04 47,92 | 47,83
'l‘io2 0,74 1,09 0,95 0,95 0,90 0,89 0,43 0,65 0,53 0,30 1,64 1,46 1,11
A]203 4,8 6,83 3,66 4,69 4,69 6,60 5,96 3,98 3,85 2,35 7,79 7,63 7,08
Cr203 0,09 n.d. n.d. n.d. n.d. n.d. n.d. 0,03 0,03 0,04 0,03 0,03 0,11
FeO 7,88 7,14 | 8,69 10,64 9,36 9,46 8,63 8,06 8,12 13,23 8,33 8,70 7.01
MnO 0,09 0,28 0,29 0,33 0,33 0,27 0,25 0,08 0,08 0,20 0,18 0,17 0,10
Mgo 13,65 12,34 12,717 11,57 10,23 11,89 10,79 15,09 14,26 11,03 11,77 12,12 12,72
cao 21,47 22,23 21,78 19,85 21,38 17,87 21,03 18,80 20,53 21,27 20,93 20,49 21,19
Nazo 0,83 0,91 0,65 0,80 0,79 1,14 0,97 0,65 0,55 0,35 1,30 1,06 0,79
K,0 - - - - - - - - - - - - -
Total 99,04 { 100,28 99,66 99,22 99,50 98,08 98,11 98,3 98,66 99,36 jJ100,01 99,58 97,97
Analyst l-\.l‘-.C1 G.S. G,S. G.5. G.S5. G.S. G.S. jJA.A.,C. AAC.|]AA.C.|JAA.C. AAC. |AA.C,

Sample localities for nos. 132, 133, 136, 140 and 498 shown in Fig.9 and Map 1 in the pocket at the back of the thesis.
For samplesnos.T37 andT78: see Appendix I-3 and Coelho (1969),
All iron as FeO; n.d. not determined.
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TABLE III-14

GARNET ANALYSES

Locality 456 104 436 468 353 506 121 19
no.

Si02 39,81 38,76 38,83 38,39 30,23 36,82 37,05 38,32 37,69 38,02 38,31 37,92 37,84 38,29
'1"102 0,09 0,02 0,02 0,03 0,26 0,20 0,26 0,17 0,19 0,02 0,01 0,03 0,05 0,04
Alzo3 23,01 22,21 22,31 21,33 20,60 20,67 21,68 19,51 21,08 20,17 20,86 20,30 19,79 20,16
CL'203 0,03 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d, n.d., n.d. n.d.
FeO 20,8 29,84 29,11 29,70 27,54 27,81 27,94 23,86 24,05 25,93 26,43 26,83 25,29 25,24
MnoO 0,4 1,16 1,18 1,29 1,64 1,62 1,65 0,82 0,70 1,19 1,29 1,03 0,99 1,27
MgO 10,82 8,02 7,67 7.56 5,12 4,97 4,57 4,19 4,56 3,49 3,38 5,25 4,40 5,60
ca0o 6,34 2,18 2,29 2,08 5,92 6,42 6,58 11,83 11,23 9,01 8,66 8,19 10,00 7,54
Na20 0,01 - - - 0,16 0,1 0,10 0,11 0,11 0,04 0,03 - - 0,09
K20 - - - - - - - - - - - - - -
Total 101,32 102,19 101,14 100,38 99,47 98,62 99,83 98,81 99,61 97,99 98,99 99,28 98,36 98,53
Analyst A A.C. N.I.M. N.IT.M. N.I.M. G.S. G.S. G.S. G.B. G.S. AAC. AAC. |N.IM,.[N.I.M N.T.M.

Sample localities shown in Fig.9 and in Maps 2 to 4 in the pocket at the back of the thesis,

All iron as FeO; n.d.

not detexmined.
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TABLE II1I-14 -~ GARNET ANALYSES (CONTD.)

Locality no. 132 498 135b 140 141
3102 . 39,24 38,68 38,72 38,60 38,72 38,11 38,87
'I‘i()2 0,1 0,11 0,12 0,10 0,06 0,07 0,05
A1203‘ ‘ 22,79 22,47 22,56 22,63 22,38 22,0 21,39
Cr,04 0,33 0,22 0,04 0,04 0,19 0,05 0,01
FeO & 20,38 22,03 22,27 22,20 26,08 27,67 24,17
Mno 0,48 0,59 0,32 0,30 0,53 0,62 0,42
Mgo 9,32 7,92 8,15 8,24 8,63 5,23 6,42
cao 8,89 8,96 8,89 8,73 4,85 7,47 9,18
N'azo 0,01 0,04 0,02 0,03 0,03 0,01 -
K20 - - - - - - -
Total 101,54 101,02 | 101,08 100,86 | 101,47 | 101,23 | 100,51
Sample locality shown in Fig.9 and in Map 1 in the pocket at the

back of the thesis,
All iron as FeO.

All analyses by A.A.C.
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TABLE III-15 - HORNBLENDE ANALYSES

Looality no. S 46 418 55b

8102 40,84 42,28 41,76 | 41,55 42,21 41,99 42,03 41,55 41,66 41,62 41,58 42,01 | 40,47 40,58 40,37 41,24
Tio2 2,60 2,54 2,75 2,11 2,24 2,10 2,31 3,19 3,24 3,23 3,29 3,35 2,26 2,26 2,29 2,15
A1203 10,73 11,23 11,40 10,80 10,93 10,76 10,59 11,65 11,57 11,90 11,82 11,48 12,40 12,23 12,19 11,87
FeO 17,44 17,78 17,59 14,92 15,04 14,74 14,62 ] 15,85 16,10 16,32 16,21 16,38 17,41 17,72 17,27 16,97
MnoO 0,19 0,20 0,59 0,31 0,34 0,30 0,30 0,25 0,26 0,22 0,25 0,26 0,28 0,36 0,31 0,30
Mgo 10,62 10,04 10,12 11,81 12,04 12,38 12,48 9,68 9,85 10,00 10,22 10,41 9,14 9,36 9,30 9,71
cao 11,45 11,09 11,41 11,28 11,22 11,19 11,35 11,50 11,15 11,46 11,31 10,92 11,72 11,94 11,35 11,15
Na,0 1,76 1,82 1,72 1,76 1,76 1,75 1,64 1,84 1,70 1,58 1,71 1,91 1,43 1,07 1,53 1,40
K20 1,38 1,43 1,51 1,74 1,61 1,56 1,63 1,87 1,79 1,78 1,81 1,91 2,27 1,43 2,31 2,29
Total 97,01 98,41 98,85 96,28 97,39 96,77 96,95 97,38 97,32 98,11 98,20 98,63 97,58 96,95 96,92 97,08

Sample localities shown in Fig.9 and in Map 2 in the pocket at the back of the thesis.

All iron as FeO, all analyses by N.I.M.
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TABLE IXII-15 -~ HORNBLENDE ANALYSES

(CONTD. )

Locality no. 436 468 353 132 498 54

sio2 40,47 . 40,17 44,44 49,68 44,15 41,31 42,23 39,02 40,1 40,2 45,42 45,42 42,04 41,14 41,46 41,96
Tio, 2,90 3,09 1,32 ofas 1,3 2,07 2,06 2,27 2,11 1,94 1,67 2,06 2,15 2,09 1,% 1,75
Al0, 12,60 13,31 | 11,68 8,52 11,65 | 11,69 }|14,17 13,58 17,00 16,95 | 11,09 10,60 12,70 12,01 11,91 11,29
Cr203 n.d. n.d. n.d. n.d. n.é. n.d. n.d. n.d. 0,06 0,07 0,04 0,03 n.d. n.d. n.d. n.d.
Feo 16,11 16,18 | 14,49 15,38 14,41 | 21,21 }13,15 13,62 10,57 10,41 | 10,91 9,65 14,23 14,35 14,33 14,87
Mno 0,31 0,46 0,26 0,27 0,25 0,09 0,27 0,34 0,03 0,04 0,07 0,06 0,29 0,28 0,29 0,35
Mgo 8,95 8,88 | 10,51 8,70 11,72 8,01 |12,4% 13,30 12,75 12,67 | 14,08 14,84 11,35 11,88 11,51 11,38
cao 10,81 10,53 11,83 13,18 12,26 11,62 10,85 11,54 11,55 11,52 11,34 11,56 11,65 11,21 11,57 11,29
Na,0 1,16 1,89 1,58 1,66 1,37 0,7 2,15 2,39 2,63 2,63 1,81 1,75 1,87 1,82 1,74 1,85
K,0 2,67 2,30 0,50 0,20 0,51 1,73 1,05 1,76 0,73 0,65 0,49 0,51 1,91 1,83 1,81 1,89
Total 95,98 96,81 |[96,61 98,24 97,62 | 98,43 }]98,34 97,82 97,53 97,08 | 96,92 96,48 98,19 96,61 96,52 96,63
Analyst G.S. G.S. G.S. G.5. G.S. |A.A.C G.S. G.S AA.C. AA.C.]AA.C. ALA.C. |N.T.M. N.I.M, N.I.M. N.I.M.

Sample localities shownin Fig.9 and in Maps 1 to 3 in the pocket at the back of the thesis,
All iron as FeO; n.d.

not determined.
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TABLE III-16 - BIOTITE ANALYSES

‘Locality no. 43 54 104
Sio2 36,35 36,59 36,21 | +36,69 36,66 37,60 35,96 36,31 36,26
Tio2 5,48 5,47 5,85 4,72 4,52 4,38 5,40 5,44 5,15
Al,0, 13,84 13,55 13,19 | 13,56 13,64 13,95 15,12 15,10 14,49
‘Fel 16,38 16,67 17,36 15,07 15,07 14,27 16,35 16,34 17,71
Mno oc,10 0,11 c,11 0,16 0,15 0,14 0,07 0,05 0,05
Mgo 13,13 13,04 12,16 | 13,78 14,07 15,12 12,61 12,32 11,61
Ca0 0,0 0,0 0,01 0,0 0,0 0,0 0,0 c,0 0,0
uazo o,l2 0,14 0,13 0,25 0,18 0,16 0,06 0,09 ©,08
K0 10,69 10,78 10,30 10,41 10,89 10,62 10,56 10,38 10,40
Total 96,09 96,35 95,34 | 94,64 95,18 96,24 96,13 96,03 95,75
Sample localities shown in Fig.9 and in Maps 2 and 3 in pocket
at the back of the thesis.
All iron as FeO, all analyses by N.I.M.
TABLE III-17 - PLAGIOCLASE ANALYSES
Locality no. 55a 5 55p
SiO2 57,52 55,95 56,58 |57,53 58,18 57,73 {55,97 55,78 55,31
Aly0, 26,30 26,16 27,04 |25,08 25,52 26,05 [26,23 27,31 25,99
cao 8,82 9,45 8,76 7,99 7,70 8,78 8,92 10,09 9,53
NaZO 6,18 5,58 5,97 6,61 7,00 6,75 5,45 5,81 5,91
KZO 0,41 0,37 0,33 0,49 0,42 0,43 0,19 0,24 0,26
Total 99,23 97,51 98,68 {97,900 98,82 99,78 [96,76 99,23 97,00
Sample locality shown in Fig.9 and in Map 2 in the pocket at the
back of the thesis.
All analyses by N.I.M.
TABLE III~18 - PREHNITE, ILMENITE AND MAGNETITE ANALYSES
PREHNITE ILMENITE MAGNETITE
Locality no. 141 55a 46 104 353 46
sio2 43,41 43,53 n.d. n.d. n.d. n.d. n.gd.
Tio, - - 48,85 49,09 51,22 48,96 0.12
A1203 23,61 23,68 0,28 - - 0,03 0,40
Cr203 - - 0,02 - - 0,08 0,23
FeO Q,09 Q,15 51,41 51,32 45,31 47,57 93,52
Mno 0,02 - 1,11 0,80 0,29 0,52 -
Mgo - - 0,20 1,18 1,68 0,06 0,20
cao 26,77 26,79 n.d. n.d. n.d. n.d. n.d.
Nazo - 0,02 n.d. n.g. n.d. n.d. n.d.
K50 0,02 0,02 n.d. n.d. n.d. n.d. n.d.
Total 93,93 94,19 lo1,87 ! 102,39 98,61 87,22 94,47
Analyst A.A.C. A.A.C. N.I.M.! N.I.M. ! N.I.MLL A.A.C. N.I.M.

Sample localities shown in Fig.9 and in Maps 1 to 3 in the pocket at
the back of the thesis.

All iron

as FeO.

n.d. not determined,
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APPENDIX IV

X-RAY FLUORESCENCE ROCK ANALYSES

(i) Analytical techniques for petrochemistry and geochemistry

All whole-rock w@analyses reported in this thesis were
conducted by X-ray fluorescence spectrometry (with the exception
of Fe0). Information on preparatory and analytical techniques
is presented herewith:

1. Sample preparation

The samples used for analytical work were sufficiently
large to encompass compositional inhomogeneities. The weight
of each of these samples was of the order of 5Kg. Only in a
few cases (samples 129, 132, and - 50b) the samples were rather
small.

Care was taken to avoid weathered material and the samples
were reduced to <lcm in size in a rock-splitter and jaw crusher.
This material was successively split by coning and quartering.
No less than one quarter was then kept for further crushing by
a jaw crusher which reduced the fragments to <3mm, followed
by final crushing in an agate-lined Siebteknik mill. A
representative portion of each sample was thus reduced to
;SlZO'mesh. Samples from localities nos. 4 to 55 were supplied
to the author, in powder form, by Professor T.N.Clifford;
these were crushed in a nickel-chromium vessel in the

Department of Geology, Leeds University.
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2. Analytical equipment

14

Analytical work was conducted using a Philips model
PW1410 X-ray fluorescence spectrometer, equipped with a 3Kw
generator (PW1140). In this thesis, 32mm diameter samples
were used against the normal sample diameter of 45mm, because
the additional intensity obtained using the larger samples
(about 20%) did not justify the larger amount of powder
(espéciolly standards) and flux required.

Raw data from the X-ray fluorescence spectrometer were
either punched onto cards or captured directly on paper tape
for subsequent processing on the IBM 370 computer at the
University of the Witwatersrand Computer Centre. All
computer programs used for data reduction were written by
Dr. T.S. McCarthy (Geology Department, University of the

Witwatersrand).

3. Major and minor elements

The elements Fe, Mn, Ti, Ca, K, P, Si, Al and Mg were
determined using the fusion method of Norrish and Hutton (1969),
with slight modifications. Samples were preheated at 110°C
and 1 000°C in vitreosil crucibles to a constant mass and the
variations in weight were measured. Na was determined on
undiluted sample powder, pelletized in the manner referred to
by Norrish and Hutton (1969).

The instrumental conditions used for these analyses are
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listed in Table IV-1. A Cr target tube was used for qll
elements. Spectral inter%erences on Mn and Fe were eliminated
by a primary radiation filter.

Following the procedure of Norrish and Hutton (1969),

5102 and Fe203 ~ Ca0 blanks have been used to estimate backgrounds.

The spectrometer was calibrated using the international
standards W-1, BR, BCR-1, G-2, CR, SY-i, GSP-1, DTS-1, PCC-1
and mixtures of G-2 and PCC-1l, G-2 and DTS-1, following the
concentrations recommended by Flanagan (1973). A reference
disc was counted from time to time to check instrumental drift.
This drift was always below 5%. All counting was done under
vacuum,

FeQ was determined by dichromate titration, after dissolution
of the scméle in a nitrogen atmosphere. Details of the method
are described by Schaffer (1966).

The content of 992 was determined by wet method according

to the method by Shapiro and Brannock (1962).

4, Trdce elements: Rb, Sr, Y, Zr, Nb, C1, S

These trace elements were analysed on undiluted powder pellets
and the instrumental conditions empléyed, with the exception of Cl
and S, are listed in Table IV-2. Background positions were
measured on both sides of the peaks, taking care to avoid tailing
effects. Blanks were used to determine the relationship between

background intensities and the background in the peak positions.




TABLE IV-1l - EXPERIMENTAL CONDITIONS FOR THE DETERMINATION OF MAJOR
AND MINOR ELEMENTS ON THE PHILIPS PW1410 SPECTROMETER

Element Fe Mn Ti ca K P si Al Mg Na Bgnd* Bgnd*
Spectral

line K K K K K K K K K K - -
Crystal LiF LiF LiF LiF PET PET PET PET ADP RAP RAP RAP
Angle 85,73 95,20 86,14 113,09 50,69 89,66 109,21 145,12 136,72 54,79 54,70 58,00
Collimator C F P F F [od C C C C C C
Detector Flow proportional counter

Counting

time (peconds} 40 100 20 20 20 40 20 100 200 200 100 100
Tube

target Chromium

KV 50

MA 50

Filter IN IN ouT ouT our ouT ouT our our our ouT our
Inter-

ferences - - - - - Caxb - - - - - -
*Background
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TABLE IV-2 - INSTRUMENTAL CONDITIONS FOR THE DETERMINATION OF
Rb, S8r, ¥, Z2r, and Nb

Element Bgnd* Nb Bgnd* 2r Bgnd* Y Bgnd* Sr Bgnd* Rb
SPectral }
line K a - K, - K, - K, - Kq
Crystal LIFP
(220)
Angle 28,00 30,44 30,90 32,10 33,15 33,90 34,80 35,85 36,80 37,99 38,80
Collimator 150 pm
Detector Scintillator counter
Counting
time (seconds) 40 80 40 80 40 80 40 80 60 80
Tube
target Tungsten
Kv 65
MA 40
Filter ouT
Inter-
ference - YKﬂ - Srl(‘3 - Rbl(E - - - -
*Background

84¢
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Absorption corrections were applied to samples and standards,
according to the method of'Reynolds (1963, 1967).

Calibration was carried out with international standards W-1,
BCR-1 and AGV-1 (Flanagan, 1973).

Cl,S Uncalibrated semi-quantitative analyses of chlorine and sulphur

were carried out on a few selected samples, following

instrumental conditions listed in Table IV-3.

TABLE IV-3 - INSTRUMENTAL CONDITIONS FOR THE SEMI-QUANTITATIVE
DETERMINATION OF C1,S

Element Bgnd* Cl Bgnd* Bgnd* S Bgnd*
Crystal PET(3)

Angle 58,50 65,58 68,00 73,00 75,92 81,00
Collimator fine

Counting Time 40 100 40 40 100 40
(seconds)

Tube target Cr

Kv 50

MA 50

Filter out

*Background




(ii) Quality of the analytical data

’

1. Major and minor elements

Five international standards, obtained by the National
Institute for Metallurgy (N.I.M.), Johannesburg, were analysed
by Dr.T.S.McCarthy (1977) for major and minor elements (Fe, Mn,
Ti, Ca, K, P, Si, Al, Mg and Ba) to assess analytical accuracy
over a wide range of abundance of the elements. The results
obtained by the above investigator are listed in Table IV-4,
together with mean composition of these standards reported by
Russel et al. (1972). The general close correspondence
between the two sets of data attests to the accuracy of the
methods used in this work.

Analytical precision was determined by McCarthy (1977)
by replicate analysis of samples of granite, basalt and a
feldspathic pyroxenite from the Bushveld Igneous Complex.
Average compositions and standard deviations obtained on these
three samples are listed in Table IV-5 for major constituents.
The precision is generally good, although for minor elements,
the precision is less satisfactory as is evident for example
from the large standard deviation of Myg0 in the granite
Wits-G (40 per cent) and P205. Also the gravimetric loss on
ignition is particularly imprecise at low levels, reflecting

the difficulty in evaluating small changes in mass.
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TABLE IV-4 - ANALYTICAL RESULTS OBTAINED ON N.I.M. INTERNATIONAL STANDARDS

281

STANDARD N.I.M.-G N.I.M.-S N.I.M.-N N.I.M.-P N.I.M.-D

SOURCE  WITS N.I.M. WITS N.I. M. WITS N.I.M. WITS N.I.M. WITS N.I.M.
sio, 75,69 75,59 64,02 63,72 51,98 52,43 38,25 38,86 51,52 50,88
Tio, 0,107 0,09 0,062 0,05 0,186 0,17 0,034 0,04 0,202 0,20
Al,0,4 12,42 12,08 17,81 17,33 16,71 16,64 0,44 0,44 4,45 4,38
Fe,04(tot)1,98 2,02 1,44 1,40 8,98 9,00 17,07 16,97 12,91 12,29
Mgo 0,08 0,10 0,57 0,48 7,69 7,43 44,42 43,30 26,41 25,19
Mno 0,03 0,02 0,02 0,01 0,19 0,17 0,22 0,20 0,23 0,18
cao 0,79 0,80 0,69 0,70 11,44 11,55 0,27 0,31 2,69 2,68
Na,0 3,76 3,32 0,49 0,43 2,82 2,44 0,34 0,16 0,76 0,37
Kzo 4,99 4,98 14,93 15,34 0,26 0,26 0,019 0,04 0,103 0,10
P,0g 0,02 0,03 0,12 0,13 0,02 0,04 0,01 0,03 0,02 0,04
Feo 1,25 1,29 0,31 0,29 6,96 7.24 14,11 14,27 8,08 9,20

WITS = McCarthy(1977).

N.I.M. = Results of Russel et al.
reported by Flanagan (1973).

(1972)

TABLE IV-5-ANALYTICAL PRECISION FOR MAJOR AND MINOR ELEMENTS

WITS-P WITS-B WITS-G
Concentration (<} Concentration -] Concentration 4]

sio, §5,13 0,20 57,71 0,36 75,34 0,34
Ti02 0,217 0,001 0,916 0,004 0,292 0,004
Al,0, 5,83 0,03 8,8¢ 0,074 11,98 0,08
Fe203 (tot) 11,95 0,12 9,12 0,04 3,47 0,05
Mgo 21,80 0,12 10,97 0,07 0,04 0,02
MnO 0,20 0,007 0,13 0,005 0,05 0,01
cao 4,01 0,03 6,86 0,03 1,51 0,01
Na,0 1,12 0,04 2,55 0,08 3,09 0,10
K20 0,157 0,001 c,079 G,002 4,46 0,03
PZOS 0,020 0,002 0,094 0,004 0,04 " 0,003
Fed c,36 7,23 0,27 1,75 0,12
L.0.I 0,06 0,02 o.21 0,23 0,02 0,01
L.0.I. = Loss on ignition.

o= standard deviation,
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2. Trace elements

International stanéqrd, released by the U.S. Geological
Survey were used to define the accuracy of trace elements data.

The concentrations obtained for some of the trace elements
on a few of these standards are listed in Table IV-6 along with
values quoted by Flanagan (1973). A generally good agreement
has been obtained by McCarthy (1977) relatively to other analysts.

The acbovementioned somples of granite, basolt and
pyroxenite were used by Dr.T.S,McCarthy to assess analytical
precision by replicate trace element analyses on ten pellets of
each rock type. Mean concentrations, standard deviations and
coefficients of variation determined are listed in Table IV-7.
While the precision is less satisfactory toward the detection
limits, reproducibility is more than adequate for the needs of

this thesis.

TABLE IV~6 - TRACC ELEMENT RESULTS OBTAINED ON INTERNATICNAL STANDARDS

Sr Rb 2r Y Nb
Standard A R.V.1. A R.V.1. A R.V.1. B R.V.2 B R.V.2.
G~2 467 479 164 168 327 300 - -
GSP-1 234 233 246 254 570 500 - -
BCR-1 - - - 33 34 7,6 11,5
W-l - - - 5,2 6,9 |18,6 20,5
Az Measured value (McCarthy, 1977).
B: Measured value (this thesis).
R.V.1. Recommended value (Flanagan, 1973).

R.V.2 Recammended value (McCarthy, Personal cammunication).
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TABLE IV-7 - ANALYTICAL PRECISION FOR TRACE ELEMENTS

’

Wits-pP Wits-B Wits-G
Concentration g concentration o Concentration o

Rb 12 0,9 {d.l.* 99 1,5
sr 80 1,8 99 1,5 lo8 1,4
2r 26 2,3 77 - 0,9 354 10,6
b4 6 0,6 14 1,1 80 1,2
Nb <d.l1.* 3 1 24 0,6

*below detection limit.
¢ standard deviation.

(iii) Whole rock analyses and trace element compositions -
Presentation of the data

Major, minor elements, expressed as weight per cent of
the oxide, and trace eleménts, expressed in parts per million,
analysed in each sample during the course of this thesis are
presented in Table IV-8,

In a few cases no trace elements, nor FeO have been
determined, all iron being given as Fe203.

Table IV-9 lists all published analyses of southern
Malawi rocks discussed in the text in tables IV-10 to IV-16.
Available published geochemical data (Bloomfield, 1965b) are
presented in Table IV-17.

Most of the analyses listed in Table IV-8 were carried
out by the author; however, the following were made by
Mr, A,Bemath: nos. 15, 31, 41, 42, 44,6 50b, 53, 56, 58, 59,
60, 61, 62 and 64. In addition, Ul and U2 are unpublished

analyses by E.Pinkney of Leeds University.




TABLE IV-8  WHOLE ROCK ANALYSES ARD TRACE ELEMENT COMPOSITIONS
ﬁgcality 48 34 46 29 93 61 99 28 40 38 107 102 101 104 69
sio, 43,56 47,94 48,20 43,01 47,37 48,14 50,99 51,13 51,03 51,70 51,92 56,63 54,76 59,17 57,71
Tio, 2,48 1,72 1,69 4,30 1,92 1,75 1,76 2,08 1,63 1,73 1,57 0,91 1,83 1,54 1,13
AlL,0, 15,89 13,54 15,02 14,62 15,20 14,51 15,76 15,27 14,47 13,91 15,48 16,87 20,22 15,53 15,11
Fe,0, 1,94 3,42 5,70 3,60 2,46 4,53 2,56 1,55 4,07 7,01 4,08 3,92 2,82 1,89 S
FeO 11,68 9,31 7,22 13,22 10,5 9,12 7,13 8,90 8,35 7,88 9,02 4,67 3,05 8,80

Mno 0,26 0,23 0,21 0,23 0,23 0,22 0,17 0,20 0,21 0,26 0,16 0,18 0,06 0,19 0,21
MgO 7,15 6,97 6,75 5,48 9,33 7,07 5,28 5,11 5,60 4,24 6,52 3,81 2,27 3,94 1,73
cao 10,15 11,41 9,78 9,70 7,5 9,10 6,24 9,85 8,31 7,50 5,14 6,98 6,47 3,28 7,07
Na,0 2,13 2,85 3,63 2,76 2,28 3,1% 4,25 3,88 3,85 4,66 3,70 4,60 5,52 3,76 4,58
K,0 1,22 1,144 0,99 o0,60 2,05 1,40 1,55 0,85 1,18 o,61 1,00 1,00 1,97 1,02 1,19
P,05 0,19 0,13 0,17 0,99 0,28 0,24 0,44 0,25 0,28 0,20 0,24 0,15 0,47 0,02 0,31
1120 0,04 0,02 0,06 0,06 0,10 0,05 0,06 0,06 0,04 0,00 0,05 0,10 0,06 0,06 0,06
H20+ 0,09 0,30 0,17 0,49 0,09 0,29 0,59 0,18 0,30 0,00 0,46 0,13 0,19 0,05 0,77
co, 0,26 n.d. n.d. n.d. n.d. n.d. 1,65 n.d. n.d. n.d. n.d. n.d. n.d, n.q4d. 0.5
Total 97,03 98,71 99,59 98,98 99,37 99,59 98,43 99,31 99,32 99,70 99,35 99,85 99,69 99,25 101,1
Rb 22 11 7 11 118 13 13 13 12 8 14 13 28 9 -
sr 208 144 269 238 125 177, 389 344 177 150 476 389 2527 697 -

Y 29 30 29 68 32 37 29 32 a3 37 26 29 20 58 -
zx 109 %0 85 273 118 104 78 220 144 52 65 78 159 580 -
Nb 5 o 5 31 15 6 4 14 6 - 4 4 10 12 -

Sample localities shown in Fig. 19 and in Maps 2 and 3 in the pocket at the back of the thesis.

*All iron
iron as Fe203
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TABLE 1V-8 - WHOLE ROCK ANALYSES AND TRACE ELEMENTS COMPOSITIONS (CONTD.)

ﬁgf‘aliﬁy 93 98 116a 118a 43 45 49 63 4 44 37 51 39 52 370 3 S0b
sio, 61,96 59,83 64,05 58,12 60,91 63,96 61,52 68,91 68,93 68,40 70,38 71,94 73,15 75,73 75,87 77,97 74,35
Tio, 0,97 1,57 1,32 0,96 1,19 0,73 0,83 0,45 0,54 0,85 0,49 0,31 0,25 0,24 0,30 0,24 0,43
Al,04 15,59 15,03 14,38 17,86 16,90 16,64 16,82 16,05 14,74 15,13 13,49 12,96 13,86 12,04 11,84 11,28 11,88
Fe,0,4 1,31 3,25 2,34 1,17 2,59 1,72 0,19 1,00 1,40 0,94 1,79 2,16 2,14 0,79 4,04* 1,19 0,93
FeO 5,95 5,18 4,70 5,46 4,86 2,88 5,27 1,87 3,78 . 4,02 2,95 3,19 0,87 2,17 2,02 2,61
MRO 0,11 0,10 0,11 0,12 0,13 0,10 0,10 0,06 0,11 0,09 0,09 0,10 0,07 0,07 0,09 0,06 0,07
Mgo 3,75 2,23 2,68 3,86 2,15 2,63 3,33 0,96 1,18 1,54 1,08 1,29 0,0 0,58 1,04 0,42 1,74
ca0 3,82 4,44 4,27 5,72 4,18 5,20 5,39 4,09 4,32 3,63 3,68 2,19 1,91 2,21 1,49 3,46 3,36
Na,0 3,79 4,7 3,86 4,48 4,51 4,67 4,12 4,85 3,90 3,72 4,72 4,67 4,71 4,04 5,05 3,06 3,43
K,0 1,91 2,17 1,20 1,53 1,11 1,00 1,68 1,11 0,51 1,20 0,48 1,24 2,89 1,13 0,56 0,37 0,54
P,0, 0,18 0,41 0,20 0,28 0,12 0,21 0,17 0,10 0,18 0,11 0,09 0,07 0,06 0,06 0,03 0,02 0,10
H20— 0,11 0,06 0,13 0,04 0,13 0,08 0,06 0,05 0,03 0,09 0,04 0,04 0,04 0,01 0,09 0,02 0,05
H20+ 0,23 0,61 0,36 0,0 1,00 0,49 0,0 0,35 0,32 0,54 0,18 0,13 0,52 0,38 0,06 0,25 0,24
Total 99,68 99,59 99,60 99,60 99,78 100,31 99,48 99,85 99,94 100,26 99,46 100,29 100,47 100,05 100,46 100,36 99,83
Rb 64 17 23 27 6 6 31 11 5 22 4 14 32 28 - 3 9
Sr 335 257 350 605 326 570 504 382 314 257 130 172 215 127 - 142 513

Y 26 40 20 15 23 9 8 7 34 21 3s 22 15 25 - 12 15
Zr 189 157 172 148 116 99 68 109 100 190 121 118 140 95 - 101 214
Nb 9 7 9 8 4 1 3 3 2 5 2 1 2 4 - - 3

Sample localities shown in Fig.19 and on Maps 2 and 3 in the pocket at the back of the thesis,.
*All iron as Fezoa.
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TABLE IV-8—~ WHOLE ROCK ANALYSES AND TRACE ELEMENT COMPOSITIONS (CONTD.)

ﬁgfality 56 36 55 1 57 60 113 116b 405 441a 76 81 82
sio, 78,56 67,57 69,71 71,37 76,18 74,12 72,36 74,67 54,05 56,82 59,40 58,89 57,94
TiO, 0,16 0,92 0,40 0,44 0,27 0,20 0,42 0,06 2,36 1,35 1,42 1,56 1,65
Al1,04 12,22 14,81 15,60 14,79 12,07 13,08 13,56 14,21 15,13 16,67 17,08 16,47 16,47
Fe,0, 0.7 0.9 0,44 0,98 1,63 1,84 1,31 0,25 1,84 .. 30l 3,38 3,21
Feo 0,34 4,38 1,55 1,59 0,81 0,53 1,22 0,48 9,81 2,90 3,03 3,43
MnO 0,03 0,09 0,04 0,06 0,04 0,06 0,0 0,02 0,16 0,00 0,11 0,11 0,12
Mgo 0,0 1,39 0,38 0,68 0,17 0,10 0,54 0,12 2,49 3,18 1,29 2,30 2,31
cao 1,50 2,72 2,77 2,73 1,12 1,77 1,96 2,24 6,80 4,86 4,32 4,34 4,40
Na,0 4,57 3,01 3,54 3,67 3,98 3,94 3,29 2,87 3,35 4,44 4,40 4,35 4,70
K,0 2,22 4,20 4,25 3,48 4,13 4,03 4,57 4,77 2,48 3,72 4,41 4,59 4,85
P,04 0,03 0,25 0,11 0,09 0,02 0,05 ©0,12 o000l 1,26 0,93 0,66 0,71 0,75
H,0- 0,05 0,02 0,03 0,02 0,03 0,02 0,06 0,07 0,11 0,16 0,05 0,05 0,04
H20+ 0,19 0,0 0,55 0,34 0,05 0,49 0,51 0,23 0,00 0,29 0,34 0,36 0,30
Total 100,66 100,34 99,37 100,24 100,50 100,23 99,92 100,00 99,84 100,44 99,39 100,14 100,17
Rb 26 107 79 73 86 63 89 122 - —- 102 - 102

Sr 54 205 251 240 57 304 475 405 - - 143 - 1215

Y 32 32 13 19 54 15 8 3 - - 29 - 30

Zr 346 407 180 202 335 133 184 51 ~ - 360 - 438

Nb 16 14 5 6 16 2 2 - - ~ 21 - 24

Sample localities shown in Fig.19 and in Maps 2 and 3 in the pocket at the back of the thesis,

*All iron as Fe

(]
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TABLE IV-8 - WHOLE ROCK ANALYSES AND TRACE ELEMENT COMPOSITIONS (CONTD.)
Locality 83 84 30 31 441p 74 75 432 65 73 375 67 115
no,
5102 57,74 58,69 57,88 61,38 59,69 61,80 61,32 62,14 66,82 65,77 67,85 69,92 71,78
'1'102 1,63 1,60 1,76 1,37 0,50 0,63 0,63 1,0 0,85 0,76 0,31 0,37 0,09
A1203 17,19 16,30 16,42 15,99 18,37 17,68 17,25 18,29 14,69 14,37 18,71 13,80 14,48
Fezo3 3,07 3,46 3,29 2,85 443 1,69 5,09 a1 0,95 0,98 5. 83+ 1,73 -
FeO 3,25 3,02 3,51 2,84 3,96 2,60 4,48 5,60 1,71
MnoO 0,11 0,10 0,10 0,10 0,00 0,15 0,23 0,00 0,10 0,17 0,06 0,07 0,00
MgO 2,37 2,19 2,32 1,98 2,55 0,23 0,03 1,10 0,91 0,96 0,30 0,06 0,00
cao 4,35 4,23 4,60 4,00 3,99 3,52 3,47 2,73 2,75 2,76 2,17 1,47 1,08
Nazo 4,55 4,40 4,21 4,08 4,83 4,74 3,49 3,64 3,78 3,58 6,72 3,04 2,53
Rzo 4,64 4,88 4,57 4,59 4,68 5,00 5,46 6,91 4,30 4,42 1,52 5,66 7,86
P,0, 0,75 0,73 0,81 0,66 0,73 0,17 0,14 0,32 0,06 0,19 0,07 0,08 0,05
Hzo- 0,0 0,09 0,00 0,11 0,24 0,04 0,03 0,11 0,17 0,05 0,07 0,08 0,13
H,0+ 0,44 0,32 0,44 0,46 0,36 0,0 0,14 0,45 0,00 0,26 0,31 0,26
Total 100,09 100,01 99,91 100,41 100,36 99,61 99,88 100,79 99,86 99,61 100,96 98,30 100,79
Rb 104 106 52 59 - 82 113 - 132 108 - 140 -
sr 1266 1152 1016. 877 - 236 259 - 177 226 - 96 -
Y 31 37 35 30 - 45 57 - 36 39 - 64 -
Zr 471 458 419 369 - 999, 1309 - 390 516 - 514 -
Nb 25 27 27 21 - 38 44 - 19. 24 = 44 -

Sample localities shown in Fig.19 and in Maps 1 and 3 in the pocket at the back of the thesis,

*Al11 iron as Fe,0y.
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TABLE IV-8 - WHOLE ROCK ANALYSES AND TRACE ELEMENTS COMPOSITIONS (CONTD.)

Locality no. 433 132 129 133 106 135 71 10 50a 105 108 58 118b 120 ul U2
sio, 73,10 46,17 46,69 53,51 52,17 57,87 S4,70 57,33 . 59,49 66,68 72,63 58,51 62,00 62,69 68,28 77,58
Ti0, 0,15 1,41 3,41 1,35 0,15 0,11 1,02 0,83 1,16 0,67 0,69 1,18 0,7 0,85 0,42 0,17
41\1203 14,51 14,23 14,10 17,89 28,43 26,87 17,27 14,97 12,79 16,19 12,78 17,38 17,48 17,67 15,14 12,16
Fe203 1,51 1,56 0,34 2,12 1,10 1,40 1,06 1,20 2,08 0,72 0,77 1,90 1,64
0,94* 9,11% 0,16*

FeO 11,22 14,00 0,98 4,55 5,75 6,41 2,80 3,35 2,80 4,07 3,64 3,15 1,56
Mno 0,00 0,11 0,17 0,05 0,02 0,00 0,11 0,14 0,15 0,06 0,07 0,08 0,08 0,08 0,09 0,04
Mgo 0,00 9,49 6,14 3,88 1,14 0,00 4,47 4,85 6,77 1,41 1,78 2,51 2,79 2,51 1,39 0,48
cao 1,37 13,14 10,26 8,54 12,18 9,09 8,06 6,42 5,60 2,60 2,24 3,69 5,11 4,91 4,13 3,2
Na,0 3,83 2,17 1,23 4,53 4,00 5,18 4,91 2,38 2,21 3,60 2,75 3,72 4,32 4,37 4,17 2,90
K,0 5,85 0,42 0,48 1,26 0,56 1,03 1,84 4,92 1,78 4,19 2,28 7,57 2,09 2,33 0,50 0,35
P,0g 0,04 0,09 0,68 0,32 0,01 0,09 0,30 0,20 1,01 0,27 0,14 0,53 0,25 0,26 0,16 0,01
H,0- 0,16 0,06 0,07 0,10 nil 0,11 0,05 0,04 0,07 0,07 0,03 0,05 0,06 0,03 0,03 0,03
H,0+ 0,45 0,1 0,50 0,08 0,4 0,24 0,19 0,96 0,67 0,42 0,04 0,18 0,41 0,03 0,29 0,12
Total 100,40 100,21 100,39 100,62 100,38 100,75 99,59 99,89 99,51 100,02 99,98 100,28 99,88 100,14 99,65 100,00
Rb - - - - 6 - 51 171 65 86 60 286 41 45 - -
sr - - - - 449 - 855 118 897 315 302 827 602 662 - -

Y - - - - 3 - 19 30 416 43 14 22 12 11 _ -
Zr - - - - 33 - 171 189 293 321 212 360 104 171 - -
Nb - - - ~ - - 10 15 16 5 6 22 6 6 - -
Sample localities shown in Fig. 19 and in Maps 1 to 3 in the pocket at the back of the thesis.

*All iron as Fe203.
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TABLE IV-9 - REFERENCES OF PUBLISHED ANALYSES DISCUSSED IN THE TEXT

Locality Original Reference/Table where Localitv Original Reference/Table where
no. no. mentioned no. no. mentioned

Pl ‘E245 Listed in Table IV-1O. P33 KB1149 Listed in Table IV-12.
P2 - Thatcher (1968, p.40). P34 w244 ditto.

P3 - Thatcher (ibid.). P35 KBl097 ditto.

P4 ‘E194 Listed in Table IV-10, P36 KB845 ditto.

P5 KB1500 - ditto. P37 KB1784- ditto.

P6 - ditto. P38 KB849 ditto.

P7 - ditto. P39 KB1099 Listed in Table IV-13,
P8 - ditto. P40 KB832 ditto.

P9 KB1797 ditto. P4l KB1843 . ditto.

Plo KBl538 ditto. P42 KB1179 ditto.

P11 KBl541lc ditto. P43 KB1791 ditto.

Pl2 - ditto. P44 KB1780 ditto.

P13 - ditto. P45 KBl786 ditto.

Pl4 B2225 ditto. P46 w379 Listed in Table IV-14.
P15 T556 ditto. P47 KB2130 ditto.

Pl6 KBl1516 ditto. P48 H4213 ditto,

P17 c779 ditto. P49 H2288 ditto.

Pls H2279 ditto. PS50 KB1983 ditto.

P19 KB1377 ditto. P51 KB1877 ditto.

P20 H4206 ditto. PS2 E279A ditto.

P21 H4263 ditto. P53 wWlo9 Listed in Table IV-15.
P22 Gl453 ditto. P54 KB1979 ditto.

P23 KB640 ditto. P55 - ditto.

p24 KB966 Listed in Table IV-1ll. P56 - ditto.

P25 KB725 ditto. P57 - Listed in Table 16.
P26 KB746 ditto. P58 - ditto.

P27 KB726 ditto. P59 - ditto.

P28 KB690 ditto. P60 - ditto.

P29 KB666 ditto, P61 - ditto.

P30 KB118 ditto. P62 - ditto.

P31 KB688 ditto. P63 - Listed in Table IV-10,
P32 KB1520 ditto.

Sample approximate localities shown in Fig.20.
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TABLE IV-10 - PUBLISHED ANALYSES OF AMPUIBOLITE FACIES GNEISSES AND GRANULITES,

AFTER BLOOMFIELD (1968, p.121)

(a) () (c) () (d) (f) (a) (h) (i) (i) (k) (1) (m) (n) (o) (p (q) (r} (a) (t) (u) (v

§i0, 62,99 63,88 54,44 55,39 58,29 53,67 61,62 61,27 66,55 61,80 57,72 50,30 66,00 77,53 67,40 58,28 62,43 67,06 68,99 668,78 72,08 64,06
7o, 0,82 o0,58 1,38 0,65 0,89 0,98 1,03 1,03 0,74 0,88 0,41 1,41 0,87 0,06 0,5} 0,13 0,72 0,42 0,62 0,80 0,31 0,9
A1,0, 16,37 17,68 14,97 17,79 16,84 16,24 15,93 15,81 14,91 16,63 20,47 17,33 16,63 12,58 17,12 21,67 15,92 13,88 16,76 18,56 14,50 12,39
Fe,0, 2,01 1,49 4,43 3,40 1,73 1,13 1,82 2,15 1,27 1,34 1,5 3,97 1,58 1,45 1,93 1,12 3,04 2,70 2,39 6,5 1,85 2,07
Feo 4,79 3,06 5,35 8,41 5,86 7,73 4,77 4.71 4,89 4,34 3,58 5,61 2,70 0,94 1,94 5,58 5,58 4,46 5,47 1,78 0,43 5,7
Mno 0.09 ©0.08 0,19 0,22 0,14 0,16 0,11 0,11 0,11 0,09 0,16 0,23 0,07 »ni} nil. 0,26 0,10 0,08 0,11 0,03 0,02 0,19
Mgo 3,37 2,13 4,82 5,15 3,04 6,20 2,39 2,41 1,45 2,19 2,45 4,52 1,28 0,48 1,19 0,01 3,05 2,02 1,46 0,25 0,26 2,88
cao 4,5 5,00 17,93 4,18 6,38 9,26 4,58 4,81 2,60 4,03 7,19 8,40 4,56 0,73 2,08 1,44 0,44 1.45 0,22 ail 1,48 7,89
Na,0 2,37 4,58 4,63 4,40 4,05 3,36 3,42 3,27 2,7 3,72 5,20 3,95 5,15 4,37 4,49 17,06 2,29 2,33 0,73 0,36 4,02 2,38
K0 2,44 1,32 1,34 0,10 2,40 1,01 4,02 4,05 4,55 4,63 1,09 13,07 0,95 1,82 3,15 4,27 6,30 5,28 3,21 2,81 4,98 ‘1,25
P,0¢ 0,19 0,20 0,52 0,31 0,38 0,26 0,29 0,35 0,22 0,35 0,19 1,2} 0,21 0,03 0,13 0,09 0,13 0,32 0,05 0,10 0,10 0,20
Totals* 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100

*Analyses recalculated water-Co,~free to 100 per cent; n.d. = not determined.
L ] p

{(g)i

ncludes 0,02 per cent 2r0,3 {h) includes 0,03 per cent 2x0,3 and (p) includes 0,08 per cent 2r0,.

Garnetiferouns biotite gneiss: (P16).

Hornblende-biotite-plagioclase gnelss: (P17).

Blotite-hornblends gnelss: (P11).

Garnet-hornblende-anthophylilte gneiss: (P12).

Biotite~hornblende-clinopyroxene-plagioclase gneiss with garnet: (P7).

Granuljtic hornblende-clinopyroxene-plagioclase gneiss with garnet - a basic inclusion in (e): (P6).
Biotite-hornblende-clinopyroxene-plagioclase gneiss with potash feldspar and garnet: (p8).
Biotite-hornblende-plagioclase gneiss with potash feldspar - from the foliated border of (g): (P63).
flypersthene-biotite-garnet gneiss with potash feldspax: (P10).

Blotite-hypersthene -granulite: (PS).

Intermediate charnockitic granulite: (acid type): (P4).

Intermediate charnockitic granulite: (Pl).

Leucocratic hypersthene (charnockitic) granulite: (P9).

Quartzo-feldspathic biotité-muscovite schist: (P23).

Quartzo-feldspathic amuacovite-biotite gneias (P19).

Biotite-muscovite~plagioclase gneisa: (P13),

Blotite-gacrnet-guartz gneisa: (P14).

Biotite~garnet-quartz gneiss: (P18},

piotite-garnet-quartz-sillimanite gneiss: (P20).

Biotite-garnet—quartz-sillimanite gnelas: (P21).

Quartzo-feldspathic granulite: (P22),

Hornblende-epidote quartzite: (P15),

Approximate sampling localities shown in Fig.20.

orig

inal sample numbers listed in Table IV-9.
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TABLE IV~1l1 - PUBLISHED ANALYSES OF AMPHIBOLITE, METAGABBRO AND RELATED ROCKS
AFTER BIOOMFIELD (1968, pp.137-142).

(a) (b) (e) (d) (e) (f) (g9) (h) (i)
SiO2 37,36 39,75 44,18 45,49 48,63 48,66 50,02 50,12 50,44
TiO2 Q,60 0,76 1,25 Q,98 3,43 Q,82 1,44 1,08 0,79
AJ.203 29,07 20,70 10,57 0,21 13,42 11,09 13,98 16,41 6,59
Fe203 4,89 6,87 7,30 3,77 4,94 3,03 0,19 3,50 3,09
FeO 3,26 6,43 6,02 4,66 11,54 6,84 9,21 8,380 7,82
Mno 0,11 0,20 0,19 0,09 0,32 0,20 0,31 0,17 0,19
MgO 5,26 7,85 19,02 44,45 5,23 13,51 9,05 6,24 16,00
Cao0 17,62 15,00 9,34 t 9,15 14,32 13,07 9,87 13,00
Na,0 1,22 1,52 1,45 0,02 2,36 1,11 2,15 2,94 1,17
K,0 0,49 0,81 0,3 0,02 0,61 0,40 0,39 0,42 0,66
P205 0,12 0,10 0,30 - Q,35 - 0,18 0,35 0,18
Totals*w 100,00 100,00 100,00 100,00* 100,00 100,00 100,00 100,00 100,00
CIPW NORMATIVE MINERALS (MOLECULAR PERCENTAGES)
q - - - - - 4,55 - 0,01 -
or - - 2,09 - 2,32 3,78 3,88 2,54 2,32
ab + an 72,13 47,58 33,61 - 33,88 47,17 20,56 57,29 46,65
ne 6,55 8,24 - - - - - - -
le - 3,86 - - - - - - -
ka 1,73 - -~ - - - - - -
di + he 0,72 16,45 18,12 - 37,36 15,70 42,23 13,23 29,10
lar 4,25 1,83 - - - - - - -
fo + fa 11,58 13,53 26,32 57,55 11,51 - 10,57 - 11,04
en + fe - - 10,05 36,82 10,67 17,69 17,63 20,97 8, 32
ap 0,25 0,21 0,62 - 0,77 - 0o, 30 0,73 0, 36
ma 5,09 7,23 7,48 5,62 3,15 5,37 3,20 3,70 0,20
il 0,83 1,07 1,71 - 1,14 4,96 1,1 1,52 2,00
An% 100 100 63 - 71 53 49 54 59
* includes 0,09 Cr203 and 0,32 NiO % : ** analyses recalculated water-free to 100; t: traces.
(a) Corundum amphibolite: : (P24). (£) Clinopyroxene amphibolite = (P29).
(b) Garnet amphibolite : (P25). {g) Biotite metagabbro : (P30).
(c) Hypersthene amphibolite s (P26). (h) Garnetiferous metadolerite s (P31).
(a) Serpentinised peridotite : (P27). (i) Biotite hornblende metagabbro: (P32).
(e} Garnetiferous metadolerite: (P28).

Approximate sampling localities shown in Fig.20.
Original sample numbers listed in Table IV-9.
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TABLE VI-12 - PUBLISHED ANALYSES OF MELANOCRATIC AND

HYPERMELANIC ROCKS FROM THE RING COMPLEXES,
AFTER BLOOMFIELD (1968, p.151)

(a) (b) () (d) (e) (£)
Si02 40,20 42,50 41,68 47,26 47,89 49,65
TiO2 1,64 1,62 2,08 1,31 1,16 0,74
A1203 6,82 6,84 9,34 8,29 8,48 3,60
Fe203 5,06 2,68 4,26 3,24 5,35 2,88
Fe0 10,49 8,19 5,62 8,69 8,36 5,79
Mno 0,20 0,16 0,11 0,15 0,23 0,19
Mgo 18,14 22,11 19,23 12,73 12,16 16,12
cao 11,13 10,69 7,28 12,66 13,29 19,01
Nazo 1,02 0,54 0,41 1,76 0,67 0,57
Kzo 0,79 1,81 6,97 0,49 0,13 nil
H,0+ 0,54 0,53 0,85 0,39 0,88 0,46
H,0- nil c,09 0,24 0,18 0,21 0,19
2205 2,21 1,25 0,75 1,82 0,03 0,08
co, 1,50 0,65 0,01 0,57 0,94 0,59
CIZO3 0,06 n.d. 0,04 0,16 0,01 0,19
Nio 0,05 n.d. 0,07 0,11 0,06 0,19
Totals *99,83 99,66 100,25 99,85 99,81 99,85

AVERAGE CIPW NORMATIVE MINERALS (MOLECULAR PERCENTAGES)

or 7,72 - - 1,91
ab + an 16,14 3,02 12,48 28,22
ne 1,32 2,19 - -
le - 32,64 - -

c - - - -
di + he 25,29 13,13 69,76 34,40
lar - 3,45 - -
fo + fa 39,59 36,74 8,09 0,41
en.+ fe - 5,44 26,46
ap 3,62 1,54 0,17 2,00
il 2,27 2,87 1,04 1,77
ma 4,05 4,41 3,03 4,62
hem - - - -
An% 71 100 59 60

*Analysis includes 0,89 per cent BaQO:

calculated.

(a) Metapyroxenite:
(p) Biotite-olivine-metapyroxenite:
(c) Biotite-metapyroxenite:
(d) Hypersthene-metagabbro:
{e) Hornblende~hypersthene metagabbro: (P37)

(f) Hypersthene-metadiallagite:

(P34) .

(P35) .
(P36} .

normative calcite not

(P33).

(p38) .

Approximate sampling localities shown in Fig.20.
Original sample numbers listed in Table IV-9,
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TABLE IV-13 - PUBLISHED ANALYSES OF LEUCOCRATIC ROCKS
FROM THE RING COMPLEXES AFTER BLOOMFIELD
(1968, p.l1l52)

(a) (b) (<) () (e} (£) (9)
SiO2 50,44 54,12 57,61 59,61 57,48 67,37 68,97
'l‘iO2 1,45 Q,87 1,11 0,86 1,16 0,71 0,40
Alzo3 15,18 15,88 18,03 18,38 16,07 13,88 13,09
Fe203 3,99 2,29 1,48 1,76 3,88 1,49 1,41
FeQ 3,88 5,24 2,17 2,22 4,91 3,74 3,45
Mno 0,08 0,17 0,05 0,01 0,14 Q0,11 Q0,07
Mgo 3,91 4,37 1,90 1,74 1.03 0,29 0,22
cao 7,01 6,34 4,17 3,08 4,21 2,00 1,80
Na20 1,91 3,83 4,95 4,84 3,99 3,27 3,02
K,0 7,82 4,92 6,24 6,71 5,86 6,71 6,71
H20+ 0,61 0,06 0,15 0,26 0,36 0,29 0,35
H,0- 0,23 0,27 Q.07 0,11l 0,12 0,12 0,04
P205 2,19 1,27 0,81 0,38 0,53 0,18 0,12
COz 0,01 0,14 0,18 0,10 0,13, 0,08 Q,27
Totals *99,77 99,77 99 ,04**100,06 99,87 |100,24 99,92
AVERAGE CIPW NORMATIVE MINERALS (MOLECULAR PERCENTAGES)
q - - 18,35
or 37,80 37,20 40,45
ab + an 35,47 49,73 31,78
ne 1,11 0,05 -
e - - 4,58
di + he 9,02 5,29 4,44
fo + fa: 7,98 2,6 -
en + fs - - 2,49
ap 3,63 1,20 0.32
il 1,65 1,45 0,79
ma 3,35 2,48 1,55
An% 33 18 10

* total includes 1,06 per cent BaQ:

per cent F 0: calcite not calculated.

(a) BLotLte-pyroxene perthitic syenite: (P39).
(b) Pyroxene-perthltlc syenite:
(c) Biotite-pyroxene perthitic syenite: (941)
(d) Biotite-hornblende perthlte gneiss: (P42) .

(e) Quartz syenite:

(P43).
(p44),

(f) Microcline granite:
(g} Microcline granite:

(p45)

(P40) .

** total includes 0,28

Approximate sampling localities shown in Fig.20.

Original sample numbers listed in Table IV-9.
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TABLE IV-14 -~ PUBLISHED ANALYSES OF SYENITES AND RELATED
GNEISSES FROM PERTHITIC COMPLEXES AFTER

BLOOMFIELD (1968, p.144)

(a) (b) (e) (a) (e) (£) (g)
SiO2 61,36 60,98 62,91 61.86 56,10 55,60 58,25
Ti0, 0,47 0,60 0,76 0,49 0,82’ 0,83 0,76
Al,04 17,77 19,03 16,73 18,23 15,85 15,67 18,55
Fe,04 2,86 3,08 3,47 3,53 3,45 3,29 1,59
FeO 1,58 0,96 1,99 1,15 2,88 3,01 2,56
Mno 0,07 0,05 0,16 0,07 0,11 0.08 0.12
Mgo 0,79 0,63 0,89 0,68 2,76 2,81 2,14
Cao 1,97 1,78 0,99 0,63 5,85 5,66 4,39
Na,0 3,74 5,36 6,17 4,79 4,02 3,49 4,49
X,0 8,21 6,88 5,16 7,48 5,75 7,08 6,09
H, 0+ 0,31 0,39 0,17 0,62 0,31 0,48 0,098
Hy0- 0,26 nil 0,19 0,16 0,25 0,06 0,33
Co, 0,38 nil nil nil nil 0,68 0,05
P205 0,37 0,09 0,07 0,35 1,52 1,32 0,44
Totals 100,14 99,83 99,66 100,04 99,67 100,06 99,85

AVERAGE CIPW NORMATIVE MINERALS (MOLECULAR PERCENTAGES)*

q 2,47 -
or 40,84 37,43
ab + an 50,06 44,20
ne - 0,46
c 0,28 -
di + he - 8,28
fo + fa - 3,33
en + f£s 2,08 -
ap 0,46 2,27
ilm- 2,80 2,91
ma 0,80 1,21
hem 0,72 -
An% 11 21

* Normative calcite not calculated.

(a) Hornblende-biotite-perthite gneiss:
Biotite-hornblende-perthite gneiss:
(¢) Biotite~hornblende perthitic syenite: (P48).
{d) Bictite perthitic syenite:
(e) Foliated pyroxene-hornblende perthitic syenite: (P50) .
(£) Biotite-hornblende-diopside perthitic syenite: (P51).
(g) Hornblende perthitic syenite: (P32).

(b}

(P49).

(P46) .
(P47 .

Approximate sample localities shown in Fig.20.
original sample numbers listed in Table IV-9.
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TABLE IV-15 - PUBLISHED ANALYSES OF GRANITOID

GNEISSES

(a) (b) (e) (@)

1 2 3
sio, 69,32 69,09 69,54 75,70
Tio, 0,08 0.17 0,17 0,17
Al,0,4 14,78 14,45 14,30 12,95
Fe,0, 2,06 1,74 1,9 1,87
Feo 1,01 1,67 1,84 0,14
Mno 0,02 0,06 0,c6 0,14
Mgo 0,79 0,29 0,24 -
cao 1,12 2,06 0,88 0,20
Na,0 3,96 3,39 4,11 4,40
K50 6,32 6,16 6,22 4,06
H,0" 0,44 0,65 0,04 -
azo‘ 0,01 0,22 0,69 -
Py0¢ 0,28 0,11 0,22 0,37
o, 0,07 nil 0,01 -
Totals 100,26 100,26 100,22  100,00*

* Analysis recalculated water-free to 100,00.

(a)
(b)

(<)
(d)

Leucocratic granitoid gneiss (Herdsman, 1963, p.134): (PS3).
Sheared and epidotized biotite granite (Bloomfield, 1965,
p.52): (P54) .

Granite (Walshaw, 1965, p.6l): (PS5).

Granite (Bloomfield, 1965, p.53): (P56).

Approximate sampling localities shown in Fig.20.
Original sample numbers listed in Table IV-9.
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TABLE IV-16 - PUBLISHED ANALYSES OF POST-KINEMATIC GRANITE AND
SYENITE AFTER BLOOMFIELD (1968, p.158)

(a) (v) (e} (d) (e) (£)
SiO2 70,30 66,01 62,09 62,31 66,40 59,18
Tio, 0,13 0,38 0,75 0,51 0,36 0,85
AlZO3 15,05 15,89 17,18 17,04 15,39 16,14
Fe,0, 1,40 3,05 2,34 2,50 3,14 4,15
FeO 1,01 0,86 1,87 1,72 1,15 2,59
MnO 0,06 0,06 0,12 0,08 0,09 0,18
MgO 0,24 0,43 1,12 1,04 0,77 1,51
cao 1,06 1,24 2,54 2,84 1,56 2,46
Nazo 3,56 4,03 4,23 4,03 4,08 4,48
K20 6,48 7.38 7,14 7.14 6,35 6,96
H20+ 0,68 0,63 0,22 0,24 0,38 0,36
HZO- 0,14 0,29 0,18 0,11 0,18 0,20
P,0g 0,04 0,04 0,12 0,27 0,26 0,57
002 nil | nil 0,29 0,21 nil 0,10
F - - - - - -
100,15 100,29 100,19 100,04 100,11 99,73
(a) Muscovite-biotite granite: (P60).

(b) Biotite granite: (P6l).

(c) Biotite-quartz syenite (PS57).

(d) Hornblende biotite-quartz syenite: (pP58).
(e) Biotite granite: (P62).

(f) Biotite~hornblende-quartz syenite: (P59).

Approximate sampling localities shown in Fig.20.
Original sample numbers listed in Table IV-9,



TABLE IV-17 - PUBLISHED TRACE ELEMENT CONCENTRATIONS IN METAPLUTONIC ROCKS

AFTER BLOOMFIELD (1965, pp.48 and 58)

Locality pys P33 P38 P42 P39 P40 P43 P4a Pas P52
Rb ppm 900 60 50 350 500 290 n.d. 380 220 240
Sr ppm 350 450 300 850 2000 1100 1 100 450 700 1 300
Y ppm 35 40 40 85 55 60 70 50 70 70
zr ppm 130 120 75 1 000 80 350 1 000 500 800 1 000
Wb ppm 70 50 35 as 50 65 110 4s 55 30
Approximate sampling localities shown in Fig.20.

Original sample numbers listed in Table IV-9.
Whole-rock analyses and rock designation are reported in Tables IV-11, Iv-12, and Iv-13.
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APPENDIX V

’

DETERMINATION OF P-T METAMORPHIC CONDITIONS

In this short Appendix the partitioning coefficient, mole
fractions and other calculated values used to solve
geothermometer and geobarometer equations are reported.

Table V-1 lists the values which were used in the
definition of the P-T conditions in the areas of two-pyroxene
granulites according to formulae: (no.2), Wood and Banno
(1973); (no.4), Wells (1977); and (no.7), Powell (1978).
Mole fractions, partitioning coefficients and other
thermodxnamic parameters used to define metamorphic conditions

in the Tengani and Ncheu areas are shown in Tables V-2 and V-3

respectively.

TABLE V-1 - ACTIVITIES AND MOLE FRACTIONS OF CATIONS IN COEXISTING
PYROXENES FROM TWO-PYROXENE GRANULITES

Sample

ares SRl o om o ome om EE ORL L QR
zZomba (5) 0, 0268 0,2120 0,510 0,862 0,065 0,469 0,051 0,452
. (7) 0,0360 0,1837 0,552 0,823 0,0662 0, 5063 0,039 0,4107
(48) 0,0279 0©0,2389 0,486 0,887 0,0436 0,4705 0,047 0,4435
(55a) - 0,0431 0,2752 0,547 0,823 0,0662 0,4157 0,037 0,5023
{55D) 0,0213 0,2591 0,454 0,890 0,034 0,415 0,055 0,498
Blantyre (46) 0,0326 0,359% 0,377 0,862 ‘ 0,075 0,351 0,025 0, 5809
Tete {T37) 0,0342 0,3806 0,349 0,830 0, 0557 0,3379 0,021 0,6301
{T78} 0,0394 0,4366 0,311 0,860 0,0604 0,3037 0,015 0,6723

g { i he
s le localities for the Zomba and Blantyre areas shown in Fig.9 and in Map 2 in t
pom;iet at the back of the thesis; for the Tete area see Appendix I-3 and Coelho (1969) .
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*

TABLE V-2 - MOLE FRACTIONS AND PARTITIONING VALUES (K) FOR GEOTHERMOMETRY-
GEOBAROMETRY IN TENGANI GARNET-CLINOPYROXENE GRANULITES

Sample no.
Equation no. (132) (498) (140) {135b)
(16) In Kp 1,5724 1,6256 1,4841 -
(21) e 0,2380 0,2331 0,2028 -
ca

(23) AVr - - - 7,964
(24) 1 - - -

%l 0,036
(25) (1-Y) - - - 0,860
(3) opx

e - - - 0,341

Sample localities shown in fig.9 and in Map 1 in the pocket at the
back of the thesis.

TABLE V-3 - MOLE FRACTIONS AND PARTITIONING VALUES (K) FOR
GEQTHERMOMETRY~GEOBAROMETRY IN TRANSITIONAL ROCKS FROM NCHEU AREA

Sample no.
Equation no. 436 468 456 104
(2) CPxX -
a enst 0,0169 - 00,0367 -
cpxX
a enst 0,2247 - 0,4605 -
- opx
e 0,5018 - 0,29096 0,4822
cpx
) Xea, m, o0.917 - 0.871 -
cpx
Mg, M, 0,0229 - 0,0527 -
opx
Xra, M, ©0,4682 - 0,2811 -
xOPx
ca, M, 0,038 - 0,025 -
opx
Mg, M, 0©,4643 - 0,56849 -
(16) 1n Ky 1,8825 2,3389 1,3110 -
(1) %33 0.17498 0,3122 0.1671 -
(23)  Avr -7,97 - -8,1732 -8,0948
(26) € 0.034 - 0.072 0,058
(258) (1-¥) 0,4914286 - 0,5607 0,9151

Sample localities shown in Fig. 9 amd in Maps 2 and 3 in
the pocket at the back of the thesis.
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APPENDIX VI

GEOCHRONOLOGY

14

(i) Previous Age Determinations

To date, only nine mineral age determinations from rocks
of southern Malowi have been published (Bloomfield, 1968) and
they are listed in Table VI-1.

TAﬁLE Vi-1 - PUBLISHED MINERAL AGES FROM THE AMPHIBOLITE FACIES TERRANES OF SOUTHERN
MALAWI, AFTER BLOOMFIELD (1968)

Locality Rock Mineral Method Age (m.y.)
A Nepheline gneiss zircon ?b-Alpha 551 & s5
B Aegirine pegmatite monazite Ph-Alpha s42 £ 55
[ Metapyroxenite biotite K-Ar 493 ¥ 20
) Biotitite piotite K-Ar 490 ¥ 20
E Calc-pelitic schist phlogopite K-Ar a70 t 20
F Marble phlogopite K-Ar 460 £ 20
G Quartz-mica schist muscovite K-Ar 440 t 20
B Anatectic syenite biotite K-Ar 395 ¥ 16
I Metapyroxenite biotite K-Ar 380 I s5

Localities of dated rocks are shown in Fig.47, Chapter 7.

(ii) Sampling details and petrographic data

The programme of age determinations was carried out on 51
samples from localities shown in Figs.VI-A and VI-B. Detailed
information on rock-type designations, thin section numbers and
sampling areas are listed in Table VI-2; and short petrographic

descriptions were provided in Appendix II-3.
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TABLE VI-2 - LIST OF SAMPLES, PETROGRAPHIC TYPES AND LOCALITIES FOR GNEISSES, GRANULITES
AND IGNEOUS ROCKS USED IN AGE DETERMINATIONS

Sampl Field Slid N
::? e ::. nof ¢ Rock type Locality
1 66-C-3 19647 Quartzo-feldspothic granulite Old Prison quarry, Zomba .
3 66-C-5 19649 Quartzo-feldspathic granulite 9,6 km on the main road from Zombg
to Blantyre.
8 66-C-10 19654 Gneissic granite dyke 11,3 kmon main road from Zomba to
Blantyre .
9 66-C-11 19655 Hypersthene-quartz syenite Chiloni's Court, Ntonya Complex, near
Zomba .
11 66-C-13 19657 Perthitic gneiss 2,8 km egst-south~east of the
Namikange Trading Post, Zomba district.
12 66-C-17A 19658 Quortzo-feldspathic gneiss Quarry, 11,3 km west-north-west of
Liwonde .
13 66-C-17B 19659 Biotite gneiss Quarry, 11,3 km west-north-west of
Liwonde .
26 66-C-37 19671 Nepheline gneiss 1,6km west of Muluma Mission, in the
Ncheu-Livelezi River.
27 66-C-38 19672 Biotite gneiss Murchison Falls, Shire River.
30 68KA 22252 Mesocratic granulitic gneiss Quarry, 2 km south of Chichiri,
near Limbe.
31 68K8 22253 Mesocratic granulite Quarry, 2 km south of Chichiri,
near Limbe .
33 69-8+2 23453 Quartzo-feldspathic gneiss Quarry, 11,3 km west-north-west of
Liwonde.
34 69-8-3 23454 Pyroxene amphibolite (dyke) Quarry, 11,3 km west-north-west of
Liwonde .
35 69-8-4 23455 Granite dyke Quarry, 11,3 km west-north-west of
Liwonde.
36 69-B-7 23456 Garnet granulite Uhikombola quarry, west-north-west of
Liwonde .
39 69-8-11 23459 Quartzo-feldspathic graonulite West side of main road from Zomba to
Liwonde, behind Songani Market .
40 69-8-12 23460 Melanocratic hornblende 0,8 km south of Chopi on the
granulite Zombg~-Liwonde Road .
41 69-8-13 23461 Microgranite East-south-east of Mikuyo Redio
Station, Zomba District.
42 69-B-17 23462 Syenite Sekoloma quarry, 3,2 km west of
Malobwi Mountain, Blantyre District.
48 69-8-23 23444 Melanocratic hornblende Chikals guarry, 2,6 km south of
granulite Zomba on the Zomba-Blantyre Road.
53 69-B-28 23467  Granite dyke New Prison quarry, northern end of
Namilongo Hill, 6,4 km from Zomba .
- 54 69-8-29 23468 Amphibolite dyke Old Prison gquarry, Zombs.
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TABLE VI-2 - LIST OF SAMPLES, PETROGRAPHIC TYPES AND LOCALITIES FOR GNEISSES, GRANULITES
AND IGNEOUS ROCKS USED IN AGE DETERMINATIOMS (CONTD.)

Sample Field Slide .
no. no. no. Rock type Locality
55a 69-B-30 23469 Quartzo-feldspathic granulite 0ld Prison gquarry, Zomba .
56 72-D-1 X19664  Quartzo-feldspathic rock Ntondwe-Namiwawa River ot the crossing of
the Palombe Road; 21,7 km east-south-
east of Zomba .
57 72-D-2 X19665 Quartzo-feldspathic rock Piriwit Mountain 21,7 km east-south-
east of Zomba .
59 72-D-4A X19666 Quartzo-feldspathic rock Zombg-Lilongwe road, cutting east of
Songani Mountain, 14,5 km north of Zomba .
45 72-0-7A X19672 Quartzo-feldspathic graonulite 1,9 km west of Chowe School on the
Mangoche~Namwera Road .
67 72-D-7C X19674  Quartzo-feldspothic granulite 1,9 km west of Chowe School on the
Mangoche~Namwera Road .
70 72-D-9 X19751 Biotite-diopside gneiss 3,4 km west-south-west of Chowe School
on the Mangoche-Nomwera Road, in the
Mpiriri River.
75 72-D-14 X19756  Leucocratic uugite granulite 3,2 km west of Jalasi Court on the
Mangoche-Namwera Road .
92 72-D-31A X19827 Melanacratic rock 2,4 km south-egst of Dedza on the
Dedza-Ncheu Road .
93 72-D-31B  X19828 Mesocratic gronulite 2,4 km southeast of Dedza on the
Dedza-Ncheu Road .
97 72-0-33 X19832 Perthitic orthogneiss 6,4 km east-south~east of Dedza.
108 72-D-44 X19936 Garnet gneiss 2,4 km east of Kampepuza Traoding
- centra on the Ncheu-B8alaka Road .
110 72:D-46A X19975 Granite dyke Quarry, 11,2 km west-north-west of Liwonde .
117b 72-0-52 X20557 Granite vein Njuli quarry, 46,7 km. south of Zomba.
118¢ 72-D-54A  %20894 Granite vein Chikala quarry, 9,6 km south of Zombha.
121a 72-D-59 X20199 Biotite gneiss Lilongwe borehole DH20 (depth 27 m) .
121b 72-D-59 X20200 Hornblende-biotite gneiss Lilongwe borehole DH20 (depth 30,5 m).
315 MAL94 X21356 Quortzo-feldspathic gronulite 4 Km west of Kunthembwe Court, Middle
Shire district .
321 MA200 X21753 Granulite with leucocratic 6 Km west-south-west of Kunthembwe Court
bands Middle Shire District.
324 MA203 MA203 Mesocratic granulite 8,7 Km west—south-west of Kunthembwe Court
Middle Shire District .
325 MA204 MA204 Mesacratic grenulite 9,2 Km west-south-west of Kunthembwe Court
Middle Shire District.
326 MA205 MA205 Mesocratic granulite 9,8 Km west-south=west of Kunthembwe Court
Middle Shire District.
328 MA207 X21752 Mesocratic pyroxene gneiss 10,5 Km west-south-west of Kunthembwe Court

Middle Shire District.




TABLE VI-2 - LIST OF SAMPLES, PETROGRAPHIC TYPES AND LOCALITIES FOR GNEISSES, GRANULITES
AND IGNEOUS ROCKS USED IN AGE DETERMINATIONS (CONTD.)

’

Sample Field Thin

no. no. iection Rock types Locality
0.
330 MA209 X21245 Granitic gneiss Mpatamanga Gorge, Shire River
331 MA210 X21246 Quortzo-feldspothic gronulite Mpatamanga Gorge, Shire River .
335 MA214 X21247 Mesocratic gneiss Mpatamanga Gorge, Shire River .
351 MA230 X21224 Gronulite Wakurumadzi River, 8 Km south-east of
Mwanza, Middle Shire .
366 MA245 X21750 Melanocratic hornblende 11,3 Km west=south-west of Kunthembwe
granulite Court, Middle Shire District .
367 MA246 X21751 Mesocratic hornblende 11,6 Km west—south—west of Kunthembwe
gronulite Court, Middle Shire District.

(iii) Analytical techniques and isochron calculating methods

The Rb and Sr concentrations for the Middle Shire samples
were measured at the University of Leeds, U.K., by D.C.Rex, using
standard laboratory procedures, and the precision of each
determination is agbout + 1 per cent (lo); the Sr87/$r86 ratios
were obtained by mass spectrometry and the precision of thgse
measurements is + ,0l per cent (lo). In addition, analyses of
the N.B.S. S.R.M. - 987 and Eimer and Amend SrCO3 standards
yielded Sr87/5r86 ratios of 0,71033 ‘.*:AfE-5 and 0,70804 i:3E-5
respectively. All age determinations were carried out using

11

a Rb87 decay constant of 1,42 x 10~ ynl and in accordance with
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Brooks et al. (1972) the term isochron, when appiied to the samples

from the Middle Shire, is reserved for regression lines, the data
points of which scatter less than that amount predicted by
experimental uncertainties. The degree of scatter is expressed

by a value:
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MSUM= 4/ SoMS
N-2

where N is the number of data points and SUMS is a statistical
function defined by York (1969); an isochron therefore is
defined here as a regression line with MSUM less than 2,5.

In contrast, unpublished age determinations for the
regional granulite and amphibolite facies suites were obtained
with a computer programme available at Leeds University, which
relates the scatter of the points on the Rb-Sr isotope diagrams
to primary differences in Sr87/$r86 initial ratios and then
calculates the most likely isochron slope accordingly (Clifford
et al., in prep.).

However, the scatter presented by a suite of gronite and
syenite dykes and intrusive bodies was found to be excessive and
the calculated ages should only be considered as indicative.

In two restricted areas of southern and central Malawi, (namely
Liwonde and Mangoche) the rather close association of samples
with petrégrophic and petrochemical affinities suggest
homogeneity of Sr87/Sr86 initial ratios; and their age was
calculated with the regression technique of York (1969).
Analytical data othined from regional granulites, gneisses and
intrusive bodies (with the exception of the data for the rocks
of the Middle Shire transition zone presented in Chapter 7) are
listed in Tables VI-3 to VI-5); and the relative isochron

diagrams are shown in Figs.VI-C to VI-G.
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Considering then the U-Pb mineral age determinations,
the lead and uranium isot;pic analyses were performed by
Dr. C. Burger at the C.S.I.R. (Pretoria) by mass spectrometry
on samples prepared using the laboratory procedures described
by Clifford et al. (1975). Precision for the above elements
is better than * 1 per cent, while for Pb-isotopic ratios it
is better than * 2 per cent; the decay constants used are:

b5 0,9722 x 107 y71; and UP38, 0,1537 x 1077 L.

(iv) Tobles of results and isochron diagrams

Rb-Sr isochron diagram (regional granulites) Fig.VI-C
Rb-Sr analyticol data (regional granulites) Table VI-3
Rb-Sr isochron diagram (Mangochi area) Fig.VI-D
Rb—Sr’anquticol data (regional gneisses) Table VI-4
Rb-Sr isochron diagram (regional gneisses) Fig.VI-E
Rb-Sr isochron diaogram (Liwonde area) Fig.VI-F
Rb-Sr analytical data (intrusive bodies) Table VI-5

Rb-Sr isochron diagram (intrusive bodies) Fig.VI-G
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Fig.VI-C. Rb-Sr whole-rock isochron diagram, after Clifford et al. (in prep.), for the regional

quartzo-feldspathic granulites of southern Malawi (see Appendices VI-B and VI-2 for
sample localities and Appendix II- 3 for petrographic descriptions).
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TABLE VI-3-Rb-Sr ISOTOPIC DATA FOR REGIONAL GRANULITE FACIES AND RELATED ROCKS
(AFTER CLIFFORD ET AL., 1IN PREP.)

309

sampletl) Slide RDb Sr Rb87/Sr86 sr87/sr86
no. no. Name ppm ppm
1 19647 Quartzo~feldspathic granulite 62 213 0,840 00,7212
3 19649 Quartzo-feldspathic granulite 2 157 0,039 00,7076
26 19671 Nepheline gneiss 30 2 240 0,039 0,7077
30 22252 Mesocratic granulite 52 1 143 0,132 0,7061
31 22253 Mesocratic granulite 64 1 015 0,182 0,7066
36 23456 Garnet granulite 100 212 1,366 00,7303
39 23459 Quartzo-feldspathic granulite 33 241 0,397 0,7104
40 23460 Melanocratic granulite 10 171 0.169(2) 0.7047(2)
a8 23466 wo)anocratic granulite 21 220 0,267(3)  0,7090(3)
55 a 23469  Quartzo-feldspathic granulite 85 281 0,86912)  o,7211(2)
56 X19664 Quartzo-feldspathic rock 26 57 1;323 0,7184
57 X139665 Quartzo-feldspathic rock 90 62 4,202 0,7727
59 X19666 Quartzo~feldspathic rock 62 331 0,540 0,7149
65 X19672 Quartzo-feldspathic granulite 141 194 2,107 0,7390
67 X19674 Quartzo-feldspathic granulite 134 91 4,235 0,7709
70 X19751 Biotite-diopside gneiss 169 114 4,285 0,7498
5 X19756 Leucocratic augite
granulite 78 375 0,602 0,7188
92 X19827 Melanocratic rock 111 120 2,675 0,7357
93 X19828  Mesocratic granulite 63 327 0,560 0,7197
108 X19936 Garnet gneiss 88 217 1,182 0,7226
351 X21224 Granulite 69 464 0,428 0,71035
Analysts: J.Gronow (nos. 1, 3, 26, 30, 31, 36, 39, 40, 48 and 49); and for all other samples

A.Gledhill.

(1) See Appendices VI-B and VI-2 for localities and Appendix II-3
for petrographic descriptions.

(2) Mean of duplicate analyses.

(3) Mean of triplicate analyses.
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TABLE VI-4 - Rb-Sr ISOTOPIC DATA FOR AMPHIBOLITE FACIES ROCKXS (AFTER CLIFFORD ET AL., IN PREP.)

(1) i
Sample Slide RDb Sr Rb87/Sr86

Name PPM ppm Sr87/Sr86
no. no.
11 19657  Perthitic gneiss 303 994 0,8844 0,7165
12 19658 Quartzo-feldspathic gneiss 120 342 1,018 0,7169
13 19659  Biotite gneiss 159 621 0,740l 0,7132(2) -
27 19672 Biotite gneiss 78 695 0,324 0,7097
33 23453 Quartzo-feldspathic gneiss 135 748 0,523 0,7112
34 23454  pyroxene amphibolite 9 166 0,149'?) 0,706542)
54 23468  Amphibolite 20 275 0,213(2) 0,707712)
121a X20199 Biotite gneiss 94 177 1,544 0,72357
121b X20200 Hornblende-biotite gneiss 93 215 1,250 Q,72005

Analysts: J. Gromow (nos. 11, 12, 13, 26, 27, 33, 34 and 54); and for the remaining samples
A.Gledhill (12la and 121b).

(1) See Appendices VI-B and VI-2, for localities and Appendix
ITI- 3 for petrographic descriptions.

(2) Mean of duplicate analyses.
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Fig.VI-E. Rb-Sr whole-rock isochron diagram, after Clifford et al. (in prep.), for the southern Malawi
regional amphibolite facies gneisses (see Appendices VI-B and VI-2 for sample localities
and Appendix II-3 for petrographic descriptions).
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Fig.VI-F. Rb-Sr whole-rock isochron diagram for the Liwonde
quarry gneisses d amphibolite (see Appendices VI-B
and VI-2 for sample localities and Appendix II-3 for
petrographic descriptions).‘
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TABLE VI-5 - Rb~-Sr ISOTOPIC DATA FOR GRANITE DYKES, VEINS AND INTRUSIVE BODIES (AFTER CLIFFORD
ET _AL., IN PREP.)

(1

S::ﬁle Siiie Name Rbppm ST om Rb87/8r86 Sr87/Sr86
8 19654 Gneissic granite 173 183 2,752 0,7329
9 19655 Hypersthene-quartz syenite 114 256 1,289 0,7183

35 23455 Granite 162 547 0,859 0,7140
41 23461 Microgranite . 187 77 7,015 0,7555
42 23462 ‘ Syenite 132 905 0,423 0,7092
53 23467 Granite 152 138 3,19 (2) 0,728&2)
97 X19832 rerthitic orthogneias 161 777 0,602 0,71027

110 X19975 Granite 99 538 " 0,531 0,71106

117 X20557 Granite 192 197 2,826 0,72515

118¢ X20894 Granité‘ 135 299 1,307 0,71755

Analysts: J.Gronow (nos. 8, 9, 35, 41, and 53): and for the remaining samples A.Gledhill
(nos. 97, 110, 117b and 118¢).

(1) See Appendix VI-B and VI-2 for localities, and Appendix II-3, for petrographic
descriptions.

(2) Mean of duplicate analyses.
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Fig.VI-G. Rb-Sr whole-rock isochron diagram,after Clifford et al. (in prep.), for the southern Malawi
granite and syenite dykes and veins (see Appendices VI-B and IV-2 for sample localities
and Appendix II-3 for petrographic descriptions).
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APPENDIX VII

THE GRANULITES OF THE TETE’AREA, MOZAMBIQUE

1. Introduction

In order to improve the understanding of the regional
geological framework of southern Malawi, it was considered
useful to determine the metamorphic overprint on the Tete
Complex of north-west Mozambique (see Fig.VII-A). For this
reason a brief study was carried out on a suite of samples,
listed in Appendix I, which were kindly provided by Mr.P.Coelho

of Lisbon Geological Museum. Coelho (1969) provided
generalised sampling localities and extended petrographic and
petrochemical information for these samples, and his original
specimen numbers, preceded by the letter T have been maintained
in the present study.

2. Regional setting

Rocks of‘the Tete Complex constitute an extension of
the Basement suite of southern Malawi situated some 20 km south-
west of the Mwanza Fault (see Fig.VII-A). Its contacts with the
regional gneisses of the Mwanza area are hidden below younger
Karoo sediments. Rock exposures of the Tete Complex outcrop
over an area of about 6 000 km2 on either side of the Zambezi
River north of the town of Tete. The only known exposures of
the intrusive contact between the Complex and the Basement

paragneisses and granodioritic rocks are in the south-west and
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Davidson and Bennett, 1950, Freitas, 1956;
Oberholzer 1968, Bloomfield, 1968; and Vail 1968).
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in the north (Real, 1966; Vail, 1968). Elsewhere this contact
is hidden below the Karoo cover.

The rock types most frequently represented in the Complex
are anorthosite and gabbro, that includes noritic types (Vail,
1968). Minor pyroxenite, amphibolite, syenite and aplitic
granite occur (Coelho, 1969), while vanadiferous ilmenite-
magnetite bands are found in gabbro and anorthosite (Vail, 1968).

Neither the metamorphic grade nor the age of this complex
were defiqed (Vail, 1968 ); however, davidite associated to shear
zones was dated by Darnley et al. (1961) at 578 + 15 m.y. and by
Cahen (1957) at 330 * 15 m.y., These data set a minimum age to
the intrusion, reputed Archean by Saggerson and Turner (1980).

3. Petrography

The investigated samples are hypermelanic to melanocratic,
while anorthosite is dark coloured. Plagioclase and scapolite
present a typical waxy "charnockitic" lustre. In thin section
the rocks show granoblastic, equigranular textures, with straight

grain boundaries and triple-point junctions. The hypermelanic

rocks nos.T117,T180 and T240 are characterised by the mineral
assemblage orthopyroxene-clinopyroxene * olivine, with textures
grading from hypidiomorphic to xenomorphic/xenoblastic.  The
pyroxenes have frequent interlobate boundaries. Regularly
spaced exsolution lamellae of orthopyroxene (Plate 24) are very

frequent in the clinopyroxene, which is often clouded by an
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Plate 24. Pyroxenite, detail of clinopyroxene (X), with
scapolite-hornblende-microshears (S) off-setting
exsolution lamellae of orthopyroxene. X50, Tete

area (sample no.T117; Coelho, 1969).

Plate 25. Anorthosite, detail of sheared plagioclase (P);
note scapolite (S), and size breakdown of
feldspar along cross-cutting shears. X10,
crossed nicols, Tete area (sample no.Tll; Coelho,

1969).
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opaque dusting. The assemblage orthopyroxene~clinopyroxene-

plagioclase is preserved in the melanocratic granulites nos.

T37 ond T78. Clinopyroxene, which occasionally hosts small
feldspar inclusions,displcys a distinctive pale-pink to pale-
purple hue. The orthopyroxene is distinctly pleochfoic from
apple-green to salmon-pink. Plagioclase has a composition from
An50 to An60. The only accessory minerals are ilmenite and
magnetite, and the texture is typically granoblastic.

The gabbro no.T257 is characterised by the partly preserved
igneous assemblage: labradorite-elivine-clinopyroxene. The
rock texture is medium-grained, hypidiomorphic-idiomorphic, with
intensely clouded feldspars and kelyphitic and embayed crystals
of olivine. The clinopyroxene is zoned with a pale-green core
and a colourless rim, while small orthopyroxene grains are
locally developed at the contact between olivine and plagioclase.

In the anorthosites nos.T8 and Tll the assemblage antiperthitic

Na-labradorite-clinopyroxene + sphene is preserved. The
texture is very coarse and porphyritic with plagioclase often
attaining megacrystic dimensions.,

Textures indicative of retrogression are present in the

majority of the samples and are characteristically associated
to cross-cutting shear zones or areas of ductile deformation
(see Plates 24 to 26). The original assemblage of clinopyroxene-

intermediate plagioclase is still clearly recognizable in the
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Plate 26.

Two-pyroxene granulite; detail of clinopyroxene
showing ductile deformation. Note small
plagioclase inclusions (P). X50, Tete area
(sample no.T78, Coelho, 1969).

Plate 27.

Mefagabbro;

detail of clinopyroxene (X) with
regularly distributed grains of plagioclase, sphene

and hornblende. X50, Tete area (sample no.T201;
Coelho, 1969).
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metagabbro no.T201 in which the pyroxene is generally filled
by minute plagioclase, hoénblende and sphene inclusions (see
Plate 27) and is surrounded by a rim of amphibole.  The
original plagioclase in contrast has undergone widespread
size breakdown and replacement by scapolite. The process of

scapolitisation is locally almost complete, and in the

melanocratic scapolite granulite no.T19 relicts of orthopyroxene

are occasionally preserved within a medium- to coarse-grained
granonematolepidoblastic ground-mass characterised by the
stable paragenesis scapolite~hornblende-orthopyroxene * biotite.
In extreme cases, anorthosite and metagabbro are converted to

scapolite rock or to calcite * scapolite rock.

(Davidson and Bennett, 1950).

More than one event of shearing, mylonitisetion and fabric
annealing has also been identified. The complex polymetamorphic
mineral relationships are summarised in Table VII-1 where
olivine, colourless clinopyrqxene and plagioclase are shown as
primary magmatic phases. In contrast, Event 1 is marked by the
development of granoblastic orthopyroxene from the reaction of
olivine with plagioclase in gabbro no.T257;  therefore
indicating the onset of the granulite facies metamorphism (see
Chapter 5, p.128 and Fig.36). Event 2 is defined by subsequent
widespread shearing, generally accompanied by the growth of

scapolite, hornblende, biotite from plagioclase and pyroxenes.
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Davidite is the typical oxide mineral formed during this event
in zones of more intense séapolitisation (Davidson and Bennett,
1950).

A later episode, presented in Table VII-1, is defined by
the growth of epidote and of kyanite from plagioclase and of
plagioclase, hornblende and sphene grains from the clinopyroxene
(see Plate 27). In pcrticuiér, kyanite occurs in sample no.T8
in a set of cataclastic bands quite distinguished from an
early set of polygonised shears like those of Plate 25.

A list of the minerals occurring in the investigated samples
is presented in Table VII-2,

TABLE VII-1 SEQUENCE OF METAMORPHIC MINERAL DEVELOPMENTS IN
ROCKS FROM TETE

Event (1) magmatic 1 2 3

Shearing {x) XX XXXXXX x

Minerals
olivine —— e -

clinopyroxene -

orthopyroxene — - cw———— — — ~

plagioclase - e

scapolite [ e
hornblende ——— e
biotite -
sphene e - -

rutile, dovidite —

kyanite, epidote

(1) Event magmatic: see somples nos. T180, T240.
" 1 : see somples nos. T37, T78.
" 2 : see somples nos. T117, T180, T19, T8, Til.
" 3 : see samples nos. T201, T8 .



TABLE VIE-2 - MINERAL ASSEMBLAGES OF ROCKS FROM THE TETE AREA, NORTH-WESTERN MOZAMBIQUE
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constituent minerais accessories
Slide no[>3 Popx|cpx|gar lhor |bio | Kft NapiCaplqtz |apt |zir {om additional minerals
T8 T8 x x sca, ky
T8 ditto] x| x x x
Til1 Til x x x sca, chl, epi, sph, rut
T19 T19 x x ! x sca, rut
T37 T39%9 x { x x x x ! urg
178 178 x { x x bio = tr
T117 Ti17 x | x hor, sco = tr
T180 T180 x | x pla, vrae = tr
T201 T201 X X hor, sca, zoi, sph
T240 T240 X | x x | olivine
T257 T257 x | x x x x | olivine

The abbreviations used cre the same as in Appendix TII-2.

4, Mineral Chemistry

Electron-microprobe analyses of coexisting ortho- and
clinopyroxene, from two samples of granulitic metagabbros
(nos. T37 and T78), and of orthopyroxenes from a scapolite
rock (no.T19), are presented in Table VII-3. More specific
details on the techniques or equipment used, and a list of
the individual analyses are presented in Appendix III.

Data presented in Table VII-3 indicate that in the two-
pyroxene granulites, a magnesian hypersthene coexists with an

alumingus - and titaniferous augite with an appreciable NGZO



TABLE VII-3 - ELECTRON-MICROPROBE ANALYSES OF PYROXENES FROM
GRANULITE AND SCAPOLITE ROCKS OF THE TETE AREA

- MOZAMBIOUE

opx cpx
sample\M) no. 137 778 T19 19 137 178
2:;13;5 1 1 o-1 b-1 2 2
5i0, 50,14 51,31 52,75 53,25 } 47,98 47,83
Tio, 0,18 0,05 0,03 0,03 1,55 1,11
AL,O, 4,81 3,43 2,6 2,72 7,71 7,08
FeO 21,66 19,43 16,16 17,81 8,52 7,01
MnO 0,34 0,30 0,33 0,37 0,18 0,10
Mg0 22,68 24,15 26,52 26,6 11,95 12,72
Ca0 0,57 0,37 0,63 0,12 | 20,71 21,19
Na,0 - - - - 1,18 0,79
Total 100,38  99,03% 99,09"" 100,94 | 99,78  97,83°
CATIONS ON THE BASIS OF 6 OXYGENS
si 1,859 1,903 1,927 1,920 | 1,795 1,812
At 0,141 0,097 0,073 0,080 | 0,205 0,188
Al 0,069 0,053 0,039 0,03 | 0,135 0,128
Ti 0,005 0,001 0,001 0,001 | 0,044 0,032
Fe 0,672 0,603 0,494 0,537 | 0,267 0,222
Mn 0,011 0,009 0,01 0,011 | 0,006 0,003
Mg 1,253 1,335 1,444 1,430 | 0,666 0,718
Ca 0,021 0,015 0,025 0,005 | 0,830 0,860
Na - - - - 0,086 0,058
Ixyz 4,031 4,017 4,015 4,021 | 4,033 4,022
(1) Generalized sompling area is shown in Fig.VII-A (see

Coelho, 1969).
Total iron as Fe0; *total includes 0,08 per cent cfzo?,-
total includes 0,04 per cent Cr,0,; and O total ificludes

0,11 per cent Cr,0

2
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content. The composition of the Tete pyroxenes is compared
in Table VII-4 with the variation range of the main oxides in
the hypersthene and augites from southern Malawi granulites.

Table VII-4 clearly indicates the pronounced enrichment in

Al and in TiO,, MgO and Na

oYz o 2O of the Tete pyroxenes,

The remaining mineral analyses in Table VII-3 refer to
sample T19.  They indicate that in this scapolite rock a
relict and older bronzite (no.Tl19-a)is similar to a younger
bronzite (no.T19-b), stable with scapolite. Qualitative
electron-microprobe scans were traversed in o few samples.

In pyroxenite no.T117 (see Plate 24) a scan over scapolite-
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hornblende-bearing microshears displayed K and Al concentrations

well above background values, indicating a 'metasomatic’

TABLE VII-4 - OXIDES VARIATION RANGE IN METAMORPHIC PYROXENES
FROM THE TETE AREA AND FRQOM SOUTHERN MALAWI

Hypersthene Augite

Tete Malawi® Tete Molawi®

si0, 50,1 - 51,3 50,3 - 51,1 | 47,8 - 48,0 50,0 - 50,8

Ti0 0,1~ 0,2 0,1- 0,2 1,1- 1,5 0,3- 0,6

ALO, 3,4

FeO 19,4

48 1,0- 2,0 7,1- 7,7 2,2- 3,0

21,7 23,3 - 28,9 7,0 - 85 10,2~ 12,7

MgO 22,7 - 24,1 17,2

21,7 | 11,9 - 12,7 11,1 - 13,2
Ca0 0,4 - 0,6 07- 1,3 20,7-21,2 20,0-21,8

Na,0 - - 0,8- 1,2 0,5- 0,7

*The compared granulites of southern Malawi are samples nos.
46, 48, 55a@, and 55b.

Sample localities for southern Malawi granulites gre shown in
Fig.9 and for the Tete area granulites see note (1) to Toble

VIi-g.
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introduction of elements. Moreover, the same results were
obtained with a scan ccro;s a bright-green uralite band in
pyroxenite no.180. In the two-pyroxene granulite no.T78 (see
Plate 26) concentrations of Al were detected in a scan over
feldspar-like grains in clinopyroxene. In addition, there

is a certain number of published analyses for the oxide
mineral davidite which, as previously explained (see Table
VII-I) is often paragenetically associated to scapolite =
calcite or to diopside (Davidson and Bennett, 1950). From
analytical data this mineral is a titanate of iron with rare

earths (REE.O, + ThO, = 6,1 per cent) and uranium (e U

293 2 39~

9,6 per cent) as essential constituents, and, vanadium (V205
= 1,4 per cent) and chromium (Cr203 up to 4,8 per cent) as
accessory constituents (Bannister and Horne, 1950; Hayton,

1960; Butler and Hall, 1960).

5. Determination of P-T metamorphic conditions

Although minimum electron-microprobe analytical data
are available, temperatures ranging from 700° to 800°C have
been calculated (see Table VII-5; Appendix V~1) by substituting
mineral chemical data listed in Table VII-3 in equations (2),
(4) and (7) of Chapter 5. A minimum pressure estimate of
5 - 7 kbar is provided in gabbro no.T257 by the reaction of
olivine and plagioclase to yield orthopyroxene. This is

based on published experimental results on olivine basaltic
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TABLE VII-5 - GEOTHERMOMEIRY OF TWO-PYROXENE GRANULITES
FROM THE TETE AREA

T-A T-8 T-C
Sample no. S5kbar 10kbar
137 835 836 740 750
178 862 853 719 726

A, B ond C refer to geothermometer equations (2), (4) and (7)
of Chopter 5 respectively; temperature in °C.
For sample localities see note (1) to Table VII-3.

compositions (see Table 32 and Fig.36, Chapter 5; Green and
Ringwood, 1967). A reasonable estimate of the upper limit
to pressure may be argued from the stability of orthopyroxene
+ plagioclase rather than garnet + clinopyroxene in the rocks
investigated (see Fig.36, Chapter 5; Green and Ringwood, 1967).
In addition, the high A1203 content of the Tete pyroxenes
relative to those from southern Malawi might have some
significance, if Wilson (1976b) hypothesized correctly that
A1203 content of pyroxenes tends to increase with pressure.
Finally garnet-clinopyroxene-andesine rocks are associated to
metagabbro in the south-western parts of the Basic Complex
(Vail, 1968). From all the above data and Fig.36 it is
likely that in the Tete area pressures ranged between 6 and 9
kbar at temperatures of 700 - 850°C.

6. Discussion and Conclusions

The Tete Complex is a large igneous mass characterised
by anorthosite and metagabbro with minor, mainly hypermelanic

rocks.
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The similarity between this intrusion and the anorthosite
masses of Madagascar (Bouionger, 1957) and the Kunene Complex
of southern Angola (Simpson, 1970) was noted by Vail (1968),
while Coelho (1969) compared it to the Bushveld Igneous Complex
of South Africa. The granulite-facies metamorphic overprint,
and the often megacrystic, antiperthitic nature of the constituent
intermediate plagioclase (An50 - Anéo) suggest, however, that
the Tete Complex has distinctive affinities with the massif-
type anorthosites described by Anderson and Morin (1969). In
addition, the Tete Complex presents some affinity with the much
smaller Linthipe anorthosite mass, characterised towards its
margins by a gradation into a gabbroic rock (Bloomfield, 1968,
p.136).

Petrographic and mineral chemical data, applied to
published experimental results, suggest that the Tete area
was metamorphosed at temperatures of between 700° - 850°C and
at pressures of 6 to 9 kbar. Subsequently, the anorthosite
and granulites of the Tete area underwent regional ductile
deformation, shearing and mylonitisation, with development of
shear zones oriented north-south (Davidson and Bennett, 1950).
Subsequently, a fluid composed mainly of C02, Cl, HZO and SO3
(Coelho, 1969) migrated through the shear zones causing

regional metasomatism and forming scattered mineralisations

of occasional economic significance (Davidson and Bennett, 1950).
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A list of the minerals associated to the metasomatised rocks
is presented in Table VII;6 which also indicates some of the
elements probably introduced by the fluid.

Although the overall extent of the regional metasomatism is
unknown, davidite occurrencés are only found within the outcrop

2

of the Complex and were recognized over an area of + 800 km™;

and they possibly extend below the Karoo cover * 10 km east

of Tete (see Fig.VII-A; Davidson and Bennett, 1950).

TABLE VII-6 - ORE MINERALS OF METASOMATIC ORIGIN IN THE TETE COMPLEX AREA

GANGUE

Minerals A B c D Main ( minor elements) Refst
oxides: dagvidite x x x Ti, Fe, U, La (Ce, Cz, Vv, Y) (1)

rutile, ilmenite, magnetite X Ti, Fe (1)

pechblende xZ | u (P, Th) (2)

stibio- nicbo-tontalite x Ta, Sb, Nb, (U) (2)(3)
sulphides: pyrite, pyrrhotite x Fe (1)

cholcopyrite X Fe, Cu (1)

molybdenite x Mo (1)

Scapolite~calcite/dolomite ( * opatite, tourmaline, siderite).
Diopside ( #vermiculite, scapolite, hornblende, tourmaline, opatite).
Albite * calcite (*tourmaline).

, Uncertain; 9: gas nodules in plagioclase of (meta-) gabbro.

~

A
B
C
D
*R

eferences: (1) Davidson and Bennett, 1950; (2), Real, 1966; (3) Coelho, 1969.

The stability of the paragenesis scapolite-bronzite-hornblende
in sample no.Tl9 tentatively suggests that the metasomatic event

took place under high-grade metamorphic conditions and that

at least occasionally the activity of H20 in the vapour was
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rather low. These conclusions are supported by (a) the
observed reaction of dolo%ite with quartz to yield diopside
(and C02) (Davidson and Bennett, 1950) which moves to the
right if T >625°C and a ESZOUI.Z 95 moles per cent at Pvupour

w5 kbar (in: Winkler, 1976, p.121); and (b) the pegmatite-
like dimensions attained by davidite, frequently found in
shattered crystals with a diameter exceeding 30 cm (Davidson
and Bennett, 1950).

The age of the granulite facies metamorphism is unknown
ot present but the available data do not support the implication
by Saggerson and Turner (1980) that the Tete Complex is part
of a small Archean craton older than 2 500 m.y. In particular,
(a) the P-T conditions of the Tete area are comparable to those
of Zomba-Blantyre; (b) typical Mozambiquian amphibolite and
granulite facies rocks occur in the Tambani area of Malawi at
less than 20 km from the Tete Complex (see Fig.VII-A);

(c) there is a substantial similarity between the shearing
and scapolitisation events which affected the regions of Tete
and of Tengani in southern Malawi (see Table 2, Chapter 2);
(d) davidite-bearing feldspathic mylonite occurs within the
gneisses of the Tambani area in proximity of the Mwanza fault
(see sample no.509, TableiI-2; Fig.VII-A; Cooper and
Bloomfield, 1961); and finally (e) the Complex intrudes into

the Fingoé System (Mouta and Dias, 1957), correlable, if Vail

(1965b) is correct, with the Umkondo System; and according
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to this reasoning the Complex is younger than 1 800 m.y.
(Professor T.N. Clifford,’personcl communication). From

the above considerations it is tentatively concluded that the
Tete Complex is akin to the massif-type anorthosite bodies in
orogenic terranes and it was affected by medium-pressure

granulite facies metamorphism during the Mozambiquian

Orogenic cycle.
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