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ABSTRACT

Calc-silicate rocks and marbles of Ratangan age underlie a signi-
ficant segment of the Zambezi belt in Southern Province. The calc-
silicate rocks are represented by spectacularly banded calc-silicate
gneisses, calc-silicate schists, massive calc-silicate rocks and a few
mottled varieties. The marbles are uniformly calcite - and dolaomite-
marbles. In the Mapanza area, minor amphibolites are sporadically
distributed as lenticular bodies, bands and boudins within the marbles

and calc-silicate rocks.

The rocks were deformed and metamorphosed to amphibolite facies
and later partly retrogressed to greenschist facies during Pan-African
tectonothermal events. Amphibolite facies assemblages in the calc-
silicate rocks include biotite + scapolité -+ quartz + calcite, quartz +
actinolite + diopside + grossularite + sphene and quartz + plagioclase +
diopside + calcite + sphene. Those in the marbles include dolomite +
tremolite, calcite + biotite + scapolite, dolomite and dolomite +

diopside.

The amphibolites are of basic igneous origin with a possible
minor sedimentary component for the amphibolite boudins and bands. Their
mineralogy is largely influenced by the bulk camposition, with garnet

occurring only in amphibolites with Fe/(Fe + Mg)>0.5.

Geochemical data, Niggli parameters and plots of inter-element
correlations for the calc-silicate rocks and marbles are presented.
These support the conclusion that during metamorphismm the major and
trace elements were not significantly mobilized. Instead the variation

in bulk chemical composition of the rocks and the resulting variations



in equilibrium metamorphic mineral assemblages, are best explained in
terms of original variations in the proportions of clays and other

detrital phases intermixed with carbonate during deposition.

Geothermobarometry is applied for the first time in this part of
the Zambezi belt. Compositions of coexisting biotite and garnet in the
amphibolite yield temperatures of 630-660°C and compositions of coexisting
plagioclase and hornblende in the amphibolites yield temperatures of
560-630°C and pressures of 5-6 Kbars for the peak of metamorphism.

These Values are in accord with intermediate pressure (Barrovian type)
amphibolite facies metamorphism, and are consistent with the phase
assemblages in the calc-silicate rocks, marbles and amphibolites
based on published experimental data. Compositions of calcite coexi-
sting with dolomite in the marbles yield maximm temperatures of
490-SOO°C, apparently reflecting re-equilibration following the peak

of metamorphism.
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CHAPTER ONE

INTRODUCTION

1.1. Statement of the Problem

The geochemistry and metamorphic petrology of the Katangan
succession underlying a significant portion of the Zambezi belt in
Southern Zambia has recieved relatively little attention. Prior to
the present study, no detailed geochemical studies or precise estimates

of metamorphic conditions have been attempted.

The thesis concerns the geochemistry and metamorphic petrology
of the carbonate and calc-silicate rocks and amphibolites in the
Zambezi belt south of Kafue. It presents detailed petrographical, geo-
chemical and petrological studies of the rocks.

Petrographical and geochemical data for these rocks sheds light
on processes of metamorphigm, nature of banding in the rocks and
causes of variations in the metamorphic mineral assemblages. Know-
ledge of the metamorphic petrology of the rocks is necessary because
it gives information on pressure and temperature conditions as well as
the nature of mineral-forming reactions occurring during Pan-African

metamorphism,

1.2 Iocation and accessibility

The investigated area is located within Southern Province. It

falls within the region covered by Quarter Degree sheets 1527SE,



1528SW, 1627NE and 1628NW and lies between the Munali Hills to the
north and Magoye to the south. Rocks further to the southwest within
Quarter Degree Sheet 1626NE of the Mapanza Mission Area have also

been studied.

Accessibility through the study area is by the Great North Road
(GNR) from which thefe is a network of tracks to commercial farms
which are motorable throughout the year. All weather roads branching
off the @R in Choma and Pemba and leaving to Namwala pass through
Mapanza Mission. Accessibility into the surrounding areas from the
Mission is by dirt roads, same of which are not morotable during the

rainy season.

1.3 Geologic Setting

1.3.1 Regional Setting of the Zambezi belt

The study area is located structurally within the Zambezi belt.
The belt is a major linear fold belt of Pan-African age (C. 500-950
Ma, (1)) which forms a large part of central and southern Zambia
(Fig. 1.1). It is also part of the broad region of metamorphic rocks
recently defined as the Luangwa-Kariba region and covering the eastern

and southern parts of Zambia (3).

The Zambezi belt is one of the Southern African Precambrian
mobile belts and has an arcuate form(4) . In Zambia, the belt has
northwest - southeast regional trends in most parts of central and
southermn Zambia, whichkhange to west-northwest further to the south-

west in the Mapanza Mission area.
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The northern boundary of the Zambezi belt in Zambia has been -
defined as the Mvembeshi dislocation, a major crustal discontinuity
which separates the belt from the Pan-African Lufilian Arc of the
Copperbelt to the North(s’ 6) . To the Southwest in the Mapanza area,
the belt becomes covered by recent alluvial sediments of the Kafue
- flats. Further to the Southwest J.n Némjbia, a correlation of the
Zambezi belt with the southern segment of the Damaran mobile belt has

been advanced based on broad lithological similarity(6) .

The Zambezi belt truncates the northeast trending structures of
the older Irumide belt (C. 1100-1350 Ma, (1)) at almost right angles
in central and southern Zambia, and terminates to the Southeast against
the Post-Karroo faults in the mid-Zambezi valley. It reappears in
Zimbabwe where it forms a narrow strip of country between the northern
margin of the Zimbalwe craton and the Karroo rocks of the mid-Zambezi
valley. Its eastern prolongation is poorly derined but it is believed
to merge structurally into the north-south trending Mozambique belt,

also of Pan-African age(7) .

1.3.2 Lithological and stratigraphic make-up

Reconnaissance regional geological mapping by the geological
survey, Zambia, has revealed a thick supracrustal seguence of
various pre-Karroo lithologies in the Zambezi belt. This comsists
of metapelites, semipelites, psammites calc-silicate and carbonate
rocks, and minor volcanic rocks deposited during the late Proterozoic

(8,9,10,11,12,13,14)

Pan-African cycle In addition, there are

two large units of orthogneiss interleaved with the metasedimentary
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rocks. These were previously interpreted to represent earlier, refo-
liated basement rocks. (5) Recent field and geochronological data for
these rocks, however, suggest that they represent syntectonic granites
intruded during Pan-African deformation (15). Less abudant metabasic
rocks, mainly amphibolites, are also sporadically distributed within

the Zambezi belt.

Lithostratigraphic correlation within the belt is hampered by the
intense Pan-African deformation and regional metamorphism. The meta-
sedimentary rocks were recently assigned to the Monze Group by the
stratigraphic camnittee of the Geological Survey (Ray et al., in
Prep.) A generalized correlation of metasedimentary rocks within the

Zambezi belt is set out in Table 1.1.

The metasedimentary rocks of the Zambezi belt are separated from
those of the Iufilian Arc in the Copperbelt to the north by a marked
difference in structural vergence and metanorphlc grade across the
Mwembeshi dislocation(5’16) . The rocks of Zambezi belt are generally
higher in metamorphic grade and show a south and southwest vergence
whereas the lower grade Katangan succession of the Copperbelt shows a
northerly wergence. Despite these differences, the Zanbezi belt meta-
sedimentary rocks have been correlated with the Katangan Supergroup of
the OOpperbelt(s) . This correlation is suggested by the general simi-
larity of the lithological succession of the Copperbelt with that to |
the South, and by the available geochronological evidence 17,1,15).
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In the area between Lusaka and Rufunsa, Katangan supracrustal
rocks are in general absent, but east-west Pan-African structures are
strongly developed and overprint earlier structures in the basement

rocks. Barr (18

maintains that this area represents portion of the
Zambezi belt where the original Katangan supracrustal sequence has been

stripped off.

1.3.3. Structural framework

Several phases of deformation related to the Pan-African cycle
have been recognized in the Zambezi belt (10,11,19,14) . In most parts
of the belt, an earlier, main-phase deformation was intense and gave
rise a regional penetrative northwest and west-north-west trending

foliation.

This penetrative foliation is related to tight to isoclinal
recumbent folds with northwest trending axes around the Lusaka area
and Central Province. A similar style of folding is present further
south in gouthern Province, but there the folds have more steeply
dipping axial surfaces. In the Kafue area, however, this style of
folding is complicated by the rise of the Mpande dome (11) . This
distorted the regional structural trends to produce concentric struc-

tures around the dome (11,20) .

In some parts of the belt, the main-phase deformation was followed
by relatively less intense open folding coaxial with the tight to
isoclinal F) folds, and by still later open folds with northeast

trending axes (10,14, 13) .



In addition, recent structural data has been accumulated in
Southern Province along the boundary between the Irumide and Zambezi
belts, which show that the main-phase deformation in the Zambezi belt
was accompanied by shearing resulting in transposition of earlier north-
east trending Irumide structures into the north-west Zambezi trends.
Furthermore, sheath fold development and down - dip mineral extension
lineation in some Katangan lithologies within the Zambezi belt suggests
southwards thrusting of the metasedimentary rocks during the main phase
of deformation (13) . This is consistent with the general south and
southwest vergence of the Katanga succession south of the Mwembeshi

dislocation Zone (5,21) .

1.3.4 Metamorphic framework

The metamorphic petrology of the pre-Karroo sequence in the
Zambezi belt has mainly been documented on a cursory basis, and infor-
mation regarding the metamorphic state of the rocks in mainly derived

from the Geological Survey reports.

In the Lusaka area, metamorphic grade in the sequence apparently
depends on stratigraphic position. At the base of the succession, the
pelites contain kyanite and staurolite, characteristic of amphibolite
facies. These pass upwards into low grade, greenschist facies schists
and phyllites containing muscovite and chlorite. The situation, how-
ever, is complicated by the presence of small bodies of eclogite of
presumed Katangan age contained within the metasedimentary rocks (22,

These were initially regarded as having been tectonically emplaced.
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(23) » however, concluded from petrological studies that the

Vrana et al
eclogite bodies were formed by deformation and metamorphism of gabbros

which intruded the Katangan sequence prior to regional metamorphism.

In the Zambezi belt in the Rufunsa area and in some parts of the

Lufilian Arc, Vrana and Barr(24) (18)

and Barr have documented talc-
kyanite aésenblages, characteristic of high pressure metamorphism. They
have deduced pressures in the order of at least 10 Kbars for the for-
mation of the assemblages during the Pan-African Imetamorphism, based

on comparisons with experimental data.

Around and south of Kafue, kyanite and staurolite - bearing asse-
mblages diagnostic of amphibolite facies are abundant in the metape-
lites 8,9,11,12,13) . A comprehensive investigation of the metamor-
phism of pelites, semipelites, carbonate rocks and volcanic rocks in
relation to phases of deformation was conducted in the Kafue area
around the Mpande dome(25) . There, it was shown that the maximum

grade reached was of the Kyanite Zone.

Pseudomorphs possibly after andalusite have been recorded in the
(11)

Mmnali Hills area in the Nega Formation . To the south and south-
east in the same formation, however, wanite is abundant(l3) . When

mapping the area between Magoye and Gwembe (sheet 1627NE), Newton(s)

concluded that the grade of metamorphism increased slightly to the
South. This was based on the fact that 'staurolite and kyanite are
fourd only in the South accampanied by large garmets, but in the north,

rocks of comparable composition show only very small garnets.'



_10_

In the Mapanza Mission area near the Southwestern extremity of
the Zambezi belt in Zambia, Tavener-Smith(g) has documented kyanite
gtauxolite and almandine - bearing assemblage in the metapelites, again

diagnostic of amphibolite facies.

The metamorphic petrology of the calc-silicate rocks and marbles
in the Zambezi belt south of Kafue was briefly described by Newton(s) ’

(9) and Brown (13)

Tavener - Sm:l.’ch , who showed that these rocks contain
diopside, hornblende, plagioclase and scapolite, suggesting that they

are isofacial with the adjacent Katangan metapelites.

Another petrological study of a regional nature = is that of
Ramsay and Ridgway (3) . Based on the identification of diagnostic
phases in thin sections, these workers have concluded that the broad
Luangwa-Kariba region within which the Zambezi belt forms a part, was

largely subjected to intermediate pressure, upper amphibolite facies

metamorphism during the Pan-African Orogenic events. - Their work, however,

has been strongly criticized by Vrana (26) who argue that the method
adopted by Ramsay and Ridgway(3) cannot be applied in a structurally
complex region such as the Luangwa-Kariba area, which has been subjec-

ted to repeated episodes of deformation and metamorphism.
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CHAPTER TWO

FIELD RELATIONS AND PETROGRAPHY

2.1 Introduction

The field relations and petrography of the calc-silicate rocks,
marbles and amphibolites are discussed. Representative modal analyses
obtained fram point-counting at least 600 points per thin section are
given in Tables 2.2, 2.3 and 2.4. The calc-silicate gneisses and a
few mottled calc-silicate rocks were not point counted due to their
banded and porphyroblastic nature. R_epresentaitive mineralogical composi-
tions of the individual layers of the calc-silicate gneisges and the

mottled calc-silicate rocks, however, are listed in Table 2.1.

Numbers of samples referred to in the discussion of petrography
designate thin sections which exhibit the particular features being dis-
cussed. "Ihese samples are not in all cases listed in Tables 2.1-2.4.
Samples with the same nub er but different letters added on refer to

different discrete samples collected from the same outcrop

In same cases, textural evidence has enabled the classification of
the individual minerals into primary (p) and secondary (S) depending on
whether or not the mineral formed during retrograde réplacement of earlier,
primary minerals. This is the procedure adopted by Kretz (27) and has an
important bearing on the discussion of metamorphism to follow.

In the marbles,- calcite was distinguished fram dolomite by staining

with alizarin red § solution as cutlined by Warne®) . gtaining of



- 12 -

slabs of the calc-silicate rocks revealed all carbonate grains to be

calcite.

The distribution and sample locations of the calc-silicate rocks
and associated marbles and amphibolites are indicated on Figure 2.1.
Sanplmg was conducted along and across the regional northwest trend
and covered most calc-silicate rock types and marbles. In some cases,
this was hindered by poor exposure and the presence of = large camercial
farms within the calc-silicate terrane. Sampling of amphibolites was

restricted to the Mapanza Mission area.

2.2 FIELD RELATIONS

2.2.1 Calc-silicate rocks

The calc-silicate rocks are well-developed in Southern Province,
south of Kafue. They are located within a strip of country starting

south of the Mmnali Hills and extending about 30 Km southwards to

Magovye.

The rocks form a thick sequence, the Muzuma Calc-silicate Forma-
tion, which is part of the northwest plunging Mazabuka synclinorium(l3) .
They extend along strike for' about 80 Km, and to the southeast termi-
nate against the Post-Karroo faults of the mid-Zambezi valley (Fig. 2.1).

(13)  hich flanks the

Locally in the pelitic Nega Formation
Mizuma Calc-silicate Formation to the north, the calc-silicate rocks

Crop out as bands 5 to 10m thick and extend along strike for about 1 Km.
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Further to the southwest in the Mapaﬁza Mission area, the calc-
silicate rocks and assolciated marbles form the Mapanza Carbcnate Forma-
tion® | This wnit occurs in west-northwest trending synclinal struc-
tures where it is repeated by folding(g) and is about 50Km long, being

covered to the west by recent alluvial sediments of the Kafue flats.

The relationship between the Muzuma Calc-silicate and Mapanza Car-
bonate Formations has not yet been worked out in detail. It is clear,
however, from their setting and structure that both formations were
affected by the same Pan-African orogenic events which produced folding

and amphibolite facies metamorphism.

In order of decreasing abundance, the calc-silicate rocks in

the Muzuma Calc-silicate Formation are represented by:

(1) Calc-silicate gneisses.

(2) Massive calc-silicate rocks

(3) Calc-silicate schists

(4) Minor mottled varieties with scapolite porphyroblasts.

Contacts between these rocks types are comonly not exposed.

The calc-silicate gneisses are the dominant rock type. In some
places, exposures of the calc-silicate gneisses conspicuously stand
out in a gently undulating terrain, good examples of which occur
about 5 Km north of the Chikankata turn—off along the Lusaka-Livi-
stone road. This undulating terrain persists wntil Mazabuka, where
it starts to be masked by the alluvial sediments of the Kafue

flats.



Plate la. Folded calc-silicate layers of the calc-
silicate gneisses with a well-developed lineation.
Coin is approximately 3cm in diameter.

Plate lb. Folded calc-silicate layers in calc-silicate
gneisses.
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interbands up to 3-4m thick within the calc-silicate gneisses. The

latter show the mottled texture only in the fine-grained dark bands.

The mottled calc-silicate rocks are massive, dark grey and spe-
ckled with whitish grey ovoid scapolite porphyroblasts 0.5 to lcm in
diameter set in a fine - to medium-grained weakly foliated matrix.

On some outcrops, these porphyroblasts stand out on weathered surfaces.

In the Mapanza Carbonate Formation to the Southwest, the calc~
silicate rocks. are generally poorly exposed, but excellent outcrops
are located along the Munyeke River. The rocks are similar to those
of the Muzuma Calc--silicafe Formation in most respects except for the
lack of mottled calc-silicate rocks. The calc-silicate rocks are also
closely associated with marbles similarl to those of the Muzumba Calc-
silicate Formation. The calc-silicate rocks are abundant in the lower
part of the Mépanza Carbonate Formation where they are associated

with thin bands of impure quartzite and pass upwards into the marbles(g) .

2.2.2  Marbles

The marbles are extensively distributed on both the northern and
southern margins of the Muzuma Calc-silicate Formation, forming units
that extend along strike for up to 20 Km. In addition, lenses and
bands of marbles some 5 Km long and up to 200m thick occur sporadically
within the calc~silicate terrane. Excellent exposures of these crop

out along the Munyameshi River, northeast and east of the Chikankata
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Mission area. There, the bands are in sharp contact with the adjacent
calc-silicate gneisses. Isolated bands of marbles about 20Qm thick
are located within the psammitic and pelitic Chivuma Formation(s) ’
about  500m south of the Chivuma Mission. Distinctive horizons of

the marbles are also extensively developed within the Nadongo Group,
further to the South of the Chivuma Mjssion(7) . These are up to one km
in width and extend up to 50km along strike. These horizons, how-

ever, were not studied in the present work.

In the Mapanza Carbonate Formation, the marbles are poorly ex-
posed. Exposure of these rocks are largely confined to the Munyeke
River, with excellent examples being found beneath the bridge along
the Choma-Namwala road. In this area, the relationship between the
marbles and calc-silicate rocks is gradational, with the former confi-
ned to the top of the Mapanza Carbonate Formation where they form a

thick unit(g) .

In general, the marbles in both formations occur either as
calcite marbles or dolomite marbles. The former are predominantly
medium grained, massive and generally greyish in color. The
dolomite marbles are fine to medium grained and vary in color from
pinkish-whité and white to grey. Dolomite marble cropping out some
500m South of the Chivuma Mission shows excellent streaks of white
fibrous tremolite. A few specimens of the calcite marbles show color
banding defined by calcite crystals alternating with biotite-rich

layers about 2mm in thickness.
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2.2.3 Amphibolites

Amphibolites are widely scattered within the Zambezi

(8,9,10,11,13) - Those that have been studied in the present

belt
work are located within the Mapanza Mission area, within the Mapanza
Carbonate Formation. In this formation, the amphibolites crop out

in two forms: as boudins, lenses and bands about one metre thick
concordant with the foliation in the host carbonate and calc-silicate
rocks, and as larger linear to lenticular bodies forming ridges para-

llel to the regional west-northwest trend.

Excellent examples of the boudins, lenses and bands of amphibo-
lite crop out beneath the bridge along the Choma-Namwala Road, across
the Mmyeke River (plates 2a nd b). Here, disrupted boudins and contor-
ted lenses and bands of -amphibolite have sharp contacts against the
enclosing calc-silicate gneisses and marbles. Banding in the host
carbonate and calc-silicate rocks flows around the amphibolites, indi-
cating that during deformatibn the host rocks were less competent than
the amphibolites. The amphibolites have a weak foliation which is
parallel to the foliation in the country rocks and in defined by
orientated hornblende. fThe rocks are medium grained with a dark green
color. In addition to hornblende and blagioclase, pink garet may

be seen in hand specimens.

Numerous larger linear to lenticular bodies of amphibolite
occurring as ridges are sporadically developed within the Mapanza

Carbonate Formation. These bodies are mainly 500 to 15Qm in length,
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Plate 2b. Contorted amphibolite boudins and lenses in

the Mapanza Carbonate Formation beneath Road bridge over
Munyeke River.



20 to 50m wide, and rise 10 to 20m above the flat-lying carbonate
terrain. Contacts with the country rocks are not exposed, but the
bodies apparently thin out before they disappear into the flat-lying
country. To the Southeast from the Mapanza Mission hospital, along the
road to Pemba, an amphibolite body exhibit a possible intertonguing
relationship with adjacent calcite marble. Exposure is poor but the
amphibolite forms two large bodies separated by about 10m of marble,
suggesting that the marble forms a tongue within the amphibolite. An
anmphibolite body cropping out north of the Kabanze school contains
small xenoliths of randomly oriented calcite marble some 20cm in length.
These relationships suggest that the larger, ridge-forming amphibolites
were derived from parent mafic rocks which intruded the country rocks.
This is in accordance with Tavener- Smith(g) , who regarded the amphibo—

lites as minor basic intrusions.

These larger amphibolite bodies are homogeneous, showing no
internal variation, and are ‘coarse grained and dark green in color.
They are commonly massive but a few have a weak foliation defined by
orieﬁtated hornblende. This foliation is parallel to the west—-northwest
trending foliation of the country rocks, as in the amphibolite bands
and boudins. A few are also strongly lineated, the lineation being
defined by hornblende plunging to the west - northwest parallel to the fold
axes of minor folds in the calc-silicate rocks. Hornblende, plagioclase

and epidote are the only minerals that may be seen in hand specimens.
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2.3  Petrography

2.3.1 Calc-silicate rocks

In thip section, the calc-silicate rocks show various textures.
These include granoblastic-polygonal, poikiloblastic and schistose
textures in the calc-silicate gneisses and a well-defined compositional
layering. Additionally, disequilibrium features as defined by rep-
lacement textures are also widespread in all calc-silicate rock
types. The majority of the latter textures are secondary being imposed

during fetrograde metamorphism.

The rocks show a fairly consistent mineralogy (Table 2.1 and
2.2). In some of the calc-silicate rocks, the primary or secondary
nature of some of the quartz could not be ascertained. It is possible
based on the textural evidence in most of the calc-silicate rocks that
the quartz is largely or entirely primary, although some of the

retrograde reactions discussed later could also produce some secondary

quartz.

2.3.1.1 Calc-silicate gneisses

Representative mineralogical compositions for the calc-silicate
gneisses are shown in Table 2.1. The compositional layering in

these rocks shows an interesting mineralogical variation.

The coarse-grained bands consist mainly of calcite, scapolite,
plagioclase, quartz, diopside and secondary actinolite. Biotite is

present in minor amounts or is absent. Sphene, tourmaline, apatite,
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Representative mineralogical compositions of the calc-silicate

*%

gneisses and mottled calc-silicate rocks.
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ilmenite and rarely magnetite are present as accessory minerals.

The fine-grained layers consist of biotite, quartz, scapolite
and plagioclase as the main mineral constituents. Calcite and horn-
blende are also present, generally in subordinate amounts. Tourmaline
is the most common accessory mineral in these layers whereas ,sphene
apatite and ilmenite are rare. Hematite is found as a secondary mine-
ral replacing biotite. One unusual section has mineral proportions in
the fine-grained layers which differ markedly from the fine-grained
layers in nost of the calc-silicate gneisses. The fine-grained layers
in this sample (FO2A) consist mainly of small anhedral quartz crystals.
Other less abundant minerals present are plagioclase, biotite and

sphene.

In addition to replacement textures described in some detail
below, fhe coarse-grained layers of the calc-silicate gneisses have a
well- developed granoblastic-polygonal texture consisting mainly of a
mosaic of scapolite, calcite, quartz and diopside (e.qg, 0S1l). The
fine-grained layers show a crude to well-developed schistosity, which
is defined by orientated biotite flakes and which is parallel to the
compositional layering, except on the hinges of folds, where the

schistosity can be seen to be axial planar to the folds.

On the fold hinges, the coarser grained layers show a weak foliation
which is outlined by minor biotite crystals which have grown axial

elongate texture which is also axial planar to the folds.
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Diopside is mainly present as ragged columar and anhedral crystals
commonly containing rod-shaped quartz, calcite and occasionally scapolite
inclusions. It is mostly colorless but crystals with a pale green
pleochroism are present in a few specimens (e.g., FO 23A). A large
number of grains are marginally replaced by colorless to pale green
pleochroic actinolite. Where this replacement is almost complete (e.g.,
0Sl), a poikilcblastic téxture is developed in which inclusions of diop-

side are present in the cores of the actinolite crystals.

Primary hornblende occurs commonly as subhedral crystals with a
pale green to green pleochroism and % A 7 = 20-25°. Tt is mostly
found in the fine-grained layers where it forms sieve-textured crystals
1-3mm long containing quartz and biotite inclusions. The crystals are
either parallel to the schistosity or are aligned at a high angle to
it (e.g., FO32, plate 3a). This suggests that growth of the homblende

poikiloblasts occurred both during and after deformation.

Biotite is abundant in the fine-grained layers where it occurs
mainly as small brown flakes about 0.1 to O.5mm long orientated along
the foliation. Minute crystals occurring as inclusions are contajnéd
in the hornblende poikiloblasts and occasionally in scapolite crystals.
Biotite flakes partially replaced by pale green chlorite and muscovite

are also present in some of the rocks (e.g., FO37).

Scapolite is generally anhedral. Locally it occurs as aggregates
or clots about 2mm in diameter more prominent in the fine-grained layers
(e.g., FO33). These clots impart a knotted texture to the rocks and

appear as whitish-grey porphyroblasts in hand specimens. Most Qf‘ these
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clots contain biotite and quartz inclusions and are similar to those
present in the mottled calc-silicate rocks discussed below. ILocally,

a few clots contain irregularly shaped cores of plagioclase and Suggest
a replacement of the latter by scapolite. In one sample (FO33) scapo-
lite form rims around plagioclase. In all the calc-silicate gneisses
scapolite has second order interference color. The maximum birefri-
ngence is about 0.025 in the specimens, indicating that the mineral is
an intermediate member of the scapolite series and corresponds to

mizzonite (Me60, where Me is meionite).

Plagioclase occurs as anhedral crystals in a granoblastic mosaic
with other minerals. The mineral is not as widespread in these rocks
as is scapolite. Its camposition as determined by the statistical
Michel ILevy method in uniformly andesine (An32-35). In some specimens,
(e.g., FO34, 0sl,) the mineral appears to be moré abtmdant in the fine-
grained layers than scapolite which in turn is more abundant in the
coarse-grained layers. In one sample (FO32) plagioclase forms sieve-
textured crystals about Iim in diameter in the fine-grained layers and
contains biotite inclusions. Plagioclase in contact with scapolite
has the same composition as that isolated from scapolite. Same cry-
stals are partly altered to sericite.

Sphene is present in various forms but most crystals have anhedral
or subhedral shapes; rarely, eghedral crystals showing the characteristic
wedge-shaped habit are present. The mineral varies in size from 0.1 to
0.5mm and has a pale brown to deep brown pleochroism. It tends to be
more abundant in the coarse-grained bands than in the fine-grained layers
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where most of the Ti is probably in the biotite.

Quartz occurs commonly as anhedral crystals in a granoblastic-
polygonal mosaic in contact with other minerals. It is also present
as inclusions in diopside, scapolite and hornblende. In the calc-sili-
cate gneisses and other calc-silicate rock types, the mineral is most
likely largely primary on the basis of its straight, even contact rela-
tionships with other mineral grains. Same of the quartz, however, may
be secondary as discussed above.

Tourmaline is present commonly as small anhedral to subhedral
elongate crystals parallel to schistosity in the fine-grained layers.
In some coarse-grained layers (e.g., CH3), however, anhedral grains
about 2mm in size are present. Most crystals show a well-pronounced
color zoning from pale yellowish-green rims to dark greenish-blue core,
suggesting that they are a solid solution of mainly dravite and schorlité.

Apatite occurs as tmy-anhedral crystals less than 0.02mm in
size in both the fine-grained and coarse—grained layers. In the former,
it occurs as interstitial cxystals between biotite, plagioclase and
quartz. In the coarse-grained layers, it is generally randomly distri-
buted but a few crystals are interstitially located between scapolite

crystals (e.g., FO34b).
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Opague minerals in the calc-silicate gneisses are ilmenite, mag-
netite and secondary hematite after biotite. The minerals are present

in minor amounts without any special paragenesis.

Calcite is mainly present as anhedral and subhedral crystals. The
mineral is largely concentrated in the coarse-grained layers where
it varries in size from 1 to 2m and is mostly twinned. It is present
in minor amounts in the fine-grained layers. In one sample FO15, it
forms rims around plagioclase crystals in the fine-grained layers indi-

cating that it is partly secondary.

2.3.1.2 Calc-silicate schists

The mineralogical camposition of the calc-silicate schists is
similar to that of the fine-grained layers of the calc-silicate gneisses
(Table 2.2). The rocks consisj: of biotite, plagioclase, and quartz
as the main mineral constituents. Calcite, sphene, tourmaline and
pyrite are present in minor amounts whereas zircon, apatite, horn-
blende and epidote are rare. In some calc-silicate schists (e.g. FO92),
scapolite occurs instead of plagioclase and diopside is locally abundant
(e.g, FO48). Pale green chlorite and muscovite are present as secondary

minerals replacing biotite.

The rocks show a well-developed schistosity defined by almost all
minerals but most conspicuously by orientated brown biotite flakes
(plate 3b). This schistosity everywhere parallels the compositional

layering in the calc- silicate gneisses, except on the hinges of folds.
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Table 2.2 Representative modal analyses of the massive calc-silicate

*
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LUl and MA16 are massive calc-silicate rocks, FO9A, F042, F048, and
FO8 are calc-silicate schists. P := primary, 8 = secondary,

Tr = present in trace amount



Plate 3a, Hornblende poikiloblast sieved with

inclusions of
quartz in the calc-silicat

€ gneisses. (X10, under Plane polarized
light).

Plate 3b. Calc-silicate schist (F042) showing a well-developed

schi stosity defined by orientated biotite crystals. (X10, under
plane polarized light),
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In the scapolite-bearing varieties, grancblastic —-elongate texture is

exhibited by a mosaic of quartz and scapolite.

Most plagioclase crystals are commonly anhedral and show albite
and pericline twinning. The Crystals are generally andesine (An36~40)

in composition, similar to plagioclase in the calc~silicate gneisses.

Scapolite has interference colors of second-order ard is mizzo-
nite in composition, like the scapolite in the calc-silicate gneisses.
The mineral occurs as anhedral elongate crystals about O.5mm in size,

but is not widespread _in these rocks.

Crystals of tourmaline are commonly associated with biotite and
exhibit subhedral elongate shapes orientated along the schistosity. 2
few crystals show the same color 2QHiing as the tourmaline crystals in
the calc-silicate rocks discussed above, but many crystals have a common

brownish~-green color;

In addition to being present mostly as a secondary mineral replacing
biotite, muscovite locally occurs as porphyroblasts about 5 to 10mm long
(FO 193). These porphyroblasts have in some cases grown mimetically
along the schistosity but commonly transect it at a high éngle sugges—

ting that they are post-tectonic.

Primary green hornblende present in one sample (FO8) also occur in a
similar manner to muscovite, being present as poikiloblasts orientated

1long and at an angle to the foliation. It is most likely that
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crystallization of hornblende was post-tectonic and partly syn-tectonic

to deformation that produced the schistosity.

Calcite is present as a minor constituent in most calc-silicate
schists, being significant only in FO8 where it forms up to 13 per-
cent of the rock. It occurs as anhedral elongate crystals with long

axes parallel to the schistosity.

Quartz and apatite crystals occur in a similar mamner to that
described above in the fine-grained layers of the calc-silicate gneisses,

whereas sphene is rare or absent in these rocks.

Zircon is found as minute crystals occassionally enclosed by
biotite crystals giving rise to pleochroic haloes. A few crystals of
zircon are present as cracked grains and are most likely of detrital

origin.

2.3.1.3 - Massive calc-silicate rocks

The massive calc-silicate rocks contain quartz, scapolite, plagio-
clase, diopside and actinolite as the main mineral constituents (Table
2.2). Calcite, microcline, epidote, biotite and sphene are present
in minor and varying proportions. Rutile, zircon, tourmaline, pyrite
and apatite are present as accessory minerals. Garnet is rare in

the massive calc-silicate rocks of the Muzuma Calc-silicate Formation

and was identified in only a few samples, but it appears to be abundant
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in the massive calc-silicate rocks which form bands in the pelitic

Nega Formation to the north, represented by sample LUl (Table 2.2).

Under the microscope, the massive calc-silicate rocks commonly
have a well~developed grancblastic-polygonal texture formed of an |
interlocking mosaic of quartz, plagioclase, scapolite and diopside cry-
stals. Most other textural features that are present reflect disequi-
librium effects and are described below. One sample (MA16) has a weak
foliation discernible only in thin section and is defined by orientated

prisms of primary actinolite.

Diopside is colorless and mainly occurs as anhedral to subhedral
crystals and as ragged poikiloblasts about 2-4mm in length containing
quartz and occasionally randomly oriented biotite inclusions (e.g., CH17).
In sample LUl, the crystals show excellent multiple twinning. Ddahy cry-
stals are mantled by pale green to green actinolite, indicating replace-

ment of diopside by actinolite (e.g., CHL7, CH18, FO66).

- In addition to occurring as a replacement mineral after diopside,
actinolite occurs as a primary mineral in a few samples (e.g., LUL, MA 16).
In these rocks, the mineral occurs as euhedral prisms 2mm long showing
a preferred orientation. Where these Crystals are in contact with dio-
pside, the boundary is sharp and straight, which suggests that the two

ninerals are in textural equilibrium.

Epidote-group minerals commonly present in these rocks are zoisite

nd clinozoisite, but a few samples (e.g., LUL, FOll) also contain a
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displaying yellow-green to green blue anomalous interference colors.
Pistacite-rich epidote tends to be zoned, showing interference colors
of second-order which increase towards the rims. In places where
zoisite and clinozoisite come in contact with scapolite (e.g, FOS50),
the crystals contain inclusions of scapolite and also occur partly as
rims around scapolite, indicating that clinozoisite and zoisite have
formed partly by replacement of scapolite. In three sample (FOll,
FO25, and FO50), zoisite completely mantles garnet, also indicating
that zoisite has replaced the garnet. In the other two garnet-bearing
samples (B~ 18 and LUl), however, zoisite and clinozoisite are in a

apparent textural equilibrium with the other minerals.

Scapolite is present largelyas anhedral grains commonly forming
equigranular, grancblastic and polygonal aggregates with diopside and
quartz. The mineral has second-order interference colors and is

mizzonite (Me65) in camposition, as in the other calc-silicate rock

types.

Plagioclase crystals form anhedral grains and are andesine
(An 33-36) in composition. Most crystals are twinned, but untwinned
crystals also occur. The crystals do not commonly coexist with sca-

polite in the same rock.

Microcline with tartan twimning is not widespread but forms up
to 7 per cent of some samples (e.q, FO25, FO66). The minerals occurs
as anhedral grains about 0.2 to 0.5mm in size forming part of the

granoblastic-polygonal texture.
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Rutile occurs in a few samples as rounded to elongate crystals
with a strong yellow to yellow-brown color. The Ccrystals range in
size from 0.1 to O.3mm and are commonly irregularly mantled by

sphene (e.g, FO12). The significance of this texture is discussded in

chapter 6.

In rocks lacking rutile, sphene is present as small discrete
subhedral to anhedral grains and is a common minor constituent in all

the massive calc-silicate rocks.

Colorless grains of zircon are present in most spécimens and are
commonly found as small crystals ranging up to about 0.2mm in size.
The grains are cracked and have elongate forms with rounded corners.
A few much smaller rounded grains less than 0.05mm in diameter are

located in interstices between quartz and scapolite crystals in CH1S.

Tourmaline crystals are mostly anhedral and have the same yellowish-
green rims surrounding bluish-green cores as present in the calc-sili-

cate gneis'ses and schists.

Garnet is brown in color and is most probably grossularite-rich.
It is mostly present as tiny crystals mantled by zoisite. In the
one sample (LUl) taken fram a band of massive calc-silicate rock in
the Nega Formation, garnet is abundant and is present mainly as an-
hedral and subhedral grains with a few euhedral Crystals ranging in

size up to 0.5mm and containing blebs of quartz.
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Apatite occurs camonly as tiny anhedral crystals about 0.05mm
in diameter occasionally enclosed in scapolite crystals and also
located in interstices between calcite crystals.

Quartz is abundant in the massive calc-~silicate rocks and its

paragenesis is similar to that described in other calc-silicate rock
types above.

Calcite is present as a minor constituent up to 3mm in size.
The mineral occur as anhed@ral, subhedral with a few euhedral crystals
showing characteristic rhanbic cleavage. Both twinned and untwinned

crystals are present.

2.3.1.4 Mottled calc-silicate rocks

The mottled calc-silicate rocks (e.g. MA1O, Table 2.1) shows a
well-developed poikiloblastic texture displayed by aggregates of an-
hedral scapolite crystals 5 to l1Qmn Ain diameter, seen in hand specimens
as whitish-grey porphyro blasts. These are set within a matrix campo-
sed mainly of biotite, quartz and calcite and contain numerous inclu-
sions of these minerals. The scapolite is mizzonite in composition and

forms well over 50 per cent of the rock.

Brown biotite flakes display a moderate schistosity that partly
wraps around the poikiloblasts, but inclusions of biotite in a preferred

orientation parallel to this schistosity are also contained in these



sieve-textured scapolite Crystals. Some biotite flakes have been
partly replaced by muscovite and colorless to pale green fibrous and

radiating sprays of chlorite.

Calcite is mainly found as inclusions within the scapolite
poikiloblasts and also as discrete grains within the matrix. Un-
commonly, it forms aggregates about lmm in diameter with an excellent

granoblastic-polygonal texture.

Plagioclase is found in minor amounts as anhedral Crystals
within the biotite~quartz matrix. Twinned and untwinned crystals

occur and are andesine (An36-38) in composition.

Small euhedral tourmaline Crystals about 0.03mm in length are
present.  Most crystals are contained in the scapolite poikiloblasts

but a good number are also present in the biotite-rich matrix. Well-

Sphene occurs as small subhedral to euhedral grains with the
characteristic wedge-shaped habit. Most Crystals occur as inclusions

in the scapolite.

Quartz occurs mainly as small inclusions contained within the
scapolite poikiloblasts. Other anhedral quartz crystals about 0.5mm
in diameter are randomly oriented within the rocks and form grano-

blastic—polygonal 'saic texture with calcite crystals.
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2.3.2 Marbles

Cut surfaces of the carbonate rocks and uncovered thin sections
were stained with alizarin red § Solution as described by Warne 28 |
In this technique, calcite changes to a red color whereas dolomite
is not affected. This facilitated the subdivision of the marble into

calcite marbles and dolamite marbles.

2.3.2.1 Calcite Marbles

Under the microscope, the calcite marbles are generally massive
with a well-developed equigranmular granoblastic-polygonal textures
defined by a mosaic of interlocking twinned and untwinned calcite

crystals.

Other mineral constituents besides calcite are present in small
and varying proportions (Table 2.3) ard include scapolite, quartz,
biotite, tremolite, plagicclase, pyrite, apatite and sphene. Tourmaline,
magnetite, ilmenite and rutile are rare, and chlorite and muscovite

occur as secorndary minerals replacing biotite.

Plagioclase occurs comonly as anhedral, twinned crystals and is
uniformly andesine (An36-40) in canposition. A few grains in AMA6 show
oscillatory zoning with diffuse and irregular zones. Crystals replaced

by sericite are not uncommon in these rocks (e.g. MAG, MAl7).
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*
Table 2.3 Representative modal analyses of the marbles
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Unlike most of the calc-silicate rocks where scapolite is
present as anhedral grains, in the calcite marbles scapolite is found'
as subhedral elongate columnar poikiloblasts about 3mm long containing
quartz, calcite and biotite inclusions (e.g., FO4, FO4A, FO26). An-
hedral crystals also occur (e.g. MA5, MA9). Both textural types are
mizzonite (Me 60) in camposition, as shown by their birefringene.
This composition was confirmed by X-ray diffraction analysis on
scapolite from sample FO4A at Delft University (Dr. Kuhnel 1985,

Pers. Commun) .

In a few specimens where brown biotite is present in significant
amounts (e.g., FO8B), a weak compositional layering is defined by
calcite-rich layers alteﬁlatjng with biotite-rich layers about 2 to 4mm
thick. The biotite-rich bands show a schistosity discernible only
under the microscope. Within these biotite-rich layers, pale green,
radiating, fibrous chlorite occurs as wveinlets as well as a replacement

of biotite.

Sphene is a minor mineral constituent that is present mainly as
very small subhedral grains. It is randomly distributed within the

calcite marbles.

Tiny anhedral crystals of tourmaline about O.3mm in diameter are
also present and have a greenish-brown pleochroism. A color zoning
is defined by a dark-green core surrounded by a pale-green .rim, suggesting

similarity with the tourmaline crystals in the calc-silicate rocks.
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* Ratile is rare and was only found in samples MA5 and MA6 of
the calcite marbles. Most crystals are anhedral, occurring as small,
discrete grains with a reddish brown color, but euhedral rutile

occurs in MA6 and shows twinning and an excellent (110) cleavage.

Quartz is found in varying proportions in the calcite marbles
as equant, anhedral crystals about O.5mm in size and also as inclusions

in scapolite.

Opaque minerals present in the calcite marbles are mainly
pyrite but hematite of secondary origin is also present and imparts
a brownish stain to the minerals in thin section. The hematite is
interpreted to reflect surficial weathering processes. Minor amownts
of magnetite are also present in a few samples and ilmenite occurs

in MA2,

Small equant apatite crystals about 0.05mm in diameter are present
in some calcite marbles (e.g., MAZ, MA5, MA9). The crystals are

camonly present as interstitial grains between calcite crystals.

Tremolite present in one sample is identical to that in the
dolomite marbles described below.

2.3.2.2 Dolamite Marbles

‘The dolomite marbles are almost pure dolomites, with a few
containing no other phase (e.g., FO20 Table 2.3). Other minerals

‘occurring in minor amounts in most of the dolomite marbles are
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phlogopite, calcite, tremolite and rare magnetite (Table 2.3. Diop-

side was identified in only one sample (FO16)).

In thin section, the rocks display a well-developed grancblastic-
polygonal texture which is defined mainly by interlocking crystals

of dolomite.

Calcite where present in the dolomite marbles (e.g., FO13a) is
generally anhedral against dolamite and exhibits a granoblastic-poly-
gnal texture with the latter. The crystals aré devoid of the
exsolution lamellae of dolamite commonly ohserved in marbles des-
cribed in other areas (27 . In one specimen (FO21B), calcite is
marginally replaced by turbid dolomite. The latter is poorly cry-
stalline and differs markedly from primary dolamite which is coarse,
twinned, subhedral, and has a perfect cleavage. The replacement of
calcite post-dates twinning in both calcite and dolomite and is most

likely post-metamorphic.

Tremolite crystals up to 0.5mm in size are present as color-
less euhedral prismatic crystals and are randomly distributed without
any preferred orientation. It forms streaks in sample FO15A seen in
hand specimen as white, fibroys and - radiating stringers imbedded

within the carbonate matrix.

Phlogopite flakes form subhedral crystals and are colorless to
pale brown with a small 2v (5—150) - They occur as small, randomly

oriented flakes 0.2 to 0.5mm long mostly in interstices between
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dolomite crystals and also as inclusions within the dolomite (e.qg.,

FO21B, FO22).

Diopside occurs in minor amounts in FOl6 as colorless anhedral

crystals much smaller in size than the dolomite crystals.

2.3.3 ' Amphibolites

Two varieties of amphibolite may be distinguished in thin sec-
tion: garnet amphibolite and garnet-free amphibolite. The former
occurs as concordant bands, lenses and boudins within the carbonate

and calc-silicate rocks and the latter as discrete larger bodies.

Hornblende and plagioclase are the main mineral constitygmts in
these rocks (Table 2.4). Other minerals generally present in varying
proportions are quartz and epidote. Magnetite, sphene, ilmenite,
calcite and apatite are comonly present as accessory minerals where-
as biotite, rutile and secondary chlorite occur in some samples.
Zircon is rare. Garnet when present occurs in small amownts (e.g.,
MA 19, MA 19A). Diopside was identified in anly two of the garnet-

free samples (MA 7 and MA 14).

Under the microscope, the rocks are generally isotropic but some
samples of both garet amphibolite and garnet-free amphibolite show
a weak to moderate foliation defined by orientated hornblerde.
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Representative modal analyses of

the amphibolites*.
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MAl5 |50P |28P| 5P| 5B 3P |- |- -l - 2P| - |- 58 = | - |-
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Hornblende crystals are present mostly as subhedral prisms about ,
,1-3mm in length. They are pleochroic with pale green to green colors
along Z and an olive green color along Y, with Z A y = 12-31° .

The crystals are occasionally sieved with quartz and epidote inclusions
(e.g., MA 13). In a number of specimens (e.g., MA 45), hornblende is
marginally rimmed by pale green secondary chlorite. Iocally in
sample MA8, MAl4 and MA45, homblende is replaced marginally by gra-

nules of secondary sphene.

In one sample (MA45), colorless, fibrous and radiating cunming-
tonite occurs in a weinlet about 2mm thick transecting the minerals

in the thin section.

Epidote~-group minerals mainly occur as zoisite and ¢linozoisite
but a pistacite-rich variety is also present in a few specimens (e.qg.,
MA45) . The minerals occur as randomly scattered discrete anhedral
- granules about 0.3 to 0.5mm in diameter. Abundant inclusions of
Zoisite prisms and granules about 0.05mm in size are also contained

in plagioclase crystals (e.g., MA 13).

Biotite occurs commonly as small, randemly oriented brown flakes
and is mainly confined to the garnet amphibolites, but was also ide-
ntified in one of the garnet-free amphibolites (MA8). Same crystals
are partly replaced by green chlorite which show blue anormalous
interference colors. The biotite crystals commonly occur in shall

proportions and are randomly oriented.

Almandine-rich garnet is present as cracked anhedral grains with

a neutral to pale brown color. The grains vary in width fram~0.5 to
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2m and are devoid of inclusions. Although in some cases the adjacent
biotite is partly chloritized, gamet appears fresh, which suggests

that it was little affected by retrograde effects.

Apatite occurs as lath-like elaongate crystals about O.lmm long.
Many crystals occur interstitially between larger plagioclase crystals
(e.g., MA 19). In sample MAS, however, surprisingly large euhedral

apatite crystals over 3mm long are present.

Diopside was found in two samples of the garnet-free amphibolites
(Table 2.4). In these rocks, it occurs as colorless to pale green
crystals. It is present in minor amounts in one sample as anhedral
Crystals about 2mm in size in textural equilibrium with the other
primary minerals. In MAl4, it is present in the cores of hornblende,
vhere it is apparently being replaced by the latter. 1In this case it

may be a relict igneous mineral.

Quartz is a minor phase in all the amphibolites where it occurs

as small anhedral crystals and rarely as inclusions in homblende.

Calcite is present as a primary as well as a secondary mineral.
The latter clearly replaces plagioclase marginally (e.g., MAll) and
is distinguished from primary calcite which has well-defined and

straight grain boundaries with other minerals (e.g., MAl4).

Sphene occurs as small anhedral discrete grains with brownish

pleochroic color and also as larger granules mantling homblende
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(e.g., MA 13). In the latter textural type, it is probable that the
mineral is of secondary origin after hornblende.

Opaque minerals in the amphibolites are magnetite and ilmenite
which are present as discrete grains. In samples MAl4 and MA45,
ilmenite forms rims around rutile and possibly has replaced the

latter.

Anhedral crystals of rutile with an excellent golden yellowish
color are present in minor amownts in MAl4 and MA45 up to lmm in size

and are camonly rimmed by ilmenite.

Plagioclase is medium grained, anhedral and is uniformly ande-
sine (An33-45) in camposition as detemined by the Michel Levy method
and confirmed by electron microprobe analyses (Table 5.3). The pla-
gioclase crystals generally show albite twin lamellae but grains with
pericline twinning are also present, untwinned crystals are also not
uncommon.  In MALY, plagioclase crystals contain inclusions of zircon
ard anhedral garnet crystals. Same plagioclase crystals have been
partly replaced by calcite and sericitic material. A few crystals
fram both garnet amphibolites and garnet-free amphibolites (MAS, MA19)

show oscillatory zoning with 3 to 4 indistinct and diffuse zones.

Oscillatory zoning in plagiocalse in amphibolites has been

interpreted by some workers(zg) to indicate an igneous protolith.
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(30) , however, has pointed out that such oscillatory zoning

Cannon
may also be caused by metamorphism and metasomatism involving varying
concentrations of Na and Ca in the pore fluids. The present of
oscillatory zoning in a few plagioclase crystals in one of the calcite
marbles described above suggests that the similar zoning of plagioclase
in the amphibolites described here could have originated during

3
metamorphism as suggested by Cannon( O) .
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CHAPTER THREE

GEOCHEMISTRY AND ORIGIN OF THE CAIC-SILICATE ROCKS AND MARBLES

3.1 ~ Introduction

The geochemistry of the calc-silicate rocks and marbles is pre-
sented in this chapter. Major and trace element analyses of the rocks
by X-ray fluorescence analysis are given. Details of the analytical

technique and precision and accuracy of the analyses are outlined in
Appendix IT. |

The geochemical data is relevant because it may shed some light on

processes occurring during sedimentation and metamorphism.

3.2, Calc-silicate rocks

Chemical analyses of the calc-silicate gneisses, massive calc-
silicate rocks and calc-silicate schists are given in Tables 3.1, 3.2
and 3.3. Where possible, in the calc-silicate gneisses in which
banding was notably distinct and continous, the layers were split apart
as accurately as possible by saw and analysed separately. In other calc-
silicate gneisses, layers were not split apart and these will be refe—

rred to as undifferentiated gneisses throughout the discussion.

The mean compositions and ranges of the individual calc- sili-
cate rock types are given in Table 3.4. The different layers of the
calc-silicate gneisses show some interesting chemical trends in both
major and trace element concentractions. The fine-grained layers have
higher S'iO2 » AL,O5, FeO total, K,0 and Na,0 and lower CaO than the
coarse-grained layers. This trend is accompanied by higher Ba, Cr, Rb,
Zr, Nb, Ni, Y,Zn..and lower Sr.
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Table 3.1

Chemical analyses of the calc-silicate gueisses

Major Elements (wt.:)

Fine - grained layers

- 50 -

b}

Coarse - grained layers

BA-N2 F034 FO65B FOlOA FO33 FO035a FO71A F034 F023 FO58
60.10 49.79 61.47 59.64 60.20 57.03 22.34 30.42 39.21 30.72
0.79 0.58 0.76 0.63 0.61 0.63 0.25 0.30 0.43 0.35
16.07 11.57 15.14 10.23 11.36 8.46 5.48 6.10 7.73 6.92
3.00 4.85 5.10 3.81 5.19 3.00 2.44 2.64 3.14 2.86
0.02 0.04 0.02 0,08 0.08 0.06 0.04 0.07 0.06 0.06
3,21 4,91 4.27 3.89 4.72 3.18 1.94 2,72 3,34 4.41
3.18 16.09 4.24 13.72 10.32 16.03 35.75 31.59 26.83 30.74
2.74 1.34 2.41 1.21 1.27 1.73 '0.83 0.74 1.06 1.00
5.35 3.56 3.83 1.79 3.45 1.65 1.44 1.63 1,90 1.40
0.0l 0.07 0.01 0,05 0.03 n.d 0.04 n.d 0.03 0.01
0.19° n.d 0.19 n.d n.d n.d n.d n.d n.d n.d
Trace Elements (ppm)

610 583 518 415 564 207 195 251 389 271
- 71 57 - 76 $36 45 34 14 14 22 23
179 198 237 292 257 467 102 134 144 107
- 446 1756 943 324 684 762 2512 1922 1395 892
237 121 179 + 78 148 62 - 66 58 78 22
30 24 26 53 41 60 20 31 31 31
12 9 10 8 10 4 n.d 4 5 6
72 . 95 137 - 64 - 36 48 - 30 78 45 51

4 16 15 7 13 4 -4 3 4 5

- * Total Fe As Fe0
Nn.d...... not detected
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Table 3.2 Chemical analyses of undifferentiated

calc-silicate gneisses and the massive calc-silicate rockes.

Major elements (wt.$)

undifferentiated gneisses Massive calc-silicate rocks
FO30B FO24 FO60 FO57 CH5 CH17 FO27 _MAI6FO56 FO12D
$i0, 51.11 34.40 58.58 61.54 61.94 75.36 72.31 70.85 57.05 70.09
TiO, 0.50 0.53 0.69 0.38 0.38 0.47 0.41 0.43 0,63 0.47
AL,0;, 9.25 9.67 8.52 8.40 9.35 ' 6.27 9.69 7.88 7.78 9.30
*Fe0 3.25 5.11 :3.,48 2,51 $3.25 3,37 ‘1.30 2.79 7.96 1.68
Mno 0.06 0.10 ©0.10 0.05 0.1l 0.11 0.03 0.10 0.10 0.04
MgO 3.29 4.48 4.16 2.56 4.40 2,75 4.70 2.54 3,32 6.1¢
ca0 14.54 15.55 15,55 11.45 14.55 "8.57 4.23 10.26 15.63 5.5€
Na,0 1.50 1.62 1.11 1.44 1.26 0.93 5.66 1,13 1,75 5.5€
K,0 2,08 2,42 2.45 3,14 1,21 ~1.41 0.11 ©0.06 1.74 0.1l:
s 0.03 0.03 0.05 ©0.01 0.01 °~ ' 0.01 0.01 n.d n.d nd
P205 n.d n.d n.d n.d 0.03 n.d n.d n.d n.d 0.0]]
Trace elements (ppm}

Ba 350 492 464 343 452 313 11 37 273 50
Cr 30 50 3% 23 30 29 46 21 28 59
Zr 182 . 134 459 231 193 142 179 198 528 187
Sr 960 256 672 544 1370 57 18 703 625 23

80 61 81 .109 27 35 n.d n.d 54 n.d
Y 33 39 58 30 45 26 134 41 63 48
Nb 4 8 7 4 5 3 8 4 5 5
Zn 50 67 54 65 54 30 5 82 30 10
Ni 4 134 5 3 5 4 11 6 3 n.d

*Total Fe as FeO
n.d.....not detected
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Table 3.3 Chemical analyses of the calc-silicate schists.

Major elements (wt.3)

FOL9A FO42 FO43  F049
810, 59.28 58,04 60.05 61.17
Tio, 0.67 0.81 0.80  0.71
AL o, 13.06 17.56 17.06  14.22
FeO 5.37 7.83 7.68  5.46
MnO 0.03 0.09 0.09  0.05
Mg0 4.29 4.12 4.00 4.05
Ca0 6.29 4.13 4.46  5.84
Na,0 1.96 2.04 2.15  1.99
K,0 E 3.59 4.35 3.46  4.31
S ' nd 0.01 0.0l 0.0l
P05 0.11 0.14 0.17  0.09

Trace elements (ppm)

Ba 456 599 429 482
Cr 59 98 92 68
7Zr 205 171 174 191
Sr 747 152 149 361
Rb 164 183 194 215
Y 35 36 47 32
Nb 8 12 9 8
Zn 133 146 143 127

Ni 15 43 39 19

* Total Fe as FeO.
n.d not detected
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Table 3.4 Mean campositions and ranges of the calc-silicate rocks
campared to Dalradian calc-silicate rocks and unmetamorphosed
sedimentary rockg

Major elements (wt.$%)

Calc-silicate Fine-grained Coarse~grained layers
schists (n=4) layers of the of the calc-silicate
calc-silicate gneisses (n=4)

gneisses (n=6)

Mean range ‘ Mean range mean range

si0, 59.64  58.04-61.17  58.04 49.79-61.47 30.67  22.34-39.21

TiO, 0.75 0.67-0.81 0.67  0.58-0.76 0.33 0.25-0.43

AL,O, 15.48  13.06-17.56 12,14  8.46-16.07  6.56 5.48-7.73

FeD 6.58 5.37-7.83 4,14  3.00-5.01 2.77 2.44-3.14
MnO 0.06 0.03-0.09 0.05  0.02-0.08 0.06 0.04-0.07

Mgo 4.12 4.00-4.29 4,03  3.18-4.91 3.10 1.94-4.41

ca0 5.18 3.46-4.35 10.70  3.81-16.09  31.23  26.83-35.75

Na o 2.04 1.96-2.15 1.78  1.21-2.74 0.91 0.74-1.06

K,0 3.93 3.59-4.35  3.27  1.79-5.35 1.59 1.40-1.90

Trace elements (ppm-)_—

Ba 492 . 429-599 483 207-610 277 195-389

cr 79 59-98 53 36-76 18 14-23

Zr 185 171-205 258 179-467 122 102-134

Sr 352 152-747 819 324~1756 1680 892-2512

B ) 189 164-215 138 62-237 56 22-58

Y 38 32-47 39 24-60 28 20-31

Nb 9 8-12 9 4-12 4 0-6

Zn 137 127-146 78 36-137 51 30-78

Ni 29 15-43 10 4-16 4 3-5

——

* fTotal Fe as FeO

@
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Table 3.4 cont'd

Major elements (wt.%)

Massive calc-silicate Undifferentiated Dalradian calc-
rocks (n=5) gneisses -silicates(38)
(n=5) rocks (n=14)
Mean Range o Mean Range Mean Range

SiO2 69.13 57.05-73.36 53.51 34.40-61.93 59.38 28.08-73.77

TiO,  0.48 0.41-0.63 0.51 0.38-0.69 0.6l  0.28-1.13
BlLo,  8.18 6.27-9.69' 9.04  8.40-9.67  13.66 4.98-22.82
. *Fe0 2.42  1.30-3.37 3.52  2.51-5.11 6.44 2.40-7.77
MO 0.08 0.03-0.11 0.08  0.05-0.11 0.29 0.04-0. 94
i Mg 3.90 2.75-6.19 3.28  2.56-4.48 3.60 1.36-9.84
ca0 8.85 4.23-15.63  14.33 11.45-15.55  8.22  3.14-30.95
Na,0 3.0l 0.93-5.56 1.39  1.11-1.62 2.16 0.36-4.79

|

|

|

E KZO 0.69 0.06-1.74 2.26  1.21-3.14 2.37 0.22-7.22
| Trace elements (pmm)

| o

137 11-313° 420  343-492 539 0-910
37 21-59 34 23-50 74 29-142
245 142-528 240  134-459 89 0-264
285  18-703 560  370-960 740 61-1971
18  0-54 72 27-109 92 2-356
42 26-63 41 '33-58 29 12-47
5 3-8 6 4-8 7 0-18
27 5-82 59 50-67 79 47-107
5  o-11 6 3-14 49 17-100
* Total Fe as FeO
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Table 3.4 cont'd

Calcareous argillite (33)

' (single analysis)

Shales (32)

(n=85)

mean range

48.12
0.78
12.80
4.69
0.09
2.55
10.77
0.60

3.60

59,93 53.60-66.26
0.85 0.28-1.42
16.62 13.29-19.95
3.18 1.34- 5.02
2.63 0.65- 4.61
2.18 0.00- 4.72
1.73 0.46- 3.00
3.54 2.21- 4.87

* Total Fe as FeD
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These compositional variations are reflected by mineralogical
variations between the fine-grained and coarse-grained layers. The
chemical composition of the fine-grained layers reflects high modal
biotite in these bands, whereas the coarse-grained layers have much
higher calcite scapolite, diopside and plagioclase, but are relatively

poor in biotite (See Table 2.1).

Most undifferentiated gneisses show chemical features which are
roughly intermediate between those of the fine-grained layers and
coarse-grained layers as would be expected. In some specimens, how-
ever, total alkalies (Na20 + KZO)' SiOz r Ti02, Ba, Zr, Rb, Ni and Y
are fairly high. In these specimens, a large proportion of the analyzed
rock consisted of the fine-grained layers, which are rich in these

elements.

The calc-silicate schists are similar in composition to the fine-
grained layers of the calc-silicate gneisses (Table 3.4). This reflects
the similar mineralogical composition of these rocks (Table 2.2).

The massive calc-silicate rocks show high 5102 contents. These
rocks generally also have relatively low values of Ba, Sr, Rb ard %r.

The high 5i0, contents are reflected by relatively} high modal quartz.

3.3 Marbles

Chemical analyses of the marbles are listed in Table 3.5 and mean
compositions and ranges are given in  Table 3.6. In comparison to
the dolomite marbles, the calcite marbles have lower MgO, as expected,
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Table 3.5 Chemical analyses of the marbles

Major elements (wt.$)

Dolamite marbles calcite marbles -

FO13B FOl6 FO22 FO21B FOl1A FO26 MA5 MAl7 MAI3M
5102 4.66 0.33 2.22 0.73 6.38 12.45 13.55 23.47 3.74
'I'iO2 n.d 0.01 0.02 n.d 0,08 0.12 0.16 0.24 0.05
A1203 0.05 0.08 0.35 0.04 1.58 2.67 3.37 3.48 0.87
FeO 0.31 0.37 0.54 0.24 0.81 1.10 1.57 1.28 0.46
¥no 0.02 0.04 0.03 0.03 0.02 0.04 0.03 0.03 o0.0L

Mgo 20.41  21.54 20.93 . 20.50 $0.55 0.0L 1.25 1.22 0.33
Cao 30.07 , 30.65 31.65 31.79 49.22 44,66 42.25 37.17 51.64

Nazo n.d n.d” n.d n.d 0.11 0.43 0.41 0.8 0.17
Koo r.d 2.04 0.23 0.01 0.55 1.00 0.84 0.85 0.25
S 0.02 0.01 n.d 0.01 0.12 n.d 0.16 0.02 0.02
P205 n.d n.d n.d n.d n.d n.d n.d n.d n.d

Trace elements (pmm)

Ba 37 19 929 53 81 197 158 204 93
Cr n.d n.d 4 n.d 5 3 11 6 n.d
Zr 2 10 2 8 73 89 189 111 105
Sr 139 463 108 370 2810 2672 2198 3151 4320
Rb n.d n.d 6 n.d 14 20 34 28 13
Y 9 11 5 7 9 15 20 13 6
Nb n.d n.d n.d n.d 3 4 1 n.d n.d
Zn 3 5 10 22 n.d 1 22 19 n.d
Ni n.d n.d 1 n.d n.d n.d n.d n.d n.d

* Total Fe as FeO

n.d .... not detected.
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Mean compositions and ranges of the marbles

compared to unmetamorphosed dolostones and limestones.

Calcite marbles

Limestones (30)

Impure

(n=5) {n=4) limestones (31)
_ (n=2)
Mean range mean range mean range
8102 11,92 3.74-23.47 1.08 0.11-2.05 10.29 6.21-14.37
Ti0,  0.13 0.05-0.25 - - 0.08 0.00-0.17
A1203 2.39 0.87-3.48 0.70 0.,08-1.32 4,28 0.43-8.13
*FeO 1.04 0.46-1.28 0.27 0.00-0.63 0.95 0.65~1.30
MnO 0.03 0.01-0.04 - - 0.22 0.12-0.32
MgO 0.87 0.,33-1.22 0.52 0,40-0.64 2,01 1.03~2.90
cao 44,99 37.17-49.22 54.05 52.82-55.28 41.90 36.89-46.91
Na,0 6.39 0.11-0.82 0.09 - 0,15-0,03 1.38 0.00-3.12
K20 0.70 0.25-1.00 0.03 0.00-0.06 0.56 0.13-0.90
Trace elements (ppm)
Ba 145 81-204
Cr 5 0-11
Zr 113 73-189
Sr 3030 2672-4320
Rb 22 13-34
Y 13 6-20
Nb 0-4
Zn 8 0.22
Ni - -

*Total Fe as FeO
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Sio
TiO
PJ.203
*FeO

MnO

Ca0
Na.,O
K, 0

Dolamite
marbles
(n = 4)

Mean Range

1.98 0.33-4.66
0.0L 0.00-0.02
0.13 0.04-0.35
0.36 0.24-0.54
0.03 0.02-0.04
20.84 20.50-21.54
30.04 30.07-31.65
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Major elements (wt.%)
dolamites (31)
n =3)

..Mean = . Range

2.17 0.87-3.47
0.01 0.00~0.02
0.20 0.00~0.023
0.47 0.00~1.08
0.01 0.00-0.03
20.66  20.41-20.91
30.28  29,30-31-26
0.01 0.00-0.03

Comnmemara

Calcite marbles (3
(n = 10)

. Mean . .= Range

13.92 5.86-21.9:
0.16 0.06-0.26
4.13 2.16-6.10
1.11 0.49-1.67
0.04 0.02-0.06
1.96 0.55-3.37
43.41 36.86-49.9¢
0.70 0.45-0.95
0.88 0.24-1.52

Trace elements (ppm)

EFE“@gRNRE

52 19-99
1 O=4
6 2-10
220 108-463
0-6
5-11
10 5-22

Total Fe as Feo
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but are generally eiriched in the other major elements and in most

‘of the trace elements.

The chemical trends shown by the rocks are consistent with
their mineralogical compositions. The calcite marbles are more
abundant in biotite and other calc~silicate phases than the dolamite

marbles (Table 2.3).

Average analyses of unmetamorphosed dolostope and limestone are
also given in Table 3.6. The dolanite marbles of the present study
are stoichiometrically closeé to pure dolomite, whereas the composition
of the calcite marbles compares closely with impure limestone and

differs markedly from relatively pure limestone.

3.4 ~'Niggli Parameters

Niggli parameters are chemical numbers that are c.amonly used
in the discussion of igneous and metamorphic rocks (34,35, 36) .

Camputation of these parameters is outlined in Appendix III.

Niggli parameters for the calc-silicate rocks and marbles are
tabulated in Table 3.7. Striking differences in the parameters
fm, al, al-alk and si within the individual calc-silicate rocks and
marbles are clearly evident and follow the trends of the major
elements outlined above. The parameters mg and k are general similar

in all rock types, with an average of mg = 0.66 and k = 0.44 for
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Table 3.7 Niggli parameters for the calc-silicate rocks and marbles

: Fine-=grained layers codrse~grained layers
BA-N2 TFO34 FO65B° FOIOA 'FO35A FO33 °~ ~ FO71A  FO34 FO23 FOS8
al 13 17 31 19 15.5 20.5 7 8 11 8
alk 23 9 16 7 8.5 10.5 4 4 5 4
fm 27 29 37 28 23 35 10 14 18 19
c 15 44 16 46 53 34 79 74 66 69
g C.65 0.64 0.60 0.65 0.65 0.61 0.58 0.64 0.65 0.73
k 0.56 0.63 0.51 0.39 0.64 0.64 0.53 0.59 0.54 0.48
si 222 124 213 188 177 184 48 68 70 60
al-alk .12 8 15 12 7 10 3 4 6 4
* Undifferentiated grieisses ‘Magsive calc=silicate rocks

' “FO30B FO24 * FO60° ' ‘FO57 " ‘CH5 " CH17 FO027 'MAl6 ' FO56 FORD

17 16 15 19 17 17 24 20 14 20

9 8 8 13 6 8 23 5 9 19
24 30 27 22 29 32 34 27 24 39
50 46 50 46 48 42 19 48 51 22

0.65 0.60 0.67 0.64 0.70 0.58 0.86 0.61 0.66 0.86
0.48 0.50 0.59 0.59 0.39 0.50 0.01 0.03 0.04 0.0l

159 97 175 236 191 347 304 305 187 256
al-alk 8 8 7 6 11 9 1 15 5 1

M
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calcite marbles .

FO13B FOl6 FO22 FO21B FO4A FO26 MAL7 MAS MALI3M
al - - - - 2 3 4 4 1
alk - - - - 1 1 3 2 ¥
fim 49 50 48 47 3 5 6 6 1
c 51 50 52 53 95 91 86 88 97
mg 0.99 ,0.99 0.98 0.99 0.55 0.61L 0.62 0.58 0.56
k - 0.1 ° 1.0 - 0.76 0.94 0.40 = 0.57 0.49
si 8 0.5 3 1 14 24 46 27 7
al-alk - - - - 1 2 1 2 -
calc-silicate schists
FOl9A .. FO42 FO43 .. ro49
al 26 32 32 28
alk 14 15 14 16
fin 38 39 39 35
c 22 14 15 21
g 0.56  0.48 0.48 0.57
k 0.55 0.58 0.52 0.59
si 200 179 191 204
al-alk 12 17 18 12
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the calc-silicate rocks. These values compare reasonably well with

those uted by Senior and I ]e(38) for the Dalradian calc-silicate

rocks.

3.5 Inter-element Correlations

Leake et al®”) and Senior and Leake®®) have shown that marbles
and calc-silicate rocks may show strong correlations between certain
major and trace elements. Such correlations have petrogenetic signi-
ficance and may lead to an understanding of the form in which the ele-

ments were incorporated into the original protolith.

Details of the distribution of some of the minor and trace ele-
ments in the calc-silicate rocks and marbles of the present study are
outlined below. Elements which possess similar variations are dis-
cussed together. Other inter-element correlations are discussed later,

in the section on element immobility.

3.5.1 Rb, Ba, K20,. NaZO and A1203

Figure 3.la shows that Rb is remarkably well correlated with
K0 in all calc-silicate rock types and marbles. The highest K,0 ard
B values are present in the calc-silicate schists and fine—grained
1ayefs of the gneisses, whereas these elements are much lower in the
marbles and coarse-grained layers of the calc-silicate gneisses. Also,
a strong correlation of Ro with 11\1203 is indicated on Figure 3.1lb.
Again, the calc-silicate schists and the fine-grained layers in the

gneisses are higher in these elements than the coarse~grained layers and

the marbles.
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3.5.4 C30, Sr and ‘A1203

The concentration of Sr follows that of CaO as shown on Figure
3.8a. This is expected on the basis of their similar atomic radii 3V
The dolamite marbles cluster together with low Sr values, whereas high
Sr values are present in the calcite marbles. A considerable amount of
scatter in Sr and CaO is exhibited by the calc-silicate rocks This
possibly at least partly reflects variation in modal calcite in these
rocks, but also introduces the possibility that during metamorphism,

Sr suffered some metasomatic movement relative to CaO.

Both Ca0 and Sr show negative correlations with AL203 (Fig. 3.9a

and b). That of CaO with Al.O. is however much stronger than that of

273

Sr with A1203, possibly further indicating mobility of Sr relative to

Ca0 during metamorphism,

3.6 'Iriterpretation of ‘the Geochemistry
As previously pointed out; the variation in the chemical compo-
sitions of the calc-silicate rocks and marbles reflects variations in

the mineralogical compositions of these rocks.

There are two main possibilities for the .origin of the chemical
variations. One possibility is that they reflect extensive metasoma-
tism occurring during metamorphism. A more likely possibility is that

they reflect original differences in the campositions of the protoliths.
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In all of the plots shown above, the calc-silicate schists and
fine-grained layers of the calc-silicate gneisses tend to plot farthest
from the marbles. The coarse-grained layers of the gneisses tend to
plot in an intermediate position between these rock types and the
marbles. The massive calc-silicate rocks show more scatter, but in
many cases they plot along the same trends. Together with the general
strong correlations between the various elements, this suggests that the
chemical variations within the calc-silicate rocks and the marbles ref-
lect variations in the amount of detrital phases admixed with carbonate

during deposition.

Because the calc-silicate schists and the fine-grained layers that
plot farthest from the marbles are rich in A1203 and K,0 and in modal
biotite, this suggests that much of the detrital material admixed with
carbonate may have been introduced in the form of clays and detrital
micas, This would be consistent with the generally strong positive
correlations of the other elements with Al,0,, as the latter is a
major component in phyllosilicates.

This hypothesis may be tested by the use of Niggli paraneters(37’38'4o) .
In particular, in metasedimentary rocks, the parameter al-alk (see
Appendix IIT) provides a measure of the Al contained in the original
sediment in clay minerals and micas rather Al contained in alkali feld-
spar, because al-alk in albite and K-feldspar is zero. In the present
case, the possibility that significant amounts of Al were added in det-

rital anorthite-rich feldspar is excluded by the negative correlation

of Ca0 and Sr with al-alk (Fig. 3.10).
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As examples, plots of Ba, Cr, Ni, Nb, TiO2 and Zn against the
‘parameter al-alk are shown on Figures 3.11 through 3.13, where it
is evident that these elements show positive correlations with al-alk.
As in the inter-element correlations discussed above, the calc-
silicate schists and fine-grained layers of the calc-silicate gneisses
in general plot farthest from the marbles, and the coarse-grained
layers of the gneisses fall in an intermediate position. As expec—
ted, the same elements that are positively correlated with A1203 |
show a statistically valid correlation with al-alk and this confirms
that these elements were predominantly incorporated in the original
sediment in the form of clay minerals and detrital micas. This is
consistent with the fact that these trace elements in impure carbonate
sedimentary rocks are generally carried by non-carbonate phases (41)
and the main carriers are fine-grained clays, to which these elements

are adsorbed(42) .

Sr shows a weak but statistically valid negative correlation
with al-alk (Fig. 3.10b), which suggests that much of the Sr was
originally contained in the carbonate component in the sediments.
This is supported by the high concentrations of Sr in the calcite
marbles and coarse~grained layers of the calc-silicate gneisses, and

by the positive correlation of Sr with CaO (Fig. 3.8a).

The hypothesis that most of the present variations in chemical
composition within the calc-silicate rocks and marbles are due to
variations in the proportions of detrital clays and micas admixed

with carbonate during deposition is further confirmed in the plot
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of al-alk against Niggli C (Fig. 3.14) developed by Burri (quoted in 40).
The diagram shows the dolomite marbles to cluster close to ideal dolo-
mite reflecting their close approach to pure dolomite, vhereas the
calcite marbles show some deviation from an ideal limestone due to

the presence of silicate impurities in these rocks. Their rositions
on the diagram are consistent with an origin as limestone containing
small amounts of clays. It is also evident from this plot that most

of the calc-silicate rocks could have originated as mixtures of
pelite/carbonate  in varying proportions. The calc-silicate schists
plot closest to the pelite field. This is in accordance with the

other plots and field evidence, since most of these rocks are located
at the southern extremity of the Muzuma Calc-silicate Formation. There,
the rocks grade imperceptibly into the quartz-biotite schists of the

(13)

Sachenga Formation » indicating that abundant pelitic component

were admixed with calcareous sediment during deposition.

As in the other plots, the coarse-grained layers of the calc-
silicate gneisses are closer to the calcite marbles than are the fine-
grained layers, some of which plot together with the calc-silicate
schists close to the pelite field. This suggests that the calc-silicate
gneisses most likely originated by interbedding of carbonate-rich and

clay-rich layers.

The derivation of most of the calc-silicate rocks by intemixing
of carbonate and pelite in the protolith is also suggested by compa-—

rison of their major element chemistry with that of unmetamorphosed
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Table 3.8 Average concentrations of minor elements in the
calc-silicate rocks and marbles compared to common sedimentary
rocks (pam (441457
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and calc-silicate rocks within the Zanbezi belt.

In all the rock types, Zr and Y do not correlate with either
A1203 or al-alk (Fig. 15). This indicates that originally these ele-
ments were not contained in phyllosilicates in significant amounts.
The distribution of Zr, however, is related to that of SiO2 and TiO2
(Figs. 3.6b and 3.7a), most likely implying the addition of Zr, SiO2 and
some TiO2 in other detritai phases, such as zircon, quartz, and rutile, |
which were added together during deposition. Small zircon grains are
present in some of the massive calc-silicate rocks, and rutile also
occurs in a few samples of the calc-silicate rocks and marbles(Tables
2.2 and 2.3). It is possible that these are at least partly relict
detrital grains. Sporadic intercalations of quartzites are present
in the Muzuma Calc-silicate and Mapanza Carbonate Formations, indi-
cating that detrital quartz and probably other stable heavy minerals
as well were indeed supplied to the original sediment in the basin.

Zircon may contain up to 14,000 pmm 'Y in its crystal lattice (46)
It is therefore possible that the strong correlation between Zr and Y

(Fig. 3.8b) reflects incorporation of Y in detrital zircon.

The massive calc-silicate rocks are generally much higher in
8102 than the other rock types, and the high SiO2 values are compo-
rable to those of certain types of sandstones such as arkoses or grey-

(47)

wackes This suggests that calcareous sandstone was the pro-

tolith for these rocks. Their trace element contents are campatible
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with such an origin, and in particular their 7zr, Y, Cr and Ni contents

compare fairly well with average valwes for sandstones (Table 3.8).

In some cases the massive calc-silicate samples fall along the
same trend as the other rock types in the plots presented above, which
suggests that addition of detrital clays and micas still played an
important role in governing element distribution patterns in these
rocks. Where some samples plot off the main trends, element. patterns
were probably controlled less by clays and detrital micas and more

by addition of quartz and other phases (e.g. feldspar?).

3.7 Element immobility during metamorphism

Evidence of element mobility during metamorphism of carbonate
and calc-silicate rocks has been documented in a number of studies (48,

49,50,51) 11 particular, progressive loss of Na,0 and K,0 with inc-

(47,48,49). In these

reasing grade of metamorphism has been cited
studies, A1203, TiO2 and to some extent Fe0, MgO_and Ca0 were found to b
relatively immobile during metamorphism from the chlorite through the
sillimanite zone. The behaviour of trace elements during progressive

metamorphism, however, was not investigated by these workers.

The calc-silicate rocks and marbles of the present study were
metamorphosed at uniform grade in the amphibolite facies, as will be
discussed below. They do not therefore afford an opportunity to

test the behaviour of the . e2lements with increasing grade of
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metamorphism. However, it is possible to make inferences regarding

general element mobility during metamorphism of these rocks.

The fairly close similarity of the aburndances of Tioz, A1203,
MgO, Ca0 and FeO total in the calc-silicate and carbonate rocks with
those of probable sedimentary protoliths (Tables 3.4 and 3.6) is
another indication that these elements were not significantly mobi-
lized during metamorphism, In the case of '.l:'iO2 and A1203 ¢ this is
in accord with the general geochemical behaviour of these elements,
which typically act as immobile components during metamorphism of

diverse rock types.

The preservation of these primary chemical variations within
these rocks into the amphibolite facies implies that the elements in

question were relatively immobile during metamorphism.

The alkalies ('NaZO and KZO) are typically highly mobile during
metamorphism. However, it is interesting to note that in the present
case, the alkalies apparently show the same primary variations as
the other elements, and this suggests that the alkalies were also

relatively immobile.

(52) 53)

Cann ', pearce and camn®® and Floyd and winchester 54) have

shown that during alteration and metamorphism of basalts, the elements
Zr, Nb and Y remain relatively stable. ILambert and Holland(46) have
also concluded independently that Y behaves as an inert element during

metamorphism. This is consistent with the assumption that Zr, Nb and
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Y were also stable during metamorphism of the calc-silicate rocks

and marbles discussed here.

The conclusion that the other trace eleménts (Ba, Rb, Zn, Sr,
Cr and Ni) were also relatively immobile during metamorphism may be
tested by plots of these elements against any one element believed
to have been immobile during metamorphism. This has in effect already
been shown by plotting these elements against A1203. Here it is
further tested by plotting the elements against TiO, (Figs. 3.16
through 3.18). In all cases, there is a fairly strong positive or
negative correlation of each element with Ti02, which strongly su-
ggests that all of these elements were in general relatively immo-
bile during metamorphism. This is also suggested by the fact that
these elements in general show a fairly strong correlation between
each other (e.g. Figs. 3.19 and 3.20) which is expected since the
elements correlate with A1203 and TiO,. 1In cases where elements
with markedly different geochemical properties are strongly corre-
lated (e.g., Rb versus Cr, Fig. 3.20a), it is highly unlikely that
the variation reflects a similar degree of mobilization during
metamorphism, and it must instead ’reflect variations in the protolith

composition which have survived metamorphism.

Same of the scatter in the plots may reflect limited mobilization
of the elements relative to each other. At least some of the
scatter, however, probably reflects original variations in the

exact proportions and = compositions of detrital phases admixed with
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carbonate during deposition. This may be particularly true for a
few of the massive calc-silicate rocks, which plot well off the main

trend in several of the plots (see earlier discussion of these rocks).

In the case of Sr, it is significant'that Veizer (Pers. commum.,
1985) has pointed out that ancient marbles rarely have Sr contents as
high as 3000 ppm. Two of the calcite marbles samples have Sr in ex-
cess of this, which suggests that Sr may have been metasomatically
added in these cases. The low correlation coefficiehts in Figures
- 3.9b, 3.10b above also suggests metasomatic disturbance of Sr. How—
ever, the abundance of this element in the calcite marbles and hence
its correlation with CaO suggests that Sr was originally concentrated

in the calcite-rich sediment.

Other geochemical studies of metamorphosed calc-silicate and
carbonate rocks have also shown that many elements were immobile
during metamorphism and that original variations in composition of

the protolith survived metamorphism.

Senior and I.eake(38) have concluded fram extensive geochemical
study of the amphibolite facies Connemara calc-silicate rocks, marbles,
pelites and semipelites that chemical variations exhibited by the
rocks were mainly primary, reflecting variations in the original sedi-
ment. They correlated the original clay mineral component with the
elements Ti, K, Rb, 2r, 2Zn, ¥, Ni, Nb, Cr, Ga, and Fe. They inferred

that a similar, illite-rich clay mineral was added to all sediments,
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and based on crustal abundances of these elements, they also drew
a general conclusion that the control of these elements by clay
minerals was common in most sediments. Leake et al.(37) also arrived
at the same conclusion, correlating the trace element concentrations
of the Connemara ophicalcite and dolomitic marbles with the clay
mineral content originally in the sediment. Similarly Yardley(55)

has fourd that Connemara metapelites showed isochemical behaviour

during metamorphism.

In the Churchill structural province of the Precambrian Canadian
(56)

Shield, Hogarth and Griffin concluded that no significant move-—

ment of SiOZ, A1203, MgO, Nazo and KZO had occurred during granulite
facies metamorphism of lapis lazuli deposits. They interpreted lapis
lazuli layers having high contents of Si0, and A1203 and surrounded

by marbles as originally clay-rich layers.

From the geochemical data of the calc-silicate rocks and marbles
presented above, it seems clear that the compositions of these rocks
do not vary in any random fashion. Such consistent chemical varia-
tions are mainly primary and largely reflect chemical differences
inherited from the original sediment. The clay mineral content of
the protolith largely or entirely controlled the distribution of the
elements Al, K, Na, Ti, Fe, Ba, Cr, Ni, Rb, Zn and Nb. Sr was conce—
ntrated mainly in calcareous-rich sediment whereas Zr and Y were

mostly likely introduced as detrital zircon.
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3.8 Origin of banding in the calc-silicate gqneisses

In metamorphic petrology, an interesting problem which is quite
often encountered is whether the compositional layering present in
certain gneisses represents relict sedimentary bedding or was formed

by metamorphic differentiation.

Criteria for recognition of layering formed during segregation

processes include (38,57) :

1. Presence of incompatible phases in adjacent layers such
as forsterite and quartz, corundum and quartz, and in
high grade marbles dolomite ard quartz, which would not

rormally coexist in a single layer.

2. Evidence of compositional control of certain layers by one
or a few metamorphic minerals whose total bulk composition
is difficult to match with unaltered sediments or with a

likely mixture of sediments.

3. Presence of compositional layering which can be seen to cut

across the bedding.

None of the above criteria are shown by the compositional
layering in the calc-silicate gneisses, and the geochemical trends
discussed above strongly suggest that the layering represents relict

bedding.

Calc-silicate bands formed between pelite and carbonate rocks
and thought to have developed by diffusion of elements during meta-

morphism have been documented in a number of studies (58,59) .
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The formation of calc-silicate bands by metamorphic differentiation

hés also been experimentally denonstrated(m) . However, these bands

are commonly thin (on the scale of a few centimeters) and are ty-
pically developed in a relatively small area. in regions where the
compositional layering is very widespread, such as is the case for

the calc-silicate gneisses in Southern Province, it is difficult to
explain the formation of the banding by metamorphic differentiation (61)
It has also been pointed out that a compositional layering which
appears to be relict bedding is well-preserved in some other calc-
silicate rocks (%%,

From the geochemistry of the calc-silicate rocks and marbles,
it has been possible to deduce that during metamorphism, the che-
mical compositions of the rocks were not modified to a large extent.
It thus follows that the conspicuwus compositional layering in the
calc-silicate gneisses originated as sedimentary bedding, which was

nost likely later modified and accentuated during metamorphism.



CHAPTER FOUR

- 'GEOCHEMISTRY AND ORIGIN OF THE AMPHIBOLITES

4.1 ‘Introduction

Geochemistry of the Mapanza amphibolites is presented and whole-
rock chemical analyses of six amphibolites by X-ray fluorescence
spectranetry (Appendix II) are given. The chemical data is relevant
inasmuch as it has some significance for the petrogenesis of these
rocks. Techniques often used to distinguish amphibolites of different

sources have been used in an attempt to elwidate the nature of the

protolith for the Mapanza amphibolites.

Chemical analyses of six Mapanza amphibolites are listed in
Table 4.1. The garnet amphibolites differ markedly from the garnet-

free amphibolites in some of the major and trace element contents.

The garnet amphibolites are enriched in the trace elements Zr,
Sr, Ro, ¥, Nb and Zn relative to the garnet-free amphibolites, which

in turn show higher Ba, Cr, and Ni content than the garnet amphibolites.

The garnet—-free amphibolites also have higher CaO, A1203 and
MO than the garnet-bearing types and are therefore the more .mafic.
TiO, is significantly higher in the garnet amphibolites than in the
garnet-free varieties. The former also have distinctly higher Fe/

(Ee.+ Mg) ratiog than the garnet free amphibolites (Table 4.1).
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Table 4.1 Chemical analyses of the amphibolites
Major elements (wt.$%)

Garnet_ amphibolites Garnet-free amphibolites

MAl9 MAl9A MAlS5 MAl3A MA8 MAl4
Sio 48,94 48,94 46,28 47,28 48,58 49,28
Tio, 2,02 2,03 0.87 0.85 0.83 0.82
Al,04 14,09 14.24 l6.74 15,98 15.36 16.26
*FeO 12,99 13.18 10.62 9.98 8.91 9.34
Mno 0.20 0.20 . 0,19 - 0.17 0.14 0.14
MgOo 6.59 6.52 10.61 9.17 8.82 8.95
Cao l0.68 10.57 12.46° 14.53 12,35 12,78
Na,0 2,55 2,55 1.84 1.09 - 2,34 2,30
K,0 0.27 0.27 . 0.10 0.11 0.14 0.15
P,0g 0.06 0.05 n.d n.d n:d n.d
s 0.02 . 0.04 n.d 0.10 n.d 0.0l
Fe/FetMg)0.525 0.531 0.360 0.379 0.362 . 0.369

" ‘Trace elements (ppm)

Ba n.d 15 61 - 37 45 35
Cr 90 83 +311 134 505 446
Zr 156 157 52 53 55 63
Sr 1043 1058 : 375 679 - 719 780
Rb 4 4 n.d n.d n.d n.d
Y 44 45 31 33 29 - 31
Nb 5 9 n.d n.d n.d 1
Zn 88 lo1 56 74 57 65
Ni 52 57 207 66 95 109 -

*Total iron as FeO

- 100 -

n.d. ....... not detected
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This compositional variation is illustrated on an 'A' F M diagram
(Fig. 4.1) projected through the epidote point in the system A1203-
FeO-MgO-Ca0 on to .the plane A(A1203) = F(Fe0) -M(MgO) (63) . This
shows how an increase in FeO relative to MgO controls the appearance
of garnet in the phase assemblages. Samples which contain garnet
fall to the left of the plagioclase hornblende tie line whereas
garnet-free amphibolites fall to the right of the plagioclase - /hom-

" blende tie 1line.

The garnet amphibolites also have higher K50 and Na,O than the
g@rnet-free types. This suggests that the appearance of biotite in
the former is also a function of bulk chemical composition. Biotite
is the main K~bearing mineral in these rocks and some of the Na is
in solid solution with K in biotite. Such a compositional control
on the appearance of garnet and biotite in amphibolites is common and
has been documented in many studies(64’65'66) .

However, despite the compositional variation shown by these
amphibolites, their major and trace element chemistry in general
compares reasonably well with that of other rock suites of basic compo-

sition (Table 4.2).

4.3 Origin of ‘the amphibolites

It is generally acknowledged that amphibolites may form by the

following hanisms (67, 35, 36, 43, 682:



plagioclase

+quarfz

tmagnetite
* biotite

" hornblende

RS .
diopside / augite

Figure 4.1. "A"FM diagram projected through epidote
point®2 constructed for the Mapanza amphibolites. The
bulk composition of the garnet amphibolites (0) and
garnet-free amphibolites (@) are also shown. Garnet,
hornblende and plagioclase positions hHave been plotted
from probe analyses (Tables 5.1, 5.2 and 5.3). Diopside/
augite position is schematic, Only samples containing
diopside or garnet are sHown.
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Takle 4.2 Mean canpositions and standard deviations(s.d) of Mapanza

amphibolites compared to typical ortho-amphibolites and basalts

Major elements (wt.%)

Mean of Wankie  Mean of Mean of Mean of Alabama
Karrco Swaziland Mapanza Piedemont
basalts (63) Karroo amphibolites ‘orthoamphibolites (
(n=8) basalts (69) (n=6) n=27)
,,,,,,,, e (n=7) , , o
Mean s.d Mean S.d Mean s.d Mean s.d
SiO2 51.28 0.31 50.21 2.56 48.22 1;98 49.02 3.13
TiO2 3.17 0.13 1.61 0.46 1.24 0.61 1.23 0.31
A1203 13.09 0.30 14,93 1.04 15.54 1.09 15.47 1.e0
FeO 12.77 0.86 11.36 1.00 10.84 1.84 11.78 2.00
Mgo 5.42 0.31 5.41 0.64 8.44 1.60 6.77 1.03
Cao . 9.28 0.49 10.02 1.87 12.18 1.47 11.10 1.84
Na20 2.41 0.17 2.87 0.77 2.11 0.56 2.20 1l.14
KZ‘O 1.06 0.34 0.35 6.29 0.17 0.08 0.38 0.22
Trace elements (ppm)
Ba 590 149 184 123 32 22 36 9
Cr n.d - 156 65 261 186 248 178
Sr 576 140 294 84 776 255 183 75
Zr 352 98 70 25 89 52 *k
Ni 68 8 86 22 98 58 78 27
Rb 33 4 n,d 1 2 **
Y n.d 22 10 35 7 **
Nb 10 2 18 11 2 4 *x

*Total iron as FeO

**not analysed
n.d not detected
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1. Metamorphism of basic igneous rocks.

2. Metanorphism of calcareous or dolomitic shale.

J.  Metasomatism involving exchange of significant amounts of

non-volatile constituents with the surrounding rocks.

4. Metamorphism of graywackes containing appreciable amounts

of basic igneous debris.

Amphibolites resulting fram metamorphism of basic igneous proto-
liths have been termed ortho-amphibolites whereas those produced by

metamorphism and/or metasomatism of sediments have been called para-
hibolites (35,36).

It has already been inferred from field relations (Chapter 2)
that the garnet-free amphibolites are ortho-amphibolites.

Geochemical methods by which ortho-amphibolites may be distingui-
shed from para-amphibolites have been developed®™ . a particularly
useful technique involves comparison of Niggli parameters my, ¢ and
al-alk for amphibolites with trends of ummetamorphosed basic igneous

rocks.

Niggli parameters for the Mapanza amphibolites are given in
Table 4.3 and have been plotted on the diagrams recommended by

(67) (35) .

Evans and Leake and Leake in Figures 4.2, 4.3 and 4.4. In

all three plots, the data are consistent with an igneous origin for

the amphibolites.
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Table 4.3 Niggli-parameters of the Mapanza amphibolites

" Garnet-free amphibolites

R

Garnet ‘amphibolites )

MA1Y9  MAI9A MA14 MAI3A MA1S MAS
al 19 20 21 20 20 20
alk 6 6 5 2 3 5
fm 48 48 45 46 50 46
c 27 26 29 32 27 29
mg  0.47 0.46 0.63 0.62  0.64 0.63
k  0.07 0.07 0.04 0.06 0.04 0.04

al-alk 13 14 16 18 17 15
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Figure 4.2 Niggli al-alk wversus Niggli ¢ (after Evans

and Leake67) for the Mapanza amphibolites,
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Figure 4,3, Niggli c against mg (after Leake3%) for
the Mapanza amphibolites. Lines indicate fields
where mixture of pelite and carbonate in wvarious
proportions plot and were also developeg

Leake->, by /
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100 mg

dolomite

pelite and

semi-pelite
area

75

25
al-alk

Figure 4.4. Niggli C- (al-alk)- 100mg ternary
plot for the Mapanza amphibolites. Karroo dolerite

trend is shown as an arrow designated K (after Evans
and Leake7), '
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Note that in general the compositions of these rocks could ref-
lect mixture between dolomite and pelite, as well as an igneous
protolith., However, an igneous origin for all of the rocks is pre-
ferred because in Figures 4.2 ard 4.4 they cluster together, and an
igneous origin for the garnet-free types has already been inferred

- based on the field relations.

Niggli k by itself is also said to reveal the nature of amphi-
bolites (70) , because basic igneous rocks usually have lower k (0.1ll1-
0.23) than any possible clay-dolomite mixture (0.63-0.65). The
Mapanza amphibolites have very low k values implying a basic igneous
origin. This criterion, however, may not be very useful owing to
the possible mobility of alkalies during alteration and metamorphism.

The abundances of the trace elements Cr, Ni, and Ti have also
been used in attempts to determine the nature of amphibolites. High
Cr, Ni and Ti contents accompanied by high Niggli M9 are indicative
of derivation from basic igneous rocks whereas low values of these
elements are inconclusive, de.catJng derivat_ion from either basic
igneous or sedimentary rocks‘(35) . In the present case, the high
concentrations of Ni and Cr and high Niggli ¥ in the garnet-free
amphibolites are consistent with an ignenus origin for the rocks
vhereas TiO, is low and thus gives no indication as to the nature
of the protolith. Low Ni and Cr values in the garnet amphibolites

also give inconclusive results for the origin of these rocks.
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Plots of the trace elements Ni, Cr, and Ba against mg (Fig. 4.5)

as suggested by Ieake(35) , show the garnet-free amphibolites to plot

well outside the pelitic field, comparing reasonably well with
Leake's ortho—amphibolites. The garnet anphibdlites, however, are
distinctly separated from the gamet-free amphibolites on all plots,
falling closer to the pelite field. They actually plot well within
the pelitic field on the Ni against Niggli mg (Fig. 4.5). This
possibly reflect a minor sedimentary component in these thin amphibo—
lite boudins and bands. Perhaps they were originally basaltic tuffs.

It is therefore concluded on the basis of the field relations
discussed in Cﬁapter 2 and on the geochemistry that the large, discrete
bodies of amphibolite within the Mapanza Carbonate Formation were
derived from metamorphism of basic igneous rocks. ILack of internal
textural variations such as chilled margin and their parallelism with
the regional west-northwest trend may suggest that they were syn-
tectonic and were most likely structurally controlled. Thin bands
and boudins of amphibolite concordant with the calc-silicate rocks
were probably derived by metamorphism of basic igneous rocks admixed

with a minor sedimentary component possibly in the form of clay.

Pearce and Cann(53) have developed techniques by which the tec-
tonic enviromment of basaltic volcanic rocks may be established with
the use of the trace elements Ti, ¥, Zr, Nb and Sr. With exception
of Sr, the other elements are generally immobile during alteration

and low grade neta.tmrphism(53) . The nearly constant abundances of
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Zr, Y and Ti within the individual amphibolites implies that these
elements were indeed immobile during amphibolite facies metamorphism.
The distribution of Sr does not follow that of CaO (Fig. 4.6) as
would be expected, suggesting that Sr has suffered metasomatic move-

ment, whereas Nb is mostly below the detection limit in +he garnet-

free amphibolites (Table 4.1).

Plotting of Ti, Zr, Y and Sr on the diagrams used by Pearce and
Cann(SZ) (Figs. 4.7a and b) suggests tholeiitic to calc-alkaline affi-
nities for the Mapanza amphibolites. This result is only tentative,
however, for several reasons. Firstly, the diagram in Figure 4.7b
uses Sr, which appear to have been mobile during metamorphism of the
Mapanéa amphibolites, as discussed above. Secondly, Pearce and
Cann(sz) developed their diagrams using data on basalt chemistry

from recent geotectonic envircnments.

It is uncertain whether such diagrams can be used for Precambrian
basaltic rocks (52) . Finally, if a sedimentary component was admixed
with the parent rock of the garnet amphibolites, then this may have

significantly disturbed their trace element pattems.



