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Syenitic rocks in Tastern Zambia are represented hy hoth
oversaturated quartz bearing types and undersaturated

nepheline-sodalite varieties.

The Sinda syenite intrusions are oversaturated potassic
syenites which form a petrogenctically rolated 11-9 trondi ng
string of intrusions at the eastern margin of the Sinda
hatholith.

The northernmost Lusandwa intrusion is a composite diapir
covering some 70sg Km whilst the smaller Mayira, Seya, Pule
and Tantha intrusions to the south are increasingly sill-like

reflecting a strong structural control to their emplacement.

Petrographically, the syenites range from mafic pyroxene
syenite through hornblende syenites to leucosyenites in the
Lusandwa and Mayira intrusions, whilst the Pule, Seya and

Tantha intrusions are homogeneous hornhblende syenites.

The intrusions show systematic variations in their chemistry
from the mafic syenites to the felsic syenites which are
attributed to fractional crystallization. The T.usandwa and
Mayira intrusions define an alkaline trend representing
fractional crystallization of a mafic alkaline syenite magma
whilst the Pule, Tantha and Seya intrusions deviate from this
trend towards calc-alkaline compositions reflecting a change in
the crystallizing assemblage induced by changes in the physical

conditions during crystallization.

The apatite rich bodies within the Mayira intrusion, which
are under investigation as phosphate ore have a mineralogy
and mineral chemistry which indicates an oriaqin as cumulates,

with subsequent emplacement at a late stage of solidification.



The TLunkhwakwa intrusion in the Chipata area is an over-
saturated potassic syenite which ranges in petrography
from a mafic pyroxene syenite to a leucosyenite whilst

the Bandawe intrusion in the south comprises a homogeneous
sodi-potassic nepheline syenite.

The two intrusions also exhibit systematic chemical variations
which are attributed to fractional crystallization. The che-
mistry of the Randawe syenite is significantly different from
that of the Lunkhwakwa syenite suggesting that the two
intrusions originated from two different magmas. The Bandawe
magma is considered to be a derivative of an alkaline magma

of mantle origin whilst the Lunkhwakwa magma has a partly

crustal origin.

The Mivula Hill intrusion is an undersaturated layered
intrusion which petrographically is a nepheline sodalite

syenite.

Chemically, the intrusion is miaskitic and peralkaline. The
chemical variation within the exposed part of the intrusion
is attributed to both fractional crystallization and crystal-

liquid mixing processes with the latter predominating.

Rb-Sr isotope data have yielded an isochron with an age of
1340+16 Ma and an initial Sr isotopic ratio of 0.7028+0.0001.
The Sr ratio suggests a mantle origin for the magma whilst
the age is somewhat controversial and suggests the intrusion
to have taken place in the early stages of the Kibaran

orogeny.
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1.1

1.2

CHAPTER ONF

Introduction

Syenitic Rocks in the Fastern Province of Zambia.

Rocksof syenitic composition are known to occur at
several localities within the basement complex of

eastern Zambia (Fig. 1.1)1.

Several of the syenite intrusions are either host to
potentially economic mineralisation, or situated within
mineralised country rock. At Nyimba, Petauke and Zinda,
the syenites host disseminated sulphide deposits (2-5).

At Sinda, concentrations of apatite are currently being
evaluated as potential phosphate ore (6). 1In the Muchinje
hills, radioactive boulders of monazite hearing syenite
have been found (7), and in Mivula hill syenite asbeti-

form amphibole has bheen observed (8).
Scope and aims of present work.

Plutonic rocks of igneous origin constitute a significant
part of the geology of the eastern part of Zambhia. The
intrusions are varied, hoth in their relative sizes and

in their petrologic affinities. The largest pluton in

the eastern part of Zambia is the Sinda hatholith which
covers an area of ahout 2,000 km2 and 1s represented by
rock types ranging from syenites to granites. Smaller
syenitic, granitic and gabbroic intrusions are also
present in the region. Information on these igneous

rocks is so far limited to brief descriptions of their
petrography and field relationships. Petrologic relation-
ships between the various rock types are largely inferred

from this information. An improved understanding of the
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petrologic history of these rocks, which is essential for
interpreting the geological evolution of this part of Zambia,

is therefore, much needed.

The present study involves a reconnaissance survey of syenitic
rocks from the Fastern Province of Zambia. The project was
initiated with the main aim of -improving on petrographical,
geochemical and geochronological information on the syenitic
rocks. From these features, it is hoped to classify the

rocks into petrogenetic types and find out if any are geneti-
cally related. It is also hoped that this study will form

a base for future research on the plutonic rocks from this,

little studied, part of Zambia.

Field work involved reconnaissance mapping and detailed
sampling of the intrusions at Sinda, Lunkhwakwa, Randawe

and Mivula Fill (Figures 1.1 and 1l.2a-d).

Laboratory work involved sample preparation, microscopic
examination of about 100 thin sections and chemical analysis
of the rocks and their constituent minerals hy X-ray fluore-
scence spectrometry, mass spectrometry and microprobe. The
samples were split into two parts, one for the microscopic
study and the other for chemical analysis. The splits for
chemical analysis were first reduced to minus 3mm_in a steel
jaw crusher and subsequently crushed to powder fo} 2 minutes
in a tungsten carbide swing - mill. These powders were sub-
mitted to the Geological Survey of Greenland, Copenhagen for
major element analysis. Trace element and Sr isotope analysis
were carried out in the XRF and mass spectrometry laboratories
of the Institute of Petrology, Copenhagen University. Carbon
coated sections for microprobe analysis were prepared at the
Institute of Petrology and analysed at the Institute of

Mineralogy at the same University.
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Previous Work

The first description of syenites in Zambia was
given by Adams and Osborn (9). They described

a nepheline syenite 60 Km west of Solwezi in the
Northwestern Province and a nepheline - sodalite
syenite in the north-east corner of Zambia between
the Luangwa river and the border of Malawi. For

the latter, they note its location in Karroo rocks
but also mention its proximity to gnecisses and
schists of the basement complex. From their study,
the authors concluded that the nepheline sodalite
syenite was similar to the sodalite syenites of the
Haliburton district, Ontario. From the location and
geological description, there can be little doubt

that the syenite in question is the Mivula Hill syenite.

Newton (10) later described the Mivula I1ill syenite
in more detail in relation to its potential for uranium
mineralisation. The faulted contacts of the syecnite
against Karroo rocks on the castern and southern bounda-
ries and a possible contact with gneisses and schists in
the north were noted. From this survey Newton concluded

that the syenite is intrusive into the basement rocks.

Two main rock types were recognised at the Mivula Hill:
the main syenite type is a coarse grained biotite sodalite
syenite. The other is a fine grained porphyritic nephe-
line syenite which is sodalite free and has recrystalli-
zation and disequilibrium textures (10). Veins of

arlitic syenite and amphibole bearing pegmatite are loca-
lly present. Newton also noted the possibility of a fault

transecting the syenite towards its northern end.



"NOTF :

Mapping in the Chipata area by Vavreoa (11)
delineated four syenite intrusions, the largest

of which are the Lunkhwakwa ang Pandawe Syenites.

All are intrusive into basement rocks. The south-
€astern part of the Lunkhwakwa syenite is g fine

to medium grained foliate@ aegirine syenite (11),
Further northwest, Vavrda’s mapping of the Lunkhwakwa
syenite,was extended by Felton (7) who descrihed

it as a coarse grained massive rock which is inp

places composed entirely of aeqgirina,

The Pandawe Syenite js g coarse grained pPorphyritic

rock (11),

The Sinda Syenites are consicdered to ha part of the
Sinda Plutonijc complex, a Composite batholith which
covers an area of approximately 2,000 sz. The
syenites are marginal to the central granite intrusjon

*
which they are consicdered to have Preceded. (12),

The Lusandwa syenite, which ig the Targest of the
syenite intrusiqns, vas first descrihed by Railey(13)
who termee jt a ring structure owing to its circular
nature and the concentric ]ayorinq within j¢. e also
concluced that the rock composition ranges from a
dioritic Moenzonite at the centre to g syenite at the
margin. The margin is Seéparated from the country rocksg
by a granitijc border phase. The contact between the

monzonite and the sSyenite jig gradational.,

Phillips (2-3) dater Mapped the cingg area in detail]
and concluded that the Syenite to the north is a steck
whereas the other intrusions are sills, 1e recognised
two rock types in the area: syeniteg which range in
composition from hornhlende syenite ton quartz syenite
and monzonites which malke Up the centra of the Tusanduwa
and Mayira hills intrusions. "™ recognized the

However, the present study shows that the cuvam e
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gradational bhoundaries between the two rock
types and conclucded that the monzonite was an

earlier phase.

Current work on the finda syenites hy the Minora)
exploration department of Zimco is concerned with
prospecting for phosphate deposits which occur as

apatite rich bodies within the syenites (6).
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CHAPTFER TWO

Regional Geoloyy

Stratiqgraphy

The eastern part of Zambia is mainly underlain by

a basement complex (Fig. 1.1) which can be subdivided

into:

1) Proterozoic gneisses and granulites having a
Rb-Sr whole‘rock isochron age of 2315+24 Ma
(14) and

2) a Mid-Proterozoic metasedimentary cover which
includes the Mvuvye, Sasare, Mwami and Mafingi

Groups.

The Mvuvye Group' rccks crop out in the Petauke and
Mwanjawanthu areas. Tt comprises cquartzo-feldspathic
gneisses, marbles, quartzites and schists with minor
metarhyolites and amphibolites. The ecastern contact

of the Mvuvye Group is the Sincda batholith, which is
considered to have caused extensive migmatisation of

the former (3). The Mvuvye Group sediments are consi-
dered to have been deposited in a shallow marine environ-
ment (4) and have not: been correlated with any other

lithological group in eastern Zambia.

The Sasare Group which crops out in the Sasare area is
comprised of a basal unit of marbles, qgraphite schist and
conglomerates followed by a metavolcanic unit composed

of amphibolites .

y- epidosites and minor acid metavoleanics

and terminated by conglomerates and gquartzites (15).
The Sasare Group is correlated with the metasediments
and metavolcanics of the Mpanshya Croup (15) which are
in turn correlated with the meta~sediments and meta-

volcanics in the Malunqushi areca (16). These sedimonts
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and volcanics form part of the Pre~Irumide sedimentation

and igneous activity.

The Mwami Group in the Chipata area is a sequence of
psammitic and pelitic metasediments which begins with a
basal conglomerate, grading into meta-arkosic sandstones
and meta-tuffs. The upper unit is mainly composed of
meta-argillites and meta-tuffs. The Mwami Group has been
correlated with the Mchinji Group in Malawi (11) which is
in turn correlated with the Mafingi Group of northeastern

7ambia and northern Malawi (17).

The Mafingi Group which has its type locality in northern
Malawi is composed of psammitic and pelitic metasediments

of variable composition. The sequence reaches a maximum
thickness of about 1350m in the Mafingi bhasin where it
begins with a 29m thick basal conglomerate which passes

into 1290m thick quartzites and terminates with 50m thick
meta-pelites. The major part of the sequence is believed

to have heen deposited in a shallow marine environment (18).
The Mafingi Group has been correlated with the Manshya

River Group in northern Zambia (19).

Thus it appears that the Sasare, Mwami and Mafingi Groups
were all deposited within the same period of time in a

similar sedimentary environment.

Deformation

The hasement complex in the eastern part of Zambia has

been subjected to at least three major phases of deformation
(3, 11, 20). The earliest phase is represented by north-
south trending structures and is limited to the crystalline
basement and the Mvuvye Group cover rocks.

The structural trends are attributed to the



Ubendian phase of the TFburnian Orogeny (21). This
correlation leads to the conclusion that the Mvuvye

Group rocks are pre-Ubendian secdiments. The north-

south structural trends are strange as further north,
Ubendian structures have east-southeasterly to east-wes- .
terly trends (22). The observed trends probhably reflect
a re-orientation of the Ubendian structures during later

orogenies.

The second and third phases of deformation affected all
rocks of the hasement complex, but some more severely
than others. Thus phase I1 is more prominent in the
Mafingi, Mwami and Sasare Groups and is characterized by
nor theast-southwest trending structures:. These struc-
tures are attributed to the Kibaran Orogeny (1340425 Ma)
(23) which resulted in the formation of the:Irumide fold
belt. Phase three which is correlated with the !Mozambigquian
phase of the Xatangan Orogeny (650 -485Ma) (23) produced
north-northeast to south-southwest trending structures
and is more casily recognised in the Mwami and Sasare
Groups. This is presumabely because the Mafingi Group

is outside the major influence of the Mozambiguian oro-
geny. TFach deformation was accompanied by regional
metamorphism ranging from greenschist facies to granulite
facies and by widespread magmatic activity resulting in
the formation of high grade metamorphic rocks, migmatisa-
tion and the emplacement and extrusion of a variety of
plutonic and volcanic rocks respectively. Among the
plutonic rocks intruded during these periods are the
Sinda plutonic complex and the syenites of the Chipata

and Mivula hill areas.

Geochronology
Little geochronological data exists on the syenites of

the Fastern Province. However, relative ages of the
syenites can bhe inferred from local ficld ecvidence.
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2.3.1

2.3.3.

Sinda area
The syenites in the Sinda area are marginal to the
main granite intrusion of the hatholith which is

intrusive into the Mvuvye CGroup rocks (2).

A metamorphic biotite from the Lusandwa syenite has
yielded a Rb-Sr age of 480 Ma whilst the main granite
yieldhz Rb-Sr whole rock age of 400 Ma (3). These ages
are doubtful as it is not reported whether it is an
isochron age or not. AFurthermore, the number of
samples analysed is not reported. However, these ages
are within the age limits of the Mozambiquian orogenic
episode, 650-485 Ma (23) and probably reflect its
effects. It is therefore concluded that the Sinda
syenites and the Sinda granite are younger than the
Mvuvye Group, deformed at 1930430 Ma (21) and older

than or coeval with the Mozambiquian episode.

Chipata area
The syenites in the Chipata area are intrusive in the

basement complex of granulites and gneisses which have

a Rb-Sr whole rock- age of 2315+24 Ma (14). The relation-
ship of the syenites to the Mwami Group is obscure as
there is no ohservable contact between them. As such,
the age of the syenites cannot be bracketed, but they
have been correlated with the Sinda syenites on petro-

logical grounds (1l1).

Mivula Iill syenite

The Mivula Hill syenite is intrusive into the Mafingi
Group rocks which were deformed during the ¥ibaran
orogeny, at 1340+25 Ma (23), thus suggesting that it
is younger than this orogenic event. The syenite has

yielded a K-Ar mineral age of 550 Ma (24).



As part of this study, a Pb-Sr whole rock isochron
age of 1341+16 Ma has been ohtained for the
intrusion, tlus placing it in the early Kibaran.
The 550 Ma age and the implications of the present

age will be discussed further in Chapter 7.
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CHAPTER 23

Field relations and'stfﬁgéééégbffthe‘syenitic rocks.

The syenitic rocks of the Eastern Province intrude
rocks of the basement complex with which they have
various morphological and structural relationships.
Internally, the syenite bhodies exhibit both igneous

and metamorphic structures.

Previous workers have described the syenites as
unmetamorphosed igneous rocks (2,3,4,7,11). Towever,
the present study has revealed that some of the

rocks have heen metamorphosed.

Sinda area

The syenite intrusions (fig.3.1) outcrop as ridges and
hills in a terrain which ranges in topography from flat
or gently undulating in the south to rugged and hilly in
the north. The main intrusions occur in the Tantha hills,
Pule hill, Mayira and Loli hills (Lusandwa stock) .
Contacts with the surrounding country rocks are in most

cases not exposed owing to a thick soil cover.

The Lusandwa syenite is a rounded hbody occupying ahout
70Km2. It is in gradational contact with the Lusandwa
granite in the south and has both concordant and discor-
dant relationships with the Kasangazi and Chindeni.
gneisses in its northern, eastern and western contacts
(3). The intrusion is characterized by an internal
coarse flow foliation which is defined by a parallel
alignment of tabular feldspar crystals up to 2cm x 3cm

in size.
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The form of the intrusion can bhe inferred from structures
in the surrounding gneisses which dip steeply away from

the intrusion suggesting a domal or diapiric structure.

The intrusions in the Mayira hills (3x13¥m) Pule hill

(1x4Xm) and Tantha hill (4x15%Xm) are all concordant sill

like hodies along the contact between the Myanji gneiss in

the east and north-east ancd the T,usandwa and Sinda granites

in the west. The sills exhihit a mineral layering defined

by alternations of 2-3cm thick melanocratie lTayers and 4-5cm
thick leucocratic layers. Small scale migmatitic structures,
defined hy segregations of mafic and felsic bands are also
locally dJdeveloped within the Tantha and Mayira T1ills intrusions,
According to these descriptions, the syenites must bhe classi-

fied as syenite gneisses (24).

Vithin the Mayira 1"ill syenite, are located 3 apatite rich
rock hodies which have aroused interest as to their potential
for phosphate mineralization. These are termed APl, AP2 and
AP3 respectively. The apatite rocks do not outcrop on the
surface, all of them being obscured by soil cover, hut the
rock types and their relationship to the svenite can be seen
in some prospecting trenches dug by Minex. The three apatite
hodies all trend in a north, northwesterly Jdirection.and
exhihit a lithological layering defined by alternating mafic

and felsic units which have a variable thickness. (25).

Apatite body APl is the largest of the hodies and it occurs
as lenticles and veins which have sharp contacts with the
enclosing syenite. ™Mhese veins and lenticles are presumed
to meet at depth to form one large body (£). TPrecciation

of the rock is visible in handspecimen.

Apatite rock body AP? is a vein like mass which covers an
area of fm x 120m. Tt also has sharp contacts with the

surroundineg syenite and is also bhraceriated.
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Apatite rock AP3 is also a vein like body covering
an area of 5m ¥ 35m which is in sharp contact with
the enclosing syenite. 1In contrast to the other
two rock types, rock. AP3 does not show any signs

of brecciation.

smaller apatite rich bodies have also been observed
at the contact between the syenites and the Nyanji

gneisses (Mujokotwaki, Pers. Comm. 1984).

Another type of inclusion in the syenite intrusions

are rounded mafic inclusions which may reach up to 5cm
across. These inclusions have sharp contacts with the
enclosing syenites and are made up of an aggregate of
mafic minerals which were visually identified as
pyroxene. Pale green apatite grains are also present
in the inclusion. 1In the foliated syenites, the inclu-
sions lose their round shapes and are elongate parallel
to the foliation, showing that they have been deformed

together with their host rock.

Chipata area

The T.unkhwakwa syenite (fig. 3.2) covers an area of
about SOKm2 and occupies a flat depression surrounded
by ridges of guartzite, belonging to the basement

complex (11).

The Bandawe syenite in the south, occupies an area

of about 18Km2’in a flat undulating terrain. Outcrop
of both intrusioﬁ@is isolated and often in the form of
small hillocks. Contacts with the surrounding country

rocks are almost always obscured by soil cover.

The T.unkhwakwa syenite has sharp concordant contacts
with granulites and quartzites in the north and south.

: Ja. . .
In the northwest, it has discordant contact with quartzo
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feldspathic gneiss. Tn all cases, the contacts are
cefined by pegmatite veins. The intrusion exhihits

a mineral lavering similar to that observed in the

“inda area. This layering dips about 70° to the

west and southwest and consists of 5-°cm thick layers,
rich in felsic minerals alternating with 1-2cm thick
layers rich in mafic minerals. Pounded mafic inclusions,
similar to the ones in the Sinda syenites are occasionally

present.

The Randawe syenite is surrounded by biotite gneiss to

the north, the Dzalanyama granite to the east and granuli-
tes to the west. Only the southern contact with augen
gneiss is exposed. The contact is sharp and discordant.
Internally the syenite may show a coarse foliation con-
sisting of 10cm thick layers of tabular feldspar crystals
up to 2cmx3cm large separated hy 2-3cm thick lavers

of massive syenite. TPegmatite and aplite veins are

commonly ohserved in the syenite.

Mivula hill syenite

. . . 2
The Mivula hill syenite outcrops over an area of 13Km

forming a conspicuous ridge rising 3N0m over the gently

uncdulating floor of the upper Luangwa Valley. (Fia. 3.3).

The coxposed part of the Mivula hill syenite comprises
the upper part of a layered intrusion entirely bounded
hy faults. The boundary faults are not exposed except
to the south where they are inferrcd from the occurrence
of sheared syenite hordered by unaltered meta-arkose.
The layered nature of the intrusion is revealed by a
variahbly developed mineral lamination which has a
consistent north-east strike and southerly dip ranging
from 70° at the northern most outcrop to 309 in the
central part. The decrease of dips is accompanied by
a weakening of the lamination, an increase of grain

size and changes in the cumulus assemhlages consistent
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with higher levels of an intrusion. The changes are
corrohborated by the occurrence along the ridge crest
of three areas of fenitised meta-arkose underlain by
aplitic or pegmatoid syenite, which may be interpreted
as fragments of the roof of the int-usion repeated

by either faults with downthrow to the south or by
folding. The southern boundary of the intrusion is
against meta-arkoses of the Mafingi Group and not

Karroo rocks as noted by Newton (10).



CHAPTER FOUR

Petrography

Introduction

The syenites can primarily be classified into saturated,
quartz bearing types and undersaturated feldspathoid
bearing ones. The saturated types are represented by
the syenites in the Sinda area and by the TLunkhwakwa
syenite at Chipata, whilst the undersaturated rocks

include the Randawe and Mivula Hill syenites.

A characteristic feature of the syenites in the Sinda
and Chipatéagga%he presence of metamorphic textures.
The Mivula HPill syenitélzlso foliated bhut it will he
shown that these are primary igneous foliations. Some
of the textural features of the syenites are shown in

plates A-C.

The metamorphic syenites of the Sinda and Chipata

areas must be classified as syenite gneisses (24).
According to the definition of Floor (24), an alkaline
gneiss is a leucocratic metamorphic, metasomatic or
igneous rock containing feldspar as an essential compo=
nent and characterized by one or more of the following

structural features:

1) a banded appearance, caused by alternating layers
with different mineralogical composition

2) a laminated appearance, caused ?X alternations
of thin laminae of dark and ligh minerals within
one rock type.

3) a foliated appearance defined by a (sub) parallel

arrangement of one or more mineral species.
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The above definition is purely petrographical. and
does not take into account the mode of origin of
these rocks. Field evidence from the Sinda, Chipata
and Mivula Hill areas clearly indicates that these
are intrusive rocks, hence while keeping their meta-

morphic aspect in mind, they are descrihed as igneous

rocks and therefore the term syenite is used throughout

this text.

Sinda Syenites

The syenites can be grouped into two types based on
their mineralogical composition. The Lusandwa

syenite contains two pyroxenes and biotite whereas
those from the other intrusions contain amphibole and
biotite with subordinate amounts of pyroxene. The
feldspars change from microperthite and calcic plagio-
clase in the pyronexe syenites to mesopherthite and a
sodic plagioclase in the amphibole syenites. Constant
accessory minerals are Fe-Ti-oxides, apatite,. sphene

and calcite, whilst zircon and epidote may be present.

The pyroxene syenite has an approximate modal composition

of 80-90% alkali feldspar, 1-3% plagioclase feldspar,

5-15% pyroxenes, 3-5% biotite, .5% quartz and 1-2%

accessories whereas the modal composition of the amphibole

syenite is 85-90% alkali feldspar, 0-1% pyroxene, 3-10%

amphibole 1-2% biotite, 4-5% quartz and 1-4% accessories.

The rocks are typically coarse to medium grained and have

granular textures (Plate A, Figs a and b). Foliated

textures are also present, with the foliation being

defined by an orientation of all the constituent minerals
(Plate A Fig. c). Locally porphyritic textures are deve-

loped. 1In hand specimen, the mafic minerals are patchily

distributed.
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Plate N Textures of the Sinda syenites

Granular texture in pyroxene syenite. Mote
replacement of pyroxene (light qrey) hy biotite

(dark coloured with hirds eyes structure) crossed

nicols 20 x magqnification. (Lusandwa syenite).
2|

. oranular

Lexture in pyroxene syvenite (Mavira)

of pyroaxenr by hornbhlende

20 v magnificat ion,

note replacement

crossed nic ols,
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Feldspar: the microperthite of the pyroxene syenites
commonly occurs as 2mm X 4mm anhedral, irregularly
shaped qrains containing patches of exsolved albhite.
Less common phenoclasts are present as .5cm x 2em
tabular clouded grains, which are granulated at the
margins, Oscillatory zoning and inclusions of
clinopyroxene, iron oxide and plagioclase are common
in the nmicroperthite. The plagioclase inclusions are
Characteristically arranged parallel to the zoning in
the larger grains. This jis interpreted as 5 Synneusis
texture in which Co-existing plagioclase grains are
pPhysically stuck onto the crystal faces of a growing
K-feldspar grain.

The amphihole syenites contain a mesoperthite which

in the most deformed rocks has completely inverted

to microline (Plate A, Fig. d). The grains have an
average size of 3mm x 4mm and are anhedral with irreqular
grain boundaries. Locally, the grains show a preferred
orientation. Zoning of the perthite grains is defined

by alternation of microcline and microperthite in g
single grain. Recrystallization of the perthites isg shown
by the development of smaller, .lmm x .2mm, microcline
and albite grains at the margins of the large grains.
These show undulatory extinction and are arranged in a

polygonal texture.

Plagioclase feldspar ranges in composition ' from An25-
35 in the pyroxene syenites to AnO—lO' in the amphihole
syenites. The pPlagioclase of the Pyroxene syenite
occurs as euhedral, 2mm x 4mn large grains, which
together with biotite may outline a foliation, (Plate A,
Fig. ¢). These oriented grains are Occasionally bent
and have a wavy extinction. In the amphibole syenites,
the albite occurs interstitially and is comnonly recrys-
tallized to define a granoblastic texture together with

quartz (rlate A, 'igs. o and ).
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Fig. c. Toliated texture in pyroxene syenite {Twsandwa),

note preferred orientation of all mineral grains,

crossed nicols, 20 x magnification.

i d. Granular texture in hornblende syenilte (Pule),

note mesoperthitic alkali feldspar and interstitia

albite, crossed nicols, 20 x maanilication.
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Pyroxene: the common pyroxene is non pleochroic,
colourless and was chemically determined to he a
salite. A pale green, weakly pleochroic type, which
is probably hedenbergitic is occasionally seen in

the pyroxene syenite. The individual pyroxene grains
have an average size of lmm x ?mm. TIn the amphibhole
syenite, the pyroxene grains may be smaller due to
replacement by amphibole. The common mode of
occurrence of the pyroxene is as anhedral interstitial
grains which are usually clustered and occasionally
show a preferred orientation. Simple twinning and
inclusions of iron oxide are common in the pyroxene.
These inclusions may give the pyroxenes a poikilitic
appearance. The pyroxene of the amphibole syenite is

always broken up and replaced by amphibole.

Orthopyroxene is present in the pyroxene syenite
where it occurs as rounded interstitial grains less
than lmm across. It has corroded margins against
the clinopyroxene. In one case, the orthopyroxene

is enclosed by clinopyroxene.

Amphibole: the amphibole of the pyroxene syenite 1is
an actinolite which replaces clinopyroxene. Tn the
amphibole syenite, the common amphibole is an edenite
which is present as lmm x 1.5mm anhedral grains
interstitial to the feldspar. It also pseudomorphs
clinopyroxene. The amphibole is replaced by hiotite
and locally exhibits polygonal textures. Tnclusions
in the amphibole are iron oxicde, apatite and less

commonly cuartz.

An inclusion free secondary actinolite is seen to

replace both the early amphibole and the pyroxene.



Fig. (e) Massive texture in hornhlencde syenite (Tantha)
14
note discrete microcline and alhite grains,

crossed nicols, 20 x magnification.
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Fiag. (f) cranulated alkali feldspar grains in leucocratic
syenite, note interstitial n'lhifrv'(*r('):;mﬂﬁ nicols

200 magnifical ton,
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Riotite - two generations of biotite are ohserved
in the pyroxene syenites. Biotite considered to he
primary is present as .5mm x lmm subhedral plates
partly or completely replacing pyroxene. These
biotites are pleochroic with X = greenish brown

Y = 7 = brown and often contain euhedral inclusions
of apatite and iron oxide. The second generation
hiotite occurs as large, anhedral grains which have
deep brown colours. These grains replace primary
biotite, pyroxene, and enclose feldspar and iron
oxide. 1In the amphibole syenites, the bhiotite
occurs as small flakes often replacing amphibole
and containing zircon inclusions. These biotites

show a preferred orientation.

Quartz - in the pyroxene syenites, quartz is in
accessory amounts and has three modes of occurrence

(a) as interstitial anhedral grains, together with
plégioclase (b) as recrystallized rims around bhiotite
and plagioclase and (c) as myrmekite in the plagioclase.
Ouartz is more abhundant in the hornblende syenites where
it occurs as interstitial polygonal grains, defining a
granoblastic texture with albite, and as anhedral grains

lmm x 2mm large showing undulatory extinction.

Iron oxide, Sphene and Apatite.
These accessory minerals are always present in the
syenites where they are associated with the mafic

minerals.

Iron oxide in the pyroxene syenite occurs, firstly
as anhedral, interstitial grains, occasionally
enclosed by late biotite and secondly as euhedral
rectanqular inclusions in pyroxene, primary biotite

and microperthite. In the amphibole syenites the
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iron oxide is present as anhedral interstitial

grains often mantled by sphene, and as an inclusion

in the amphihole and biotite. Sphene occurs in

amphibole syenites as anhedral to subhedral grains
together with the mafics, often replacing iron oxide.

The two minerals have an inverse relationship to each
other: that is, samples abundant in sphene are relatively
depleted in iron oxide whilst those abundant in iron
oxide have little sphene. Sphene is abhsent from the

pyroxene syenites.

Apatite in both syenite types hag two modes of
occurrence: as euhedral inclusions in feldspar and

amphibole and as subhedral interstitial grains.

Calcite, epidote, zircon and colourless mica: Calcite
is present as interstitial grains often recrystallized
and sometimes filling cracks in the felspar grains.
The calcite is in places associated with sphene and
epidote. 7ircon occurs as inclusions in the meta-
morphic biotite of the pyroxene syenite. Fpidote is
present as anhedral grains replacing the plagioclase
phase of the perthite. The colourless mica is present

as small flakes filling fractures in the perthites.

Apatite rich rocks.

The apatite rich rocks are dark to light coloured and
medium grained. They are composed of clinopyroxene,
apatite, alkali feldspar, quartz and amphibole with
little biotite. Brecciation of the rock is apparent

in the samples from the two hodies APl and AP2.

The rock from apatite body APl has an approximate
composition of 60-65% alkali feldspar, 3N-35% apatite
and 5% quartz. That from AP2 has a composition of
70-80% apatite, 20-25% guartz and 3-5% clinopyroxene
whilst that from AP3 is composcd of about 499 apatite,

49% clinopyroxene, 1% amphibole and 1% iron oxide.
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Feldspar - A clear, Carlsbad twinned alkali feldspar,
probably orthoclase, is present only in rock AP1

where it occurs as anhedral grains, 0.5mm x lmm

large set in a fine grained slightly altered matrix

of quartz, calcite and fibrous amphibole. Some feldspar
grains are slightly strained and may contain amphibole

inclusions.

Pyroxene - the clinopyroxene is present in rocks AP2

and AP3 and abhsent in rock APl. 1In both rocks the
pyroxene }; a pale green and weakly pleochroic salite
which has hedenbergitic composition. In rock AP2,

the pyroxene is subordinate to amphibole and it occurs
as .4mm X 2mm broken up grains, but still retaining its
original subhedral to euhedral shapes. Tt is frequently
replaced by amphibole and its cracks filled by secondary
guartz. This pyroxene, together with amphibhole and
apatite are set in a fibrous matrix of quartz which

shows undulatory extinction due to recrystallization.

In rock AP3, the pyroxene is also a pleochroic salite
and is the main mafic mineral present. It occurs as

.5mm x 2mm long subhedral to euhedral grains occasionally

showing a preferred orientation. It contains inclusions

of hematite and is replaced by a green amphihole.

Amphibole - a magnesian hornblende is present in

rock AP2 as anhedral grains, lmm x 2mm in size. These
are usually broken up and altered to a fine micaceous
mineral. The cracks in the hornblende , like in pyroxene
are filled with secondary quartz. The amphibole may also

enclose apatite.

Apatite - the apatite is present in all three rocks as
subhedral to euhedral prismatic grains which are

occasionally broken up and have a wavy extinction due



to granulation. Apatite in rock AP3 may reach up
to lmm x 3mm in size and has straight or slightly
curving grain boundaries. In the brecciated rocks,

the apatite has an average size of .5mm x lmm.

Quartz and calcite - these are secondary minerals
which are only present in the brecciated rocks

where they form a major part of the matrix. Quartz
is present as fibrous grains which may be recrystal-
lized. Calcite occasionally occurs as large patches
which fill cavities in the rocks, but its common mode

of occurrence is as fine grained aggregates.

4.3 Syenites in the Chipata area.

The Lunkhwakwa syenite is a cream, medium to fine
grained, foliated pyroxene syenite whose principal
minerals are alkali feldspar (80-90%), sodic pyroxene
(5-15%), sphene (2-5%) and quartz (1%) with rare
secondary amphibole and biotite. Accessory minerals

are iron oxide, apatite and calcite.

The Bandawe syenite is a bhluish-grey coarse to medium
grained rock which shows both massive and foliated
textures. Mineralogically, the syenite is composed

of alkali feldspar (70-80%), nepheline (10-20%)diopside
(3-5%), hornblende (5-10%), biotite (2-5%), sodalite
(1-2%) and scapolite (1%). Accessory minerals include

iron oxide, apatite and rare sphene.

4.3.1 Lunkhwakwa syenite.

Feldspar - the common feldspar 1is a vein type
mesop@fthite,. Inversion of the mesoperthite to a
tartan twinned microline is a common feature especially
in the leucocratic rock type. This micrcchne is of the

same grain size as the perthite and contains veinlets



Plate B. Textures of the Chipata syenites

c. N,
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Fig. (a) ¥Foliated texture in the Lunkhwakwa syenite,

crossed nicols, 20x magnification.

Fig. (b) Mesoperthitic structures in the Lunkhwakwa syenite,
Note development of albhite as rims on the perthite,

crossed nicols, 20x magnification,



Fig. (c) Massive texture in the Lunkhwakwa syenite,
note occurrence of mafic mincrals in clusters,

crpssed nicpls, 20x magnification.

Fig. () Carlshad twinning in mesoportlhiil g in top
left corner, amphibhale overgroogs pyroxenne,

crossced nicols, 20x magnification.
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of an untwinned phase, probably alhite. The perthite
occurs as 2mm X 3mm grains having interlocking houndaries
and shows a preferred orientation. Local polygonal
textures are developed among the perthites. The
plagioclase component of perthites occurs as irregular
veins in some cases concentrated at the margins of the
K-feldspar host suggesting an original zoning or advanced
exsolution. Carlsbad twinning and a graphic intergrowth
with quartz is observed in some of the perthites. 1In

the leucocratic rock type, the perthites may assume

an elongate shape and show wavy extinction due to

recrystallization (Plate B, Figs a, b, d, e and g).

Plagioclase feldspar is represented by albite which
has average sizes of .2mm x .3mm and .5mm x lmm in
the fine grained rocks and medium grain rocks respecti-
vely. It is an interstitial mineral which occurs inter-

locked together with microcline and quartz.

Pyroxene - the pyroxene is an aegirine-augite which
ranges from a weakly pleochroic, pale green type in

the leucocratic rocks to a strongly pleochroic, grass
green variety in the melanocratic rocks. A single
grain of a diopsidic pyroxene was secn in onc sample.
The pale green aegirine is rectangular and averages
.5mm x lmm and occurs as scattered grains. The grass
green type is usually euhedral, averaging lmm x 2mm in
size and occurs as oriented evenly distributed clusters
which may contain inclusions of iron oxide and

sphene. (Plate B, Fig. c). Secondary amphibole and
biotite are rare and replace pyroxene. The amphibhole
is an actinolite which occurs as pseudomorphs after
pyroxene. BRiotite is present as small laths intergrown
with the amphibole.
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Fig. (e) Foliated texture in the leucocratic syenite,
note cdevelopment of microcline from mesoper-

. ; . L0 A, .
thite, crossed nicol 20:x magnification.

(Tunkhwakwa) .

Fig. (M) cranulated allali Feldspor-in the Lunlthualwa

syenite rossed nicols, 200 moaanificalion.
y 14 C 14
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Sphene - the sphene is present as euhedral, grains .5mm x
lmm in size and is usually together with the pyroxene.

It may also occur as lozenge shaped and anhedral

grains some of which mantle iron oxide. Less common
inclusions of sphene in feldspar are also present.

The sphene, like the pyroxene and feldspar, shows a

preferred orientation.

Quartz - In the leucocratic rock, the quartz is an
interstitial mineral which occurs as elongate, .3mm x
lmm large grains and shows an undulatory extinction.
The quartz may envelop some perthite grains. 1In

the melanocratic rocks, quartz is present as smaller
grains, interstitial to the other minerals and defines

a granoblastic texture.

Iron oxide, apatite and zircon.

The iron oxide is present as anhedral interstitial
grains and as an inclusion in pyroxene. Apatite is
also an interstitial mineral but may also occur as
an inclusion in the perthite. Zircon is rare and is

present as an inclusion in pyroxene.

4.3.2 Bandawe syenite.

Feldspar - microperthitic alkali feldspar which occurs
as 2mm x 2mm anhedral grains is the principal feldspar
in the rock. 1In the coarse grained type, the microper-
thite may also occur as compositionally zoned euhecdral
grains up to lcm x 1l.5cm in size. Individual microper-
thite grains commonly have sutured grain margins which
may also be granulated, the bhoundary between the grains
exhibiting a granoblastic texture. Carlshad twinning
and a zoning defined by albitic cores and perthitic
margins may also be present. Albite is usually present

-as small interstitial grains which define a granoblastic



Fig. (f) Oriented bhiotites interstitial to large (white)

unexsolved alkali Tfeldspar graing crossed nicols,

20x magnification.
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texture and is in most cases recrystallized. The
albite may also be present as lmm x 2mm grains, having

straight grain boundaries.

Mepheline - In the massive rock, the nepheline occurs
as lmm x 2mm anhedral grains having sutured boundaries

with the perthite and is always cloudy due to alteration.

In the foliated and more recrystallized rocks, the
nepheline is present as interstitial .2mm x .3mm large

grains which are always rimmed by scapolite.

Pyroxene - the pyroxene is a salite which occurs as

evenly distributed .5mm x lmm anhedral grains interstitial
to the feldspar. TLarger grains may.also be present.

These large grains have curving houndaries and may show
simple twinning. The pyroxene is commonly overgrown by

amphibole and biotite.

Amphibole - a hornbhlende which ranges from greenish -
brown to deep brown is the main mafic mineral in the
rock. It occurs as clear anhedral grains lmm x 2mm in
size and is interstitial to the feldspar grains. An
actinolitic amphibole was observed in one sample. The

hornblende is replaced by biotite.

Piotite - the biotite is deep brown and is present as
m
Imm x 1.5m grains which may show a preferred orientation.

The biotite may enclose iron oxide.

Sodalite and scapolite.

Sodalite occufs as anhedral, interstitial, elongate
grains which may be altered containing tiny dust like
inclusions. The sodalite is always rimmed hy scapolite.
The coronas of scapolite around nepheline and sodalite

are a result of recrystallization (Plate B, Fig.l).



Fig. (h) Recrystallization texture in the Pandawe syenitc,

crossed nicols, 20x magnification.

'

Mig. (1) Recrystallization texture in the Randawe syenite,
note scapolibte (pale grey) ocenrinag as orims on

sodalite (black), crossed nicols, 20x magnification.
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Tron oxide, apatite and sphene - the three accessory
minerals all occur as interstitial grains. The apatite

may also occur as an inclusion in the feldspar.

Mivula Hill Syenite.

The rock ranges from a coarse to a fine grained,
laminated bhluish=-grey amphibole-bhiotite syenite,

which on the weathered surface is whitish and pitted
owing to the preferrential weathering of nepheline and
sodalite. The coarse grained variety typically consists
of alkali feldspar crystals up to lcm x 4cm large and
3mm x Smm interstitial nephelines. Large nepheline
grains are also present. The feldspars and nephelines
of the finer grained variety has an average size of
2mm X 5mm. Teldspar phenocrysts up to 2mm x 5mm are
also present. The syenite is locally cut by hp to

lm thick discordant dark grey porphyritic dykes. The
dykes have massive centres and weakly foliated margins

which are:-sheared.

In thin section the rock has a predominantly panidiomor-
phic granular texture chiefly consisting of euhedral
to subhedral alkali feldspar (60-79%) and nepheline
(10-15%) with interstitial, nepheline, sodalite (3-5%),
biotite (5~10%), amphibole (1-3%) and rare pyroxene

(Plate ¢, Fig. a and b).

Alkali feldspar - The alkali feldspar usually shows
Carlshad twinning and poorly developed perthitic
structures. Microline microperthites are occasionally
ohserved in some rocks. The grains have interlocking

boundaries and occasionally show compositional zoning.

Some grains show corroded boundaries against nepheline
and sodalite. Albite is present in the fine grained

rock types where it occurs as an interstitial mineral.



- 44 -

Plate C. Textures in the Mivula ITill syenite

"ig. (a) Cranitic textures in the syenite note
interstitial sodalite (black) and amphibole
pale grey. MNepheline (upper right corner)
is replaced by conerinite (white), crossed

nicols, 70x magnification.

Tig. (h) Cranitic Lexture in the syenite crosced nicola,

20x magnification.
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The albite observed in the coarse grained varjeties

is commonly developed at alkali feldspar grain margins
but interstitial qgrains are also present.  The Feldspars
of the dyke rocks are phenocrystic, perthitic microclines
and matrix microclines and albhite which show corroded
boundaries and granulation often occurring as cloudy
grains due to alteration. The phenocrysts may contain
inclusions of biotite and amphibole, The feldspar and
nephelines in these rocks are usually separated hy

secondary hrown micaceous material,

Mepheline - in the coarse grained varieties nepheline
occurs both as a framework and an interstitial mineral.

The framework nepheline is subhedral to euhedral, having
interlocking boundaries with feldspar whereas the inter-
stitial grains are anhedral and have corroded marqins.

In the fine grained wvarieties and in the dyke rocks, the
nepheline has the same grain size as the feldspars and
occurs as interlocking grains. In almost all cases the
nephelines are altered to cancrinite especially at their.

margins, and often contain inclusions of amphibole. laths.

Socdalite - the sodalite is interstitial and occurs as
0.5mm x 1Imm anhedral qgrains containing highly hirefringent
inclusions of possibly cancrinite. Tn the coarse grained
rocks, the sodalite grains may occasionally occur as
larger grains. 1In general, the sodalite constitutes a
greater proportion of the fine grained rocks than of the
coarse ones. The sodalite like the nepheline, alwoys

has corroded margins and is often altered to cancrinite.

The sodalite may enclose nepheline and amphibole.

Biotite, amphihole and pyroxenec:
Piotite and amphihole represent the main mafijc
component of the rock. Riotite is usually present as

small anhedral flakes, interstitial to the felsic minerals
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and often evenly distributed in the rock. The

biotite is more abundant in the fine arained

varieties where it may make up to 90% of the mafic
minerals. The biotite also occurs as overgrowths

on amphibole, but this is rare. The coarser grained
rocks may contain larger 4mm x 2mm anhedral hiotites
clustered together with amohibole. 1In the sheared

dyke rocks it occurs as stretchoed oul: flakes along

the shear zones. The amphihole, like the biotite,

is more abundant in the finer grainced roclks and in

the dyke rocks than in the coarse varieties. The
amphibole is a ferro-edenite which occurs as anhedral
interstitial 2mm x 3-4mm Jarge grains interstitial to

the felsic minerals. Samples close to the roof of the
intrusion have a pale green asbhestiform amphibole
(determined by Phillips and Drysdall (99) ) as arfverdso-
nite which often shows a preferred orientation. In general,
there are no significant textural differences hetween

the amphibole rich syenites and the hbiotite rich ones.

Pyroxene was ohsecrved in two samples of the bhiotijite
syenite. It occurs as rare anhedral, interstitial grains
2mm x Imm large and often replaced by calcite. It may
also occur as an inclusion in alkali feldspar.  The

pyroxene like the amphibole has a sodic composition.

Accessory minerals, - Calcite is often recrystallized
and occupies fractures and the intergranular space
between feldspars and nepheline. MApatite is present

as euhedral grains included in feldspars and as anhedral
interstitial grains. Cancrinite occurs as a replace-
ment of nepheline and sodalite while iron oxide and
sphene are present as anhedral interstitial grains

together with the mafics.
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Fenite

The roof of the Mivula intrusion consists of a fenite
which in handspecimen is a pink, coarse to medium
grained granular rock consisting of 1 x 3cm pink
alkali feldspar grains set in a fine grained matrix

of alkali feldspar, amphibole and biotite.

In thin section the rock is seen to have a mortar
texture in which large alkali feldspar and quartz
grains are set in an intergranular matrix of alkali
feldspar, aegirine augite, sodic amphibole and biotite
with accessory amounts of sphene, apatite and iron

oxide.

The large alkali feldspar grains are angular and

show complete alteration to a clay mineral, probably
sericite. This alkali feldspar is interpreted to bhe

the original feldspar of the meta-sedimentary rock which
was later altered to a clay mineral ° probably by the
metasomatic fluids causing fenitisation. The matrix
feldspar, which occurs as smaller tabular grains shows

- no signs of alteration and has developed perthitic
structures similar to those observed in the main syenite.
This second generation feldspar is interpreted to

have been crystallized from the metasomatic fluids

causing fenitisation.

The quartz which occurs as angular grains showing gpndula-
tory extinctiction due to recrystallization is also
interpreted to be an original mineral of the meta-

sediment.

The mafic minerals aegirine augite, sodic amphibole
and biotite are all interstitial minerals which Fform

) S : .
irreqular aggregaté between the feldspar grains. The
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ninerals are all second generation, showing no signs
of alteration or recrystallization and are therefore
interpreted to have crystallized from the metasomatic
fluids.

Discussion on the petrography of the syenites.

A significant result which omérgcs from this study is
the presence of distinct mineralogical and textural
differences among the syenites. Textures and mineral
assemblages in the Sinda, Lunkhwakwa and Bandawe
syenites indicate that the intrusions have been meta-
morphosed. 1In contrast, the Mivula 11ill syenite is

relatively unmetamorphosed.

Sinda syenites

From‘the petrographic description it is clear that

there is a crystallization sequence which ranges from
anhydrous mafic syenites characterized by pyroxenes

and sodic plagioclase through hydrous felsic syenites
whose main minerals are amphibole, biotite and alkali
feldspar to leucocratic syenites devoid of mafics.

This mineralogical variation and the presence of sphene
in the more hydrous rocks indicates a relative increasc
in alkalis, volatiles and oxygen pressures with crystal-
lization. (26). The petrographic data also shows that
there is a progressive increase in the metamorphic
character of the rocks from the northern Lusandwa
intrusion to the southern intrusions. This observation
is in agreement with field evidence which shows a progre-
ssive development of lenticular intrusions southwards,
suggesting that there is relationship bhetween igneous

intrusion and metamorphism.

The apatite rocks are interpreted as cumulates which

originated as a result of the accumulation of early



crystallized minerals, namely apatite, pyroxenes
hornhlende and alkali feldspar: hence their layered
nature (Sililo pers. comm. 1984). The mafic nature

of some of the cumulates, shown by their mineralogy,
is consistent with the differentiation sequence of the
mineral assemblages observed in the syenites hut the
presence of felsic cumulates suggests the operation

of more than onc mechanism of accumulation or the
mixing of the mafic cumulates with syenitic material.
The brecciation of some of the cumulates suggests that
they cystallized at a different level and were emplaced

into their present position at a later stage.

The occurrence of orthopyroxene in the mafic syenites
is an indication that they have a charnockitic affinity
and suggest that they were emplaced in a high~grade

metamorphic environment.

Feldspar exsolution textures represented by microperthi-
tic structures in the pyroxene syenite and mesoperthitic
and patch perthitic structures in the amphibole syenite
confirms the falling anorthite contents of the feldspars
from the former to the latter and indicate a subhsolidus
interaction of the feldspars from the amphibole syenite
with fluid phase (39).

The alkali feldspar in the syenites shows most of

the features listed by Frasl (27), in Droop (28), as
evidence of a high temperature igneous origin,

namely a) large size, b) coarse perthitic exsolution
structures c¢) oscillatory zoning outlined by exsolved
plagioclase, d) crystallographically oriented euhedral
plagioclase inclusions, e) simple twinning (Carlsbad

law) .

Tn addition, the perthite grains display similar

features to those observed in high btemperaturce igneous
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alkali feldspars of metamorphosed syenites (22-30).
These are: a) partial or complete inversion to micro-
cline b) granulation at the margins and the develop-
ment of recrystallized microcline and albite

grains at their rims c) the presence of epicdote
inclusions in the plagioclase phase of the perthite.
The epidote is believed to form during metamorphism to
accomodate the Ca releascd as the plagioclase reverted

to albite (28).

Thus it seems reasonable to conclude that the perthites

were originally homogeneous hypersolvus alkali feldspars.

Albite in the syenites has two modes of origin. The
first, which has already been discussed is an exsolution
of the original monoclinic K-feldspar. This albite is
always at the margin of nearly completely exsolved
microcline perthites and is in optical continuity with
them. The second albite occurs as discrete interstitial

grains often together with quartz.

Alteration of the primary minerals is common in the
syenites: calcite, epicdote and colourless mica formed
at the expense of plagioclase, uralitised grains of
pyroxene indicate that the amphibole at least in part
formed by replacement of clinopyroxene relicts of which
are preserved. Actinolitic amphibole formed at the
expense of both clinopyroxene and early amphihole.
Riotite crystallized in two generations.. Primary
biotite in part formed at the expense of clinopyroxene
and amphibole in the pyroxene syenites and anphibhole
syenites respectively. The second .generation biotite
formed at the expense of all the primary mafics. TIron
oxide associated with this biotite may he a secondary
product. The inverse relationship existing between
sphene and iron oxide and their textural relationship
indicate that some sphene has formed at the cxpense of

iron oxide.
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In summary, the petrographic features displayed hy

the syenites show a complex interaction hetween igneous
and metamorphic processes. The syenites are magmatic
rocks which were emplaced in an area of regional
metamorphism, hence the occurrence of most of the
intrusions as sills. Textures in the Lusandwa and

Mayira intrusions suggest that their magmas were in a
partly crystalline state on emplacement whilst the
relatively homogeneous textures in the Pule, Seya and
Tantha intrusions indicate that their magmas were largely

in a liquid state.

The syenites were crystallized from a magma in which

the early crystallizing phases were sodic plagioclase

and pyroxene. Alkali feldspar was earlier than bhiotite
and hornblende. Albite, microcline and qguartz crystallized

late.

}.5.2 Chipata syenites
A. Lunkhwakwa syenite.
A feature of petrographic interest in the Lunkhwakwa
syenite is its foliated appearance. The rock is rela-
tively homogeneous consisting of alkali feldspar, sodic
pyroxene, sphene and quartz with accessory iron oxides

and apatite.

The perthite is in some respects similar to that of

the Sinda rocks exhibiting the same high temperature
characteristics which are indicative of a hypersolvus
crystallization. TIlowever the perthite shows some signi-
ficant differences, namely a) it is not granulated,
suggesting either limited post-igneous deformation or
annealing,; b) it has a uniform grain size suggesting a
deep level of crystallization or high level emplacement
of magma at near liquidus temperatures; c¢) complete

inversion to microcline.
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Albite and microcline are a result of both exsolution
and late crystallization. The grains related to
exsolution are always in optical continuity with

the larger perthitic grains from which they exsolved.

In contrast the late crystallized albite and microcline

occur as discrete interstitial grains.

The presence of mesoperthitic microcline, discreote
microcline and albite grains in the finer grained
varieties is best explained either by the introduction
of a fluid phase after the main crystallization or a
reheating process leading to the conversion of K-feld-
spar to microcline and albite (31,32). The reheating
event would probably have been caused hy one of the

many metamorphic events recorded from the area (11).

The foliation shown by all the constituent minerals

of the rock is interpreted as a primary igneous feature
having been attained either as a result of flow alignment
of the magma during emplacement or during the late stages
of consolidation of the magma . Posﬁ crystallization
deformation shown hy recrystallized quartz albite and

perthite was localized.

It is concluded that the Lunkhwakwa syenite was formed
from a magmatic source crystallizing sodic pyroxene,
alkali feldspar, sphene and qua}tz. The intrusion was
affected by a severe "thermal event" after solidification

hut suffered little deformation.

The petrographic features described above are similar
to those observed in the aegirine gneisses of contral
Malawi for which a sedimentary origin has been postulated

(33).

B. Mandawe nepheline syenite.

Mineralogical and textural features of +he nepheline
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syenite show that the rock crystallized from an under-
saturated magma. The principal phases crystallising
were alkali feldspar, nepheline, clinopyroxene and
sodalite. The rock was subjected to a metamorphic
event during which amphibole, hiotite and scapolite

were formed.

The alkali feldspar is a microperthite, in contrast

to that in both the Sinda and Lunkhwakwa syenite,

and exhibits features consistent with.a high temperature
origin and a later metamorphic re-equilibration, shown

by granulation and recrystallization of the grains.

The presence of . phenocrystic microperthite grains

again suggest a high level of intrusion. Nepheline and
sodalite exhibit a cheracteristic metamorphic texture

in which they are bhoth rimmed by coronas of scapolite.
The scapolite probably formed as a result of metamorphic

reactions between nepheline, sodalite and feldspar.

The formation of amphibole and biotite at the expeonsoe
of pyroxene are evident in the syenite. Amphibole and
biotite are both typically greenish bhrown, to deep
brown in contrast to the normal qgreen varieties found
in the other syenites. Brown amphiboles and biotites
are only reported from metamorphic rocks (34), hence
it is likely that the Bandawe syenite suffered meta-

morphism of higher grade than the Sinda syenites.

4.5.3 Mivula Hill syenite

The syenite displays a typical hypersolvus mineral
assemblage in which the original single feldspar

has exsolved into a perthite. The allkali feldspar

is an ecarly mineral followed by nepheline,amphibole

and biotite, whereas sodalite and cancrinite crystal-
lized late. This indicates that the magma was slightly

undersaturated and had a low volatile content (35).
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Albite is also a late mineral which was either exsolved
from the microperthite or crystallized late. The mineral
lamination observed in the syenite is in some respect
similar to the layering in the kakortokites of the
Ilimaussaq intrusion which has been attributed to the
gravitative settling of the mineral grains during
crystallization (36). The inverse relationship in the
relative abundance of nepheline and sodalite in the two
textural types is similar to that observed in the
miaskitic nepheline syenite of the Red 17911 syenitic
complex (35). This reflects an increase in the water
and chlorine contents with crystallization resulting

in the formation of sodalite rather than nepheline

(36-38).

4.5.4 Comparison of the petrographic features of the syenites.

The Sinda syenites are composed of mesoperthite,
plagioclase, diopside, orthopyroxene, green hornblende,
biotite and quartz with accessory iron oxide, sphene,
apatite and zircon. The rocks also contain a mota-
morphic assemblage of green hornhlende, hiotite, epidote,
calcite and probahly albite and sphene. Roth metamorphic

and igneous textures are present in the rocks.

The Tunkhwakwa syenite has igneous and metamorphic
textures and is mineralogically composecd of mesoperthite,
aegirine, sphene and quartz with late albite and micro-
cline. Accessory minerals are iron oxide, calcite and
zircon. The rare amphibole and hiotite present is
attributed to late magmatic effects rather than meta-

morphism.

The Randawe syenite like the Sinda syenites also
contains igneous and metamorphic textures, but is

mineralogically different from the Sinda syenites in
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being made up of microperthite, nepheline, sodalite
and clinopyroxene. Metamorphic minerals are greenish
brown calcic amphibole, hrown hiotite and scapolite.

Accessories include apatite, iron oxide and zircon.

The Mivula hill syenite is petrographically similar

to the Bandawe syenite in bheing composed of microper-
thite, nepheline and sodalite but differs in having
primary biotite and amphihole as the mafic minerals.
Accessory minerals are apatite, iron oxide, cancrinite,
calcite and zircon. Metamorphic textures are ahsent.
The similarities and differences in the petrography of

the syenites are summarized to table 4.1.
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CUAPTER FIUR

Mineral Chemistry

Introduction

The discussion of the mineral chemistry of the syenites

is based upon microprobe analysis of pyroxenes, amphiboles,

biotites, sphene, iron oxides, feldspars and nephelines in

eight rock samples. Table 5.1 1lists the rock types and

mineralogy of the analysed samples.

Table 5.1
Locality and Rock type Mineralogy
Sample number
Sinda area
TS 87 pyroxene syenite Opx,Cpx,Fsp,Bt,FeOx.
APl apatite rich
cumulate Fsp,Ap,Amph.FeOx.
AP3 apatite rich
cumulate Cpx,Ap,Amph.
FTS 13 amphibhole syenite| Cpx, Amph,¥sp,Pt,Feox,

Chipata area
FTC 9 pyroxene syenite

FTC 65 nepheline syenite

Mivula Hill

M3 nepheline syenite

M1l sodalite syenite

S ph.

Fsp,Cpx,sph,Feox.
Fsp,Cpx,Amph,Rt.

Fenx,Yeph,5.0d, Scap.

Fsp,Pt,Amph.Meph,
Feox,g0c.
FFsp,Meph,Sod.Bt, Amph

oy,




Analytical procedure

The mineral analyses were carried out on a Jeol electron
microprobe instrument. General operating conditions were
15KV accelerating potential and 1nA sample current.
Natural and synthetic standards of known composition
were usecd. Matrix effects on the analysed minerals were

corrected for hy Z.A.F correction procedures.

Tn each thin section, an average of three qrains of each
mineral were analysed, the grains heing probed at their
centre and margin to check for chemical homogeneity. The
exsolved phases in alkali feldspars and iron oxides were

analysed separately.

Chemistry.

Pyroxenes.

Chemical analyses of the pyroxenes from the syenites
are presented in table 5.2 and are plotted in figures
5.1 - 5.5. The Fe3+ content 1s calculated on the basis
of six oxygens and four cations, assuming complete site
occupancy of both octahedral and tetrahedral sites in

the pyroxene formula (44).

Figures 5.1 - 5.3 show the general chemical trends of the

pyroxenes whereas figure 5.4 is a comparison of the pyroxene

with common trends of pyroxenes of alkaline rocks (45).
Figure 5.4 also shows that there is a general increasco
in the alkalinity of the pyroxenes from the Sinda syenites
to the Chipata syenites suggesting that they may represent

different stages of evolution of an alkaline magma.

Flement variations in the more varied Sinda syenites
are plotted in fiqure 5.5. Al,Ti,"n,Te and Ma show a

progressive increase from the cumulate rocks through the



rable 5.2 Chemical results of pyroxenes

sample No. AP3

1 2
510,  52.756  51.617
1,0, 1.152 1.832
ri0, 0.086 -
*
Fe0s 7.060 7.753
MnO .114 .220
MgO 14.200 13.346
Ca0 23.475 21.585
Na ,0 .570 .482
K ,0 - -
Total 99.937 97.04
Mg/Mg+
Fe 78.2 75.2
Structural
S1 1.960 1.977
Al .051 .046
T4 ‘ .002 -
Fed* .066 .074
Fe2* .154 .175
Mn .004 .007
Mg .787 .760
Ca .935 .887
Na .041 .074
K — -
Atomic %
Ca 18.0 47.0
Mg 41.0 40.0
Fe 11.0 13.0

3
52.871
1.152
7.079
.204
14.227
23.295
1,012

100.303

78.2

formulae based on 6 oxygens atoms

1.950
.050
.126
.092
.0086
.782
.920
.072

48,0
41.0
11.0

* . 2+
FeOi - Total iron as Fe

1(0PX)
52.677
.729
0.303

21.247
.988
22,230
.732

99.036

65.5

1.978
.032
.009
.012
.655
.031

1.245
.029

1.3
64.1
34.4

FTS 87

52.832
.964
0.142

8.258
179
14.338
21.906

99.386

75.5

1.978
-043
.004
.056
.203
.005
.800
.879

45.0
42.0
13.0

3
51.882
1.820
0,440

8.120
.115
14,075
21.860
.263

99.573

75.5

1,950
.081
.013
.026
.229
.003
.789
.884
,019

46 .0
41.0
11.0

FTS 13
1 2

52.184 49.635
1.145 3.020
- 0.464
9,917 11.619
.497 0.591
12,340 12.600
22,120 18.909
1.160 1.867
- 0.299
99.363 99.069

67.0 65.9
1,958 1.866
0.050 .133
- .013
.118 .243
.193 .123
.016 .018
.691 .706
.880 .762
.084 .136

47.0 40.0

36.5 38.0

16.5 20.0

52.240
0.874
0.358

10.314
0.530
11,819
22,3717
0.864

99.494

67.1

1,973
.039
.010
L0567
.269
.017
.666
.906
.064
.032

48 .0
35.0
17.0



Table 5.2 contd.

sample No.

1
§10,  50.586
A1,0, .923

.184
Ti0, 18

*

FeOy 20.024
MnoO .710
MgO 5.442
Ca0 17.284
Na,0 3.751
K_O -

Total 99.027

ME Mg+
Fe 32.6

FTC 9

50.882

.882

18.825

.633
6.041
17.927
3.820

98 .996

36.4

60

50.687

1,067

20.186

.377
5.380
17.367
4.0286

99.384

32.2

FTC 65

1 2
49,627 49.716

4.037 4.531
1.516 1.352
9.574 8.664

.569 .363

10.587 11.210
20.934 21.295
1.966 2.269

98.838 99.433

66 .7 69.9

structural formulae based on 6 oxygens atoms

si 1.962
Al .042
T1 .002
Fed' .298
Fel* .352
Mn .023
Mg .315
Ca 719
Na .282
K -

Ca 42.0

Mg 19.0

Fe 39.0

1.960 1.957
.040 .050
.325 .334
.282 .318
.020 .012
.347 .310
.740 .719
.287 .302

Atomic %
44 .0 43.0
20.0 18.0
36.0 39.0

1.893 1.879
.182 .202
.043 .038
.003 .006
.302 .266
.018 .012
.602 .631
.856 .862
.145 .166

49.0 49 .0
34.0 35.0
17.0 16.0
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pyroxene syenite to the amphibole syenite whereas

Mg and Ca show the opposite.

Clinopyroxenes from the Sinda syenites (Fig. 5.1)are
sodian salites whereas that from the Pandawe syenite

may be regarded as a titaniferous sodian salite (46).
The clinopyroxene of the Lunkhwakwa syenite is an
acgirine-augite in which there is an increasing replace-
ment of Ca (’@,Fe2+) hy MaF‘e3+ (fig. 5.2 and 5.3).

The chemical formula of the Lunkhwakwa syenite pyroxene
shows a tendency toward acmite enrichrient, an indication

of high Fe3+ /Fe2+ ratios.
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1.04
800 3
Ca - °
0.6
0.15 o
Na ] 0 :
) )
o
0L
0.2
o
°
Mn 1
88
0.0
0.021
Ti ° e°
Qo ° 2
Q.15
] e
Al o
- °8 &
0.0 . —_
20 40 60
2*
100 —F&
g*lﬂg
@ - Cumulate
@ — Pyroxene syenite
@ — Hornblende syenite
Fig. 5.5 Chemical variation in pyroxenes from

the finda svyenites.
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Amphiboles.
Results and structural formulae (based on 23 oxygen
atoms) of amphiboles are presented in table 5.3 and
plotted as figures 5.6 and 5.7, the latter of which
shows chemical variation in amphibholes from the Sinda

syenites.

According to the classification of Leake (47), the
amphiboles of the Sinca syenites are magnesio-
hornblendes (AP3) and edenites (FTS13), (Fig. 5.6).
The amphibole from the Randawe syenite is a parqgasite
whereas that from the Mivula hill syenite is ferro-
ecdenite, The second generation amphibole from the

Lunkhwakwa syenite is a tremolite.

Riotites.
Chemical results and structural formulae (based on 22
oxygen atoms) of biotites from the syenites are

presented in table 5.4 and plotted as figure 5.8.

Tron-Titanium oxides.

The oxide minerals from the Sinda and Randawe syenites

are inhomogeneous and contain lamellae of titanium

rich phases. Oxides from the Lunkhwakwa and Mivula

hill syenites, in contrast, are homogeneous. Chemical
results of the oxide minerals are presented in table

5.5. The inhomogeneous phases in the oxide from the

finda area may be divided into a host magnetite’

phase, and an ilmenite phase. The magnetite phase

has high Ti contents which are highest in the pyroxene
syenite and lowest in the amphibole syenite. Tn the
Bandawe syenite, the oxide phases can he divided into

a spinel phase and an ilmenite phase. The spinel is a
solicd solution of Mchle4 and Fe304 and contains nnusually
high fi,Mn,Ca and Na. The ilmenite phase is also unusually
high in Mn. A characteristic feature of the iron oxides
in the Tunkhwakwa syenite is the absence of Ti. The oxide

mineral in the Mivula syenite is an ilmenite.



Table 5.3

sample No.

MnO

MgO
Ca0

S1i
Al
Ti
Fet

Mg
Ca
Na

45.799

7.970

1.062

12.285

14.612
11.384

2.230

.897

96.748

67.9

structural formulae based

6.161
1.389
.118
1.518
3.214
1,833
.638
.170

AP 3

2
48.804

5.912

.902

10.510

15.890
11.900

2.003

.514

96.778

72.9

7.134
1.018
.100
1.286
3.462
1.864
.568
. 097

49.180
5.975
1,000

10.473

15.941
12,682

1.762

.509

97.638

73.0

7.142
1.042
.110
1,273
3.450
1,973
.4986
.084

Chemical results of amphiboles

1
45,751

7.335

1.284

14.016

.237

13.515
11.318

2.531

1.272

97.081

63.2

on 23 oxygen atoms

6.848
1.152
.142
1,755
.030
3.016
1.815
.078
.243

7.185

1.351

14.995

.383

13.161
11,068

2.290

1.281

98,222

61.0

6.815
1,248
.149
1,848
.047
2.891
1.748
.855
.241

3
45.286

7.370

.990

15.015

.324

13.450
11.351

2.576

1.218

97.914

61.5

6.720
1.289
111
1,861
.041
2.976
1.805
.741
.230

FTC 9

1(Sec.)

52.125

.980

17.128

.857

12.431
9.706

1.973

.403

95.828

56.4

7.802
.173

2.143
.109
2.773
1.557
.372
077



Table 5.3 contd.

Sample No.

8102

A1203

T102

*
FeO

MnO
MgO

Ca0

Si
Al

Ti

1
39.452

11.780

3.868

16.915

.680

9.600

10.905

3.198

1.852

88.275

50.3

6.013

2,117

.444

2.157

.088

2,182

1.781

.946

.360

FTC 65

39.618

11.467

3.804

15.679

10.028

10.696

3.054

1.905

97 .024

53.3

6.085

2.076

.440

2.014

.088

2.296

1.760

.809

.374

- 69 -

3
39.864

10.769

3.393

156.669

.591

10.417

10.629

3.864

1.993

97 .484

54,2

structural formula based on

6.142

1.955

.416

2.018

.077

2.392

1.755

1.154

.392

38.394

11.635

.491

27 .572

.953

3.599

7.738

4.368

2.484

97 .360

18.9

M 11

37.830

11.294

.925

27.041

.681

3.771

8.069

4.250

2.344

96 .246

19.9

23 oxygen atoms

6.243

2,230

.06

3.749

.131

.872

1.348

1.372

.515

6.213

2.186

.923

1.420

1.353

.491

3
37.998

11.960
.599
26.134
.731
3.973
7.724
3.967
2.471

95.605

21.3

6.236
2.314
.074
3.587
.102
972

1.358



Table 5.4

sample No.AP3

A1203

TiO2

*

FeO
MnO
MgO

Ca0

Total

Mg/
Mg+Fe

1
37.752

12.518

3.928

14.299

15.678

8.988

94.548

52.3

70 -

FTS 87

1 2
39.171 38.893
12.523 12,510
4.288 4.397
10.859 11,352

.103 .143
17.917 17.656
9.751 9.838
95.111 95.743
62.3 60.9

Chemical results of biotites.

39.496

12,146

12,520

17.638

9.960

93.979

58.5

12,430

17.892

9.874

93.762

59.0

Structural formula based on 22 oxygen atoms.

Si
Al
Ti
Fe
Mn
Mg
Ca
Na
K

5.734
2.241

.449
1.817

3.550

1.741

5.777
2.177
.473
1.339
.013
3.939

1.835

5.754
2.182
.490
1.404
.018
3.894

1,857

6.032
2,187

1,599

4,016

1.941

6,052
2.131

1.589

4.077

1.926

39.721

11.978

1.817

12.138

18.212

9.657

94.538

60.0

5.948
2.115

.205
1,520

4.066

1.845



Table

sample no,FTC9

Sio0
A1203
TiO2
FeO
MnO

MgO

CaO

Total

Mg/
Mg+Fe

5.4 contd.

1
35.585

10.270

2.458

19.939

.398

11.1980

.928

5.671

86.658

35.9

FTC 65

1 2
35.707 34.810
14.476 14.500
5.690 5.726
17.428 18.068
.614 .567
11.348 11,257

. 227 -
9.164 9.626
95.143 94.664

39.4 38.4

Structural formulae based on 22

Si
Al
Ti
Fe
Mn
Mg
Ca
Na
K

5.956
2.026
.309
2.790
.056
2.791
.301
1.211

5.453
2.606
.653
2,227
.080
1.584
.037

1.787

5.376
2,639
.666
2.333
.074
2.650

2.591

35.294

13.241

3.986

28 .882

.462

5.370

.008

.221

9.306

97,100

15.7

33.201

16.742

3.240

30.039

.289

4.168

.344

9.391

97.611

12.2

oxygen atoms.

5.593
2,473
.475
3.828
.062
1.268
.001
.068
1.881

5.260
3.127
.386
3.980
.039
.984
.106
1.898

34.891

14.926

3.713

28,937

.303

4,438

.048

.191

9,660

97.105

13.3

5.513
2.780
.441
3.824
.041
1.045
.008
.058
1.947
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Table 5.5 Chemical results of iron oxides and sphene.

Sample No.
1

SiO2 «362
A1203 -
Ti0, 42,598
FeO#* 49.415
MnO «543
Mg0 -
Cal -
Sum 93.579

3

. 468
12.144
78.484

92.657

FTS 87

« 307 <262 - «402

«312

- 345

39.051 22,274 10,9%5 35.111 33.371 46.500
59.939 50.015

56.771 68.448 79.484 59.698
.383 417 - 395
+442 <444 - .416

97.209 92.324 91.216 §6.0%34

Structural formulae based non 16 oxygen atoms.

Si
Al

L
34

2+
Fe

Fe

Mn

Mg
Ca

.052

5.151

6.646
.065

«075
1.450
4.886

5.537

.016 «042 = .062
1.503 2,664 1,323 4.079
1.013 2.590 5,346 -
1.417 6.540 5.334 7.713

017 .560 =~ .051

.034 .10 - .096

. 760

-934
« 153

95.051 98,666

«049

3.930

7.849

. 120

.170

«051

54307

6. 349

.063

202



Table 5.5 contd.

Si0
A1203
Ti0
FeO#*
MnO
Mg0
Cal
N320

Sum

Si
Al
Ti

P33+

2+
Fe

Mg
Ca

FTC 65
1 2
«331 . 224 - .401 429 2.008
- 57.940 - - - 55.316
- - 58.827 .267 51.042 « 720

87.209 25.178 33,730 90.855 36.213  24.000

- 2.266  12.838 11.036  1.664
- 6.136 - - - 6.184
- - - - .296 -

174 5.366 - - - 6.514

90.519 97.482 97.868 92.076 99.620  96.949

Structural formulae based on 16 oxygen atoms

.052 .029 - .063  ,065 .217
- 7.373 - - - 7.044
- - 5.932 .031 5.847 .059
8.140 1.706 - 7.950 - 1.767
3,568 .568 4.379 T.647 4.613 <401
- .207 1.687 - 1.424 L152
- .987 - - - 996
- - - - .048 -
.236 1.123 - - - 1.365

405 -

- 52.100

92.775 38.513

- 90639
- - 343

94,302 101.015

.062 -
- 50872
7.006 -

11.933  4.828

- 1.224

- -976



Table 5.5 cont'ad

Sample No. FIC 9 FTS 13

1 2 1 2
Si02 1.092 .262 995 . 300 .390 .278
A1203 - - - - - -
TiO2 - Co- - 9.784 49.869 -

FeO% ~ 87,538 91.152 87.465 81.885 45,514 91.102
MnO - - - - - -
Sum  89.511 92.019 89.084 92,293 99.552  92.029

STRUCTURAL FORMULA BASED ON 16 OXYGEN ATOMS

st .17 041 164 047 060 .043
A - - - - - -
- - - 1.160 5.793 -
Feo' 7.660 7.904  7.664  5.574 - 7922
Fe?* 4.158 4.062  4.182  5.224 5.880  4.030

Mn - - - - 470 -
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-3

#tle D5 contd.

S%ztctural formulae for iron oxides are based on 16 oxygen
otoms vhilst the forumale for sphene are based on 12 oxygens.
The exsolved phases of single iron oxide grains have been

analysed separately.
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Chemical analyses of sphene from the Sinda,
Lunkhwakwa and Mivula syenites are presented

together with the iron oxide results. The only
comment on the results on sphene is that they all
have a low total oxide value, which most probably
indicates unanalysed elements such as the RER, 7r and

Nh.

Feldspar, Nepheline and Scapolite.

Chemical results of feldspars, nephelines and
scapolite from the syenites are presented in table
5.6. The feldspars are calculated on the basis of

16 oxygen atoms whilst the nepheline formula is bhased

on 8 oxygens.

The exsolved phases of the feldspars are plotted on
an An-Ab-Or diagram shown as figure 5.9. A plagioclase
feldspar from the pyroxene syenite of the Sinda area
whose anorthite content was determined optically is
also plotted on the diagram in order to show the trend

in the feldspars of the Sinda syenites.

Discussion on the mineral chemistry of the syenites.

The chemical results presented in the previous section
clearly indicate that there are significant differences
in the chemistry of the syenites. Furthermore, the
chemical composition of some of the minerals in some

of the intrusions are rwatypical of igneous minerals

and they probahly reflect the metamorphic character of

these intrusions.

Sinda syenites

The general chemical trends of the minerals from the
apatite rich cumulate rocks .and pyroxene syenite to

the amphibole syenites (i.e. increasing Al,Va,K,Fe and
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Ti and decreasing Mg and Ca(Fig. 5.5) are in

agreement with the petrographic observations

and they suggest a differentialtion ol o parent

magma from a mafic one, from which the cumulates

and the pyroxene syenite crystallized, to a more
hydrous felsic one, from which the amphibole and

leucocratic syenites crystallized,

The increasing Fe3+/Fe2+ ratios with differentiation,
and the exsolution of the Fe-Ti oxides are indicative
of the increasing oxygen fugacities during differentia-
tion. The conclusion is supported by the appearance

of sphene in the mineral assecmblage of Lhe amphibole
syenite. The presence of sphcne in felsic igneous
rocks has heen shown to indicate oxidizing conditions

during magmatic cvolution (26).

The presence of microperthitic alkali feldspar in the
pyroxene syenite as compared to mesoperthites in the
hornblende and leucocratic syenites are interpreted as
an indication of the increasing water contents of the
magma with differentiation resulting in an increase

in pH20 (25). FExsolution of the alkali feldspar in
the pyroxene sycnite took place in a water deficient,
solid state at relatively low temperature at which
atomic migration was reégﬁcted whilst exsolution in the
more differentiated sycenites occurred at hicher U20
contents, supported by the presence of bhiotite and

hornblende in these rocks.

5.4.2 Chipata syenites.

AL, Tainkhwakwa syenite

The minerals of the TLunkhwakwa syenite reflect a
chemistry which is consistent with its sodic nature,
The feldspars and pyroxenes are charactorized hy higher

Ma relative to Ca and Mg,



The presence of an acmitic pyroxene (Fe3+) and sphene

as the main mafic phases indicates high oxygen fugacities
during crystallization (26, 48). The low M§/Mg+Fe ratios
suggest that the liquid from which the syenite crystallized
was in an advanced stage of fractional crystallization.
Alternatively, the ratios may indicate a low degree of

partial melting of the parent magma.
B. Bandawe syenite.

The chemistry and textures of the minerals from the Bandawe
nepheline syenite, to a large extent, reflects the effects
of metamorphism except for pyroxene which appears to have
retained its original igneous composition. The presence

of a diopsidic pyroxene in the syenite implies that it
crystallized from an alkaline magma which had a miaskitic
character, shown by the presence of biotite, éiopsidic
pyroxene and hornblende with accessory zircon and sphene.
(74) .

The mafic minerals are characterized by high Ti contents
especially amphiboles and biotites. Amphiboles and bhiotites
with high Ti contents are characteristic of high grade
metamorphic rocks (34, 49). These amphiboles (34, 50)

also have colours ranging from greenish-~brown to reddish
brown, the increasing brown colour being attributed to

both the increasing metamorphic grade and Ti contents.

The iron-oxide is a complex solid solution of Fe-Mg-Ti-
oxides which with metamorphism have exsolved into a spinel
phase and an ilmenite phase. Spinel and ilmenite are

typical minerals of high temperature metamorphism (50).

The chemical composition of scapolite has a high marialite
component indicating that its composition was largely

controlled by the presence of chlorine, hence its
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occurrence as coronas around the main chlorine

bearing mineral sodalite. The nepheline composition
departs markedly from the ideal Morozevicz composition-
MQ7S,0K520,504,% and shows an incornoration of i or
loss of NMa and K. From these features, it is concluded
that the Randawe syenite has suffered high gracde meta-

morphism.

5.4.3 Mivula ill syenite

The mineral chemistry of the Mivula Hill syenite is
consistent with its undersaturated nature, having

low 21 and high alkalies. The amphibole is a sodium

rich calcic type indicating relatively high calcium
contents in the magma. The nepheline composition is
within the normal range of nephelines from plutonic
igneous rocks (50). The amount of excess Sinz in the
nephelines indicates crystallization temperatures ahove
700°C (51). The Mg/Mg+Fe ratios of the minerals are low,
indicative of crystallization from a highly fractionated

maqgma .



5.5.0

Table 5.7a.
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Comparison of the mineral chemistry of the syenites.

Mineral Sinda Syenites Lunkhwakwa Bandawe Mivula Hill
Syenite syenite syenite
Pyroxene sodian salite acmitic Ti rich aegirine
aegirine sodian salite
augite
Amphibole| edenite and _ pargasite ferro edenite
hornblende
Biotite Phlogopitic - intermediate Annite-Sidero
between phyllite
Phlogopite-
Eastonite and
Annite-Sidero
-Phyllite
Oxides Ilmenite- magnetite Ilmenite-~ Ilmenite
magnetite spinel
Alkali
Feldspar appreciable No anor- little anor- No anorthite
anorthite thite thite contents| contents,
contents, content incomplete complete
incomplete complete exsolution exsolution
exsolution exsolution (met) of Na-K (low temp) of
(high temp) (low temp) Phases Na-K phases.
of Na-K in of Na-K
pyx syenite, Phases
complete
exsolution
(low temp) in
unexsolved in
cumulate
Nepheline - -
P Neso¥%143 Nezs.2¥%18.0
Qzi5.7 Qzg g
Table 5.7b
Sinda Syenite Lunkhwakwa| Bandawe " Mivula Hill
X Syenite Syenite Syenite

High

Low

Mg /Mg+Fe

Si,A1,T1i,Mg
and Ca

Na,K,Fe and
Mn

60 - 78

Na,Fe and
Mn

S1,A1,Ti,
Mg and Ca

32 - 36

S4,Ti,Mg and
Ca

Al ,Fe,Mn,Na
and K

40 - 70

Al ,Fe Mn,Na and
K

S1,Ti,Mg and Ca

12 - 20



It is clear from the results presentecd ahove that
the chemistry of the minerals from the syenites is
significantly cdifferent, thus indicating that the

chemistries of their magmas were different.

Comparison of the pyroxene from the syenites with
common trends of alkali pyroxenes (45) shows that

the pyroxenes from the Lunkhwakwa and Bandawe
syenites have an undersaturated trend whereas those
from the Sinda syenites are uncvolved. This suqggests
either chemical differences in their parent magmas or

different deqgrees of evolution from a similar magma.

Another point of interest is the increasing Mg/Mg+Fe
mineral ratios from the Sinda syenites through the
Bandawe, Lunkhwakwa to the Mivula 11ill syenites.

This trend and the above chemical differences could

be due to several reasons, some of which are:

(1) different degrees of partial melting of chemically
similar source regions (2) different deqgrees of
fractional crystallization of recloted parent maguas

and (3) different chemical compositions of the source
regions. The possible mechanisms of the origin of

the syenites will he discussed further in chapter 8.
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CHAPTER 6

Petrochemistry

Analytical techniques.

Major elements were analysed by X-ray fluorescence
analysis on glass discs prepared with a sodium

tetraborate flux, except for Na and Mg, which were
analysed by atomic absorption, and volatiles which

were analysed as loss on ignition.

Trace elements were analysed on pressed powder pellets
by X-ray fluorescence using a Phillips PW1l400 spectro-
meter and the -techniques of Norrish and Chappell. (52).
Results were corrected for background interference from
tube and sample spectral lines, and for matrix variation
using the major element composition. USGS standards
(G-2, GSP-1, W-1, BCR-1 and PCC-1) were used for

calibration.

Presentation of results.

The major elements have been recalculated to 100 per cent
on a water-free basis and are presented in tables 6.1-6.4

in order of increasing SiO Means of chemically similar

¢
samples used in plotting the various graphs..are also

included in the tables.

Chemical classification.

The alkalis versus SiO2 and alkalinity ratio versus

SiO2 diagrams (Fig. 6.1 and 6.2), (53, 54). i) show a
general increase in alkalinity from the Sinda syenites
to the Mivula Hill syenite and ii) classifies the

Sinda syenites as alkaline with transitions into the
calc-alkaline field, the Lunkhwakwa and Bandawe syenites

as alkaline and the Mivula Hill syenite as peralkaline.



AGRAITIC
1 MIASKITIC
20 SYENITE
FAMILY
NEPHELINITE
Na, 0 FAMILY
+*
SUBALKALINE
ROCKS
0 sy A
0 50 60 70
Si0,
e Sinda syenite
o Lunkhwakwa syenite
+ Bandawe syenite
o Mivula Hill syenite
70 4 PERALKALINE
Sio,
50 4
1 2 3 AN 0 20

ALO; + CaO 4 Total glkalis
A, Q, + CaO= Total alkalis

Fig. 6.1 Total alkalis vs sio,, and alkalinity-ratie-vs SiO,
variation diagrams (after Currie , 1977 and Wright,
1969.
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AGPAITIC
SYENITE MIASKITIC
20+ FaMiLy | SYENITE
FAMILY
15+
NEPHELINITE /
FAMILY & o, A
Nﬂzo 10 S ] . vvvvva
K ’o ALKAL INE
2 6 | BASALT " quBALKALINE
FAMILY ROCKS
0 40 50 60 70
Si02
O Lusandwa syenite
0 Mayira "
v Pule "
A Tantha n
Fig. 6.2

Total alkalis vs SiO? variation diagram for the
Sinda syenites.
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The Randawe and Mivula I"ill nepheline syenites are
hoth miaskitic types havinc aapaitic indices (Ma+¥/AlL)
hetween 0.53-0.67 and 0.64-1.0 resnectively. Although
hoth are miaskitic, only the Mivula ill syenite has a
peralkeline character hecause of its lower 210, and

higher alkali contents.



.4 Chemical variation in the Sinda syenites.

f.14.1 Major elements.

The Tarker diagrams (fia. 6.3) show element variation
hoth between the intrusions and within a single pluton,

in this case the Pule intrusion.

The insert depicting the chemical variation among the
Pule samples shows that a) the majority of the samples
cluster around a mean composition, thus warranbindg
averaging of these analysis to simplify the cdiaqrams
and h) the odd samples from the Pule intrusion shows
the same mode of variation as shown by the main series
of the Pule and Tantha syenites, indicating that no

information is lost by the use of the ;meons,

Throuahout these variation diagrams two trends are
evident, one comprising the TLusandwa and Mayira intrusions

and the other the Pule and Tantha intrusions.

Tlement variation in the T,usandwa and iayira intrusions
is characterized hy a steady decrease in Ten, Mgn, Can,

Tio, and P O andé a corresponding increase in Al,0.,
< 7. N

2

70 from the pyroxene syenites through the

Ma, 0 and K
hofnblenﬂe“syenites to the leucocratic syenites. The
Pule and Tantha intrusions parallel these treonds but at
higher levels for Cal, Mg0, TeN and P?Oq and at a lower
level for KQO,. hut diverge with respect to A1703 and

Na?ﬁ which hoth decrease.

The trianqgular diagrams show that Ca0, Mg0 and FeO remain

in constant proportions with increasing A17G3 (fig. 6.4)

and that the V7O: Na70 ration increases.



Tahle 6,1
1
AP?
Si02 35.75
Ti02 .29
A1203 1.41
Fe203 2.02
FeO 3.95
Mno .18
Mgo 10.30
Cao 31.35
Nazﬂ .RO
Kzn‘ .12
P205 14.00
FeOT* 5.76
FeoT

FeOT+Mg0 .36

F‘ezo3

FeO
Lol
Tot
Rb
Ra
Sr
La
Ce
Nd

2r
Nh
Cr
Ga

51

1.05

98.35
.6

78

2050
1980
3020
1140
130
25
26
420
8

Whole rock major and trace element analyses

of the Sinda syenites.

AP2
44 .33
.10
1.38
.74
1.06
.08
2.30
28.51
.2R
.39
20.82
1.72

.43

.70

.99

96.08
8.1
1060
1960
4110
5700
1950
201
12
59
208
2

3
APl
62.52
.33
8.16

2.17

.08
.73
11.41
.55
5.56
8.48
1.95

.73

1.01
96.81
105
7180
2480
2700
3450
1080

83
21
39
80

2]

4
FTS /12
58.94
.98
16.03

2.96
2.56

.10
3.03
4.14
4.27
6.48

1.16
.88
98.78
230
3800
1950
217
320
121
29
414
39
94
21

5

/16
59.41
1.12
16.90
3.57
1.82
.09
2.17
3.44
4.65
6.29
.55
5.03

.70

1.96
.95
98.45
209
3350
2020
259
383
129
3n
638
54
28
22

6
/39
60.00
1.09
16.28
3.26
2.21
.09
2.43
3.80
4.30
6.00
.53
5.14

.68

1.48
1.10
98.35
257
3510
1730
288
427
146
43
589
88
45
24

7
Mean
59.45
1.06
16.40
3.26
2.20
.09
2.54
3.79
4.41
(.26
.54
5.13

.67

1.53
.98

98.53

232
3553
1900
255
376
132
34
547
60
56
22

8
/17
61.91

.82
17.56
2.74
1.13
.08
1.43
2.55
4.94
6.51
.33
3.60

.72

2.42

.51

98.55
256
3390
2140
353
407
136
32
523
57
20
22



Table 6.

5102
T102
Al O

2°3
Fe O

273
FeO
MnO
MgO
ca0o
Na, 0

2

O
Ky

P20
FeOT
EgOT*
FeOT+MgO
0
FPZ

FeO
Lol

Tot.
Rb
Ra
Sr

3

La
Ce
Nd

7r
Nbh
Cr
Ga

1 contd.

9
FTS/99
54 .83
1.42
15.31
7.63
1
4.64
6.2%
3.62
5.13
.91
6.91

.hN

.67

a8.51
138
6300
2R00
156
245
113
21
126
21
120
22

5.81

.55

.99

.99

98.14
186
4260
1960
168
268
107
29
366
33
288
18

98 -

11

/86
58.11
1.22
15.88
3.25
2.71
.09
3.68
4.86
3.82
5.68

.70

.60

122
21

12
/94
63.52

.76
18.14
2.75
.45
.10
.50
1.21
5.63
6.85

.08
2.92

.85

6.11

.51

98.64
126
227
R3
3R6
552
183
a0
706
77
6
18

13
/93
63.64

.77
18.07
2.76
.46
.11
.52
1.02
5.70
6.85

.08
2.94

.R5

14
Mean
63.58
.76
18.10
2.75
.45
.10
.51
1.11
5.67
6.85

.08
2.93

.85

6.05

.59

98.66
127
175
67
373
538
186
R6&
728
75

o

17



Table 6.1 contd.

16

/30
Si()2 f0.28
Ti07 1.00
A1203 15.31
Fe:,O3 .30
FeO 2.2¢6
MnoO L08R
MgO 7 .82
Ca0o 3.96
Na20 4.07
K20 6.24
P,0¢ .10
FeOT 5.23
FenT
FeOT+Mg0 .65
Fozﬂj
FeO l.4¢6
Lol .81
Tot 98.09
”h 163
Ba 4460
Sr 2510
La 254
Ce 396
Nd 156
Y 15
7.r 469
Nh 49
Cr 56
Ga 22

16
/33
61.71
.97
14.69
3.02
2.33
.10
2.65%
3.99
3.93
5.87
.73
5.05

.h6

1.30

.62

97.85
162
4900
2350
376
464
183
43
370
39
55
23

17
/26
62.27
.96
15.26
3.26
1.81
.08
2.18%
3.24
4.14
6.13
.6F
A.74

.68

1.80

.62

98.15
163
4700
2430
189
329
100
25
405
43
28
21

18
/31
62.61
.a8
14.27
3.71
1.65
.08
2.46
3.83
3.95
5.71
.73
4,99

.67

2.25

.83

98.12
110
4140
2380
313
429
150
21
360
35
47
20

19
/22
62.66

.83
15.18
3.51
1.48
.00
1.96
3.24
4.22
6.26
.56
4.64

.70

2.37
.82
9R .34
173
4390
2240
156
405
188
54
4133
40
38
21

20 21 22

/21 /32 /29
62.69 64.86 64.33
.93 .a3 .75
14.73 14.50 14.62
2.81 1.06 2.99
1.00 2.33 1.42
.07 .10 .06
2.35 2.39 2.11
3.92 3.72 3.33
3.53 3.87 4.07
£.28 5.91 5.82
.71 .70 .51
4.52 5.08 4.11
.66 .6R  .6F
1.41 1.31 2.11
.84 .80 1.29
9R8.33 9R.26 98.62
177 186 178
4010 4230 3R60
2050 2097 2020
329 267 200
88 414 307
154 150 111
a4 33 27
359 377 382
50 54 a6
39 54 40
20 23 21

23
Mean
62.43

.92
14.82
3.21
1.01
.08

2.37

3.65

.97

.03

.66

4 .80

.67

1.75

.83

98.22
1RR
4336
2260
286
403
150
37
304
45
46
21
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24 25
/2 /5
SiO2 61.77 62.64
Ti02 .90 .65
A1203 16.08 16.02
Fe203 3.30 2.27
FeO 1.39 1.36
Mno .09 .10
MgO 2.00 .89
Ca0o 3.15 3.61
NaZO 4.62 5.68
K20 6.28 6.41
PZOS .41 .37
FeOT 4.36 3.40
Feor
FeOT+Mg0 .69 .79
F9203
FeQ 2.37 1.67
LoT .27 1.16
Tot. 98.68 9R8.31
Rb 269 102
Ra 331n 5040
fr 1670 2410
La 344 229
Ce 464 393
Nd 147 170
Y 47 43
7r 545 505
Mb 72 83
Cr 43 3

Ga 21 17

100 -

26
/4

62.71
.66
18.35
2.23
.79
.09
.60
1.63
5.07
7.74
.12
2.80

.82

27
/7B

63.80
.65
17.92
2.47
.38
.04
-53
1.57
5.40
7.13
.10
2.60

.83

6.5
.42
98.72
291
1350
1010
349
342
130
46
717
53
12
24

28
Mean(2,5)

62.20
.81
16.10
2.80
1.94
.10
1.44
3.38
5.15
6.34
.39
3.88

.74

29

Mean(4,7n)

63.26
.65
18.13
2.35
.59
.07
.56
l.60
5.23
7.43
.11
2.70

.82

4.66

.45

98.69
273
1755
1195
282
380
124
48
704
73

23



Table 6.1

Si0
’1‘102

Al,0,

F‘e203
FeO
MnO
MgO
can
Na20

K20

9205
FeQT
FeOT
FeOT+MgO

Fe203

FeO
Lol
Tot.
Rbh
Ba
Sr

La
Ce
Nd
Y

2r
Nb
Cr
Ga

contd.

30
/44

£1.78
.86
14.86
2.74

1.71

.60

1.57

2.97

1.98

6.62

.85

4.18

.73

1.60

.85

98.50
182
5540
2150
208
298
135
33
442
21
25
21

31
/52
64.25

.79
14.51
2.51
1.80
.06

1.68

3.48

3.85

6.40

.66

4.06

.71

1.39

1.34

98.64
189
4850
2040
151
263
109
28
446
4]
24
22

101 -

32
/50A
64 .28

.76
14.48
2.70
1.69
.06

1.58

3.69

3.52

6.61

.60

4.12

.72

1.60

1.40

98.34
188
5130
2130
191
234
134
39
406
39
26
22

33
/46
64.30

.78
14.66
3.05
1.23
.07
1.59
3.13
3.87
6.66
.65
3.97

.71

2.48

.57

97.91
208
5670
2230
184
265
109
23
366
34
25
21

34
Mean
64 .15
.80
14.63
2.75
1.60
.06
1.61
3.32
3.81
6.57
.69
4.08

.72

1.78

1.04

98.35
192
5298
2138
184
265
122
31
415
34
25
22

1.67
1.05
98.35
188
5470
2100
154
2309
100"
20
371
30
22
21
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*Feot: Total iron as FeO

Analyses: 1-3
4-7
8
9-11
12-14
15-23
24-29
30-35

cumulate rocks, Mayira Hills intrusion
pyroxene syenite " " "
hornblende syenite, " " "
pyroxene syenite, Lusandwa intrusion
leuco syenite, " "
hornblende syenite, Pule intrusion

leuco syenite, Mayira satellite intrusion

hornblende syenite, Tantha intrusion

Analysis of the major elements were carried out by

I. Sgrensen, Geological Survey of Greenland, Denmark

while trace element analysis were done by Dr. J.C. Bailey,

Institute of Petrology, University of Copenhagen, Denmark.



Table 6.2
1

Sio2 35.75
'Pio2 .29
A1203 1.44
F‘e203 2.02
FeO 3.95
MnO .18
MgO 10,10
cao 31.35
Na20 .60
K20 L2
PZO5 14 .00
FeO*T 5.76
FeOT
FeOT+MgO .36
Fe203

FeO .51
Lol 1.05
ToT 98.135
Rb .60
Ba 78
Sr 2050
La 1980
Ce 3020
Nd 1140
Y 130
Zr 25
Nb 26
Cr 420

Ga 2]
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44 .33
.10
1.38
.74
1.06
.08
2.30
28.51
.28
.39
20.82
1.72

.43

.70

.99

96.08
8.1
1060
1960
4110
5700
1950
201
12
59
208

3 4
62.52 59,45
.33 1.06
8.16 16.40
2.17  3.26
- 2.20
.08 .09
.73 2.54
11.41  3.79
.55  4.41
5.56  6.26
.48 .54
1.95  5.13
.73 .76
- 1.53
1.01 .98
96.81 98.53
105 232
7180 3553
2480 1900
2700 255
3450 376
1080 132
83 34
21 547
39 60
56
9 22

5
61.91
.82
17.56
2.74
1.13
.08
1.43
2.55
4.94
6.51
.33
3.60

.72

2.42

.51

98.55
256
3390
2140
353
407
136
32
523
57
20
22

6
54 .83
1.42
15.38
7.68
.11
4.64
6.28
3.62
5.13
.91
6.91

.60

.67

98.51
138
6300
2860
156
245
113
24
136
21
120
22

7
57.46
1.18
14.93
3.05
3.07
.11
4.78
5.54
3.54
5.61
.74
5.81

.99

.99

98.14
186
4260
1960
168
268
107
29
366
33
288
18

8
58.11
1.22
15.88
2.25
2.71
.09
3.68
4.86
3.82
5.68
.70
5.63

.60

1.20

.75

98.19
177
4550
2150
167
269
108
23
452
34
122
21

Major and trace element data used in the diagrams.

9
63.58
.76
18.10
2.75
.45
.10
.51
1.11
5.67
6.85
.08
2.93

.85

6.05

.59

98.66
127
175
67
373
538
186
86
728
75
5
17
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5102

T102

A1203

Fe203
Fe0

MnO
Mg0O
ca0o
Naén
xzo
p205
FeOT
FeQ

FeOT+Mgo0

FeZO3
FeO
Lol
Tot.
Rb
Ba

Sr
La
Ce
Nd
Y

ir
Nb
Cr
Ga

10

62.20
.81
16.10
2.80
1.94
.10
1.44
3.38
5.15
6.34
.39
3.88

.74

2.02

.88

98.50
184
4175
2015
287
429
156
45
525
78
23
19

11

63.26
.65
18.13
2.35
.59
.07
.56
1.60
5.23
7.43
.11
2.70

.82

4.66

.45

98.69
273
1755
1195
282
380
124
48
704
73
8
23
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12

64.15
.80
14.63
2.75
1.60
.06
1.61
3.32
3.81
6.57

1.78

1.04

98.35
192
5298
2138
184
265
122
31
415
34
25
22

1.67

1.05

98.35
188
5470
2100
154
239
100
20
371
30
22
21

14

62.43
.92
14.82
3.21
1.91
.08
2.37
3.65
3.97
6.03
.66
4.80

.67

1.75

.83

98.22
168
4336
2260
286
403
150
37
394
45
46
21

15

64 .33

.75
14.62
2.99
1.42

.06
2.11
3.33
4.07
5.82

.51
4.11

.66

2.11

1.29

98.62
178
3860
2020
200
307
111
27
382
46
40
21

16

62.35
.05
13.60

4.72
.12
.96

2.52

5.44

5.78
.18

4.72

.83

95.72
110
1600
200
70
161
65
20
500
35

330
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Table 6.2 contd.

*Feot: Total iron as FeO

Analyses:
1-3 apatite rich rocks
4 pyroxene syenite, Mayira intrusion
5 hornblende syenite " "
6—-8 pyroxene syenite, Lusandwa intrusion
9 leuco syenite " "
10 hornblende syenite, Mayira satellite intrusion
11 leuco syenite " " "

12-13 hornblende syenite, Tantha intrusion
14-15 hornblende syenite, Pule intrusion

16 average syenite (57)
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LEGEND FOR FIGURES 6,3 - 6,5

Lusandwa intrusion
O  pyroxene syenite (single analysis)

m leuco syenite (mean of 2)

Mayira intrusion
® pyroxene syenite (mean of 3)

¢ hornblende syenite {mean of 2 )

© hornblende syenite (single analysis )

® leuco syenite  (mean of 2)

<> pyroxene apatite cumulate

Pule intrusion

¥ horblende syenite ( mean of7 )

v hornblende syenite (single analysis]

Tantha intrusion
4 hornblende syenite (mean of 5 |

&  hornblende syenite (single analysis)
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The Harker and triangular diagrams hoth show regular
variations in the chemistry of the rocks suggesting ..,
that they form a petrogenetic suite, whereas the diverge-
nce of the Tantha and Pule syenites suggest the existence

of two series.

Trace elements

Fxcept for the apatite rich rocks the trace elenents in
‘the syenit35 %lso show a regular variation with Sio . . .
' an 2
(Fig. 6.5) define trends comparahle with those shown
by the major elements. Four groups of trace elements
may be distinguished on the basis of their variation

patterns and ionic properties.

There is a rapid exponential decrease in Cr from about
300 ppm in the opyroxene syenites to less than 20ppm
in the leuco-syenites. The Pule and Tantha syenites
have higher contents of Cr, which decreascs less drama-

tically.

In both the Lusandwa and Mayira intrusions, both Fa and
Sr show a rapid decrease from the pyroxene syenite, to .
the leuco-syenite with a kink at about 63% SiOZ. In

contrast, the Pule and Tantha syenites show decreasing

Pa contents, whilst Sr remains constant.

There is a general increase of Rh and the LRER (L,a, Ce

and Nad) with increasing Si0, in both the Tusandwa and

Mayira intrusions whereas in the Pule and m™antha intrusions,
these elements have an opposite trend. The ¥/Ph ratio.

of the syenites is similar.to that of the average syenite
(571.

T™e chonfrite normalised rare earth diaaram (Fiqg 6.5)
shows that the syenites have a fractionated PET pattern

with a relative anrichment of the T,np7w,
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The high field strength elements (72r, ™h and Y) show

a positive correlation wjith each other increasing with
higher Si02 contents except in the pPule and Tantha
intrusions where they show the reverse. Zr, Nh and vy
do not readily substitute for the major clements
because of their relatively high ionic potentials,
hence they usually concentrate in residual liquids
(56). The opposite trend seen in .the two southern

intrusions requires attention.
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5.5 Petrogenesis.

The finda syenites show systematic chemical variations
which define smooth trends on variation diagrams
(Figs.6.2-6.5) suggesting that the intrusions are

related,

Chemical trends in igneous roclks are cormmonly considered
to represent chemical evolution of magmas as they undergo
differentiation, forming the well known liquid line of

descent.

In plutonic igneous rocks, whose magmas are rarely
completely liquid (74), variation trends do.not
necessarily represent a liquid line of descent, but
rather reflect compositional changes in the magma as

a result of a variety of processes.The three main processes
which may lead to the development of variation trends

in plutonic rocks are i) fractional crystallization

1i) crystal-liquié mixing and iii) magma mixing or
assimilation. In the case of fractionnl crystallization,
the variation trends which develop may reflect evolu-
tion of the magma and resulting compositional changes in
the crystalline assemblages in equilibrium with succes-
sive liquids. The successive rock compositions along

the trends will therefore reflect different crystalline

assemblaces.

here crystal=1iquid nrocesses dominate, the trends nay
represent a mixing line bhetwen the liquid and a crystalline
assemblage in which case successive rock compositions
reflect the mixture of liquid and crystals in different

proportions.
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Chemical trends which result from the processes of

magma mixinag or assimilation likewise renresent a

mixing line hetween the magmas which have mixed or
between magma and assimilatecd material, whilst the rocks

show the proportions of the mixed vhases,

The presence of two trends, one defined by rocks from
the Lusandwa and Mayira intrusions and the other by
rocks from the Pule and Tantha intrusions, in the
variation diagrams of the Sinda syenites may be due to
the operation of any two of the above mentioned processes.
However, the diverging trends and the sharp kinks which
are notable in the trace element trends may also arise
solely as a result of fractional crystallization due to
changes in the crystallizing assemhlages. In contrask,
the development of diverging trends solely as a result
of either mixing or assimilation is difficult to imagine.

In either case, the overlap of £i0, values for composi-

2
tions above 2% £i0, comprising the entire range of the

2
Pule and Tantha intrusions suggests that their magmas
evolved separately. The two trends may therefore repre-
sent separate batches of magma or one hatch of magma

from which the Pule and Tantha magmas became sceparated.

In the Lusandwa and Mayira intrusions, hoth major and
trace element chemistry favour an evolution by fractional
crystallization.

Major element variation, characterized by a systemetic
decrease in the ferromagneisan elements - "g, Fe, Ti and
(Ca) and an increase in the alkali elements - Ma, U and,
(A1) with increasing CiO?, is typical of fractional
crystallization in which the most Piﬂz rich rocks arc

the most fractionated.
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Trace element behaviour, especielly the exponential decrease

of Cr with increasing SiO? (Fig. 6.5), is a strong indicator

of crystal liquid fractionation involving ferromagnesian
minarals with high crystal-liguid partition coefficients for
Cr such as spinel, olivine and pyroxenec. Similarly the general
increase in the incompatible elements Rh, L&, Ce, V@, Vv, Nb

anc zr (Fig. 6.5) is typical of magma undergoing fractional
crystallization. These elemants do not substitute readily

for any major element hecause of the low or high field strength
of their ions and therefore concentrate in the resicdual liquid

during crystallization.

Despite being considered as IIL (Large Tonic L.ithophile)
patterns .of Ra and Sr contrast sharply with the other incompa-
tible elements. The rapid decrease with Si02 and the kinks
shown by both elements (Fig. 6.5) is typical of fractional
crystallization involving alkali feldspar. 1In most magmas,

Ba and ©r concentrate in the residual liquid until when alkali.
feldspar begins to crystallize, and then decrease rapicly due
to the high partition coefficient of these elemoents in alkali-
feldspar (56). Typical KD values for Ra and “r in Y—-Teldspar
in a ryholitic liquid are 2.7-12.9 for Ra and 3.5-26 for Sr
(76) .

Juantitatively, the everage Pa and Sr contents of 3700 npHmM
and 1200 ppm respectively in all but the leucosyenites of
the T,usandwa intrusion are substantially higher than.the
average concentration of 1600 ppm Pa and 200 ppm fr in the
wverage syenitn (57). This indicates that the rock composi -
—lons reflect crystal-liquid ecuilibria and that the rocks
ainly consist of the crystalline assemhlage with a minor

idmixture of trapped liquid.

hemical variation among the major elements in +he Pule and
‘antha intrusions may also be explained hy fractional crvstal-
ization. The major element trends, charactarized hy decreasing

J

g, Fe, Ti, Cih and P ywith incroasing TN, are comparable Lo
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the Lusandwa and Mayira trencs hut with a slightly different
crystallizing assemblage. The opprosed trace elenent trends
are however difficult to explain in terms of fractional
crystallizetion although the decreasina ?h, TLa, Ce, and M@

may conceivably represent increasingkD values due to Jow
crystallization temperatures (97). The decreasing Mh, Vv

and 7r contents with differentiation may reflect crystalliza-
tion of minor phases such as sphene and ziveon which are

ubiquitous in the svenites.

The increase of Ra and Sr, and their high ahsolute concentra-
tions suggest alkali feldspar accumulation althouoh this is
difficult to reconcile with the decreasing Ma and Al contents.
However, the decrcease in Ma and Al nay reflect the removal

of albite, that is a change to crystallization of two felds-

pars, as seen in thin section.

In an attempt to determine the proportions of the crystal-
lizing assemblages, inspection of the Warker diagrams shows
that the initially crystallizing assemblage for the TLusandwa
and Mayira trend must satisfy the fol lowing chemical reguire-
ments: Siﬂ?— 55¢%, Wiﬂz - 1.5%, A12O3- 15%, ren - 83 , MgOh - 5%,
Cand - 7%, Ha?ﬂ - 3%, KQO - 4% and P205 - 1%. Tor the more
evolved rocks of the Lusandwa and Mayira intrusions and for
the Pule and Tantha intrusions, the correspondinag values are:
Si02 - 58%, Tiﬁz - 1.5%, Al?o3 - 1A%, Fel® - /%, Mg0 - 3%,

Ccad - 4%, Na.0 - 5%, .0 - 7% and P,O - D.5%,

2 2 5
On the basis of these chemical constraints, possihle crystal-
lizing assemblages which may explain these trends can bhe calcu-
lated. The first composition corresponds to a crystallizing
assembhlage of 55% alkali feldspar, 259% clinopvroxene, 2.5%
apatite and 0.5% magnetite (Fig. 6.7){Th%oconﬂ compesition
may be modelled cither by increasing  the pronortion of alkali
feldspar to 75% and reducing clinopyroxene (20%), apatite
(1.5%) and magnetite (N.3%) or hy change in the crystallizing

assemblage to al%kali feldspar (702), hornblende (252),
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apatite (0.3%) and sphene (3%) (fig. 6.7).

The trace element data for the Lusancwa and Mayira inptrusions
are consistent with fractional crystallization invelving
alkali feldspar, clinopyroxene, apatite and magnetite.

The previously mentioned exponential decrease of Cr may he
attributed to the crystallization of pyroxene and magnetite
for which crystal/liquid Kn values of 90 and 50 respoectively
have been reported (76¢). The increase of the remaining

trace elements reflect a bulk Kn of less than 1, consistent
with apatite bheing the only crystallizing phase having high

KD values of any of the concerned elements.

The relatively slower decrease of Cr in the Pule and Tantha
trend is explicable either by the crystallization of horn-
blende For which the ’V‘ﬁ. value is about 50 (77), or hy a
lower bhulk KD due to a smaller proportion of pyroxene and
magnetite. The decreasing contents of the ferromagnesian
elements remains difficult to explain although the decrease
of RET, Zr, Mb and Y may be explained by crystallizetion of

hornblende and sphene instead of pyroxene and apatite,

The apatite rich rocks were plotted onto the “arker diagrams

to see how close they appproximate these compositions (Tig. 6.7)
The two rocks AP2 and AP2 lie near the backward extension of

the trends in accord with the previous conclusion that the
trends represent crystallizing assambhlages. Rock APl lies

in the midst of the trends and is therefore an unlikely crystal-

Vizinag assemblage to oxplain these trende.

Prom these diagrams, it is inferred that the anatite rich
rocks, AP2 and AP2, do not in themselves represent the entire
crystallizing assembhlage but nay form part of it. The inter-
pretation of these rocks as part of the crystallizing assembl-
age and the layere@ nature of the rocks suagest that crystal
sorting was involved in their formation and that thav are

cumulates resvlting from gravitative differentiation of the
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crystallizing assermblage. The low Fe2+/Mg ratios and high

Cr contents of the pyroxenes from these cumulates in compa -
rison with the nyroxenes of the nyroxene sycenites sugoests
that cumulation took place at an early stage of magma crys-
tallization whilst the magma had a relatively low viscosity.
Rock APl may represent a corresponding mixture of cumulate
apatite and alkali feldspar formed by flow sorting of apvatite
and feldspar crystals or it may represent cumulate apatite

in an evolved syenitic liquid. The high contents of 3a and
Sr of 7,000 and 2,000 ppm respectively, low ”h(100 ppm) Favour

the former process.

The application of a crystal-liquid mixing mocel to explain
the evolution of the Lusandwa and Mayira intrusions is rather
difficult, firstly cue to the kinks seen in the trends of Ra
and Sr.  Sccondly the low Ra (1,700 ppm) and Sr (1,000 ppm)
and high Rb (270 ppm) contents of the Si02 rich members
“suggests that the end members of this trend are dominated by
residual liquid rather than accumulation of alkali feldspar.
However, the relatively high Ma,0 (3.62%), Ba (6,000 ppm) and
Sr (3,000 ppm), and low Rb (.140“1)pm) of thoe most mafic pyroxene
syenite (FT£99), suggests that this rock contains a hicgh
proportion of alkali feldspar to trapped liguid and that the
scatter along the trends may he due to a limited degree of

crystal-liquid mixing.

Whilst the crystal-liquicd mixing mocel is unlikely to account
for the element trends observed in the Lusancdwa and Mayira
intrusions, it can be considered a strong possihility to

explain chemical variation in the Pule and Tantha intrusions.

Fvidence for this is mainly provided by the unusual trace
element trends. The inverse relationship with PiO? for most
of the trace elements and the increasing ™a and Sr may reflect
the mixing of a liquid rich in the incompatihle elements and

poor in "a and Sr and a crystalline phase rich in Ta and Or
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but poor in the incompatible clements. Inspection of the
"Tarker diagrams shows that alkali Feldspar is the most

likely mineral. Fowever the analysed ¥~feldspar does

not lie at the termination of this trond sunggesting that

a more SiOo rich phase is also involved. The only possible
mineral is quartz, but its presence in the rocks as an inter-
stitial mineval suggests that it crystallized from the liguid
instead of being part of the crystalline phese interacting

with trapped liquid.

Consideration of the magma nixing model for the Pule and
Tantha trends shows that it may explain most of the element
variations, bhut the Harker diagrams show that the mixing
granitic liquidor crustal material would need to have
practically no Al, La, Ce, Md, Y and Mh at 74% SiOD, a

chemistry which would bhe unusual for a granite.

From a consideration of the three mocdels, it is apparent that
the magma mixing or assimilation mocel is least likely to have

caused the chemical trends observed in Lthe Cinda intrusions.

The crystal-liquid mixing model explains the aberrant variation
observed in the T,usandwa and Mayira trend, and the chemical
variation seen in the Pule and Tantha syenites.  Mowever,

it does not aﬁguately account for some element variations in

the latter, namely the decreasing Al,0, and Ma_0 contents,
LD

(g

2
both of which are major elements in alkali felc

eldspar.
It thus appears that cespite a few anonalies, the fractional
crystallization model explain best most of the chemical
variations observed in the Sinda syenite suite. Tt can

also he concluded that crystal-liquid mixing was oncrative
during crystallization bhut was subordinate to fractional

crystallization.
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If fractional crystallization is accepted to have been

the main cause of element variation in the syenites, then

both chemical and petrographic data indicate that the presence
of two trends in the suite is due to different crystallizing
mineral assemblages caused by changes in the conditions of
crystallization. The Lusandwa and Mayira syenites both

have an anhydrous high temperature mineralogy whilst both the
Pule and Tantha syenites have a hydrous low temperature
assemblage, suggesting different physical conditions during

their crystallization.

To explain this, it may be of significance to note that both

the Lusandwa and Mayira intrusions are diapiric, plug-like
intrusions, the Lusandwa intrusion more so than the Mayira
intrusion, whilst both the Pule and Tantha intrusions are sills.
This implies emplacement of the Pule and Tantha magmas - at
higher structural levels which would have the tendency of
reducing the total load pressure but increasing the H20
pressure relative to the total pressure hence promoting the

crystallization of hydrous phases.

The strong petrological relationship between the intrusions
suggests that their parental magma evolved within a single,
slowly crystallizing, magma chamber which was possibly located
in the lower crust (Fig. 6.8). Tectonic disturbances related
to regional metamorphism or orogenesis$ caused its remobilisa-
tion with most of its mass being emplaced as a diapir at a
relatively high structural level whilst smaller batches of
magma separated from it and were intruded along high level

fractures as sills.

The disturbance of the crystallisation of the parental Sinda
syenite magma may possibly have been caused by the influx of
Sio2 rich volatiles released during the solidification of
the batholithic Sinda granites, thus explaining the hydrous
crystallisation within the Pule and Tantha intrusions and
the high 8102 required to satisfy the crystal-liquid

mixing model.
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Chemical variation in the TLunkhwakwa and Nandawe svenites.

Chomicall%é the Tanlthwalkwa and Dandawe intrugions

consist of mildly potassic oversaturated syenite and a
sodi-potassic undersaturated sycnite. The two intrusions
display smooth, well defined chemical trends the Tandawe
syenite more so than the Tunkhwakwa syenite in which the
individual cdata points show somec scatter along a general

trend (Fig. 6.9).

The most notable Jdifferecnce between the two intrusions

is the rance in their SiO? contents. The "andawe syenite

has SjOﬁ contents bheotween 52% and 60% whilst the 230

N

rancge of the TLunkhwalkwa syenite is from 60% - 652, Apart
from the diflerence in fi0,, the Dandawn syenite is notahbly
higher in ,7\1203, NaQO ana ’,‘..'i(')z and lower in Mun, e,

Cao, K20 and P?OS at 60% Si02 (Fig. 7.3). TIowever, the

two intrusions have comparable trace clement contonts
except for fr, Cr and Mb which are higher in the TLunkhwakwa
syenite. These chemical features do not provide any

immediate reason to consider the intrusions reolated and

accordingly, they will be treated separatecly.

Lunkhwakwa syenite

Major elements

Major element variation in the Lunkhwakwa syenite is
characterized by a systematic decrease in 'gn, Ted and
Cao up to aboul (3% SiN, alter vhich they remain constant

4

with increasing £i0,.
Lo
Tin, shows a similar variation as the other ferromagnesian
elements except for three analyses which have veEry low
contents., T _0_ shows a scattered decrease with increasing
205 3

Giﬁ?v (Fig. £.9). The alkali elements Ma, 0 and e
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6.3 Whole rock major and trace element analyses

of the Chipata syenites.

1 2 3 4 5 6
FTS/29 /2 /37 /16 /13 /5
59.10 60.28 60.63 61.64 61.73 62.43

Tioz .60 .22 .22 1.06 .14 .70
A1203 11.60 13.30 16.75 15.33 16.00 18.29
Fe203 3.89 3.90 2.73 1.98 2.06 1.96
FeO 3.99 3.10 2.46 1.60 1.37 1.27
MnO .41 .39 .11 .14 .09 .09
MgO 2.25 1.81 1.85 2.15 1.12 .67
Ca0n 7.42 5.78 3.14 5.03 4.36 2.06
Na20 3.99 3.89 4.66 3.78 5.11 4.88
K20 5.96 6.90 6.13 7.76 6.54 7.56
P20q .79 .43 .47 .44 .54 .12
FeOT 7.49 6.61 4.92 3.38 3.22 3.03
FeOT

FeOT+MgO .77 .79 .73 .61 .74 .82
Fe203

FeO .97 1.26 1.11 1.24 1.50 1.54
Lol .56 .60 .70 .51 1.96 .80
Tot 98.88 98.76 98.69 97.68 98.11 98.51
Rb 135 101 250 112 93 240
Ba 25R0 2110 3040 14000 6000 2360
Sr 737 1890 1710 2920 4900 1350
La 937 228 337 68 267 251
Ce 1210 382 448 104 457 387
Nd 576 197 150 108 179 123
Y 175 84 42 23 39 42
2r 225 553 610 30 330 677
Nb 253 86 78 19 95 81
Cr 20 8 26 7 3 11
Ga 22 24 23 15 19 22

7 8 9
/30 /44 /6
62.86 62.88 63.24

.67 .41 .38
17.15 17.39 18.47
1.73 2.40 3.15
1.16 .52 .47
.09 .07 .11
.80 .85 .23
2.71 2.38 1.24
4.69 4.85 5.93
8.08 7.87 6.75
31 .32 .04
2.72 2.68 3.30
.77 .76 .93
1.49 4.62 6.70
L34 .47 .33
98.49 98.09 98.55
113 132 128
5460 6770 1710
5630 5530 2730
153 155 421
291 260 461
128 129 130

24 25 5]
148 233 923
78 62 101

8 7 6
17 22 17
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10
/40
Si02 63.39
TiO? .53
A1203 16.06
F‘e203 2.32
FeO 1.29
MnO .09
Mg0O .85
ca0 2.49
Nazn 5.93
¥,0 6.74
P205 .29
FeOT 3.3R
FeoT
FeOT+MgO .RO
P9203
FeO 1.80
LoT .23
Tot. 98 .85
Rb 127
Ra 309n
Sr 1330
La 113
Ce 193
Nd 79
Yy 2R
7r 299
Nb 79
Cr 10

Ga 24

11
/29R
64,06
.46
17.00
1.59
1.04
.07
.65
2.19
5.27
7.50
.16
2.47

.79

1.53
.37
98.22
117
5340
2220
124
213
104
27
453
52

17
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12
74m
64.97
.43
17.31
1.58
.RO
.09
.50
1.30
6.05
6.82
.07
2.31

.82

1.78
.52
98.52
106
1640
1480
210
260
132
47
290
122

22

13
/47
68.20
.04
15.28
1.88
.61
.13
.51
1.26
5.21
6.71
.17
2.30

.82

98.92
145
1710
485
151
159
93

33

54

22

22

14

Mean

62.88
.59
16.99
2.05
1.25
.09
.91
2.58
5.18
7.16
.29
3.09

.78

1.88
.67
98.43
147
4213
3019
201
314
128
34
380
81
10
21

15
/72
52.72
1.81
17.46
4.45
3.55
.14

1.25
1.20
98.60
121
5300
3200
207
342
142
29
218
33

20

16
/70
54.96
1.30
18.80
2.89
3.24
.14
2.19
4.11
5.59
5.78
.99
5.84

.73

.89
.93
9B.72
134
4450
3060
221
333
126
29
415
70
10
22

17
/69
55.65
1.23
18.90
2.64
3.30
.15
2.02
3.74
5.39
6.10

.80
.17
98.11
177
3380
2600
218
337
121
31
510
90

21
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18
FTS/62

Sioz 55.96
'Y‘iO2 1.49
A1203 18.94
F‘e203 2.85
FeO 3.06
MnoO .14
MgO 2.21
ca0n 4.37

Na, 0 5.92

Kzo 4.28
PZOS .79
FeOT 5.62
FeOT

FeOT+MgO .72
F9203

FeO .93
Lol .65
Tot. 98 .69
Rb 79
Ba 6300
Sr 2090
La 164
Ce 263
Nad 128
Y 37
2r 143
Nb 34
Cr 3

Ga 21

19
/73
56.98
1.42
17.56
3.12
2.70
.16
2.14
3.76
5.38
5.96
.80
5.51

.72
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20
/63
57.75
1.45
17.84
3.29
2.57
.16
2.12
3.12
5.41
5.59
.68
5.53

.72

1.28
.67
98 .57
119
5080
1230
174
279
126
39
239
48

20

21
/66
59.28
1.20
17.73
2.55
2.06
- .14
1.63
3.00
6.24
5.64
.54
4.35

.73

1.24
.86
99,28
138
4010
1180
159
267
109
39
352
66

19

22
/58
59.72
.38
17.28
1.61
1.39
.17
2.48
5.98
5.09
5.25
.65
2.84

1.16
1.64
99.04
64
2980
1640
150
243
114
36
75
66

18

23
/61
59.70
1.29
17.58
2.53
2.38
.15
1.69
2.90
5.58
5.65
.55
4.66

.1

1.06
.76
98.64
131
4250
1200
165
256
111
43
469
43

21

24
Mean
56.62
1.40
18.10
3.04
2.86
.14
2.14
3.79
5.50
5.60
.84
5.59

.72

9R .69
137
4491
2041
195
311
127
36
360
59

21



Analyses:

1 -09, Pyroxene syenite, Lunkhwakwa syenite
10-12, leucocratic syenite, "

13, average composition of the syenite
15-23, nepheline syenite, Bandawe syenite

24 , average composition of the syenite.
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show a corresponding systematic increase until at

8102 63% after which they decrease whilst A1203

behaves similarly but with scatter at the inflection
point. The Nazo - KZO - Ca0 diagram shows some scatter
but suggests a trend which swings towards Na-enrichment.

(Fig. 7.0)

Trace elements.

Throughout most of the Sio range, there is little

2
variation in most trace elements except for Ba, Sr and

Zr (Fig. 7.la).

The chromium content of the Lunkhwakwa syenite is
relatively constant at about 8 ppm except for samples
29 and 37 which contain higher concentrations of 20 ppm

and 26 ppm respectively (Table 6.3).

Most analysis define a smooth decreasing trend of

the LIL elements Ba and Sr except for six samples - 13,
16, 29B, 30, 40 and 44 which are anomalously high in
these elements. These samples have Ba and Sr cohntents
higher by a factor of 3 than the other the samples.

Among the other group of ILIL elements, Rb shows little
variation with Sioz.(Pig. 7.la) whilst the LREE and Y
define a slightly decreasing trend with little scatter
in the individual data points. Fxceptions are samples

5 and 37 which are high in Rb and sample 29 which is

high in the LREE and Y. A chondrite normalised REE

plot (Fig. 7.2) shows that the syenite has a fractionated
REE pattern.

Despite having similar chemical properties, the two
high field strength elements Nb and Zr differ markedly
in their behaviour. Nb shows the same slightly decreasing
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trend with Sio2 as the LREF whilst Zr shows a wide

scatter and a poor correlation with Sioz. The spread
shown by Zr is however correlatable with the variation
of Ba and Sr with samples high in 7%r being low in both

Ba and Sr and vice versa.

Bandawe syenite
Major elements

Chemical variation in the Bandawe syenite is characterized
by a reqular decrease in the major elements Mg0O, FeO,
T102, P50¢

Si02. However, one sample (FTC58) plots away from

this trend being high in MgO, Ca0 and P205 and low in

FeO and Tioz. The alkali elements Na?O, KZO and (A1203)

show a systematic increase up to about Si02 56% after

which they decrease. Sample FTC58 is lower in NaZO

Ca0 and the minor element P_.O. with increasing

and K?O and therefore plots slightly below these trends.
When plotted on the Na70 - K?O - Ca0 diagram, the
analyses cluster in the centre of the diagram except

for three samples which are higher in CaoO.

Trace elements.

There is a slight variation in trace element contents
within the Sio2 range of the analysed samples except
for Rb, Ba, Zr and to a lesser extent Nb and Cr. Sample
FTC58 has lower contents of Rb, Ba and Zr than the rest.

Chromium shows a generally flat, decreasing trend with

a slight scatter in the individual data points.

The LIL element Sr shows a systematic decrease whilst

Ba and Rb both show a wide scatter with SiOz. In

general, the samples can be grouped into two, the first

group which has relatively low Si02 contents has low Ba
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and high Rb, the second group which is higher in
SiO2 has high Ba and low Rb contents. (Fig. 7.1B).

The LRFEFE and Yttrium generally show a flat trend with
little variation between the data points. A chondrite
normalised plot (Fig. 7.2) shows that the syenite has

a fractionated REE pattern.

The high field strength elements Zr and Nb show a
scatter, Nb less so than 7r. The distribution of both
Zr and Nb can be correlated with Ba and Rb. Samples
high in Ba are generally lower in Zr and Nb than those

which are low in Ba.

Petrogenesis.

The Lunkhwakwa and Bandawe intrusions show systematic
variations in their chemistry suggesting that crystal-
liquid equilibria may have played a major role in their
genesis. The two intrusions exhibit similar chemical
trends (Fig. 6.9) suggesting that similar processes
operated within them during crystallization. Wowever,
the slopes of these trends suggest that the degree to
which these processes operated in the two intrusions

was different. (Fig. 7.3).

Lunkhwakwa syenite.

The major element patterns of the Lunkhwakwa syenite
characterized by a systematic decrease in the ferro-
magnesian elements, Mg, Fe, Ti, and (Ca) and a corres-
ponding increase in the alkalis, Na, K and (Al), with a
change of slope in some of these trends (Fig. 6.9A7),

are typical of fractional crystallization.

The variation patterns shown by the trace elements
may also he attributed to fractional crystallization.

The decreasing Ba and Sr concentrations with sjo? (Fig.

6.7)
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suggests continuous crystallization of alkali feldspar
whilst the unusually high concentrations of these
elements in samples 13, 16,298, 30, 40 and 44, some
samples containing up to 14,000ppm Ba and 6,000ppm Sr,
suggest substantial accumulation of alkali feldspar.
These samples undoubtedly represent rocks chiefly
consisting of alkali feldspar (refer to petrographic
decriptions, chapter 4) accumulated by either settling,
flotation or insitu 'cumulus' growth with little

interstitial liquid. (75).

The negative correlation of Zr with both Ba and Sr

is attributed to accumulation processes involving

alkali feldspar. The relatively'low contents of Zr in
samples with the high Ba and Sr is taken to indicate

the dilution of Zr by alkali feldspar. The relatively
constant concentration of Rb may indicate that crystal-
lization of the intrusion was at a relatively low
temperature at which the partition coefficient between
the main Rb incorporating phase, alkali feldspar and

the 1liquid was close to unity. (76) The progressive
decrease in the incompatible elements La, Ce, Ng, Y,

and Nb indicates that their bulk liquid/crystal partitio
coefficient was greater than 1 and suggests that their
distribution was largely controlled by the crystallizatio

of alkali feldspar and the minor phase sphene.

This conclusion i8S supported by the observed high
concentrations of these elements in sample FTC29 which

has more than 5% modal sphene.

Consideration of the major element trends assuming that
the most mafic sample represents the early crystallizing
assemblage shows that the trends may be explained by
crystallization in the proportions 60% alkali feldspar,
38% clinopyroxene and 2% sphene w?%lst the kink at

63% SiO2 corresponds to an increase proportion of alkali
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feldspar (75%), sphene (3%) and a decrease in clino-

pyioxen< (16%).

Bandawe syenite.

The general decrease in the ferromagnesian major
elements MgO, FeO, Ti02, (Ca0) and (P205) and the
increase in the alkalis Na20, K20 and A1203, with a
change in slope in the trend, favours an origin

of the Bandawe syenite by fractional crystallization

as well.

The general decrease in Sr and Cr with increasing
SiO2 is also in agreement with fractional crystallization
involving ferromagnesian phases and possibly feldspar.

The relative scatter of Ba contents in the range 3000ppm-
6000ppm and the negative correlation of Ba with Rb, Nb
and Zr suggest crystal accumulation involving alkali

feldspar (C.f. average syenite Table 6.2).

The generally constant concentrations maintained by the

LREE and Yttrium with increasing SiO., suggest continuous

crystallization of a phase(s) with azbulk liquid/crystal
partition coefficient close to 1 for these clements. A
possible mineral which can account for the REE distribu-
tion patterns is amphibole which has liquid/crystal KD
values of between 0.85-3.2 for the LREE and between

2.4-13 for the HREE (Dy) (76).

Thus, the chemical trends in the Bandawe syenite may

be attributed to crystallization of 50% alkali feldspar,
15% nepheline, 20% clinopyroxene and 15% amphibole,
assuming that the most mafic rock represents the early

crystallizing assemblage.
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In summary, the chemical data shows that despite
having been dominated by similar processes during
Crystallization, the two syenite intrusions of the
Chipata area have chemical characteristics which
indicate that they originated from different magmas.
Apart from being undersaturated, the Bandawe syenite
is distinctly more mafic in character. The total
alkali contents and the trace element data however
show that in spite of its mafic character, the Bandawe

syenite is relatively more fractionated.

These features suggest that the Bandawe syenite
crystallized from a fractionated basic alkaline magma
which may have had a mantle origin, whilst the siliceous
nature of the Lunkhwakwa syenite suggests a partly

crustal origin.

Chemical variation in the Mivula Hill syenite.

The Mivula Hill syenite contrasts with the previously
described intrusions by its lack of obvious systematic
chemical variation in the Harker diagram (Fig. 7.4).
However, the Si02 range of the analyses is limitedqd,
between 50-55%, thus reducing the possibility for any

trends to be revealed.

An alternative variation diagram employing the FeO*/
FeO* + MgO ratio as a possible fractionation index
also fails to reveal any systematic variation despite

the relatively larger range, 0.87-0.98 (Fig.7.5).

Major elements.

In general, there is a tendency for the major elements

to cluster due to the low SiO range, (Fig. 7.4) but

2

the distribution of A1203, FeO, MgO and K20 in most

samples suggests that there may be a systematic variation.

Inspection of the Harker diagrams for these elements

shows that three sample, M1, M8 and M23 stand
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Table 6.4 Whole rock major and trace element analyses of

Mivula Hill syenite

1 2 3 4 5 6 7 8
M13 M8 M4 M1 M23 M21 M7 M1l6
Si02 50.28 51.11 53.35 53.87 54,05 54.35 54.62 55.12
'TiO2 .90 .29 .58 .36 .30 1,06 .43 .48
A1203 19.52 24.86 20.86 23.70 23.07 21.18 21.64 21.26
F‘e203 8.99 3.19 6.51 4.22 1.57 5.92 4.62 5.19
FeQ - - - - 1.50 - - -
MnO .17 .09 .18 .08 .14 .11 .15 .20
Mg0O 1.00 .12 .17 .11 .15 .52 .12 .17
cao 3.55 1.55 3.17 .95 1.88 1.10 2.77 1.92
Na20 7.90 11.65 6.84 9.20 9.76 7.28 7.36 7.79
K20 7.62 7.12 8.25 7.49 7.52 8.42 8.23 7.87
PZOS .05 .01 .08 .01 .04 .05 .04 .01
FeOT 8.09 2.87 5.86 3.80 2.91 5.33 4.16 4.67
FeoT
FeOT+Mg0O .89 .96 .97 .97 .89 .91 .97 .96
PeZO3
FeO - - - - 1.05 - - -
Lol 2.38 2.25 2.87 1.74 1.59 2.30 2.34 .84
Tot. 99.99 100.26 98.62 99.33 99.39 99.09 98.69 98.98
Rb 283 210 184 210 236 145 222 271
Ra 3580 737 2210 966 517 4560 1920 309
Sr 1500 1630 1960 1570 1170 2190 2310 1120
La 2 12 20 6 50 29 36 19
Ce 5 34 49 21 97 51 66 39
Nd 13 13 27 11 38 37 34 16
Y 3.8 6.8 10 4.7 17 10 12 10
2r 79 196 149 124 222 75 166 219
Nb 35 68 72 66 91 91 114 107
Cr 3 3 4 4 5 3 30 3
Ga 29 23 16 21 23 21 17 23

the

M2
55.24
.92
21.38
5.32

.12
.57
2.62
5.30
8.43
.09
4.79

.89

1.93
97.68
135
6870
2170
23
43
42
11
144
106

23
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5102
Ti02
A1203
F‘e203
FeO
Mno
MgO
CaO
Na, O

2
K,0
P20
FeOT
FeOT

FeOT+Mg0 .89

FeO
Lol
Tot.
Rb
Ba
Sr
La
Ce
Nd
Y
r
Nb
Cr
Ga

6.4 contd.

10 11
M11 M3
55.43 51.05

1.15 1.52
21.13 19.66

5.87 8.89

.12 .23
.64 1.22
.35 3.84
5.87 6.20
9.40 7.14
.04 .25
5.28 8.00
.87

1.11 2.40

98.42 98,26

195 184
5080 4360
1450 796
2 19

10 38
19 37
3.R 15
84 437
143 207
3 25

23 25

12

M9
52.87
1.04
19.95%
8.91
.15
.56
1.66
5.94
8.86
.05
8.02

.93

1.10
99.19
245
2370
1400
7
22
10
6.9
137
131

24
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13
MM6
53.45

.74
21.12
5.83
.14
.59

2.77

7.67

7.53

.17

5.24

.90

3.86
98.85
229
2520
1830
28
58
34
13
367
178
18
20

14
M10

53.63
1.00
20.20
6.40
.15
.89
2.33
6.75
8.44
.18

5.76

.87

.72
98.77
231
3540
1460
10
34
24
9.7
257
136
47
24

15
M24
60.74

.20
20.23
1.12
1.49
.10
.10

.15
2.47
98.73
271
542
586
45
114
40
16
4600
1260

29

16 17 1R
M15 M17 M20

61.28 62.48 63.08
.22 .84 .79
21.00 15.87 15.73
3.14 5.41 6.49
.02 .14 .13
.10 1.78 1.66
.02 3.40 1.57
3.01 7.65 6.28
11.19 2.24 4.13
.01 .19 .15
2.82 4.87 5.84
.97 .73 .78

1.14 1.10 .71
99.12 98.85 98.83

445 49 190

518 747 853

483 568 502

23 174 162
25 203 246
11 74 101
90 53 62
329 259 717
62 31 185
18 55 65
23 20 20

19
Mean
53.74

.65
21.86
5.14
.14
.36

2.00

7.90

8.03

.04

4.78

.94

1.93
99.04
210
2675
1707
21

42

24

146
89

22
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Analyses: -

1 - 10,
11- 14,

15

14

l6- 18,

19

’

nepheline sodalite syenite, Mivula Hill syenite

nepheline syenite dykes, Mivula Hill syenite

"

vein
111

Fenite

Average of Mivula syenite (analyses 1-10).
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out from the rest. These have very high Al and

293
NaZO contents and low MgO, FeO, TiO2 and CaO.
Consideration of the variation of these elements
minus these three samples suggests that there is an
increase in A1203 and K20 and a decrease in MgO, FeO

and Ca0 whilst Na20 and P205 are fairly constant.

In the FeO*/FeO*+MgO diagram (Fig, 7.5) the analyses
cluster into two groups, the analyses plotting as verti-
cal lines in both groups. The first group consists

of samples with an FeO*/FeO*+MgO index of 0.89 whilst
samples of the second group are those with an index of
0.97.

Trace elements.

Trace element variation is$ characterized by a constancy
in Cr contents and a scatter in Ba, La, Ce and Nd whilst
Sr, Rb, Zr and Y cluster at about 55% Si02. Nb is
exceptional in that it shows a reqgular increase with

2 (Fig. 7.6). When plotted against the

FeO*/Mg0 ratio, the high field strength element Zr

increasing SiO

increases with an increasing FeO*/MgO whilst Nb shows
much more scatter.

Despite the poor correlation with SiO some of the

2’
trace elements show some coherence when plotted against

each other (Fig. 7.7)

The absolute concentrations of Ba (2,700 ppm) and Sr
(1,700ppm), are similar to the syn-orogenic alkaline
intrusions of Malawi (41) and to those of Northern
Norway (71, 93).
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Petrogenesis.

The Mivula Hill syenite shows a smaller range in

SiO2 than the Sinda and Chipata syenites which has

presumably resulted in the lack  of any obvious syste-

matic trends on the Harker diagrams (Fig. 7.4) However,

disregarding samples M1, M8 and M23, it may be argued
that the remaining analyses show some systematic

decrease in MgO, FeO and Ca0 and an increase in A1203

and KZO whilst Na20 remains relatively constant. The
variation suggests fractional crystallization of a
ferromagnesian mineral such as pyroxene or amphibole,
both of which are present in the rocks whilst the

increase of the KZO/Na O ratio may be attributed to

2
the crystallization of nepheline. The constancy of
Na70 would require approximately 30% nepheline to be

crystallizing.

The aberrant samples M1, M8 and M23 are high in Nazo

and A1203, low in the ferromagnesian elements and

have average contents of KZO' This suggests accumula-
tion of nepheline. 1In accord with this, the rocks
consist of euhedral nepheline and alkali feldspar with

few mafics.

The variation of the FeO*/FeO*+Mg0 ratios (Fig. 7.5)
is also in agreement with fractional crystallization

involving mafic phases.

However, the large variation at constant values of
FeO* /FeO*+MgO of 0.89 and 0.97 is again indicative

of a crystal accumulation process.

Inspection of the FeO*/Fe0*MgO diagram shows that the
range in element variation at the constant values of

this ratio exceeds the range of the FeO*/FeO*+Mg0O of
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the analysed samples suggesting that crystal accumu-
lation or the variation in the proportion of crystals
and trapped liquid was more dominant in controlling

the chemical variation tharfractional crystallization.

The Harker diagram for A1203 for which mineral data
have been plotted (Fig. 7.9) shows that this trend
could be explicable by mixtures of alkali feldspar
and nepheline in nearly constant proportions with

decreasing amounts of amphibole.

Thus the major element data, in conjunction with the
mafic composition of the dykes intruding the main
syenite, suggest that the chemistry of the Mivula
syenite reflects mixtures of floated cumulates of
feldspar and nepheline with various proportions of

liquig crystallizing a mafic mineral, namely amphibole,
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CHAPTER SEVEN

Geochronologic study of the Mivula Hill syenite

Results.

Twelve samples from the syenite were selected for
analysis. Rb/Sr ratios were determined by X-ray
fluorescence spectrometry to an accuracy of about
+ 1%. Standard ion exchange procedures were employed
in the chemical preparation of the samples. Sr was
loaded on single tantalum filaments and isotopic
measurements were made on a mass spectrometer. The
Rb-Sr data for the syenite are given in table 7.1.
7Rb/86Sr has been calculated according to the
standard formula: 87Rb/86Sr = Rb/Sr (2.70 + 0.283
(87Fr/868r) (40). Results of the twelve samples
are plotted on a 87Rb/geﬁr graph shown as figure 7.1.
The points show a certain degree of scatter, especially
those with high Rb/Sr ratios. The scatter in the
points may be attributed to a considerahle degree of
secondary alteration seen in samples M3, M15, and M24
and to weathering in sample M18.0n this basis, samples
M3, M15, M18 and M24 are excluded from the regression
analysis. Regression of the remaining samples gives
an isochron age of 1341+16 Ma with an initial 87Sr/868r
ratio of .7028+0.0001 (Table 7.2, Fig. 7.2). The
results are reported at the one sigma level. The low
initial ratio suggests an origin in the deep crust or

upper mantle.
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Table 7.1
Mivula Hill sodalite syenite Rb-Sr results,
87 87

Sample No., Rb(PPM) 8r(PPM) Rb/86 g §r/86
M2 140 212 .16576%.0017 .70627% 002
M3 167 629 .67213%,0015 .71428%,00007
M6 240 1810 .33333% 0033 .70878%,0002
M7 237 2340 .25645%,0026 .70795%,0002
M9 220 1180 .47119% 0047 .7116399%0,0002
M11 202 1420 .35796%,0038 .7096910.0002
M13 265 1300 .51272%,0051 .71241%0,0002
M15 503 475 2,7069%,0018 .73215% 00009
M1i6 285 1060 .67401%,0068 .7162310.0002
Mi8 409 1220 .51298%,0063 .71795% 0002
M21 131 2170 .17486%,0017 .70612%0,0002

M24 321 609 1.3400%,0018 .72397% 00005



Table 7.2

Sample
No.

M2
M6
M7
M9
M11
M13
M16
M21

INTERCEPT

SLOPE =

MSWD =

INITIAL R

AGE 1341.

STUDENT T

- 171 -

Results used in isochron plot

X

0.1657600
0.3333300
0.2564500
0.4711900
0.3579600
0.5127200
0.6740100
0.1748600

= 0.702800

0.019228

2.24

ATIO =

07 +- 16.64M.Y.

= 2.45

STD X Y
0.0017000 0.7082700
0.0033000 0.7087800
0.0026000 0.7079500
0.0047000 0.7116399
0.0038000 0.7096900
0.0051000 0.7124100
0.0068000 0.7162300
0.0017000 0.7061200

S.D. = 0.000112
S.D. = 0.000236

0.7028+-0.0001

(1 SIGMA)

STD Y

0.0002000
0.0002000
0.0002000
0.0002000
0.0002000
0.0002000
0.0002000
0.0002000

VERT.DEV.

0.0002823
-0.0004298
0.0002185
-0.0002206
0.0000066
-0.0002491
0.00046986
-0.0000427
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Discussion

The age obtained for the Mivula sodalite syenite

is in disagreement with previous age determinations
on the intrusion and its enclosing rocks. The

Mivula syenite has been previously dated at 550 Ma

by a K-Ar mineral age (41). X-Ar whole rock and
mineral ages from the Mafingi group rocks in which
the syenite is intrusive range from 770-330 Ma. The
available data also indicates that the Mafingi group
was deformed for the first time during the Irumide

orogeny (18).

The 550 Ma age of the Mivula syenite reported by

Snelling is interpreted as a mineral re-equilibration

age reflecting the Mozambiquain phase of the Pan African
orogeny whose dates in Malawi range from 400 - 700 Ma(l7).
The mineral ages shown by the Mafingi group rocks are

also a reflection of the same orogenic episode.
Furthermore, the determination of whole rock ages on
sedimentary and metasedimentary units is questionable

(Brueckner pers. comm.).

Hence it is concluded that the Mivula Hill syenite was
intruded into the Mafingi group sediments about 1341+16
Ma ago. The initial strontium ratio is suggestive of

a mantle origin for the syenite. Recent Rb-Sr studies
have shown that Irumide plutonism is widespread in the
region. Among the Irumide plutonics are included the
Dzalanyama, Mcezi, Lwakwa, Mwenga and Wililo granites
from Malawi having Rb-Sr whole rock ages ranging from
1132443 Ma to 1016+55 Ma and the Lusenga syenite in
Northern Zambia which has an age of 1134+8 Ma (42, 43).

The establishment of an Irumide age for the Mivula
syenite confirms the pre Irumide age for the deposition

of the Mafingi group (18).
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CHAPTER EIGHT

Codnclusions

Sinda Syenites

The Sinda syenites are a petrogenetically related N-S
trending string of intrusions which can be divided

into two groups.

Petrographically the Lusandwa and Mayira intrusions
comprise porphyritic and porphyroclastic rocks ranging
from mafic pyroxene syenite through hornblende syenite
to leucosyenite. The Pule, Seya and Tantha intrusions
are in contrast wholly uniform, granular hornblende

syenites.

Chemically, the Lusandwa and Mayira intrusions follow
an alkaline trend, whilst the Pule, Seya and Tantha
intrusions trend towards calc-alkaline compositions,

(Fig. 6.2).

The chemical variation in the Lusandwa and Mayira
intrusions are attributed to fractional crystallization
and clearly reflect the presence of a crystalline
assemblage in equilibrium with an evolving liquid. The
mineral chemistry data is in agreement with fractional
crystallization, showing an increase in the FeO*/FeO*+
MgO ratio uf the mafic minerals from the mafic to the

felsic rocks.((Fig. 5.5).

The trace element chemistry of the apatite rich rocks

within the Mayira intrusion indicate that their constituent

minerals crystallized in equilibrium with a chemically
similar magma. The FeO*/MgO ratio of the pyroxene from
the apatite rocks indicate that these crystallized from

less evolved liquids than that from which the exposed

pyroxene syenite crystallized. To account for the evolu-

tion of the liquid and for the crystal sorting into
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apatite -pyroxene and apatite-feldspar rocks, crystal
settling and gravity settling is invoked to have been
active during the early stages of crystallization.
This makes it possible that the concentric layering
in the Lusandwa intrusion is a deformed igneous lamin-
nation. Furthermore, the suggestion of the operation
of crystal settling processes at an early stage of
crystallization suggests that more of these apatite
rich bodies may be present at depth in the Lusandwa

intrusion.

No completely satisfactory model can be established to
explain the evolution of the Pule, Seya and Tantha
intrusions. The variation of the major elements and

Cr is consistent with fractional crystallization whilst

the variation of the incompatible elements is not obviously
so although it may be explained by a change in KD values

and control by minor phases.

The incfease of Ba with Sio2 (Fig. 6.5) however, strongly
suggests accumulation of alkali feldspar and the decrease
of Zr, Nb and Y (Fig. 6.5) consistent with dilution of
magma by different amounts of crystals. Furthermore,

the porphyroclastic textures which the rocks show
indicate that they were emplaced as a mixture of

crystals and liquid, supporting the crystal-liquid

mixing model.

Whichever model is chosen for the Pule, Seya and Tantha
intrusions, it is evident that they were derived from

the Lusandwa and Mayira magma at some stage of its
evolution but their subsequent evolution and crystalliza-
tion was governed by different processes. Their sill-like
structure and petrographical homogeneity suggests that
they crystallized at a higher level and more rapidly.
(36).
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Chipata syenites

The Lunkhwakwa and Bandawe intrusions in the Chipata
area are petrographically and chemically distinct

from each other.

The Lunkhwakwa intrusion consists of an oversaturated
pyroxene syenite whilst the Bandawe intrusion is an

undersaturated nepheline syenite.

Major element variation in the Lunkhwakwa syenite is
attributed to fractional crystallization of an alkaline
syenite magma whilst the correspondence of high Ba and
Sr and low Nb and Zr in some samples indicate that there
was some accumulation of alkali feldspar by either crys-
tal settling, flotation or in situ growth with little
trapped liquid (75).

The relatively flat Rb and LREE trends in the intrusion
(Fig. 7.1) suggest a relatively low crystallization
temperature for the intrusion at which the Rb and LREFE
KD values were close to unity (76). This is in agree-
ment with the petrography of the alkali feldspar which
is completely exsolved into microcline and albite, and

with the crystallization of sphene at the expense of

Fe-Ti oxides.

Element variation in the Bandawe intrusion may also be
explained by a combination of fractional crystallization
and feldspar accumulation. The distribution of the LREE
however, appears to have been controlled by amphibole

crystallization.

Mivula Hill nepheline syenite.

The Mivula Hill nepheline syenite is a layered intrusion

which is a product of crystal fractionation processes.
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The variation of the major elements with both 8102

and FeO*/FeO*+Mg0 as fractionation indices (Figs. 7.4,
7.5) suggest that part of the element variation can

be accounted for by fractional crystallization whilst
the scatter in A1203 and Nazo and the element variation
at constant FeO*/FeO*+MgO values suggest that crystal
accumulation involving alkali feldspar and nepheline
took place. Crystal-liquid mixing involving the
accumulated phases and a mafic liquid, principally
crystallizing amphibole, appears to account for a large
portion of the chemical variations observed in the intru-

sion.

Despite yielding an isochron age which places the intru-
sion of the Mivula magma close to the peak of the Kibaran
orogenesis, there is a general lack of features character-

istic of a syn-orogenic intrusion (71).

The layered nature of the intrusion suggests crystalliza-
tion under relatively quiet tectonic = conditions rather
than in an orogenic environment. Petrographically, the
syenite is homogeneous and lacks in both foliated and

metamorphic textures typical of orogenic intrusions (71).

Furthermore, the petrographic features of the fenitic
rocks (chapter 4) at the roof of the intrusion indicate
deformation of the country rocks prior to the feniti.

sation process, hence prior to the emplacement of the

intrusion.

The apparent contradiction between the petrographical
and chemical data is at present still difficult to
resolve owing to the lack of detailed field data on

the relationship between the intrusion and the surrounding

country rocks and points to the need for more petrological
work. lowever, if the petrographical evidence is accepted

to indicate a cratonic setting for the Mivula intrusion,
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then the 1340 Ma isochron age obtained on the intrusion
implies that some constraints must be placed on the upper.

age limit of Irumide deformation in Zambia.

8.4 Petrological implications.

The syenite intrusions of the Sinda and Chipata areas
are located within the Malawi province of the Mozambique
orogenic belt, a triangular region which is bounded by
the Lake Malawi rift in the east, the Luangwa rift in

the west and the Zambezi rift in the south.

The available geochronological data indicate that the
intrusions are late.-tectonic and were emplaced during

the waning stages of the Pan African orogeny.

The Mivula intrusion, in contrast to the other intrusions,
is located within the Irumide belt, a product of Kibaran
orogenesis. The 1340+16 Ma Rb-Sr whole rock isochron

age obtained on the intrusion is highly equivocal as it
is close to the ages obtained for the peak of Kibaran
orogenesis. The syenite intrudes thoroughly recrystal-
lized rocks of the Mafingi Group which have been assigned
to the Kibaran orogeny (18). This relationship indicates
that the intrusion is post-tectonic, in which case the
1340 Ma age may indicate an early closure of Kibaran

orogenesis in this part of Zambia.

Chemically, the syenite intrusions of the Sinda and
Chipata areas are characterizedb%igher contents of XK;P,
Ba, Sr and REE than the average syenite whilst the
Mivula syenite is chemically comparable to the average

nepheline syenite except for high Ba and Sr.

On alkalinity indices vs SiO2 variation diagrams (Fig. 6.1),
the intrusions show decreasing alkalinity from the Mivula
intrusion to the Sinda intrusions. Corresponding to

this, the AFM diagrams (Figs. 6.4c and 7.0) show a
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progressive increase of the Na20+K20:MgO ratio with
a decrease in the FeO component. The chemistry of
the pyroxenes from the Sinda and Chipata syenites
(Fig. 5.4) also reflect the increasing degree of

alkalinity of the intrusions.

The tectonic setting of the Sinda and Chipata intrusions
is of particular significance both locally and regionally.
Continental alkaline rocks are normally located in stable
cratonic regions often associated with crustal arching
and rifting (78). The close association of the alkaline
rocks of eastern Zambia with orogenesis however suggests
that the rift environment is a general case which applies
" to particular alkaline rock types-typically extremely
fractionated and peralkaline (36), and that alkaline
rocks may be associated with orogenesis, but have been
little studied.

The unusual chemical features of the Sinda and Chipata
intrusions, namely the high concentrations of the incompa-
tible elements (K,P,Ba,Sr and REE) may be a primary
feature of the magmas, introduced into them by metasoma-
tic fluids from the mantle (98). The mobile orogenic
environment perhaps represents zones of weakness in the
largely cratonic environment of the African continent
through which fluids from the mantle, activated by
regional tectonics, were channelled. These fluids would
necessarily be hot, thereby causing partial melting of,
the ﬁpper mantle or lower crust resulting in the genera-

tion of these magmas.

The increasing alkaline nature of the magmas, at least
from the Sinda to the Chipata area, may therefore either
reflect different degrees of partial melting or different

depths of origin of the magmas.
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