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ABSTRACT

The Irumide belt is an elongate crustal province characterised by Mesoproterozoic
tectonism and magmatism that stretches over a distance of approximately 900 kilometers from
central Zambia to the Zambia-Tanzania border and northern Malawi. It is bounded to the
northwest by largely undeformed Palacoproterozoic basement lithologies of the Bangweulu
block and is truncated to the northeast by Mesoproterozoic and Neoproterozoic transcurrent
shear zones within reactivated parts of the Palacoproterozoic Ubendian belt. To the southeast
and south, Irumide lithologies were reworked within the Neoproterozoic Lufilian and

Zambezi belts, and to the east by the East African Orogen.

Lithologies in the Irumide belt comprise a Palaeo- to Mesoproterozoic complex of
gneisses and granitoids and a supracrustal succession of quartzites and pelites. A three-fold
subdivision was accepted prior to this study; (1) Palacoproterozoic granites and gneisses
forming the Irumide basement, (2) a supracrustal succession of quartzites and metapelites
called the Muva Supergroup, (3) various deformed and undeformed granitoids intruding both
the Palacoproterozoic basement and Muva Supergroup and considered to be pre-Irumide (1.4
Ga) and syn-, late- to post-Irumide (1.1-0.95 Ga). The age of Irumide tectonism itself was
poorly constrained between 1.4 and 1.0 Ga. The basement units comprise the Mkushi Gneiss
in the southwest and the Luwalizi Granite, Mwambwa River and Mulungwizi Gneisses in the
northeast. These units have been correlated with the Palacoproterozoic Bangweulu block and
Ubendian belt in the past. These basement units are structurally and in places unconformably
overlain by a metasedimentary succession of quartzites and metapelites, which in the
southwest has been called the Kanona Group, and in the northeast the Manshya River Group.
Both sequences have been correlated with similar quartzite-pelite successions on the
Bangweulu block, termed the Mporokoso Group, and, together with a second cycle reworked
unit on the Bangweulu block called the Kasama Formation, were collectively grouped into the
Muva Supergroup. Both basement and supracrustals have been deformed, metamorphosed
and intruded by a host of granitoids which, based on structural fabrics, were subdivided into
pre-, syn-, late- and post-tectonic suites with respect to Irumide tectonism. Due to the lack of

reliable geochronological constraints, this subdivision had remained untested until now.



All units in the Irumide belt have been strongly affected by compressional tectonics,
resulting in northwest-directed thrusting onto the Bangweulu block basement and extensive
crustal shortening. Minor southeast-verging structures form part of locally developed
backthrusts within an overall northwest-vergent tectonic regime. At least parts of the Irumide
basement were affected by Irumide tectonism, but large-scale thrusting was rnainly'
accommodated along a basal decollement at the basement-cover interface. Extensive
shortening is exemplified by tight- to isoclinal folding within the supracrustal sequence,
ranging from upright to recumbent. Thrusts developed where shortening could not be
accommodated by tight folding, which produced tectonic duplication within the
metasedimentary pile, making formation-to-formation correlations across the belt tenuous at
best. Irumide tectonism has been reported to affect the base of the Mporokoso Group on the
Bangweulu block, where folding along the Luongo shear zone occurred contemporaneously
with thermal resetting of biotite dated at ~1.0 Ga (K-Ar dates). Metamorphic parageneses
record low- to medium-pressure/medium- to high-temperature conditions. Metamorphic
grades range from greenschist facies in the northwestern foreland, to upper amphibolite facies
in the southeast, with local granulites. Peak Irumide metamorphism, recorded in metamorphic
zircon rim overgrowths, has been dated in this study at 1.02 Ga. Metamorphism to the
southeast, across the younger Karoo grabens, had previously been constrained at 1.05 Ga,

indicating an across strike diachronous development of metamorphism for the Irumide belt.

The lithological units identified and dated as part of this study in the Irumide belt
include: (1) limited Neoarchaean rocks emplaced at 2.73 Ga and representing the oldest rocks
in the Bangweulu block; (2) ca. 2.05-1.85 Ga volcano-plutonic complexes and gneisses
representing the most important components in the Bangweulu block; (3) an extensive
quartzite-metapelite succession with minor carbonate forming the Mporokoso, Kanona and
Manshya River groups, and deposited at ca. 1.8 Ga; (4) granitoids emplaced between 1.65-
1.55 Ga; (5) deposition of the Kasama Formation between 1.43 and 1.05 Ga (second-cycle
reworking of the Mporokoso Group); (6) voluminous syn- to post-kinematic Irumide
granitoids emplaced between 1.05-0.95 Ga. In addition, a minor suite of 1.36-1.33 Ga
anorogenic plutons (nepheline syenite and biotite granite) have been identified in the far

northeastern Irumide belt, but were not included in this study.



Whole-rock geochemical data for magmatic rocks in northern Zambia, predominantly
from within the Irumide belt, indicate uniform crust-dominated patterns. Overall high REE
contents and trace element characteristics indicate the significant participation of older crust
in the generation of all magmatic suites. The data are insufficient to conclusively demonstrate
that this crustal melting was associated with either intra-plate, volcanic arc or post-
collisional/extensional collapse. A limited number of Sm/Nd isotopic data for the entire range
of magmatic suites corroborate the highly reworked nature of parent magmas, with all
samples characterised by strongly negative exa(T) values and Tpy model ages between 2.2

and 3.2 Ga.

The geochronological data presented in this thesis show that the Irumide belt includes
a Palaeoproterozoic basement complex comprising units as old as 2.73 Ga, but mostly made
up of granitic gneisses ranging in age between 2.05 and 1.93 Ga, while granitic and volcanic
units of the Bangweulu block to the northwest were dated at 1.87-1.86 Ga. Detrital zircon age
data from quartzites and zircon crystallisation ages of interlayered tuffs within the Muva
Supergroup indicate a depositional age of between 1.88 and 1.85 Ga, with local derivation
from locally recognised basement units, although similarly aged rocks of the Tanzania craton
to the northeast are also a possible source. The detrital record of the Muva Supergroup shows
that the various components of the Bangweulu block, including 2.73, 2.05-1.93 and 1.87-1.86

Ga units, were assembled by the time of deposition of the Muva Supergroup at around 1.8 Ga.

Both the basement units and the Muva Supergroup were intruded by a previously
unknown magmatic suite of biotite granites between 1.65-1.55 Ga, the first record of such a

magmatic event in central Africa.

The new data presented in this thesis allow a critical assessment of previously
proposed regional correlations between Mesoproterozoic teranes in central and southern
Africa. Significant temporal differences between the Irumide belt and the Kibaran belt,
Choma-Kalomo block and Namaqua-Natal belts had previously not been detected due to the
poor quality, low resolution or limited size of isotopic data sets. The new data set produced in
this study indicates a distinct and separate tectono-magmatic history for each of these
terranes, therefore precluding previously suggested correlations. In particular, the presumed
southeastward continuation of the Irumide belt across the Neoproterozoic Zambezi belt into

the Choma-Kalomo block is precluded by the data presented in this thesis. This new



geochronological framework allows for significant spatial separation of the Kalahari and
Congo cratons prior to the Neoproterozoic closure of the Damara-Lufilian-Zambezi ocean,
and is therefore in support of palaecogeographic models of Rodinia which either place the
Congo and Kalahari cratons as distinct and separate fragments within the supercontinent, or
show one or both of the two cratons not to form part of it. Currently, available data are not
able to determine the tectonic setting or the palaeogeographic location of the Irumide belt, and
as a result it is unclear whether it developed within Rodinia as a collisional orogen, at its

margin as an accretionary orogen, or was not associated with Rodinia at all.
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CHAPTER 1:; Introduction

1 CHAPTER 1: Introduction

1.1 Regional geological setting of the study area

The regional geology of the African continent is traditionally subdivided into
three main Proterozoic orogenic cycles (Holmes, 1951), which are expressed in a
series of mobile belts enclosing stable Archaean and Palacoproterozoic crustal
blocks. In sub-Saharan Africa, Archaean cratonic nuclei include the Angola-Kasai
craton, the Tanzania craton and the Zimbabwe and Kaapvaal cratons welded along
the Archaean Limpopo belt (Clifford et al., 1970; Petters, 1991)(Figure 1-1). These
Archaean nuclei were further enlarged and amalgamated following Palaeo- and
Mesoproterozoic tectonism into two stable blocks called the Congo craton in the
north, including the Angola-Kasai craton, the Tanzania craton and the
Palaeoproterozoic Bangweulu block of Zambia, and the Kalahari craton in the south,
including the Zimbabwe and Kaapvaal cratons. The three orogenic cycles that link
these cratons in sub-Saharan Africa are termed the Eburnian, Kibaran and Pan-
African. The Eburnian is the oldest cycle and comprises orogenic activity between
2.2 and 1.8 Ga, and in the south-central region of Africa includes the Ubendian-
Usagaran belts of Zambia and Tanzania and the Kheis and Magondi belts of
Namibia, South Africa, Botswana and Zimbabwe (Hanson, 2003). This event is
recognised globally, and may have contributed to the amalgamation of continental
blocks to form the proposed supercontinent of Hudsonland or Columbia (Meert,
2002; Zhao et al., 2002; Pesonen et al., 2003). The Kibaran cycle is named after the
central African Kibaran belt and spans orogenic activity between 1.4 and 1.0 Ga. It is
reflected in a series of orogenic belts, which include the Kibaran belt of the
Democratic Republic of Congo (DRC), Uganda, Burundi, Rwanda and Tanzania, the
Irumide belt of Zambia and Malawi, the Choma-Kalomo block of Zambia, the
Mesoproterozoic basement to the northwest Botswana rift of Botswana, the
Rehoboth inliers and Sinclair sequence of Namibia, the Namaqua belt of Namibia
and South Africa, the Natal belt of South Africa, the foreland of the Lurio belt of
Mozambique (also termed proto-Lurio (Sacchi et al., 2000) or Nampula (Pinna et al.,

1993) to denote the Mesoproterozoic part) and rocks in the northwestern part of
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Mozambique. This peak in orogenic activity is recognised worldwide, often referred
to as the Grenvillian, and has been linked to the possible amalgamation of the
Rodinia supercontinent (McMenamin and McMenamin, 1990; Hoffman, 1991). The
last phase of major Precambrian orogenic activity is known as the Pan-African
(Kennedy, 1964; Hoffman, 1991), and includes orogenic belts of the East African
Orogen (Stern, 1994) and Damara-Lufilian-Zambezi Orogen (Johnson et al, in
press). In the East, the East African Orogen runs from Sudan southwards to South
Africa, and is believed to continue further into Antarctica (Stern, 1994; Jacobs et al.,
1998). In the West, the Damara-Lufilian-Zambezi Orogen traverses the continent
between the Congo and Kalahari cratons and comprises the Zambezi belt of
Zimbabwe and Zambia, the Lufilian belt of Zambia and DRC, and the Damara belt
of Botswana and Namibia, These belts host some of the world’s largest base-metal
provinces, including the central African Copperbelt. In Zambia, the sedimentary
successions of the Copperbelt form the Katanga Supergroup, which was deposited
between 0.88 — 0.57 Ga. The supracrustals within the Damara-Lufilian-Zambezi
Orogen, together with those within the Neoproterozoic Saldania belt of South Africa,
were previously connected to supracrustal sequences within the Brasiliano belt of
South America, and formed the succession overlying the West Africa — Amazonia —

Rio de la Plata mega-continent of Trompette {(1994).
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Figure 1-1:

The tectonic provinces of central and southern Africa. (AKC=Angola-Kasai craton;

BB=Bangweulu block; CK=Choma-Kalomo block; DB=Damara belt; EAO=East African Orogen; IB=Irumide belt;
KB=Kibaran belt; KvC=Kaapvaal craton; LA=Lufilian belt; LiB=Limpopo belt; LuB=foreland to the Lurio belt;
MaB=Magondi belt; NaB=Natal belt; NB=Namaqua belt, NW=northwest Botswana rift, $5=Sinclair sequence;
RI=Rehoboth inlier; SaB=Saldania belt; TC=Tanzania craton; UB=Ubendian belt; UsB=Usagaran belt;
ZB=Zambezi belt; ZC=Zimbabwe craton. Dashed fine indicates the approximate position of the cross section by

Daly (1986b)({Figure 1-3)




PhD thesis: The Irumide belt of Zambia

L2 A summary of previous work on the Irumide belt

The Irumide belt is a northeast-southwest trending orogenic belt bound to the
north by the Palacoproterozoic Bangweulu block, to the northeast by Pan-African
shear zones within the Palaeoproterozoic Ubendian belit, to the southwest by the
Neoproterozoic Zambezi belt, and to the west by the Neoproterozoic Lufilian belt
(Figure 1-2). To the east and southeast, the [rumide belt is overprinted by
Neoproterozoic tectonism related to the EAQ and the Zambezi belt. The Irumide belt
comprises basement gneisses, overlain by a metasedimentary cover sequence, both of
which were folded along northeast-trends during a main tectonic event (the Irumide
orogeny). [rumide tectonism displaced the sequence onto the Palaeoproterozoic
foreland of the Bangweulu block and reworked basement lithologies. The basement
and cover sequences are intruded by various generations of granitoids, ranging from
deformed pre-Irumide, to Irumide-aged syntectonic and post-Irumide early

Neoproterozoic granitoids.

The Irumide belt was first recognised as a separate tectonic entity by
Ackermann (1936; 1960) and Ackermann and Forster (1960), who described the
Irumide belt as a northeast trending terrain of granites and gneisses, overlain by a
sequence of quartzites and pelites they termed the Muva system. The basement to the
Irumide belt was called the Mkushi Gneiss, a polymetamorphic granitic complex of
presumed Palacoproterozoic age. Stillman (1965¢) divided the Muva into two series
of metasedimentary rocks, the older Musofu Formation and younger Kalonga
Formation. He retained the definition of the Mkushi Gneiss of Ackermann (1936;
1950) and ascribed all granitoids and gneisses to the Mkushi Gneiss complex.
Stillman (1965¢) made the subdivision into two metasedimentary series
predominantly because of observed differences in metamorphic grade, and his
recognition of older north-south trending structures exclusively in the older Musofu
series and underlying Mkushi Gneiss. He therefore introduced an older Tumbide
event, recognised in north-south trending folds within the Musofu Formation, and the
younger Irumide event, imparting the dominant northeast-southwest grain of the belt.
Subtle lithological differences between the metasedimentary sequences were noted

by Stillman (1965¢) to be in support of his subdivision, and include the observation
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that the Musofu Formation comprises very pure quartzites with little or no heavy
minerals, while the younger Kalonga Formation contains quartzites with tourmaline,
muscovite and biotite. A whole rock Rb-Sr date of 1693 £ 50 Ma on an undeformed
aplite cutting the Mkushi Gneiss in the Mkushi map sheet (box 1 on Figure 1-2) was
interpreted to represent a lower age limit to relict northerly (Tumbide) structures that
affected the Mkushi Gneiss and the Musofu Formation (Ng'ambi et al., 1986). Note
that in this thesis, the term “date” is used where geological significance, attributed or
not, is tenuous at best, where “age” is used in cases where clear geological
significance can be attached to the date. The gneisses themselves were dated (whole
rock Rb-Sr) by Ng’ambi et al. (1986) at 1777 £ 89 Ma, but this date has been
superceded by a zircon U-Pb Sensitive High mass Resolution Ion MicroProbe
(SHRIMP) crystallisation age of 2049 £ 6 Ma (Rainaud et al., 2002). Zircons from
undeformed aplite dykes intruding the Mkushi Gneiss, such as the one dated by
Ng’ambi et al. (1986), have yielded U-Pb SHRIMP crystallisation ages on cores of
2036 + 22 Ma and rim ages of 1088 £ 159 Ma (Rainaud et al., 2002). The validity
and geological meaning of the reported Rb-Sr date of Ng’ambi et al. (1986} is
therefore highly questionable. The ages of 1088 £ 159 Ma were interpreted by
Rainaud et al. (2002) to indicate a magmatic episode at that time, rather than peak
metamorphic conditions. The Musofu-Kalonga division was adopted by geologists of
the Zambian Geological Survey (Smith, 1965; Moore, 1967b), but later discarded as
it was largely based on differences in metamorphic grade, with no significant
lithostratigraphic differences (Mapani, 1992; De Waele and Mapani, 1998; 2002).
Daly et al. (1984) reinterpreted the “older” north-south fabrics in the succession
ascribed to the Musofu Formation as lateral ramps developed during Irumide

deformation.

Fitches conducted PhD work in the far northeast section of the belt (Fitches,
1968b), known as the Mafingi Hills area (box 3, Figure 1-2). This region is located at
the intersection of three orogenic belts, namely the Palacoproterozoic Ubendian belt,
the Mesoproterozoic Irumide belt, and the Neoproterozoic EAQ. Fitches (1968b)
demonstrated that the Mafingi Group metasedimentary rocks recognised in the far
northeast of the Irumide belt could be correlated with metasedimentary sequences
farther southwest in the [rumide belt, based on general lithostratigraphic similarities,

and deformation styles. In the Mafingi Hills area, Fitches (1968b) reported K/Ar
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dates of 1330 = 60 Ma on hornblende from an amphibolite belonging to the
Ubendian belt underlying the Mafingi Group, 1145 3 60 Ma for arfvedsonite from a
lamprophyre dyke intruding and deformed with the Mafingi Group, and 1120 + 30
Ma for a biotite from the Nthonga granite which intrudes the Ubendian basement and
is unconformably overlain by the Mafingi Group. All these lithologies were affected
by Irumide tectonism, and Fitches interpreted the apparent ages between 1.33 and
1.12 Ga to bracket the timing of the Irumide event (Fitches, 1971).

A comprehensive study was conducted by Daly (1986a, b), focusing on the
tectonic and thermal evolution of the Irumide belt. His work was centered on the
northeastern 1:100,000 map sheets of Chinsali, Mutangoshi Hills, Isoka and
Mulilansolo, but included structural traverses west of Chinsali, the Luongo fold-and-
thrust zone east of Mansa, the Serenje and Mkushi areas in the southwest and the far
northeast termination of the belt near the border with Tanzania (Figure 1-2). Daly
(1986b) considered the Irumide belt a zone where intracontinental rifting,
accompanied by the deposition of 10 kilometers of shallow water sediments, was
followed by a contractional episode between 1.10 and 1.05 Ga causing northwest-
directed thrusting and high-temperature (HT)-medium-pressure (MP) regional
metamorphism. Crustal melting and the emplacement of syn- and late-tectonic
granitoids accompanied peak metamorphic conditions. Despite the limited
geochronological data, Daly (1986b) believed the entire Irumide belt to be underlain
by older basement, and interpreted the large-scale horizontal displacements, which
he estimated to total 110 kilometers, to be the result of thin-skinned thrust tectonics
above a regional scale basal detachment. Daly (1986b) argued that this substantial
contraction was bound to the north by the Mugesse shear zone, believed to have
accommodated the strain by northwest-southeast transcurrent movement (Figure
1-2). Mesoproterozoic activity along the Mugesse shear zone has since been
supported by *’Pb/*®Pb zircon evaporation ages between 1.12 and 1.09 Ga for
syntectonic granitoids within strike-slip shear zones of the Ubendian belt (Ring,
1999) and the occurrence of Mesoproterozoic pull-apart basins within the Ubendian
belt (Klerkx et al., 1998).

Similarities in northwest/southeast tectonic transport direction and the age of

deformation (~1100 Ma) in northwest Mozambique and southern Malawi were used

6



CHAPTER 1: Introduction

to propose that rocks in southern Malawi and northwéstern Mozambique
{(Mozambican cycle of Pinna et al. (1993)) and the Trumide belt could be part of a
single orogenic system (Daly, 1986b). In Daly’s model {Daly, 1986b), the proposed
Lurio and Niassa microplates were caught up in a continental collision between the
“Indo-Malagash Plate™ and the “Proto-Africa Plate” (Figure 1-3). The bimodality in
tectonic transport directions along a transect from the Irumide belt in the northwest to
the Lurio belt in the southeast (for location see Figure 1-1) fits well with the different
thrust directions envisaged to result from this complex collision zone (Figure 1-3).
The ultimate driving force for deformation in the Trumide belt was interpreted to be a
far field effect of a plate tectonic collision some distance away to the southeast. It
must be noted that it is unlikely that the Indo-Malagash Plate was the colliding
continental block as suggested in Daly’s model, as it is generally believed that the
Indian and African plates collided at ca. 600-500 Ma along the EAO (Meert and Van
der Voo, 1995; Rogers et al.,, 1995; Shackleton, 1996; Meert et al.,, 1997; 1997;
Paquette and Nédélec, 1998; Bauer and Jacobs, 2001; Meert, 2003).

The thermotectonic history of the northeastern section of the [rumide belt was
studied using limited bulk zircon U-Pb work, a series of whole-rock Rb-Sr analyses
and some K-Ar and Ar-Ar work on selected minerals and rock types throughout the
northeastern region, and near the sheared contact of the Luongo fold-and-thrust zone.
In the northeastern section of the Irumide belt (box 2, Figure 1-2), Daly (1986b}
recognised the existence of several igneous suites, intruding both the basement and
the cover sequences. A sample of the basement (the Mwambwa River Gneiss)
yielded a poorly constrained Rb-Sr whole-rock errorchron date of 1804 + 170 Ma,
based on regression of 9 datapoints, A regression of the 7 data points with the highest
S7Rb/*®Sr ratios, however, yielded a date of 1100 + 252 Ma, which Daly (1986b)
interpreted to reflect isotopic resetting at around 1100 Ma, related to Irumide
tectonism, Daly (1986b) reported a 12-point whole-rock Rb-Sr date of 1407 + 34 Ma
for the Mutangoshi Gneissic Granite near Chinsali, and interpreted this granite gneiss
to form part of a bimodal magmatic suite, signalling crustal thinning during an early
extensional event. A nine point whole-rock Rb-Sr date of 1005 + 71 Ma for a post-
Irumide granite, a less reliable whole-rock Rb-Sr date of 947 + 89 Ma and a U-Pb
bulk zircon crystallisation age on the Lufila Granite of 970 £ 5 Ma were inferred to

constrain a post-tectonic magmatic phase (Daly, 1986b). Daly (1986b) also reported
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four *’Ar/*’Ar plateau ages for hornblende collected from amphibolites. The ages are
reported without errors and range from 1040 to 935 Ma; they were interpreted to date
post-tectonic cooling below ~500 £ 50°C after the Irumide orogeny. The data also
indicate that Irumide rocks were largely unaffected by any post-Irumide thermal
event exceeding the closure temperature of ~500+£50°C for hornblende (McDougall
and Harrison, 1999). K/Ar data reported by Vail (1968) for the area around Serenje
do however indicate a post-Irumide thermal overprint above 280+£40°C, with biotite
K/Ar cooling ages ranging from 567 + 24 to 495 + 20 Ma, and partial thermal

overprints above 350450°C, with muscovite dates ranging from 886 + 36 to 755 + 30
Ma.
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Figure 1-2: Overview map showing the location of the rumide belt (IB) with respect to the Bangweulu
block (BB), Choma-Kalomo block (CKB) and various orogenic belts in the region (MG=Mafingi Group;
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Figure 1-3: Schematic crustal cross-section through the Irumide belt into southern Malawi and
northwestemn — central Mozambique (after Daly, 1986b). The approximate position of the section is indicated on
Figure 1-1.

1.3 Aims of this study

In this study, an attempt is made to resolve a series of longstanding and

important questions regarding the Irumide belt. These questions include:

- What is the timing of events in the Irumide belt and in particular, what is
the age and extent of the basement, the age of sedimentation, the age of
magmatism and the age of peak metamorphism?

- What is the tectonic setting of the Irumide belt?

- How does the [rumide belt fit into the regional Mesoproterozoic tectonic

framework?

In order to correctly address these questions, there was a need to collect data
from a wide area, in contrast to many previous studies that focused on small sections
of the Trumide belt alone. Samples were therefore collected along the entire strike
length of the Irumide belt to check for along-strike consistency. Fieldwork during the
second year was directed to some degree towards constraining the extent of units

identified by geochronology of sample suites collected in the first season.

This thesis deals in particular with the most contentious issue enshrouding our
knowledge of the Irumide belt, namely its geochronological history. Previous
geochronological studies were largely based on the whole-rock Rb-Sr technique,
which often produces results that are difficult to interpret, especially in high-grade

metamorphic terranes where partial open-system behaviour of the Rb-Sr isotope
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system is widely documented (Dickin, 1995). The dating technique employed is
based on the U-Th-Pb decay system, as applied to the mineral zircon. Because of the
fact that zircon from polymetamorphic terranes can contain complex growth zones of
differing age, thereby providing a record of the geological history of the area, the
Sensitive High mass Resolution Ion Microprobe (SHRIMP) technique was applied,
which allows the analysis of small volumes of zircon sampled from within single
growth zones. The rationale for this approach is further discussed at the beginning of
Chapter 4.

1.4 Methodology

During the course of this research, a range of techniques have been employed
to obtain the data presented. The following sections describe the methodologies
applied, starting from the fieldwork carried out in Zambia, down to the various
laboratory analyses conducted as part of this study. These methods are only briefly
described here, with a detailed account of methodologies presented in Appendices as

indicated in the text.

1.4.1 Fieldwork planning

The area covered in this study is the area of the Irumide belt to the northwest
of the Luangwa and Lukusashi grabens (Figure 1-2), and as such does not include the
southeastward continuation of the belt in eastern Zambia and in Mozambique, where
Pan-African structures overprint the Irumide grain. Two field seasons were planned
based on existing 1:100000 scale geological maps covering the Irumide belt of
Zambia. Traverses were prepared along motorable tracks to gain access to areas of
interest, and, where necessary, foot-traverses were planned to reach remote locations
not accessible by car. In many cases, sample localities were selected from the
1:100,000 geological maps, using structural measurements on the maps as an
indication of outcrop. In areas of good exposure, especially along stratigraphic
successions, or across geological or structural contacts, sections were traversed on

foot. All observations were recorded in a field notebook, and cross-referenced to
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sample and observation localities on the geological base maps. No attempt was made
to map specific areas in detail, but modifications to the existing maps at 1:100,000

scale were implemented where necessary.

1.4.2 Sampling method

This study of the Irumide belt was accompanied by sampling of key
lithologies of all different magmatic suites recognised based on field relations.
Samples from the main metasedimentary groups of the region, including undeformed
sediments on the Bangweulu block and deformed metasedimentary rocks in the
Irumide belt, were also included in the study. Depending on the anticipated analyses
to be conducted on each given sample, sampling volume and methodology were
adapted for each locality. All samples were extracted from fresh outcrop, using 2
large hammer and brute force. The resultant blocks were shaped using a geological
hammer, labelled and bagged. The sample locality, taken from a handheld Global
Positioning System (GPS) unit, was recorded in the notebook and plotted on the
geological map. A list of samples collected during this study is given in Appendix A.
Some samples were oriented before extraction, using a Brunton geological compass.
In cases where only a thin section was expected, the extracted sample weighed
anything between 0.2 to 1.0 kg. For magmatic rocks, on which geochronology,
geochemistry and possible isotope analyses were anticipated, the weight of rock
taken ranged between 1 and 10 kg. In general, the size of the sample increased with
the grain size of the rock. For sedimentary rocks, for which a detrital provenance

study was planned, a sample of at least 5 kg was taken.

1.4.3 Sample preparation

In the first year (2001), a portion of the collected samples was cut for thin
section preparation, while the remainder was crushed and washed prior to shipping,
with any further preparations being conducted in Perth. For samples collected in
2002, more substantial preparations were done is Lusaka to minimise shipping fees.

Preparations conducted in Lusaka included crushing, washing, pulverising, and
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mineral separation. Although several stages of sample preparation were done in
different laboratories (Perth and Lusaka), using slightly different instrumentation, the
methodologies employed were identical. The following sections briefly describe the
methodologies employed, while the reader is referred to various Appendices (as

indicated in the text) for a more complete description of the techniques.

1.4.3.1 Preliminary crushing

Upon return from the ficld, all samples were crushed in a large jaw-crusher at
the School of Mines in Lusaka. Prior to each sample, the crusher and receptacles
were cleaned with compressed air. The crushing system was set to a size of roughly
20 mm. To avoid contaminants and dust resulting from the crushing operation, the
resulting chips were blown with compressed air and washed over a 2 mm mesh using
tap water, and then rinsed with deionised water. Only chips larger than 2 mm were
kept for further processing. The washed chips were air dried on a clean piece of
paper. For samples collected in the first field season (2001}, the chips were packed in
plastic bags, labelled, and shipped in cardboard boxes to Perth. For samples collected
in the second field season (2002), the dried samples were further personally prepared
in the laboratories of the School of Mines in Lusaka. Full details on the crushing and

washing of samples are given in Appendix B.

1.4.3.2 Mineral separation

During the course of this study, geochronological work was carried out on
zircon extracted from bulk rock samples. In order to extract the zircon from the
samples, traditional mineral separation techniques were employed, including heavy
liquid (density) and magnetic separation. The reader is referred to Appendix B for

detailed descriptions of the procedures.
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1.4.3.3 Preparation of whole rock powder

To minimize sampling effects, the washed rock chips were first crushed and
sieved over 300 pm mesh and a representative fraction of the rock sample collected
from this powder. The mill was cleaned using acetone and lint free paper towels, and
then pre-contaminated with 50 grammes of sample. The mill was then cleaned using
paper towels and a final 50 grammes ground to a fine powder for 3 minutes. From
this fine powder, a representative fraction was extracted and placed in a sample
bottle. For the purpose of whole-rock geochemistry, the finely ground powder was
used directly. For Isotope Dilution-Thermal [onisation Mass-Spectrometry (ID-TIMS
or TIMS), 20 grammes of whole-rock powder was placed in an agate mortar and
pestle, mixed with 100% pure ethanol, and manually ground fine prior to digestion in

Teflon bombs (see Appendix E).

1.4.4 SHRIMP dating

U-Pb zircon geochronology makes up the primary dataset collected for this
study. Data collection was aimed at constraining the geological history of the
Irumide belt including the timing of emplacement of various plutonic rocks, timing
of metamorphism and the age of detrital zircon in sedimentary rocks. Throughout
this study, the U-Th-Pb isotopic system was used for dating of zircons extracted from
rock samples. Isotopic compositions were measured on the Perth Consortium
SHRIMP II at Curtin University of Technology. A brief overview of SHRIMP 11
instrumentation is given in Appendix C, along with an overview of the analytical
procedures followed during data collection and data reduction. Critical points of
zircon U-Th-Pb geochronology, pertaining to the methodologies followed during this
study, are discussed at the start of Chapter 4.

13
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1.4.5 Major and trace element geochemistry

In an attempt to help characterise the various magmatic suites in the Irumide belt,
whole-rock geochemistry was conducted on samples from all igneous suites. The
geochemical data also help constrain possible geotectonic settings and petrological
processes active during emplacement. The geochemical data were complemented
with Sm-Nd isotopic studies on a small subset of the samples, to help constrain the

extent of crustal reworking in the generation of the magmatic suites.

Crushed powders were processed for whole rock chemistry using an oven
(overnight at ~105°C) to determine unbound H;O and a furnace (overnight at
~1050°C) to determine total loss on ignition (LOI = carbonates and organic matter).
Hydrofluoric acid based solution followed by inductively coupled plasma — mass
spectrometry (ICP-MS) analysis was applied for trace elements, and lithium
tetraborate fusion followed by ICP-optical emission spectrometry (OES) for major

element analysis. Details on the methodologies are given in Appendix D.

1.4.6 Isotope geochemistry

During this study, several samples, which had yielded a reliable zircon U-Pb
crystallisation age, were selected for further isotope work. Using the ID-TIMS
method, samarium and neodymium isotopic ratios were determined for those selected

samples. The reader is referred to Appendix E for details on the procedures followed.
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1.5 Structure of this thesis

Chapters 2 and 3 give a broad overview of the lithostratigraphy, structure and
metamorphism of the Irumide belt, largely building on previous work, but combined
with new mapping, field visits and sampling exercises conducted as part of this

study, and in the years preceding this work.

In Chapter 4, which forms the main part of this thesis, a geochronological
framework is established, based on an extensive set of SHRIMP U-Pb data on
zircons from a wide variety of samples both from magmatic and metasedimentary
rocks within the Irumide belt, and from the Bangweulu block to the north. Five
SHRIMP U-Pb zircon dates on three granitoids and two volcanics near Mansa refine
earlier age constraints for magmatism in the Bangweulu block of Zambia. Two
SHRIMP U-Pb extrusion ages from volcanic tuff layers and one age on a pillow-lava
sequence occurring within the metasedimentary sequence in the northeastern part of
the belt place constraints on the timing of sedimentation. Three SHRIMP U-Pb
datasets on detrital zircon from quartzites of northern Zambia further constrain the
depositional age and sources of the metasedimentary sequences, and allow for the
first time a direct comparison with one another and with metasedimentary sequences
outside Zambia. One sample from the basal conglomerate of the Manshya River
Group in the southeast (Mkushi map sheet) provides further constraints on the nature
of the basement on which the sequence was deposited. Finally, 41 emplacement ages
for various deformed and undeformed granitoids and orthogneisses are presented,
firmly placing detailed constraints on the various magmatic events that shaped the
belt. Three samples yielded complex zircons, from which four ages were extracted of
low Th/U metamorphic zircon rims, placing direct age constraints on peak

metamorphic conditions in the belt.

Chapter 5 focuses on the geochemistry of granitoids and volcanic sequences
in the Irumide belt, presenting whole-rock geochemical data on 108 rocks. An
attempt is made to use whole-rock geochemistry to elucidate the petrogenesis of the
various magmatic suites, and determine possible petrogenetic processes involved in

the generation of these suites. Based on the geochemical data, assumptions are

15



PhD thesis: The Irumide belt of Zambia

presented as to the geotectonic environment governing the emplacement of the

various magmatic suites.

The petrology and geochemical character of the various magmatic suites in
the Irumide belt are further studied in Chapter 6, where a limited set of whole rock
Sm-Nd data are presented. These data, in conjunction with independently obtained
emplacement ages for these lithologies, allow the calculation of eng (T) values and
Teuur and Tpy ages, giving insight into the possible source materials and average

crustal residence time of Irumide granitoids and volcanics.

In Chapter 7, all data are used in combination to propose a testable hypothesis
on the evolution and tectonic setting of the Irumide belt, outlining remaining
contentious issues regarding the belt, and the regional geological picture for central

and southern Africa.
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2 CHAPTER 2: Lithostratigraphy

2.1 Introduction

The Irumide belt comprises a complex of granitoids and gneisses, which can be
subdivided into pre-tectonic and syn- to late-tectonic suites with respect to the
Irumide orogeny, and a metasedimentary sequence called the Muva Supergroup.
During fieldwork, an attempt was made to investigate the various lithologies
described in the Irumide belt, work out their relative age relationships and construct a
working tectono-stratigraphy for the Irumide belt. Due to time constraints and
logistical limitations, the work concentrated on the area of the Irumide belt northwest
of the Luangwa graben, between Kapiri Mposhi in the southwest and Isoka in the
northeast (Figure 1-2) and excludes lithologies described within or directly adjacent

1o the Ubendian belt in the northeast.

Limited work was carried out near Mansa and Kasama (Figure 1-2) to provide
some understanding of lithologies within the Bangweulu block to the north of the
Irumide belt. The description of lithologies near Mansa is largely based on data
collected in this study, but also builds upon mapping by Thieme (1970; 1971). The
detailed stratigraphic work on the Mporokoso Group is largely based on Andersen
and Unrug (1984), as the basal two formations defined in the Mporokoso Group are
locally absent near Mansa. The stratigraphy presented for the Kasama Formation is

entirely based on Unrug (1982).

For completeness, lithologies of the far northeastern part of the Irumide belt,
including those of the Chozi, Nakonde, Mututa, Kalungu, Mafingi and Muyombe
1:100,000 map sheets, are briefly described based on published reports and literature
(Fitches, 1966, 1967, 1968a, 1968b, 1970, 1971; Ray, 1974; Thatcher, 1974; Ray and
Crow, 1975; Priem et al., 1979; Schandelmeier, 1980, 1981, 1983; Namateba, 1994;
Van Tuijl and Verhoog, 1995¢; Verhoog and Van Tuijl, 1995a, 1995b, 1995¢; Ring
et al., 1997; 1999; Vrana et al., 2004).
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The following sections give an overview of the lithologies encountered during
this study. Figure 2-1 shows an overview map of Zambia, indicating the position of
the various metasedimentary successions of northern Zambia. Figure 2-2 shows a
simplified geological map of the Bangweulu block and, Figure 2-3 and Figure 2-4 an
overview of the southwestern and northeastern part of the Irumide belt respectively,
indicating the map sheets completed by geologisis of the Zambian Geological Survey
at a scale of 1:100,000. Wherever used in this thesis, the term “southwestern Irumide
belt” refers to the area of the Irumide belt to the southwest of Mpika, likewise
“northeastern Irumide belt” refers to the area of the belt to the northeast of Mpika
(Figure 2-1). Figure 2-5 shows an overview of previously published Proterozoic age
data for Zambia discussed in the text. The age data are tabulated in Table 2-2.
Mineral abbreviations used in the text are as follows: g=quartz; chl=chlorite;
st=staurolite;  cd=cordierite; = g=garnet; = opx=orthopyroxene;  bi=biotite;

mu=muscovite; ksp=K-feldspar s.1.; pl=plagioclase and hb=hornblende s.1.

2.2 Previous work

Early work was mainly concentrated in the southwestern parts of the Irumide
belt, where previous workers believed that the crystalline rocks of the belt
collectively formed a Palaeoproterozoic basement complex, termed the Mkushi
Gneiss (Ackermann, 1936; 1950; 1960; Ackermann and Forster, 1960; Smith, 1965;
Stillman, 1965c; Cvetcovic, 1973), which was reworked during the Irumide event.
Later investigations distinguished intrusive units within what was termed the Mkushi
Gneiss, which are clearly syn- to post-orogenic granitoids with respect to Irumide
tectonism (Daly, 1986b; Mapani, 1992; De Waele, 1997, De Waele and Mapani,
2002). Based on field relations and structural differences and to a certain extent
previously published age data, magmatism can be subdivided into four generations
(Table 2-1). Please note that the dates indicated by * are based on whole-rock Rb-Sr
geochronology, a dating technique regarded as contentious for the estimation of
emplacement ages because of potential open-system Rb-Sr systematics in numerous

environments (Dickin, 1995).
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Table 2-1: Different magmatic suites recognised in the lrumide belt, Bangweulu block and adjacent
Lufilian belt -

Southwest Northeast

GROUP Ia GROUP Ia

2.05-1.97Ga 2.09-1.93 Ga

Mkushi Gneiss, Mulungushi Gneiss, Samba Parphyry,
Chambishi Granite, Mufulira Granite (Rainaud et al.,
1999; 2002; 2003)

GROUPIb

1.83-181Ga"

Granitoids .and volcanics on the Bangweulu block
(Brewer et al., 1979)

1.88-1.85Ga

Granitoids and volcanics in the Copperbelt (Ngoyi et al,,
1991; Rainaud et al., 1999; John, 2001; Rainaud et al,,
2002)

GROUP IT

No previous age constrainis

Biotite granite gneisses intruding the metasedimentary

sequence and pre-kinematic intrusions termed the

Ubendian gneisses including the Rumphi, Luromo and
Chelinda Granites (Ring et al,, 1997), the Nyika Granite
{Dodson et al., 1975; Ring et al, 1997) and a biotite-
metatonalite in the Muyombe area (Vréna et al., 2004}
GROUP Ib

1.87"-1.83Ga*

Granitoids along the southwestern margin of the Ubendian
belt
{Schandelmeier, 1980); Mwambwa Gneiss (Daly, 1986b)

in the Bangweulu block of northern Zambia

GROUP It

~141Ga”

The Mutangoshi Gneissic Granite and Musalango Gneiss
(Daly, 1986b}

Lukamfwa Hill Granite Gneiss.

GROUP III

1.36-134Ga"

The Mivula syenite (Tembo, 1986; Vrana et al., 2004) and
the Ntendele metatonalite (Vrana et al., 2004)

GROUPTV

1.01*-097Ga

The Kaunga and Lufila Granites (Daly, 1986b)

GROUP IV
No previous age constraints
Irumide granitoids, mainly weakly deformed porphyritic

biotite granites

Overlying the basement units, an extensive metasedimentary sequence
comprising quartzites and pelites occurs within the Trumide belt, which was termed
the “Muva”. The “Muva” was first described by Gray (1930) in the Copperbelt of
Zambia, to distinguish an older series of metasediments (called the Lufubu Series)
from the younger pre-Katangan Muva Series. The term Muva was later adopted by
Jackson (1932) for the Nchanga sheet to the south of Mufulira, and was elevated to
higher stratigraphic status in Mendelsohn’s comprehensive discourse on the Northern
Rhodesian Copperbelt (Mendelsohn, 1961). The term “Muva” was first used in the
Irumide belt by Ackermann (1950) in the Mkushi-Serenje area, and the unit was
described in extensive detail by Stillman (1965¢) in the Mkushi 1:100,000 map sheet.
In Stillman’s definition, the Muva comprises two metasedimentary sequences of
quartzites and meta-pelites termed the Musofu and Kalonga Formations. The term

“Muva Supergroup” was introduced by Daly and Unrug (1982) and encompasses the
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pre-Katangan sequences of the Bangweulu block and in the Trumide belt. In Daly and
Unrug’s definition, the Muva Supergroup supercedes and includes a number of
previously named units including the Plateau Series of Guernsey (1951), Phillips
(1955) and Searle (1972), the Abercorn Sandstone of McConnell (1950), Halligan
(1963) and Page (1962), the Mafingi Group of Fitches (1968b) and Thatcher (1974)
and the Manshya River Group of Marten (1968). Daly and Unrug (1982) proposed a
four-fold division for the Muva Supergroup and distinguished from north to south the
Mporokoso Group, Kasama Formation and Mitoba River and Manshya River
Groups. The Mporokoso Group unconformably overlies Palaeoproterozoic granitic
and volcanic rocks of the Bangweulu block, and comprises largely undeformed
sediments of predominantly fluviatile affinity. The Kasama Formation comprises
undeformed sediments found in several small basins in the eastern part of the
Bangweulu block and consists largely of supermature fluviatile sandstones, which
were interpreted to be derived by sedimentary reworking of the Mporokoso Group to
the west (Andersen and Unrug, 1984). In the [rumide belt, Daly and Unrug (1982)
divided the metasedimentary package into a lower fluviatile and an upper shallow
marine part. The lower part, which they termed the Mitoba River Group, passes
upwards into the Manshya River Group with no discernable break, and the entire
package is affected by Irumide tectonism (Daly and Unrug, 1982). Based on the
similar fluvial character of the Kasama Formation and the Mitoba River Group, these
two sequences were believed by Daly and Unrug (1982) to be lateral correlatives.
The geological reports and maps published by the Geological Survey Department of
Zambia, however, do not distinguish the Mitoba River Group and include it within
the Manshya River Group. In its new definition, the Manshya River Group thus
comprises the thick, folded and deformed metasedimentary lithologies of the
northern Trumide belt, and includes a basal fluvial succession, previously named the
Mitoba River Group, which passes into the upper, shallow marine sequences of the

originally defined Manshya River Group of Marten {(1968).

The Mafingi Group described near the border with Malawi (Fitches, 1968b;
Van Tuijl and Verhoog, 1995c¢) is considered by Fitches (1971) to be the equivalent
of the Manshya River Group, as it can be traced laterally into the former Mitoba
River Group. Throughout the Irumide belt, the sedimentary sequence is given a

variety of local names, which have been redefined into the Kanona Group in the
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southwest, and the Manshya River Group in the northeast (De Waele and Mapani,
2002). The distinction between the Kanona and Manshya River Groups was initially
made purely on the fact that the two sequences cannot be traced laterally into each
other, as there is an exposure gap across the Chitambo Mission sheet (Figure 2-4),
precluding direct formation-to-formation correlation (De Waele and Mapani, 2002).
The Kanona and Manshya River Groups are in fact the same succession as will be

shown in Chapter 4.

Rainaud et al. (2003) reported a geochronological study on detrital zircon from
a quartzite collected from the Kanona Group near Mufulira. The data show a
prominent age population between 2.05 and 1.95 Ga, with another significant
population between 2.25 and 2.10 Ga and small populations with ages of 2.40 Ga, |
2.50 Ga, 2.70 Ga, 3.03 Ga and 3.20 Ga. Rainaud et al, (2003) also reported 3.20 Ga
xenocrysts in lavas in the Congolese Copperbelt and explained the 3.20 Ga
component in the quartzite and these xenocrysts by postulating a cryptic
Mesoarchaean terrane beneath the Copperbelt. The youngest concordant analysis of

1941 + 40 Ma places a maximum age constraint on the deposition of the quartzite.

In summary, the metasedimentary sequences of northern Zambia consist of
five regionally separated and distinct stratigraphic packages (Daly and Unrug,
1982)(Figure 2-1). An extensive package of quartzites and pelites, with intercalated
tuff layers, occurs on the Bangweulu block (Andersen and Unrug, 1984; Unrug,
1984; Andrews-Speed, 1989) and forms the Mporokoso Group. Between the
Mporokoso basin and the Irumide belt, a series of undeformed quartzites and pelites
occur in a series of small basins, the largest of which lies east of the town of Kasama.
Based on the supermature nature of the quartzites and the sedimentary transport
indicating derivation from the west and northwest (i.e. from the Mporokoso Group),
these sediments were interpreted as a younger sequence, which is called the Kasama
Formation (Daly and Unrug, 1982; Unrug, 1982; 1984). Within the Trumide belt
itself, the deformed sedimentary successions consist of three laterally equivalent
sedimentary packages: the Kanona Group in the southwest, the Manshya River
Group in the northeast and the Mafingi Group in the far northeast near the Zambia-
Malawi border (Fitches, 1968b; Marten, 1968; De Waele and Mapani, 2002)(Figure
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2-1). Because of the fact that exposure gaps between these three successions preclude

direct formation-to-formation correlation, they are described separately in this thesis.

ZE BE E

Figure 2-2

Muva Supgrgroup

[[II] Hasama Formation

155

Il Karona Group R WamshyaRiver Group
Il Mporakoso Group

¢ C ome-Kalomo block 4 BB Aperoximate extent of he Iramide ekt in Zarmbie
I A
Figure 2-1: Overview of the Muva Supergroup of Zambia. The inset shows the location of Zambia {white)

in Africa (black). The boxes indicate the areas shown in Figure 2-2, Figure 2-3 and Figure 2-4.
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Figure 2-4: Overview map of the northeastern frumide belt, showing simplified geology and the location

of mapped quarter degree sheets. Simplified geology is adapted from the 1:1,000,000 geological map of Zambia
(Thieme and Johnson, 1981). The inset and boxes indicate areas shown in detail in Figure 2-10, Figure 2-11,
Figure 2-12 and Figure 2-13,

25



The Irumide beit of Zambia

PhD thesis

"¥90|q OWO[EY-BWOYY) PUE 1jag spiwnl| ‘dnoic) 0soyoiodpy U} Jo Juaixe sjeaulsp seale Aaub g |-z pue Z1-2 ‘112 ‘012 ‘62 ‘72 '€C T¢

sainBi4 1o Juslxe slewixosdde ajeaipu) saxog (z-z a|qeL o) Jajal) elqueyz 1o} elep abie 21020191014 paysiignd Ajsnonsid JO MBIISAQ 'G-Z ainbig
v & ) zh N oL 5 [ : [ [ v 5 z v
T — T =,
{ o0s ooy 00g 002 0ol 0 : " I
s \ =TT
ﬁ O e
Ml Ju ,V ! ", s
S . L " hE
! \_“_ /_J o iﬁ_// B #+ LI \
il L T " o, ._ it 3861 R
! , . ; 11+ 0804
u \L\\ QEWNOS_ { ™ “BL/400LE
J“\. BLF ﬂ-cp/ \ : ot )
w .
Bl . /f.n i i
Y f/.r P : “F | swrue
. . ,m/ o + K /.J.\J %% s 561 - 801 z
./,r g\ © ot O04 . vl [ sz DA — s &
//.w S 52 LH0L — itk ] el :
El ./ /.,..\ FWOP IySWST]
§ { g, ou oS SR Pte
y r /4 LOBEE T %
} '\ w K awop ZaWoS m @
ﬁ k/ Pw«.u”.w ~ . IV
. \ b v e \wEee W pl 5
] ,L., & ﬂuTwH i - *uop oduiogen 0
{ \ £ uwm&..w.c. - 2 P ')
\\A * \M_ .. LfJ,M.nwmu wa.mE(N J;\\ bw/ 8
[ T o g
. J[m ¢ A L1z B ﬁ\% B+ r2l Y i
al \ 8% {
/J/, ' ‘an_ﬁ on -+ ven e M. i
_“Tcﬁ_fk. B orel ..J«.N\ S e i =
_ :mn@& i sex® 9+ ¥E6) / s °
277N . - rsexr 7
b .?Sﬁwﬁ/_zw et 7
0L Mf \.\
_ir..mp.:mona/ LopEz D 1
R 5
T E:WW &VOOEQ @
bt O.P
El 21" _JGQNw .
BN | wo O_;_ﬁ
VL0 ” Omcoo s
Ellezue ) =, "
‘ EELT)
% EX EXs3 3.28 32 34E Ex EX EX EX-= 3E EXS EX:

26
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Table 2-2:

Previously published and unpublished Proterozoic age data (> ca. 950 Ma) for Zambia {refer
to Figure 2-5 using grid square for locations). ltalics date growth of metamorphic zircon

Sample ID Age +/- error (Ma) *Grid square Meathod Source

Lufila Granite 947+/-89 o Whole-rock Rb-Sr Daly, 1986

Kaunga Granite a70+-5 cn U-Ph TIMS bulk zircon Daly, 1986

Aplite (Luromo Granite) 977+/-1 Cc13 Pb evaporation single zircon Ring et al., 1989

Aglite (Wililo Granite) 983+/-1 B12 Pb evaporation single zircon  Ring et al. 1997
Porphyritic granita (ZAMS) 1041+/-9 Fi1 U-Pb SHRIMP zircon Da Waele et al. in prep.
Luangwa gneiss 1043+/19 G9 LA-ICP-MS Cox et al., 2002
Chipata granulite 1046+0-3 F11 U-Pb TIMS single monazite Schenk and Appel, 2001
Madzimoyo Gneiss (ZAM1} 1047+/-20 F11 U-Pb SHRIMP zircon D Waela et al. in prep,
Porphyritic granite {ZAM4) 1050+/-10 F11 U-Pb SHRIMP zircon De Waele et al. in prap.
Parphyritic granite {ZAM3) 1074+4-3 F11 U-Pb SHRIMP zircon De Waele et al_ in prep.
Phoenix Mine mica 1080+-31 16 Rb-Sr mica Cahen et al,, 1984
Lwakwa Granite 1087+/-11 B1z U-Pb TIMS single zircon Ring et al., 1999
Mkushi Gneiss 1088+/-159 F8 U-Pb SHRIMP zircon Rainaud et al., 2002
Munali Granite 1080+/-1 H8 U-Pb TIMS single zircons  Katongo et al. submitted
Mpande Gneiss 1106+/-19 H7 U-Fh TIMS bulk zircon Hanson, 198Ba
Luromo Granite 1108+/-1 C13 Pb evaporation single zircon Ring et al,, 1999

Wililo Granite 1115+/-1 B12 Ph evaporation single zircon Ring et al,, 1999

Wililo Granite 1116+/-1 B12 Pb evaporation single zircon  Ring et al., 1999

Wililo Granite 1118+/-1 Bi2 Pb evaporation single zircon Ring et al., 1998
Mwenga Granite 1118+-20 B12 U-Pb TIMS single zircon  Ring et al., 1999
Lusenga Syenite 1134+/-8 A8 Whole-rock Rb-Sr Brewer et al. 1879
Granite (Choma-Kaloma block)  1174+/-27 J5 U-PH SHRIMP zircon Bulambo et al., 2004
Granite {Choma-Kalomo block)  1177+/-70 16 U-Pb SHRIMP ziscon Bulambo et al,, 2004
Granite {Choma-Kalomo block)  1181+/-9 16 U-Pb SHRIMP zircon Bulambo et al., 2004
Granite (Choma-Kalomo block)  1188+/11 J5 U-Pb SHRIMP zircon Bulambo et al., 2004
Semahwa Gneiss 1198+/-6 16 U-Pb TIMS bulk zircon Hanson et al., 1988a
Siasikabole Granite 1232+/-20 J8 Whole-rock Rb-Sr Hanson et al., 1988a
Chilala Gneiss 1285+/-64 ] U-Pb TIMS bulk zircon Hanson et al., 1988a
Ntendele metatonalite 1329+41 c12 Pb evaparation single zircon Viana et al., 2004
Mivula Syenite 1341+/-18 c12 Whole-rock Rb-Sr Tembao, 1986

Zongwe Gheiss 134346 J6 U-Pb TIMS bulk zircon Hanson et al., 198%a
Siasikabole Granits 1352+/-14 Je U-Pb TIMS bulk zircon Hanson et al., 1988a
Mivula Syenite 1360+/-1 ci12 Ph evaparation single zircon  Vrana et al., 2004
Granite (Choma-Kalomo block)  1368+/-10 Jé U-Pb SHRIMP zircon Bulambo et al., 2004
Mutangoshi Gnelssic Granite 1407+/-33 C11 ‘Whole-rock Rb-Sr Daly, 1986b

Mwambwa River Gneiss 1804+/-170 c1 Whole-rock Rb-5r Daly, 1986b

Luchewe Granite 1830+/-240 B11 Whole-rock Rp-Sr Schandelmeier, 1980
Mansa Volcanic 1815+/-29 D8 Whole-rock Rb-St Brawer et al. 1979
Mansa Granite 1832+/-32 D& Whole-rock Rb-Sr Brewer et al. 1979
Kate Granite 1839+/-80 A0 Whole-rock Rb-Sr Schandelmeier, 1980
Kinsenda Lufubu Schist 1873+/-8 E7 U-Pb SHRIMP zircon Rainaud et al., 2002
Solwezi Granite 1874+/-9 E4 U-Pb TIMS single zircon John, 2001

Mambwe Gneiss 1870+/-39 810 Whole-rock Rb-Sr Schandelmsier, 1980
Kinsenda Granite {Luina dome}  1882+/-23 E7 U-Pb TIMS single zircon  Ngoyi el al., 1991
Kabompo Granite 1884+/-10 D4 U-Pb TIMS single zircon  John, 2001

Nyika Granite 1932+/-9 c12 U-Pb TIMS bulk zircon Dodson et al., 1975
Kabormpe Dome granite 1934+/-8 D4 U-Pb zircon Key et al. 2001
Kabompo Dome granite 1940+/-3 D4 U-Pb zircon Key et al. 2001

Biotite metatonalite 1961+/-1 c12 Pb evaporation single zircon  Vrana et al., 2004
Samba porphyry 1964+/-12 E6 U-Pb SHRIMP zircon Rainaud et al., 2002
Nyika Granite 1969+/-1 c12 Pb evaporation single zircon Ring et al., 1987
Lufubu Schist 1970+/-10 E7 U-Pb SHRIMP zircon Rainaud et al., 2002
Mafic enclave in Gneiss (ZAM2) 1974+/-18 F11 U-Pb SHRIMP zircon De Waele et al. in prep.
Mulungushi Gneiss 1976+/-5 G7 U-Pb SHRIMP zircon Rainaud et al., 2002
Chambishi Granite 1980+/-7 E7 U-Pb SHRIMP zircon Rainaud et al., 2002
Chambishi Granite 1983+/-5 E7 U-Pb SHRIMP zircon Rainaud et al., 2002
Rumphi Granite 19B8B8+/-1 c13 Pb evaparation single zircon  Ring et al,, 1997
Mufulira Granite 1991+/-3 ET U-Pb SHRIMP zircon Rainaud et al., 2002
Chelinda Granite 1995+/-1 c12 Pb evaporation single zircon  Ring et al., 1997
Luromo Granite 2002+/-1 c13 Pb evaporation single zircon  Ring et al., 1997
Luangwa gneiss ™ ~2033 G8 LA-ICP-MS Cox et al., 2002
Rumphi Granite 2048471 D13 Phb evaporation single zircon  Ring et al., 1997
Mkushi Gneiss 2049+/-6 F8 U-Pb SHRIMP zircon Rainaud et al., 2002
Mwinilunga granite 2058+/-7 D3 U-Pb SHRIMP zircon Key et al,, 2001
Luroma Granite 2083+/-1 c13 Pb avaporation single zircon  Ring et al., 1997
Luromo Granite 2224+/-% c13 Pt svaporation single zircon Ring et al,, 1997
Mufulira quartzite Detrital E7 U-Pb SHRIMP zircon Rainaud et al., 2002

"Square refers to grid square in Fig. 2-5; error on the age not provided by the author(s)
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2.3 Basement rocks

2.3.1 Archaean granitoids

The known occurrence of Archaean lithologies in Zambia is limited to the far
northwestern corner of the country, where Key et al. (2001a; 2001b) reported U-Pb
SHRIMP zircon ages of 2543 + 5 Ma, 2561 + 10 Ma and 2538 £ 10 Ma for various
granite gneisses near Mwinilunga (see Table 2-2 and Figure 2-5). Indications of
Neoarchagan crust below the Lufilian belt have recently been reported by Rainaud et
al. (2003), who dated numerous xenocrystic zircons at between 3.22 and 3.03 Gaina
lapilli tuff collected near Likasi (DRC). They obtained similar ages from detrital
zircons in a quartzite from the Muva Supergroup (sample MVQ-1, Figure 2-5)
collected near Mufulira. Even for the Bangweulu block, which is thought to be
underlain by granite gneisses predating Ubendian tectonism at ~2.0 Ga (Andersen
and Unrug, 1984), no ages have been reported older than 1.87 (Schandelmeier,
1980). Within that part of the Irumide belt of concern here, no lithologies are

reported to belong to the Archaean (cf. Figure 2-5).

2.3.2 Undeformed basement of the Bangweulu block

Palaeoproterozoic magmatism emplaced granitoids and coeval volcanic rocks
in the Bangweulu block between 1.88 and 1.83 Ga (Brewer et al, 1979;
Schandelmeier, 1980; 1981). Similarly aged granitoids have been described further
west underlying the Copperbelt (Figure 2-5). Bangweulu granitoids and coeval acid
volcanic rocks studied in the course of this work occur near Mansa in northern
Zambia, and form a typical part of the Bangweulu block crystalline basement (Figure
2-6). The granites are typically reddish, medium grained and contain quartz + K-
feldspar + plagioclase + biotite (samples MA1, MA2 and MA9Y; Figure 2-7 (a) and
(b)). Accessory minerals include hornblende, sphene and epidote. The granites
contain fine-grained xenoliths of metavolcanic rock and are interpreted to intrude the

volcanic rocks and the basal part of the Mporokoso Group (Thieme, 1970; 1971;
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Verhoog and Van Tuijl, 1995b). The granite is generally unfoliated, but in places, a
weakly developed biotite foliation is defined along east-dipping northerly trends.

The volcanic rocks on the Bangweulu block are known as the Luapula
Volcanics. The Luapula Volcanics are widespread along the western and northern
margin of the block. They underlie the sedimentary successions on the Bangweulu
block (the Mporokoso Group), but are also reported to occur within the lowermost
part of the Mporokoso Group. The Luapula Volcanics have previously been dated by
Brewer et al. (1979) at 1815 * 29 Ma (Figure 2-5). Several samples of the Luapula
Volcanics were collected in this study near Mansa (samples MA3, MA4, MA4B and
MAS; Figure 2-6). The Luapula Volcanics of the Mansa and Musonda Falls sheets
were described by Thieme (1970; 1971). They are dark grey to green, fine grained
rhyolitic and rhyodacitic tuffs, either found to be intruded by granitoids (Figure 2-8
(a)), or interlayered with siltstone and laminated quartzite of the basal part of the
Mporckoso Group sedimentary rocks. The volcanic rocks are altered and devitrified,
but show remnant lithic fragments, coarse agglomerates and a vague vitroclastic
structure, which attest to their pyroclastic origin. In places, flow banding, flow folds,
and eutaxitic structure, mainly in volcanics of more dacitic to andesitic composition,
indicate possible emplacement as ash-flows or lava flows. Most volcanics are
porphyritic, with feldspar, quartz and (chloritised) biotite phenocrysts set in an
aphanitic groundmass of quartz, feldspar, epidote, sericite, chlorite and iron oxides.
Accessory phases include sphene, apatite and zircon. Plagioclase dominates over
microcline, and microcline is absent in dacitic end members of the volcanic series,

which are also characterised by the presence of hornblende.

Rainaud et al. (2002) reported a U-Pb SHRIMP age of 1873 + 8 Ma on a
volcanic schist north of Mufulira in the Congolese part of the copperbelt (Figure
2-5). The adjacent granite yielded a U-Pb TIMS age of 1882 + 20 Ma, confirming the
coeval nature of granite magmatism and volcanism (Table 2-2, Fig. 2-5, Ngoyi ¢t al.,
1991). Two other granite domes farther west in the Copperbelt yielded U-Pb TIMS
emplacement ages of 1874 £ 9 Ma and 1884 + 10 Ma (Fig. 2-5, John, 2001)
suggesting that the 1.88-1.82 Ga magmatic province of the Bangweulu block extends

westwards and underlies much of the Neoproterozoic Lufilian belt.
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Figure 2-6: Simplified geclogical map of the Mansa and Musonda Falls map sheets indicating location of
samples (regional location indicated on Figure 2-2). Adapted from 1:100,000 geological maps of Mansa and
Musonda Falls after Thieme {1970; 1971).
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Figure 2-7: (a) the Mansa Granite, showing porphyritic K-feldspar in a matrix of g-ksp-pl-chl-bi; (b)
photomicrograph of a thin section (crossed polars (xpl)) of sample MA1 (Mansa Granite) showing a coarse-
grained g-pl-bi assemblage with minor K-feldspar (field of view (f.0.v.) 4.64 mm). The plagioclase is extensively
saussuritised. Biotite is variably altered to chlorite. The quartz shows undulose extinction.

- i

Figure 2-8: (a) Fine grained enclaves of volcanic rock within coarse granite. Age data indicate that
intrusion of the granite and volcanic rocks was penecontemporaneous; (b) photomicrograph of a thin section (xpl)
of sample MA3 showing equigranular quartz and feldspar, in a microcrystalline groundmass of q + ksp + epidote
+ iron oxides and chl. Rounded microcrystalline zones surrounded by equigranular quartz may represent relict
vesicles (f.0.v. 4.64 mm).

2.3.3 Deformed basement of the Irumide belt

Deformed basement granitoids of the Irumide belt comprise a suite of granite
gneisses in the southwest called the Mkushi Gneiss, and several suites of gneisses in
the northeast, referred to as the Mulungwizi Gneiss, Mwambwa River Gneiss,
Luwalizi Granite Gneiss and the Lubu Granite Gneiss. Of these, only the Mkushi
Gneiss, Luwalizi Granite Gneiss and Lubu Granite Gneiss were investigated during

this study. Brief discussions on the Mulungwizi and Mwambwa River Gneiss given
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here are based on published work (Daly, 1986b; Namateba, 1994; Daly, 1995a; Van
Tuijl and Verhoog, 1995c; Verhoog and Van Tuijl, 1995a; 1995b; 1995¢). The
distribution of deformed basement lithologies is shown in Figures 2-9, 2-10, 2-11,
2-12 and 2-13.
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Figure 2-9: Simplified geological map of the area around Mkushi showing sample locations for this study,
based on published 1:100,000 scale geological maps (includes Kapiri Mposhi, Kakulu (Mulungushi), Mita Hills,
Mkushi, Musofu River, Fiwila and Ndabala map sheets and parts of Serenje, Chin'gombe, Luano and Bwana
Mkubwa sheets)(Smith, 1965; Stilman, 1965a; 1965b; Moore, 1967a; Cvetcovic, 1992; Reichwalder and
Brandon, 1992; Kerr, 1994; Mapani and Moore, 1995a; Carruthers, 2000; Smith, 2000; Chisela, in press). The
boxes indicate the approximate position of Figure 2-30 and Figure 2-31. Qutlines of quartzite ridges are traced in
the Manshya River Group.
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Figure 2-11: Simplified geological map of the region around Mpika showing sample locations for this
study, adapted from published 1:100,000 scale geological maps {includes Chilonga Mission and Katibunga
Mission sheets and parts of Miofwe and Mupamadzi River sheets)(Cordiner, 1994, Mosley, 1994; Mosley and
Marten, 1994; Van de Velde and De Waele, 1997). The white rectangle shows the area of the detailed map in
Figure 2-37. Outlines of quartzite ridges are traced in the Manshya River Group.
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Figure 2-12: Simplified geological map of the region around Chinsali showing sample localities for this

study, adapted from published 1:100,000 scale geological maps (includes Shiwa N'gandu, llondola Mission,
Luswa River and Chinsall map sheets)(Daly, 1994a; Sykes, 1994; Ayres, 1998; Lucacik, 1998a). Specific units
referred to in the text are: A=Chilubanama Granite; B=Mutangoshi Gneissic Granite; C=Lubu Granite Gneiss;
D=Musalango Gneiss; E=Lufila Granite (Bemba Batholith). Outfines of quartzite ridges are traced in the Manshya
River Group.
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2.3.3.1 The Palaeoproterozoic Mkushi Gneiss

The Mkushi Gneiss has been previously defined as comprising all granitic
and gneissic lithologies in the southwestern Irumide belt, and was regarded as a
polymetamorphic basement to the folded Muva cover sequences (Ackermann, 1936,
1950; 1960; Ackermann and Forster, 1960; Stillman, 1965c; Smith, 1966; Moore,
1967b; Cvetcovic, 1973; Kerr, 1975; Smith and Kerr, 1975; Legg, 1976; Ng'ambi et
al., 1986). Recent work has redefined the Mkushi Gneiss to comprise an older
complex of gneisses and deformed granitoids, intruded by various suites of younger
granitoids and associated aplites and pegmatites (Mapani, 1999; De Waele and
Mapani, 2002). The Mkushi Gneiss commonly has a pervasive foliation defined by
oriented biotite in a matrix of stretched and flattened quartz and feldspar. Deformed
as well as undeformed small pegmatites occur within the gneiss (Figures 2-14 (a) and
(b)), and some have gradational contacts with weakly deformed, or undeformed
coarse porphyritic varieties of the gneiss. Because of the strongly heterogeneous

fabrics of the gneiss, the distinction of the Mkushi Gneiss from younger granitoids is

not always possible based on field evidence alone.

Figure 2-14: (a) strongly deformed Mkushi Gneiss (Munshiwemba mine), intruded by various generations
of chalcopyrite-bearing pegmatites (b).
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During the present study, the most westerly occurrence of the Mkushi Gneiss
studied was at Kampoyo Quarry near Kapiri Mposhi (sample KMP-1, Fig. 2-9). In
this quarry, the granite gneiss is well exposed and consists of strongly foliated quartz
+ plagioclase + biotite with minor muscovite and sphene (Figure 2-15(a)). The
granite gneiss is intruded by various generations of quartz veins and undeformed
small pegmatites (Figure 2-15(b)). In the quarry, the foliation, defined by aligned
biotite and feldspar, is oriented along a northeast direction, dipping steeply southeast.
A strong lineation is defined by stretched feldspar with a shallow to steep
northeasterly plunge. At various locations in the quarry, the granite gneiss is strongly

sheared, deflecting the foliation trend to east-southeast along shear planes dipping

steeply to the north.

Figure 2-15: (a) photomicrograph of thin section (xpl) of sample KMP1 (Mkushi Gneiss, Kampoyo Quarry)
showing g-pl-ksp-bi-mu assemblage (f.o.v. 2.32 mm); (b) Strongly foliated biotite granite gneiss in Kampoyo
quarry. An aplitic melt pocket truncates the foliation.

The Mkushi Gneiss is best exposed in its type locality, the abandoned open
cut Munshiwemba Copper Mine (Munshiwemba Quarry on Figure 2-9). The gneiss
was described by Stillman (1965c) as a complex of poorly exposed banded gneisses
and porphyroblastic gneisses. A unit of strongly sheared schists and quartzites, which
Stillman interpreted to have been produced through extensive shearing of the
gneisses, was attributed to the Irumi Formation. In Munshiwemba Quarry, the
characteristic Mkushi Gneiss occurs both as a strongly sheared, biotite-rich variety
(e.g. sample MK3), and as a pristine porphyritic variety (e.g. sample MKS).
Munshiwemba Quarry was exploited for copper, which occurs disseminated in the

gneiss, along the shear zones, and within large undeformed aplites that cut the gneiss.
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The typical Mkushi Gneiss is a coarse biotite gneiss, with large porphyroclasts of
microcline in a groundmass of quartz + plagioclase + biotite (Figure 2-16 (a)). Away
from the shearzones, the Mkushi Gneiss is a pink biotite + K-feldspar + plagioclase +
quartz gneiss, with a foliation defined by flattened feldspar and aligned biotite
(sample MK3, Figure 2-16 (b)). Accessories include magnetite, sphene, apatite and
epidote. In the shear zones, the biotite flakes become very large, wrapping around
quartz-feldspar augen, and developing a strong L-fabric (sample MK3). The lineation
plunges to the east, and is defined in northeast-oriented foliation planes dipping
steeply to the north. The gneiss mainly remains porphyritic but locally grain size
reduction leads to a mylonitic aspect. The Mkushi Gneiss is cut by large aplitic dykes
and small pegmatites, which show no evidence of deformation. A series of minor
older pegmatites can be distinguished, which are folded isoclinally. All generations

of pegmatite and aplite contain chalcopyrite.

Figure 2-16: (a) photomicrograph of thin section (xpl) of sample MK3 (Mkushi Gneiss, Munshiwemba
Quarry) showing g-pl-(ksp)-bi assemblage, with sericitised matrix and relict coarse g-pl crystals. Biotite defines a
strong foliation (f.0.v. 4.64 mm); (b) photomicrograph of thin section (xpl) of sample MK5 (Mkushi Gneiss,
Munshiwemba Quarry) showing the less deformed coarse granite gneiss variety, with g-pl-ksp-bi (f.o.v. 4.64
mm).

In the far southeastern corner of the 1:100,000 map sheet of Serenje, a unit of
strongly deformed nebulitic migmatites is ascribed to the Mkushi Gneiss. The
migmatites are best exposed along the Lukusashi and the Fukwe Rivers, where they
occur together with interspersed rafts of metasedimentary rocks, comprising mainly
sillimanite-biotite-garnet schist, and mafic dykes. The migmatites themselves consist

of interspersed bands of mafic and felsic minerals. The felsic minerals are mainly
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quartz, microcline, orthoclase and plagioclase, and the mafic mineral is bioftite.

Sillimanite and garnet are observed within the leucosomes.

2.3.3.2 The Mulungwizi and Mwambwa River Gneiss

In the northeastern part of the Irumide belt and adjacent parts of the
Bangweulu block, the basement complex occurs in a series of east-west-oriented
schist belts, which pass into coeval lithologies of the Ubendian belt. The schist belts
are collectively termed the Mulungwizi Gneiss (Figure 2-2). Banded migmatitic
biotite gneisses of the Mwambwa River Gneiss occur further southwest in the
Irumide belt, and were correlated with the Mulungwizi Gneiss {Daly, 1995a). Daly
(1986b) reported a nine-point whole-rock Rb-Sr date of 1804 £ 170 Ma for the
Mwambwa River Gneiss (Figure 2-5) but considered this a highly unreliable
approximation of the emplacement age because of excessive scatter around the
regression line. The Mulungwizi and Mwambwa River Gneiss were not included in
this study, but will be briefly discussed below, based on published geological reports
(Daly, 1986b; Namateba, 1994; Daly, 1995a; Van Tuijl and Verhoog, 1995c;
Verhoog and Van Tuijl, 1995b; 1995¢; 1995a). The Mwambwa Gneiss (Daly, 1995a)
comprises banded migmatitic biotite gneiss interleaved with large quartzite sheets
believed to be part of the Manshya River Group. A strong pre-Irumide gneissic
banding is truncated by mafic dykes and then folded along northeast-oriented axial
planes during Irumide tectonism. The Mulungwizi Gneiss was described by Verhoog
and Van Tuijl (1995a; 1995b; 1995¢), Van Tuijl and Verhoog (1995c) and Namateba
(1994) as a sequence of compositionally banded, steeply dipping paragneisses
striking west-northwest—east-southeast. The sequence includes migmatitic biotite
gneisses, biotite-epidote gneisses, muscovite gneisses and schists, hornblende
gneisses and amphibolites. Thin bands of quartzite attest to the original sedimentary
protoliths. These rocks are strongly deformed and occur in three west-northwest—
east-southeast trending belts within the granites of the Bangweulu block. This strong
deformation obliterated any pre-existing stratigraphy within the schist belts, and left
only remnant resistant quartzite lenses. The Mulungwizi Gneiss within the belts is
deformed, unlike the granitoids in which it resides, indicating that the belts predate

intrusion of the granites of the Bangweulu block. A Rb-Sr date of 1830 + 240 Ma for
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an undeformed granite immediately south of the Mambwe schist belt and a Rb-Sr

date of 1870 = 39 Ma for the Mambwe Gneiss within the schist belt in northern

Zambia (Schandelmeier, 1980; 1983)(Figure 2-17) constrain a minimum age for the

Mulungwizi Gneiss.
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Figure 2-17: Geological map of northern Zambia, showing published whole rock Rb-Sr dates and localities

sampled in this study for detrital provenance (see Chapter 4). MSB=Mambwe schist belt (adapted after Andersen

and Unrug, 1984}.
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2.3.3.3 The Luwalizi and Lubu Granite Gneiss

The Luwalizi Granite Gneiss was sampled east of Isoka (samples ISK1 and
ISK2, Figure 2-13). At the sampling locality, the unit is a weakly-foliated coarse
quartz + K-feldspar + plagioclase + biotite + hornblende granite, which displays a
remnant primary igneous fabric of aligned K-feldspar phenocrysts (Figure 2-18).
Locally, a structural fabric is expressed through stretched K-feldspar and alignment
of biotite along northeasterly trends dipping steeply to the northwest. Xenoliths of

melanocratic fine-grained material are similarly affected by the foliation.

Figure 2-18: photomicrograph of thin section (xpl) of sample ISK1 (Luwalizi Granite Gneiss, Isoka area)
showing g-pl-(ksp)-bi-ms assemblage (f.0.v. 4.64 mm).

The Lubu Granite Gneiss crops out to the north of the 1:100,000 Chinsali
sheet and in the Mulilansolo Mission sheet, and has been described in detail by Daly
(1995a)(Figure 2-4, Figure 2-12 and Figure 2-13). It is a pinkish and greenish biotite
granite gneiss with a weakly to strongly developed biotite foliation along
northeasterly trends dipping to the south. The feldspars occur as rounded to stretched
augen and as subhedral laths cross-cutting the deformation fabric. Myrmekitic
texture is commonly found within plagioclase where in contact with the K-feldspar
phenocrysts (Figure 2-19). The granite gneiss locally has biotite schlieren aligned
near parallel to the regional fabric and contains xenoliths of mafic material, and is cut
by various generations of pegmatites. One sample (sample ML2, Figure 2-12 and
Figure 2-13) was collected from the gneiss for geochemistry and U-Pb SHRIMP
dating.
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Both the Luwalizi and Lubu Granite Gneiss were considered by Daly (1986b)
to be the deformed equivalents of the granites of the Bangweulu block in the Irumide
belt. Daly (1986b) distinguished these weakly to moderately deformed granitoids
from the much more strongly deformed Mulungwizi and Mwambwa River Gneisses
and suggested that the latter two units form remnants within the Irumide belt of
basement affected by Ubendian tectonism. In Daly’s view, the less deformed

granitoids in the Bangweulu block, together with the Lubu and Luwalizi Granite

Gneiss, form part of the post-Ubendian magmatic development of the Bangweulu
block (Daly, 1986b).

Figure 2-19: photomicrograph of thin section of sample ML2 (Lubu Granite Gneiss) showing coarse
grained quartz, plagioclase and microcline, with biotite and minor muscovite. Note the myrmekitic intergrowth
commonly found in the Lubu Granite Gneiss (f.0.v. 4.64 mm).
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2.4 The Muva Supergroup

A five-fold division of the Muva Supergroup is adopted in this thesis. The
Mporokoso Group comprises the pre-Katangan successions resting on the ca. 1.8 Ga
granitic and volcanic rocks of the Bangweulu block, as defined by Unrug (1984). The
Kasama Formation is considered as a separate unit to the southeast of the Mporokoso
Group, and occurs in an east-west oriented basin east of Kasama. The Kanona,
Manshya River and Mafingi Groups comprise the deformed metasedimentary
successions in the Trumide belt itself. Even though the deformed successions of the
Irumide belt are essentially the same along strike, they are described separately
because lateral breaks preclude unequivocal correlation. Although Unrug (1982)
included the Mututa Ridge sedimentary successions to the east of the Chambeshi
River with the Kasama Formation, based on their common fluviatile character, 1
follow Van Tuijl and Verhoog (1995¢) in correlating the Mututa Ridge successions
with the Mafingi Group rather than with the undeformed Kasama Formation.
Although the Mafingi Group was not included in this study, a short description based
on published literature is included below. Simplified stratigraphic columns of the
Mporokoso Group, Kasama Formation, Manshya River Group, Kanona Group and

Mafingi Group are shown in Figure 2-20.
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Figure 2-20 Simplified stratigraphic columns for the (meta)sedimentary sequences of the Muva

Supergroup. The stratigraphic locations of samples collected for a detrital provenance study (see Chapter 4) are
indicated with ellipses. Thicknesses are estimated maxima; actual thickness varies strongly along strike.

2.4.1 Mporokoso Group

The Mporokoso Group (Andersen and Unrug, 1984) is subdivided into four
lithostratigraphic packages, from bottom to top the Mbala Formation, Nsama
Formation, Kabweluma Formation and Chibote Formation (Figure 2-20 and Figure
2-21). The work presented in this thesis is limited to a reconnaissance traverse in the
Mansa and Musonda Falls map sheets (see box on Figure 2-2 and detailed map in
Figure 2-6), where the two lowermost formations {Mbala and Nsama Formations) are
very thin or absent. Detailed accounts of the Mporokoso Group were presented by
Unrug (1984), Andrews-Speed and Unrug (1982) and Andrews-Speed (1986), from

which the salient points are reported here.
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Coarse, immature sandstones and pebble beds, with abundant trough
crossbeds, channels, alluvial fan deposits and interfingering pebble conglomerates,
dominate the Mbala Formation. The pebble conglomerates are reported to be
polymictic with predominant quartzite clasts, red chert and subordinate granite,
granodiorite and rhyolite, possibly derived from the basement they overlie. Minor
occurrences of jaspillite pebbles have been reported {Andrews-Speed and Unrug,
1982; Unrug, 1984), for which no (local) source is known. Sedimentary structures in
the sandstones are defined by minor amounts of opaque minerals, mainly hematite,
along bedding planes. The sequence gradually becomes red towards the top,
indicating an increasingly arid environment. The occurrence of intercalated felsic
tuffs and ignimbrites in the lower quartzites of the Mbala Formation suggests no time
gap between Bangweulu block magmatism and the onset of sedimentation of the
Mporokoso Group. The overall thickness of the Mbala Formation is estimated at 250
m in the south, increasing to a maximum of 2700 m in the north near Mbala. In the
Mansa 1:100,000 map sheet, Thieme (1971) described the Mbala Formation (his
“Lower Quartzites”) as a 150-250 m thick series of coarse quartzites, resting
unconformably on the granitic-volcanic basement. The Mbala Formation gradually
becomes finer grained towards the top and grades into the Nsama Formation, which
consists of reddish shales with a considerable component of silicic tuffs, ignimbrites,
and fine-grained volcanoclastic deposits. The Nsama Formation is locally absent in
the south and increases in thickness to some 600 m in the north. In the Mansa and
Musonda falls 1:100,000 map sheets, where the Nsama Formation is absent, the
Mbala Formation gradually coarsens upwards into the Kabweluma Formation, which
consists of fluvial, poorly sorted quartzites, with abundant trough cross bedding,
channels, and interfingering shales, thought to represent fluvial and floodplain
sequences (Figure 2-22 (a)). The maximum thickness of the Kabweluma Formation
is estimated at 1500 m and it comprises the bulk of the sedimentary sequence near
Mansa. The Chibote Formation was not recognised in the Mansa area but was
described further north by Andrews-Speed and Unrug (1989} as a sequence of

siliceous mudstones of lacustrine origin, with a maximum thickness of 1000 m.
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Andersen and Unrug (1984) reported palacocurrent data showing a decrease
in pebble size towards the north indicating that the sediments of the Mbala Formation
were derived from terranes to the present south. The pebble size and thickness of
conglomerates in the Mbala Formation increases from the west to the central part
near Mporokoso, and then decreases towards the east, indicating that the main
drainage channels were located near the present centre of the basin, Towards the
eastern part of the basin, some palaeocurrent directions in the Mbala Formation
indicate a source area to the east. This may represent a portion of the fluvial system
transporting sediments into the main basin from the east. The Mporokoso Group and
Bangweulu basement are unconformably overlain by Neoproterozoic basal
conglomerate of the Kundelungu Group (Katanga Supergroup), locally called the
Luapula beds (Figure 2-22 (b)).
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Figure 2-21: Geological map of northern Zambia, adapted from Andersen and Unrug (1984), showing the

subdivision of the Palaeoproterozoic Mporokose Group inta four formations.
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Figure 2-22: (a) typical thick bedded quartzite of the Kabweluma Formation (locality of sample MAG in the
Mansa 1:100,000 map sheet). Note the alternating thick and thin beds, a prominent channel-fill structure and the
planar bedding (below the dashed line); (b) coarse pebble conglomerate of the Neoproterozoic Luapula beds
unconformably overlying the Bangweulu block and Mporokoso Group (Musonda Falls 1:100,000 map sheet; Mr.
Willy Nundwe for scale).

2.4.2 Kasama Formation

The Kasama Formation was first described by Unrug (1982) from
sedimentary rocks cropping out in an east-west oriented basin near Kasama, and is
described from its type locality 12 km east of Kasama (Figure 2-2). At the type-
section, Unrug (1982) described a fine-grained, very well-sorted white quartzite,
accompanied by reddish sandstones and subordinate red mudstones, directly
overlying the crystalline basement of the Bangweulu block. Within the Kasama
Formation, Unrug (1982) recognised four lithostratigraphic units, from bottom to
top: the Mabula Mudstone, Chansamina Sandstone, Makumba Sandstone and
Misamfu Mudstone. The Mabula Mudstone directly overlies the granites of the
Bangweulu block, and is a 40-meter-thick reddish mudstone, with lenses of coarse
white sandstone. It is overlain with gradational contact by 20 m of poorly-sorted
medium- to coarse-grained micaceous sandstone of the Chansamina Formation. This
in turn gradually passes into the well-sorted pinkish-white Makumba Sandstone,
which forms the main outcrop near Kasama and in the present study was sampled
from a quarry near the Mwela rock paintings national monument (sample KAS-I,
Figure 2-17 and Figure 2-20). The Makumba Sandstone shows well-developed cross-
stratification, small-scale climbing ripples and graded bedding, and numerous large-

scale trough crossbeds, indicating fluvial deposition. The uppermost Misamfu
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Mudstone occurs on top, interfingering laterally with the Makumba Sandstone, and
represents a floodplain deposit. Daly and Unrug (1982) reported palacocurrent
directions indicating a sediment source lying to the west. The preserved thickness of
the formation increases from 100 m west of Kasama to 300 m in the east of the basin.
Based on the supermature character and palaeocurrent information, the Kasama
Formation has been interpreted as a reworked deposit of the Mporokoso Group (Daly
and Unrug, 1982; Unrug, 1982; Andersen and Unrug, 1984;).

2.4.3 Mafingi Group

In the Mafingi Hills area (see Figure 2-4), Fitches (1971) recognised a basal
conglomerate, followed by a succession of quartzites, which fine upwards into a
sequence of green argillaceous rocks (Figure 2-20). The sequence in places rests
unconformably on the crystalline basement, while in some cases the basement-cover
contact is tectonic. The thickness of the Mafingi Group is estimated not to exceed
1350 m. Herringbone crossbedding and planar laminations are thought to indicate a
shallow marine depositional environment, while the alternating nature of the
sequence further suggests a migrating shoreline environment. Palaeocurrent analyses
confirm dominant bimodal currents along north-south axes. Considering the
interpretation that the Mafingi Group represents a shallow marine, coastal sediment,
Fitches postulated the palaco-coastlines to have been along east-west axes (Fitches,
1971).

2.4.4 Manshya River Group s.s. (northeastern Irumide belt)

The Manshya River Group is described here based on a complete section in
the Chimbwe syncline (Figure 2-23 and Figure 2-24), rather than from its type
section in the Chalabesa Mission area (Marten, 1968), which lacks the lowermost

and topmost units.
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Figure 2-23: Geological map adapted from the published lsoka, Mulilansolo Mission and part of Mututa
ridge 1:100,000 map sheets (Daly, 1994b; 1994c; Van Tuijl and Verhoog, 1395b). The outlined box shows the
area of Figure 2-24.

The basal quartzite consists of ripple-marked grits, conglomerates, cobble
beds, and coarse poorly-sorted quartzites with an estimated thickness of 600 m. The
basal contact with the granitoids and volcanics of the Bangweulu block is not
exposed, but believed to be tectonic (Daly, 1995b). This unit grades into a poorly
exposed sequence of metapelites, comprising mainly phyllites, slates and laminated
siltstones with a maximum thickness of 1600 m. Towards the top of this sequence, a
gradational unit of interbedded siltstones and thin quartzites leads into the
Mukonkoto Quartzite Formation. This prominent quartzite has a basal well-sorted
member, passing into a poorly sorted coarse micaceous quartzite and finally another
well-sorted, pure white quartzite. The thickness of the Mukonkoto Quartzite

Formation is estimated at 1000 m.
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Figure 2-24: Geological map of the Chimbwe syncline, showing the location of the Kachinga Tuff and
localities of samples. The map is adapted after Daly (1994b}.

A gradational contact at the top of the Mukonkoto Quartzite Formation leads
into the Mukonkoto Pelite Formation, which is poorly exposed and has an estimated
thickness of 1650 m. The Nkwale Quartzite Formation follows this, with an
estimated thickness of 900 m. Three members have been distinguished in the Nkwale
Formation, starting with a basal, coarsening-upward quartzite. This grades into a
pinkish, extensively cross-bedded middle quartzite unit, finaily leading into poorly
sorted and impure quartzites. The Nkwale Quartzite Formation is overlain by the
~1000-m-thick Nkwale Pelite Formation comprising metapelites, with interbedded
quartzites and, in the Chimbwe syncline, a tuff member (Kachinga Tuff) up to 300 m
in thickness. At the top of the Nkwale Pelite Formation, a thin unit of marble has
been described (Daly, 1995b), in which stromatolites have been recognised,

indicating low energy conditions during deposition of the uppermost part of the
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Manshya River Group. The carbonates were not observed during this study. The
Manshya River Group quartzites commonly display metre-scale, low-angle
crossbeds, typical for shallow-water palaeoenvironments (Figure 2-25). The entire

Manshya River sequence has been intensely folded, resulting in kilometre scale

isoclines such as the Chimbwe syncline (Figure 2-24), and small-scale tight to
isoclinal folds (Figure 2-26).

Figure 2-25: Cross bedding structures in quartzites of the Manshya River Group; (a) Luswa River sheet;
(b) Chembewesu Hill, llondola Mission 1:100,000 map sheet (near location of sample IL14).

In thin section, the quartzites show an interlocking patchwork of quartz, often
with undulose extinction (Figure 2-27). The pelitic members are often highly altered,
ferruginous schist. With increasing metamorphic grade they may contain andalusite,

sillimanite, garnet (Figure 2-28 (a)), or kyanite (Figure 2-28 (b)).

Figure 2-26 (a) tight folding in a fine laminated quartzite-pelite unit of the Manshya River Group (llondola
Mission 1:100,000 map sheet); (b) fold nose in quartzite of the Manshya River Group (Shiwa N'gandu 1:100,000
map sheet, Figure 2-4)
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Figure 2-27: photomicrograph of thin sections (xpl) of quartzites from the Manshya River Group ((a) a mild
grain flattening fabric in sample IL8 (llondola Mission 1:100,000 map sheet)(f.o.v. 4.64 mm); (b) photomicrograph
of a thin section of sample 1S25 (Chimbwe syncline, Isoka 1:100,000 map sheet)(f.0.v. 4.64 mm).

Figure 2-28: (a) photomicrograph of thin section (xpl) of sample IS15 (Isoka 1:100,000 map sheet),
showing garnetiferous biotite schist of the Manshya River Group (f.0.v. 2.32 mm); (b) photomicrograph of thin
section (xpl) of kyanite schist in the Manshya River Group (sample IS2, Chimbwe syncline, Isoka 1:100,000 map
sheet)(f.o.v. 2.32 mm).

2.4.5 Kanona Group (Manshya River Group, southwestern Irumide belt)

The Kanona Group is spectacularly exposed in a series of northeast oriented
ridges, comprising resistant quartzite and minor pelite (Figure 2-29 (a)). The Kanona
Group is described from the Mwendafie Ridge in the Mkushi 1:100000 map sheet,
where the lower part of the sequence can be observed (Figure 2-30). The description
is completed with the top of the sequence along the Chengelo Ridge (Fiwila Mission
1:100000 map sheet, Figure 2-9), where the upper pelite-quartzite sequence occurs,

and where stromatolitic limestone has been reported (Figure 2-31).
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Figure 2-29: (a) panoramic view of dominant quartzite ridges in the Kanona map sheet, southwestern
Irumide belt; (b) Crenulated garnet-sillimanite schist near Kamena school, Serenje map sheet.

At Mwendafie Hill, the sequence starts with a mylonitic schist unit, with
subordinate quartzite units called the Irumi Formation. Metapelites of the Irumi
Formation are garnet-andalusite, garnet-biotite, garnet-sillimanite (such as in Figure
2-29 (b)) or kyanite schists, while the quartzite members are ferruginous muscovite
quartzite, locally containing kyanite. The sequence was described by Stillman
(1965¢) to have either gradational or sheared contacts with underlying granite
gneisses. During this study, no direct contact relationships between basement
lithologies and the Irumi Formation have been observed, but the absence of a
regionally defined clear conglomeratic horizon suggests that most of the sequence is
allochthonous or parautochthonous, and in structural contact with the basement
gneisses. No direct thicknesses could be measured in the field, but estimates from
geological maps indicate that the Irumi Formation reaches a thickness of up to 2000
m. The Irumi Formation is overlain by about 1000 m of coarse quartzite (Lower
Quartzite Formation), in which local conglomeratic lags can be distinguished (Figure
2-32 (a)). The quartzites show current bedding and large-scale crossbedding and are
interbedded with ferruginous schists (Figure 2-32 (b)). This sequence grades upwards
into roughly 1650 m of flaggy metasiltstone, with slates and phyllites (Lower Pelite
Formation), which passes into a micaceous, sugary quartzite member about 1000 m

thick, with minor pelitic schists (Middle Quartzite Formation). A second pelite unit,
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about 1000 m thick, consisting of slate and phyllite occurs further up (Middle Pelite
Formation), and grades into a prominent quartzite sequence about 600 m thick
(Upper Quartzite Formation). This quartzite is recrystallised and pure, and practically
no primary structure is preserved. A poorly exposed pelitic unit, the Upper Pelite
Formation, overlies the quartzite, and gradually coarsens upwards into a single or
double quartzite horizon, in which ripple marks and small-scale cross bedding are
common. The top of the Kanona Group consists of a poorly exposed metasiltstone
unit in which silicificd evaporites and algal stromatolites have been observed (Kerr,
1975; Smith and Kerr, 1975). Attempts to locate these evaporate and algal units
during this research have not been successful. An identical stratigraphic succession
can be observed, in part, south of the border with Congo, west of Mkushi (Figure
2-9), There, a conglomerate directly overlies the Mkushi Gneiss (sample MK8) and
consists of a coarse monomictic pebble conglomerate, with pebbles derived from
gneisses and granite gneisses similar to those of the Mkushi Gneiss. The
conglomerate is overlain by alternating quartzites and coarse to conglomeratic
quartzites, grading into metapelites, and is ascribed to the Lower Quartzite
Formation. Higher up, the succession continues with the Lower Pelite Formation,
which occurs as far as the border between Zambia and the Democratic Republic of
Congo. The conglomerate is here considered the stfatigraphic base of the Kanona
Group, while the [rumi Formation represents the tectonised interface between the
Kanona Group and its basement rather than a true stratigraphic unit in
sedimentological terms. The localised occurrence of the basal conglomerate and
absence of the tectonised Irumi Formation north of Mkushi indicates that at least

some parts of the sequence are autochthonous.
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Figure 2-30: Geological map of the region around Mwendafie ridge and Munshiwemba Quarry (adapted
after Stillman (1965a)). Location is shown on Figure 2-9.
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Figure 2-31: Geological map of the area around Chengelo school, showing the evaporites and
stromatolitic limestones mapped by Kerr (1994). Location is shown on Figure 2-9.

Figure 2-32: (a) strongly deformed conglomerate at the base of the Kanona Group (Kakulu 1:100000 map
sheet); (b) alternating thick and thin-bedded quartzites with minor schists in the Kanona Group

The Kanona Group, as well as the Manshya River Group sequences, have
been intensely deformed and folded during Irumide tectonism. On a large scale,
deformation resulted in regional-scale isoclinal folds, such as those from the Shiwa
N’gandu area (Figure 2-12) and Isoka area (Figure 2-13 and Figure 2-24). Such large
structures are predominantly recumbent, but when upright, they can be observed in
the field, such as is the case at Kundalila Falls near Serenje (Figure 2-33 (a) and (b)).
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In outcrop, small, often parallel folds, attest to the strong deformation of the Kanona
Group (Figure 2-34 (a) and (b)).

Figure 2-33: (a) large-scale upright isoclinal parallel fold in quartzite at Kundalila Falls national monument
near Serenje; (b) Kundalila Falls drop spectacularly from the quartzite ridge (Mr. Willy Nundwe and Otis Nyirenda
for scale).

Figure 2-34: (a) strongly folded quartzite-pelite sequence of the Kanona Group (Kanona 1:100000 map
sheet); (b) parallel folding in quartzite-pelite sequences of the Kanona Group (Kanona 1:100000 map sheet).
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In thin section, the Kanona Group quartzites show undulose extinction, while

the metapelites are often crenulated (Figure 2-35) and contain mica fish or other

deformed mineral grains (Figure 2-36) attesting to a complex deformational history.

Figure 2-35: photomicrographs of thin sections showing strongly crenulated biotite schist in the Kanona
Group (a) sample CHL3 (Chilonga Mission 1:100000 sheet); (b) sample MK11 (Mkushi 1:100000 sheet)(f.o.v.
4.64 mm).

Figure 2-36: (a) photomicrograph of thin section showing relict andalusite porphyroblast in biotite schist of
the Kanona Group, altered to a shimmer aggregate of biotite, muscovite and iron oxides. Sample CHTS
(Chitambo Mission 1:100000 map sheet), (b) photomicrograph of thin section showing andalusite-sillimanite
schist of the Kanona Group (sample MK13; f.o.v. 2.32 mm) showing preserved andalusite and sillimanite
aggregate in a foliated groundmass of q + pl + ksp + bi (Mkushi 1:100000 map sheet).
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2.4.6 Volcanic rocks in the Muva Supergroup

In the Irumide belt, volcanic rocks occur locally in five areas within the basal
parts of the Manshya River Group (refer to Figure 2-4 for the location of map
sheets):

- Katibunga Volcanics (Katibunga Mission 1:100000 map sheet)
- Luswa River Volcanics (Luswa River 1:100000 map sheet)

- Ilondola Volcanics (Ilondola Mission 1:100000 map sheet)

- Kachinga Tuffs (Chimbwe syncline, Isoka 1:100000 map sheet)
- Mututa Volcanics (Mututa Hills 1:100000 map sheet)

These volcanic or volcanoclastic sequences are up to a few hundreds of
meters thick and occur conformably within the lower parts of the Manshya River
Group in the northeastern Irumide belt. To date, no metavolcanic units have been
recognised in the southwestern Irumide belt that can unequivocally be assigned to the

metasedimentary sequence.

2.4.6.1 The Katibunga Volcanics

Mosley and Marten (1979) described a series of metavolcanic rocks and
quartzites in the southwest of the Katibunga Mission 1:100000 map sheet, some 15
kilometers southeast of Mpika (Figure 2-4 and Figure 2-37). The volcanic rocks
consist mainly of deformed pillow lavas, with minor agglomerates and tuffaceous
rthyolitic deposits. The sequence is underlain by a pelitic package with subordinate
quartzite, and overlain by a massive thick quartzite, and has been defined as the
Ibangwe Group (Mosley and Marten, 1979). The exposure of the Ibangwe Group
metasedimentary-volcanic sequence is structurally bound by faults to the east and
west, while contacts with the gneisses to the north and south are also inferred to be
faults. Mosley and Marten (1979) equated the Ibangwe Group with the base of the
Manshya River Group. Pillow lavas are well exposed at Nakalya Hill, and consist of

deformed, lensoid pillows, with cuspate, interpillow masses of chalcedonic silica,
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jasper and chert (Figure 2-38 (a) and (b)). The pillows range from 20 cm to 1 meter
in diameter. The pillow margins show pits formed by weathering of vesicles up to 4
mm in size, now filled by epidote, hornblende and plagioclase. Massive basic rocks
range from aphanitic dark grey basalts to dark grey, coarse, doleritic to gabbroic
rocks that probably represent hypabyssal units. In places, the basic volcanic rocks are
riddled with numerous fine quartz veinlets, possibly indicating quenching of the
basaltic magma in subageous conditions. Interbedded with the basaltic pillow lavas
are schists, agglomerates and tuffaceous deposits. The rhyolitic tuffs are typically
composed of quartz, plagioclase, microcline, epidote, chlorite and minor hornblende
and are often mixed with schistose material and minor quartz layers (Figure 2-39 (a)
and (b)). The schists are blastose, reddish weathered rocks, which show tight to
isoclinal folding along northeast-trending axial planes. A very clear crenulation
cleavage has developed along a north-south trend, dipping steeply to the east, with a
crenulation lineation plunging steeply to the south, attesting to at least two

deformation events.
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Figure 2-37 Geological map of the Ibangwe Hill area near Mpika showing the location of samples
(Katibunga Mission 1:100000 map sheet, see Figure 2-11 for location), adapted from Mosley and Marten (1994).
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Figure 2-38: (a) Pillow structures in (meta)basaltic lavas at Nakalya Hill south of Mpika (see Figure 2-37
for location); (b) detail of a single pillow, outlined by a corona of chalcedonic silica.

Figure 2-39: (a) Katibunga rhyolite tuff (sample KB1, Figure 2-37); (b) tight, crenulated folding in the
Katibunga rhyolite tuff suggesting at least two deformation events (sample KV1; Nakalya Hill, south of Mpika,
Figure 2-37).

2.4.6.2 The Luswa River Volcanics

A felsic volcanic member, running parallel to the quartzite-pelite sequences
of the Manshya River Group, occurs in the Luswa River 1:100000 map sheet
(samples ZM31, LW12, 13, 14 and 15, Figure 2-12)(Sykes, 1995). The metavolcanic
is typically a grey, hard, fine-grained rock, consisting of quartz, feldspar, fine biotite
and subordinate muscovite. On weathered surfaces, microphenocrysts of quartz and

feldspar, as well as alternating coarse and fine flow layers and some flow folding are
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clear (Figures 2-40 (a) and (b) and 2-41 (a) and (b)). Cross bedding is common,
indicating that at least some of the volcanic material was deposited or reworked
under water. In thin section, the rhyolitic tuff consists of quartz + K-feldspar +

plagioclase + biotite = muscovite (Figure 2-42 (a) and (b)). Accessory phases include

zircon and sphene.

Figure 2-40: (a) a small flow fold in a rhyolitic lava flow in the Luswa River 1:100000 map sheet; (b) a
coarse phenocrystic flow layer (below) overlain by a finer grained flow layer (Luswa River 1:100000 map sheet).

Figure 2-41: cross-bedding structures in pyroclastic volcanics in the Luswa River 1:100000 map sheet
implying subageous deposition or reworking.
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Figure 2-42: photomicrographs of (a) a thin section of sample LW12 (xpl) showing g-pl-ksp-bizmu (Luswa
River 1:100000 map sheet)(f.o.v. 4.64 mm); (b) a thin section (xpl) of sample LW14 showing phenocrysts or
clasts of g-pl (Luswa River 1:100000 map sheet)(f.0.v. 2.32 mm).

2.4.6.3 The llondola Volcanics

Lucacik (1998b) described a minor occurrence of volcanic rocks near
Ilondola Mission (Figure 2-43). The volcanics are very weathered, and appear as
pinkish, orange and violet schist in the field (Figure 2-44). In thin section, the rocks
show a matrix of quartz and sericite, with minor feldspar crystals. Lucacik (1998b)
interpreted these rocks to have originally been rhyolitic or andesitic tuffs. In thin
section, the weathered rocks show small-scale layering and intense crenulation, and
significant amounts of iron oxides (Figure 2-45 (a)). Mineralogically the
metavolcanic rocks contain quartz + K-feldspar + plagioclase + muscovite + biotite +
sericite + iron oxides and minor tourmaline. One sample (IL3) contains some large
corroded kyanite crystals, interpreted to be detrital, suggesting that the volcanic

material is mixed with a sedimentary component (Figure 2-45 (b)).
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Figure 2-43: Geological map of the area around llondola Mission (llondola 1:100000 map sheet), adapted
from Lucacik (1998a), showing the location of samples collected from the llondola Volcanics. White areas

represent recent deposits (alluvium/colluvium). See Figure 2-12 for location.
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Figure 2-44. (a) the llondola Volcanic. Note the small crenulation of fine layering; (b) weathered and
stained crossbedded quartzite northeast of llondola Mission, interpreted to contain significant volcanic input
(llondola Mission 1:100000 map sheet).

Figure 2-45: (a) thin section of sample IL2 showing g-pl-ksp-mu-bi-Feox. Note the Fe-oxide vein in the
upper left corner, and the fine crenulation of primary layering (f.0.v. 2.32 mm); (b) detrital kyanite in sample IL3.
Note that the kyanite crystal is aligned parallel to the primary layering (both samples from llondola Mission
1:100000 map sheet) (f.0.v. 2.32 mm).
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2.4.6.4 The Kachinga Tuffs

A ~300-meter-thick layer of rhyolitic tuff plus intercalated lava flows has
been described from the Isoka area (Daly, 1995b)(Figure 2-23 and Figure 2-24). The
Kachinga Tuff occurs as a thick unit in the Chimbwe syncline (Daly, 1986b), some
20 kilometers south of Isoka. The volcanic unit overlies a pelitic member (Figure
2-46 (a)), and passes upwards into a white, pure quartzite, which forms a high ridge.
The sequence is tightly folded along a northeast-southwest trending isocline, with
shallow plunge to the southwest (Figure 2-24). A strong axial-planar foliation
penetrates the sequence, imparting a strong schistosity on the pelitic members. The
contact with the underlying pelitic schist is gradational, with alternating pelitic and
rhyolitic layers, and with the volcanic component steadily increasing in abundance
up sequence until the unit consists entirely of bedded rhyolitic tuff and thin lava
flows. The unit includes crystal tuffs with graded bedding, and intercalated thin
lavas. Some tuff layers show evidence of reworking by currents and display flow
folds (Figures 2-46, 2-47 and 2-48). On weathered surfaces, relict amygdales are
observed (Figure 2-48 (b)), while in thin section, evidence of autobrecciation
indicates the emplacement of at least some of the rhyolites as lava flows (Figure
2-49). The rhyolites consist of quartz + plagioclase + K-feldspar + biotite +
muscovite, with accessory iron oxides, zircon and tourmaline (Figure 2-50). The
rocks are deformed, recrystallised and devitrified, and only relict primary fabrics,
such as primary layering, volcanic flows, vesicles and amygdales, can be observed.
At the top of the sequence, the volcanic component gradually gives way to a pure

white quartzite.
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Figure 2-46: (a) contact between pelitic sequences of the Kachinga Pelite (below) and a massive rhyolitic
tuff flow of the Kachinga Tuff; (b) close-up view of the rhyolitic tuff, showing fine layering (Isoka 1:100000 map
sheet).

Figure 2-47: (a) fine layering in the Kachinga Tuff; (b) truncation of the fine layering in the Kachinga Tuff
indicating sedimentary processes during deposition (Isoka 1:100000 map sheet).
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Figure 2-48: (a) flow fold in the Kachinga Tuff; (b) relict amygdale, filled in by chert (Isoka 1:100000 map
sheet). :

Figure 2-49: photomicrographs of (a) a thin section (xpl) of sample 1S18 showing primary layering defined
by opaque minerals (iron oxides). Autoclastic fabrics can be observed, with broken q + pl fragments in a
groundmass of q + pl + bi (f.0.v.4.64 mm); (b) a close up of several autoclasts (f.o.v. 1.16 mm) (Isoka 1:100000
map sheet).

Figure 2-50: photomicrographs of (a) a thin section (xpl) of sample 1522 (Kachinga tuff) showing relict
autoclastic fabric (f.0.v. 2.32 mm); (b) a thin section (xpl) of sample 1S19 showing a strain shadow, developed
either side of a relict devitrified vesicle filled in with quartz (f.o.v 1.16mm)(Isoka 1:100000 map sheet).

69



PhD thesis: The Irumide belt of Zambia

2.4.6.5 The Mututa Ridge volcanics

Several thin felsic volcanic or hypabyssal units have been recognised in the
Mututa Hills area (Figure 2-13). Van Tuijl and Verhoog (1995¢) interpreted these
units as porphyry sills and crystal tuffs, which were intruded (extruded) during the
waning stages of widespread magmatism associated with the Bangweulu block. They
occur conformably in the folded metasedimentary succession that Van Tuijl and
Verhoog (1995¢) termed the Mututa Group and correlated with the Mafingi and the
Manshya River Groups. Van Tuijl and Verhoog (1995¢) observed the felsic rocks
both in direct intrusive contact with the quartzite, and in gradational depositional
contact, indicating that the rock was both emplaced at shallow depth as concordant
sills and deposited as a crystal tuff together with the quartzite. The felsic rocks
consist of coarse feldspar and quartz phenocrysts in a sericitised matrix of quartz,

microcline, minor biotite and iron oxides.
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2.5 Irumide granitoids

2.5.1 Strongly deformed Irumide granitoids

Strongly deformed Irumide granitoids exposed in the northeastern Irumide belt
are gneissic and foliated granitoids, interpreted as having been emplaced during
Irumide tectonism, and known as the Mutangoshi Gneissic Granite, Musalango
Gneiss and Chituli-Lufila Gneiss, the latter of which was not included in this study.
In the southwest, strongly deformed granitoids post-dating the Mkushi Gneiss have
been termed the Lukamfwa Hill Granite Gneiss after a prominent hill in the Serenje
area (De Waele and Mapani, 2002; De Waele et al., 2003). Some syn-Irumide
granitoids described below were previously believed to belong to a
(Palaeoproterozoic) basement complex, but are here described separately as they
contain xenoliths of sedimentary origin ascribed to the Muva Supergroup, and
contain a pervasive northeast-southwest oriented fabric related to [rumide tectonism,
while lacking any evidence of earlier deformation. The Mkushi Gneiss itself, even
though it does not appear to contain an unequivocal pre-Irumide fabric, does contain
numerous generations of small and large pegmatites and aplites, one of which was
dated at ~1080 Ma (Rainaud et al., 2002).

2.5.1.1 Mutangoshi Gneissic Granite and Musalango Gneiss

The Mutangoshi Gneissic Granite and its equivalents occur in the Chinsali
area, where they form large bodies of grey biotite gneiss (Figure 2-12). In outcrop,
the gneiss is deformed by east-west discrete shear zones and in thin section it is
composed of an irregular patchwork of quartz + plagioclase + K-feldspar + biotite +
muscovite, with accessory hornblende, sphene and zircon (Figure 2-51 (a)). The
Mutangoshi Gneissic Granite is mesocratic, and contains abundant biotite +
amphibole or biotite, locally converted into chlorite (Figure 2-51 (a) and (b)). The
gneiss shows evidence of polyphase deformation, with a northeast-southwest

gneissic fabric cut by steep east-west shear zones accompanied by C-S fabrics, steep
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lineations plunging towards southeast and intrusion of numerous melt veins
displaying ptygmatic folding along east-west axes. Daly (1986b} interpreted these
gneisses as pre-kinematic intrusions, deformed together with the supracrustal
sequence. He pointed out that the deformed granitoids are closely associated with
amphibolites and suggested that they both belong to a pre-kinematic extensional
bimodal magmatic event. The Mutangoshi Gneissic Granite occurs together with a
compositionally very similar suite of granites, which Daly called the “Grey Granite”,
“Chilubanama Granite” or the “Mutangoshi Granite” (Daly, 1986b; 1995b; 1995a),
and which will henceforth be referred to as the “Chilubanama Granite”. Extensive
shearing and mylonitisation obscure the original contact between the Mutangoshi
Gneissic Granite and the younger Chilubanama Granite, producing a gradual
transition from one body to the other. However, grain size variation and the presence
of migmatitic granite pods within the Chilubanama Granite suggest that the
Mutangoshi Gneissic Granite and the unfoliated Chilubanama Granite are two
distinct bodies. In fact, near the location where Daly (1986b) collected his samples
for whole rock Rb-Sr dating, both gradational and intrusive contacts were observed
between what was mapped as the foliated Mutangoshi Gneissic Granite, and the
largely unfoliated Chilubanama Granite. The whole rock Rb-Sr analyses yielded a
Rb-Sr date of 1407 & 33 Ma with an MSWD value of 4.7 and an initial ¥’Sr/*Sr ratio
of 0.724 (Daly, 1986b). Daly (1986b) interpreted this date as a good estimate of the
emplacement of the precursor granite, while the high initial ratio was interpreted to
indicate significant crustal reworking. In addition, the Mutangoshi Gneissic Granite
contains xenoliths of partially resorbed quartzite and pelite, leading to the
interpretation that the gneiss is derived from anatexis of the Manshya River Group
(Daly, 1995a). Rafts of the Mutangoshi Granite Gneiss are described in the
Chilubanama Granite (Daly, 1995a) and in the Bemba batholith (Sykes, 1995)
indicating that it predates these intrusions. In this study, two samples of strongly
foliated migmatitic Mutangoshi Gneissic Granite (samples MTGG-1 and MTGG-2)
were collected for geochemistry and U-Pb SHRIMP dating, from near the location
where Daly sampled the gneiss. The samples were collected only meters away from

the gradational (granitised) contact with the Chilubanama Granite.
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Figure 2-51: (a) thin section (xpl) of the Mutangoshi Gneissic Granite (sample MTGG1) showing a coarse
assemblage of g + pl + ksp + bi £ mu (f.0.v.=4.64 mm); (b) migmatitic aspect of the Mutangoshi Gneissic Granite.

The Musalango Gneiss occurs in the Luswa River map sheet, and was
described in detail by Sykes (1995). Typically, it is a strongly foliated grey and
pinkish biotite gneiss. The strong northeast-trending foliation is defined by aligned
biotite. Numerous small pegmatite veins cut the gneissic foliation, and small
ptygmatically folded veinlets of quartz are abundant (Figure 2-52). In thin section,
the gneiss consists of quartz, plagioclase and microcline, with abundant biotite
(Figure 2-53 (a)). The plagioclase is commonly sericitised. The quartz shows
undulose extinction, and is elongated parallel to the foliation. Accessory mineral
phases include iron oxide, apatite and zircon. Similar gneisses have been described to
the east of the Musalango Gneiss (Chituli-Lufila Gneiss (Sykes, 1995)) and range
from granitic, leucocratic gneisses to dark, porphyritic biotite gneisses. In this study,
one sample was collected from the main Musalango Gneiss outcrop for geochemistry
and dating (sample LW10). The gneiss is intruded in various places by undeformed
(post-Irumide) gabbroic dykes (Figure 2-53 (b)). Although during this study no
xenoliths were observed within the Musalango Gneiss, Sykes (1995) reported the

occurrence of xenoliths of metasedimentary origin within the gneiss.
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Figure 2-52. ptygmatic quartz veins in the Musalango Gneiss (sample LW10; Luswa River 1:100000 map
sheet).

Figure 2-53: (a) thin section of the Musalango Gneiss (sample LW10), showing sub-equigranular q + ksp
+ pl + bi (f.o.v 4.64 mm); (b) undeformed gabbroic dyke intruding into the Musalango Gneiss (Luswa River
1:100000 map sheet)

2.5.1.2 Lukamfwa Hill Granite Gneiss

The Lukamfwa Hill Granite Gneiss in the southwestern part of the Irumide
belt comprises coarse K-feldspar-phyric biotite granite gneiss, and fine-grained
biotite gneiss. These rocks often occur as large domal kopjes or as flat-lying
whaleback outcrops (Figure 2-54 (a) and (b)). In the type locality at Lukamfwa Hill
in the Serenje area, the granite gneiss bodies consist of coarse-grained, K-feldspar
phyric granite gneiss, with a strong northeast-trending foliation defined by biotite,

which wraps around stretched microcline porphyroclasts, imparting an augen texture
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to the rock (Figure 2-55 (a) and (b)). This lithology is in contact with poorly defined
dykes of fine-grained biotite gneiss, which also carry the penetrative northeast-
trending fabric. The gneiss is intensely folded, with isoclinally folded quartz veins
and S, biotite foliation defining a first deformation event, and a crenulation of the
biotite foliation along a northeast-trending S, foliation defining a second event. The
two deformation events are recorded in both the coarse- and the fine-grained

gneisses. The Lukamfwa Hill Granite Gneiss contains large rafts of quartzite and

pelite ascribed to the Kanona Group (Mapani and Moore, 1995b).

Figure 2-54: (a) panoramic view over pre- syn- and late-tectonic granitoids in the Serenje 1:100000 map
sheet; (b) type locality of the Lukamfwa Hill Granite Gneiss (Serenje 1:100000 map sheet).

Figure 2-55: photomicrograps of thin sections (xpl) of the Lukamfwa Hill Granite Gneiss; (a) coarse-
grained inequigranular (porphyritic) variety with q + pl + ksp + bi + mu (sample SER6-2; f.o.v. 4.64 mm); (b) fine-
grained variety with q + pl + ksp + bi (sample SER6-3; f.0.v. 2.32 mm) (both from the 1:100000 map sheet of
Serenje).
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2.5.1.3 The Mivula Syenite and Ntendele metatonalite

Two ca. 1.3 Ga intrusive bodies are known only from the far northeastern part
of the Irumide belt in the Muyombe Mission 1:100000 map sheet (Figure 2-4) and
consist of the Mivula Hill nepheline syenite and a deformed biotite metatonalite. The
nepheline syenite of Mivula Hill covers ~1 by 4 km (Newton, 1959; Tembo, 1986;
Vrana et al., 2004) and is located ~70 km south-southeast of Isoka. It is a medium-
grained, locally porphyritic, nepheline-rich intrusion, with sodalite veinlets. Minor
aegirine syenite and a sheared to mylonitic biotite syenite occur in this complex. The
Ntendele biotite granite exposed S0 km northeast of Mivula Hill is foliated, with
stretched K-feldspar augen. The pluton possibly extends into Malawi where it is
called the Kalopo biotite granite previously linked to the ca. 1930 Ma Nyika Granite
suite by Ring et al. (1997). The Mivula Syenite has yielded a whole-rock Rb-Sr
isochron date of 1341 + 16 Ma (Tembo, 1986). The same syenite yielded a
27pp/2%Ph zircon evaporation age of 1360 + 1 Ma (Vréna et al., 2004). The Ntendele
biotite granite yielded a **’Pb/**Pb zircon evaporation age of 1329 + 1 Ma (Vréna et
al., 2004).

2.5.2 Late-Irumide granitoids

Late-kinematic Irumide granitoids form the Bemba batholith (or Lufila
Granite) and the Chilubanama Granite (also called Mutangoshi and Grey Granite
(Daly, 1986b)) complexes in the northeastern part of the Irumide belt. In the
southwestern part, late-Irumide granitoids include large volumes of porphyritic
granites and granite gneisses, which were previously ascribed to the Mkushi Gneiss
basement complex (Figure 2-3 and Figure 2-4). The clear intrusive character of these
granitoids into the Mkushi Gneiss, together with their relatively unfoliated character,

however, set them apart from the basement.
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2.5.2.1 The Bemba batholith (Lufila Granite)

A large intrusion occurs in the northeastern part of the Irumide belt,
straddling the Shiwa N’Gandu and Luswa River 1:100000 map sheets, and was
described in detail by Ayres (1974), Sykes (1995) and Daly (1986b)(Figure 2-4,
Figure 2-11 and Figure 2-12). Typically, the granite is pink, white or grey, coarsely
crystalline and porphyritic. Subhedral to euhedral feldspar phenocrysts have well-
developed carlsbad twinning and are often aligned along a primary magmatic
foliation. The phenocrysts are up to 4 cm long and are set in an even-grained quartz-
feldspar groundmass (Figure 2-56). The groundmass is commonly rich in biotite, but
also contains minor muscovite. Accessories are apatite, sphene and zircon, with some
iron oxide minerals and a few garnet grains. The granite body contains numerous
large (kilometer scale) enclaves and rafts. Most of these are quartzites, with minor
pelites. The quartzites are generally recrystallised, and contain randomly oriented
muscovite flakes. The pelitic enclaves consist of schists, in which sillimanite can be
found. In the northern part of the granite body, the unfoliated granite is cut by
discrete east-west trending shear zones, which locally reduce the coarse granite into a
mylonite. The shear zones are reported to continue into the surrounding

metasediments of the Manshya River Group (Sykes, 1995).

Figure 2-56: thin section (xpl) of the Bemba batholith (Lufila Granite). Porphyritic microcline crystals, set in
a coarse groundmass of q + pl + ksp + bi + mu (f.o.v. 4,64 mm) (sample SH8, Shiwa N'Gandu 1:100000 map
sheet).
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2.5.2.2 Chilubanama Granite

The Chilubanama Granite comprises an extensive series of granite plutons in
the northeastern part of the Irumide belt (Figure 2-12). The granite was described by
Daly (1986b; 1995b; 1995a). The Chilubanama Granite is typically a mesocratic
pinkish grey biotite granite (Figure 2-57), which often contains partially resorbed
xenoliths rich in garnet (Figure 2-57 (b)). Mineralogically the granite consists of
quartz, microcline, plagioclase and biotite, with varying amounts of muscovite,
garnet, hornblende, chlorite and epidote (Figure 2-58 (a) and (b)). In places the
granite is equigranular and medium grained, but may grade into porphyritic types.
The biotite flakes are aligned along a weak foliation, while alignment of feldspar
phenocrysts parallel to the margins of the intrusions is interpreted as a primary
magmatic fabric. The intrusion of these granitoids appears to have triggered anatexis
of especially the pelitic part of the Manshya River Group, as indicated by the
occurrence of interbedded sheets of granite within the quartzites, and abundant
partially resorbed xenoliths of presumed metasedimentary origin within the
Chilubanama Granite. Transitions have been reported, in which metapelites of the
Manshya River Group are observed to progressively become “granitised” into the
Chilubanama Granite (Daly, 1986b). Likewise, gradual transitions from coarse
Chilubanama Granite into strongly foliated, nebulitic Mutangoshi Gneissic Granite
were observed in the field, suggesting that the Chilubanama Granite was at least

locally derived from remelting of the older Mutangoshi Gneissic Granite.
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Figure 2-57: (a) outcrop of the Chilubanama Granite in the Chinsali 1:100000 map sheet (Drs. Francis
Tembo and Benjamin Mapani); (b) close up view of the Chilubanama Granite, showing a cluster of garnet,
possibly a partly resorbed xenolith (Chinsali 1:100000 map sheet).

Figure 2-58: (a) photomicrograph of a thin section (xpl) of the Chilubanama Granite (sample MTG3)
showing a coarse q + pl + ksp + bi + mu assemblage (Chinsali 1:100000 map sheet) (f.o.v. 4.64 mm); (b)
photomicrograph of a thin section (xpl) of the Chilubanama Granite (sample MTG4) showing garnet (black), g + pl
+ ksp + bi and alteration of plagioclase (Chinsali 1:100000 map sheet) (f.0.v. 4.64 mm).

2.5.2.3 Porphyritic granites

In the southwestern part of the Irumide belt, porphyritic granites make up the
majority of granitoid lithologies (see Figure 2-3 and Figure 2-4). They commonly
form massive inselbergs and tors, characterised by well-developed exfoliation caused

by sheet jointing. The granites contain numerous xenoliths of mafic composition,
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some of which can be interpreted to have metasedimentary parentage (Figure 2-59
(a)), whilst others appear to represent broken and partially resorbed mafic dykes
(Figure 2-59 (b)).

Figure 2-59: (a) small xenolith of interpreted metasedimentary parentage in porphyritic granite (Serenje
1:100000 map sheet); (b) mafic enclaves in porphyritic granite interpreted as a broken up and partially resorbed
mafic dyke (Kanona 1:100000 map sheet).

The porphyritic granites range from foliated to unfoliated and meso- to
leucocratic, but invariably have large microcline megacrysts up to 7 cm in size, set in
a groundmass of coarse quartz, biotite, plagioclase and K-feldspar. In foliated
granite, large biotite laths wrap the megacrysts, which can be oriented parallel to the
foliation, but more often show random orientation or a primary fabric oblique to the
foliation. The porphyritic granites often engulf large metasedimentary pods, which
form meter size rafts with partially resorbed edges (Figure 2-60 (a)). In thin section,
the granite has a porphyritic texture, with poikilitic K-feldspar in a medium grained
groundmass of plagioclase and quartz. Brown biotite is well developed, generally
enclosing zircon grains, while muscovite is a minor phase (Figure 2-60 (b) and
Figure 2-61 (a) and (b)).
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Figure 2-60: (a) meter size raft of metasedimentary parentage in porphyritic granite (Serenje 1:100000
map sheet); (b) photomicrograph of a thin section (xpl) of porphyritic granite (sample SER 6-4, Serenje 1:100000
map sheet) showing phenocrysts of plagioclase (right), a quartz veinlet (center) and K-feldspar + quartz (upper
left) in a medium grained groundmass of q + pl + ksp + bi (f.o.v. 4.64 mm).

Figure 2-61: (a) photomicrograph of a thin section (xpl) of porphyritic granite (sample MUN, Mununga
Quarry, 1:100000 Mupamadzi River sheet) showing phenocrysts of perthitic K-feldspar (top and bottom) in a
medium-grained groundmass of q + pl + ksp + bi (f.o.v. 4.64 mm); (b) photomicrograp of a thin section (xpl) of
porphyritic granite (sample KN2a, Kanona 1:100000 map sheet) showing phenocrystic microcline (top right and
left) in a medium grained groundmass of q + pl + ksp + bi + mu (f.0.v. 4.64 mm).
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2.6 Discussion

The following lithostratigraphic units have been recognised within the

Bangweulu block and the Irumide belt in northern Zambia:

1.

Palacoproterozoic high-grade meta-granites and schists belonging to the
Ubendian belt, and termed the Mulungwizi Gneiss. These gneisses underlie the
Irumide belt and the adjacent parts of the Bangweulu block in the far northeast.
Granitoids and gneisses of the Ubendian belt in Malawi have yielded *’Pb/*%Pb
zircon ages between 2093 + 1 Ma and 1932 + 9 Ma (Dodson et al., 1975; Ring et
al., 1997, Vrana et al., 2004).

Palaeoproterozoic granite-gneisses of the Bangweulu block, and the Lubu
Granite Gneiss and Luwalizi Granite Gneiss in the northeastern Irumide belt.
These lithologies are in places notably less deformed than their presumed time-
correlatives in the Ubendian belt, and underlie parts of the northeastern Irumide
belt. No precise age data are available for these lithologies.

Palacoproterozoic granite gneisses in the southwestern Irumide belt, collectively
termed the Mkushi Gneiss, which underlie parts of the southwestern Irumide belt
and appear to continue westwards, where they underlie parts of the Lufilian arc
(Congolese and Zambian Copperbelt). The Mkushi Gneiss has yielded a U-Pb
SHRIMP zircon age of 2049 + 6 Ma, while basement lithologies in the Zambian
and Congolese Copperbelt yielded U-Pb SHRIMP zircon ages between 1991 + 3
Ma and 1964 + 12 Ma (Rainaud et al., 1999; Key et al., 2001b; 2002; 2003).
Palacoproterozoic plutono-volcanic rocks of the Bangweulu block, including the
Luapula Volcanics and the Bangweulu Granitoids, which make up the larger
portion of the Bangweulu block, underlying the Mporokoso Group, and
extending southwestwards, where they underlie parts of the Katangan sequence
in the Congolese and Zambian Copperbelt. These lithologies yielded Rb-Sr
whole-rock dates of 1877 &+ 55 Ma to 1815 £ 29 Ma on the Bangweulu block
(Brewer et al., 1979; Schandelmeier, 1981, 1983) and U-Pb zircon ages between
1884 + 10 Ma and 1873 = 8 Ma in the Congolese and Zambian Copperbelt
(Ngoyi et al., 1991; John, 2001; Rainaud et al., 2002).
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5. The Muva Supergroup (meta) sedimentary cover, which includes three main
sequences defined on the basis of spatial arrangement, sedimentary character,
and deformation:

a. The Mporokoso Group of northern Zambia. A shallow water sequence
of quartzites and pelites, with volcanic contribution in the lower units.
The Mporokoso Group unconformably overlies older rocks of the
Bangweulu block.

b. The Kasama Formation on the Bangweulu block, r_naihly confined to a
small east-west-oriented basin near Kasama and comprising a
supermature quartzite-pelite sequ.ence derived from sedimentary
reworking of the Mporokoso Group to the (north)west.

c. The quartzite-pelite successions occurring in the Irumide belt and
strongly deformed during the Irumide orogeny. These sequences can
be collectively called the Manshya River Group, but comprise three
regionally defined, but correlated groups, including the Kanona Group
in the southwestern Irumide belt, the Manshya River Group in the
northeastern Irumide belt, and the Mafingi Group in the far
northeastern Irumide belt straddling the border between Zambia and
Malawi.

Direct age constraints are unavailable for the Muva Supergroup, but deposition is
constrained by the dates of the underlying Bangweulu Granitoids (1815 % 29 Ma,
Brewer et al.,, 1979) and the intrusion of the Lusenga syenite (1134 = 8 Ma,
Brewer et al., 1979) into the sedimentary sequence.

6. Strongly deformed Irumide granitoids within the Irumide belt, characterised by
strong deformation and containing xenoliths of mafic rocks as well as
metasedimentary rocks. These granitoids intrude the supracrustals and thus post-
date the deposition of the Manshya River Group and pre-date the Irumide
orogeny, and comprise the Mutangoshi Gneissic Granite and Musalango Gneiss
in the northeastern Irumide belt, and the Lukamfwa Hill Granite Gneiss in the
southwestern Irumide belt. The only age constraint available is an unreliable
whole-rock Rb-Sr errorchron date reported by Daly (1986b) for the Mutangoshi
Gneissic Granite of 1407 + 33 Ma. A nepheline syenite (the Mivula syenite) and
a metatonalite intrusion in the northeastern Irumide belt, dated at 1360 + | Ma

and 1329 + 1 Ma respectively (Vrana et al., 2004), also belong to the pre-Irumide
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granitoid suites, although they occur outside the Irumide belt sensu strictu and
are adjacent to lithologies that form part of the Ubendian belt.

Syn- and late-Irumide granitoids form an extensive magmatic suite dominated by
coarse, phenocrystic granitoids. These granitoids include the Bemba batholith
(Lufila Granite) and Chilubanama Granite in the northeastern Irumide belt, and
numerous unnamed porphyritic biotite granitoids in the rest of the Irumide belt.
Syn-kinematic granitoids are characterised by a weak to strong tectonic foliation,
and a remnant margin-parallel magmatic foliation, heterogeneously distributed
through the plutons, while post-kinematic granitoids are largely undeformed and
coarse, with well-defined margin-parallel magmatic fabrics. Daly (1986b)
reported a Rb-Sr whole-rock date of 947 + 89 Ma for the post-tectonic Lufila
Granite and a TIMS U-Pb age of 970 + 5 Ma for four multigrain zircon fractions
from the post-kinematic Kaunga Granite in the northeastern Irumide belt,
providing the only age constraints for post-Irumide granitoid magmatism in the
belt.
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3 CHAPTER 3: Structure and metamorphism

3.1 Introduction

This chapter provides an overview of the present understanding of the
structure and kinematics of the Irumide belt and the metamorphic evolution
associated with it. In essence, few new data are presented in this chapter, which
builds largely on previous published work, complemented by observations made

in this study in the field and from thin sections.

3.2 Structure

3.2.1 Introduction

The study area covered in this thesis comprises a large part of the Irumide
belt and parts of its foreland, stretching from central Zambia to the Zambia-
Tanzania border (600+ kilometers). The far northeastern part of the belt, where
the Irumide trends are reported to terminate in post-Irumide shear zones within the
Ubendian belt (Daly, 1986b; Ring, 1993; 1999; Ring et al., 1999), as well as the
small part of the Irumide belt within Malawi (Padget, 1959; Fitches, 1966; 1967;
1968a; 1968b; 1970; 1971; Ray, 1974; Ray and Crow, 1975) and the strongly
overprinted southeastern extent of the Irumide belt in eastern Zambia, were not

included in this thesis, and the reader is referred to the literature for those areas.

Over 80% of the Irumide belt has been mapped at a scale of 1:100000 by
the Geological Survey Department of Zambia. As such, in depth structural
analysis and regional mapping of the Irumide belt were considered outside the
scope of this thesis. This thesis instead focuses on key areas, contacts, and
lithologies, selected using existing geological maps. Since many of these maps

date back to the 1960°s, an effort was made to re-evaluate and re-interpret the
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geology on these maps in order to provide a more up-to-date geological picture of
the Irumide belt. The structural geology conducted as part of this thesis is limited
to observations at sampling localitics and limited traverse mapping. Based on
these field observations and analytical data, especially geochronological
constraints obtained as part of this thesis (see chapter 4), the existing maps were

critically reviewed and adapted where necessary.

3.2.2 Previous work

The earliest structural investigations established the northeast structural
grain of the Irumide belt (Ackermann, 1936; 1950; 1960; Ackermann and Forster,
1960) and compared the Irumide belt to an “Alpine-type” orogen. The strongly
contorted metasedimentary sequence, which Ackermann called the “Muva”, was
divided into a recrystallised and higher grade sequence, later called the Musofu
Formation (Stillman, 1965¢), and a heavy-mineral-depleted, lower grade
“Kalonga series” (Forster, 1965), which occur in two parallel ridges north and
south of Mkushi. The recognition of these two different sequences was used to
support a pre-Irumide tectonic event called the Tumbide orogeny. As Irumide
tectonism affected both the metasedimentary sequence and the crystalline rocks,
resulting in the virtual obliteration of any pre-Irumide fabrics and reorientation of
all structures into the southwest-northeast Irumide grain (Forster, 1965), this
earlier event remained obscure and poorly documented, and was finally refuted on
the basis of renewed mapping in the Irumide belt (Daly et al., 1984; Mapani and
Moore, 1995b; De Waele and Mapani, 1998; Mapani, 1999). Recent work has
shown that: (a) the sedimentary record in the earlier defined Musofu and Kalonga
Formations is identical (Mapani, 1992; De Waele and Mapani, 2002); (b) the base
of the Kalonga Formation is not observed. Instead, a tectonic unit is observed,
interpreted to lie above a thrust interface with the Mkushi Gneiss (Stillman,
1965¢; Mapani, 1992; De Waele and Mapani, 2002). The Musofu Formation rests
unconformably on the Mkushi Gneiss basement. The higher grade of the base of
the Musofu Formation (the part of the sequence that lies in Zambia) is interpreted

to reflect its deeper stratigraphic level with respect to the Kalonga succession.

86



CHAPTER 3: Structure and Metamorphism

Daly (1986b) proposed a four stage tectonic evolution for the Irumide beit:

1/ Minor rifting event (formation of the Mporokoso basin)

2/ More regional and profound rifting event (formation of the [rumide basin)
3/ Contractional orogeny affecting both basins

4/ Post-Irumide strike-slip deformation

The structural mode!l proposed by Daly (1986b) has remained
unchallenged to date. Daly (1986b) believed that the southwestern part of the
Irumide belt was dominated by pre-Irumide gneisses and recognised an axis of
structural divergence defining a “pop-up” structure. Although basement “pop-up”
is still possible, field relations show that a large amount of essentially undeformed
granitoids intrude the Mkushi Gneiss, indicating that the extent of the pre-Irumide
lithologies in the southwestern part of the Irumide belt has previously been

grossly overstated (Stillman, 1965c; Cvetcovic, 1973; Mapani, 1992).

On a more regional scale, Daly considered the Irumide belt and the
Luongo fold belt in northern Zambia as part of a thick-skinned fold-and-thrust belt
with tectonic transport to the northwest (Daly, 1986b). Furthermore, he linked the
Mesoproterozoic events in the foreland of the Lurio belt of northern Mozambique
to the structural development of the Irumide belt. On this ground, Daly (1986b)
postulated the existence of a pre-Mesoproterozoic microcraton (the Niassa craton)
in southern Malawi to explain the variation of structural vergence along a section
running from the Irumide belt, across southeastern Zambia, southern Malawi and
into northern Mozambique. It is important to note that the timing of the
deformation events that produced the structures in the different orogenic

provinces used to construct the above model was not constrained.

Post-Irumide events are only recognised in the southwestern part of the
belt, where effects of the Lufilian arc and Zambezi belt become apparent. The
effects of “Pan-African” tectonism appear to be restricted to the east of the study
area (in Malawi), as neither Daly (1986b) not Vrina et al. (2004) reported
significant Neoproterozoic disturbance of the **Ar-*’Ar isotopic systems for

hornblende and muscovite respectively. Near Serenje, Vail et al. (1968) reported
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K-Ar ages on biotite between 567 + 24 and 495 £+ 20 Ma and on muscovite at 885
+ 36 Ma possibly indicating complete resetting of the K/Ar system in biotite and

partial resetting in muscovite during the Pan-African event.

3.2.3 Irumide structures

Deformation in the Irumide orogeny was pervasive, largely obliterating
pre-Irumide structural imprints on the rocks. At the same time, tectonism appears
to be strongly heterogeneous within large Irumide-age plutons, which can have

strong foliations in one place and appear largely undeformed elsewhere.

In the Irumide belt, two episodes of ductile deformation are reported to
affect the rocks of the Manshya River/Kanona Groups (Daly, 1986b). The earliest
D, event, which is responsible for the dominant grain of the Irumide belt, is
evident from the large resistant quartzite ridges, and the dominant foliation
trending southwest-northeast. D; developed open to isoclinal, upright to
recumbent Fy folds with northeast- to north-northeast-trending axial planes. In
metasedimentary rocks, folding is accompanied by a cleavage or schistosity
developed axial planar to the folds and thus often parallel or at low angle to the
primary layering. The schistosity is defined by aligned mica and, in pure
quartzites, grain flattening. In gneisses and granite-gneisses, the foliation is
developed unevenly in coarse-grained lithologies, defined by alignment of mica
and/or elongate minerals, and in more extreme cases, by neocrystallisation of
quartz-feldspar aggregates, flattening and stretching of feldspar in augen
structures and partial recrystallisation and flattening of the groundmass. Doubly-
plunging fold axes are interpreted by Daly (1986b) to indicate an F» refolding
event. D; is expressed on a regional scale through attenuation of F; folds, their
limbs separated from their noses, which Daly (1986b) interpreted to indicate a
period of extension after F, fold formation. A strong L, lineation, defined by
sillimanite laths in metapelites, is well developed in the southwestern part of the
Irumide belt and is parallel to F» fold axes with shallow plunges to the northeast.
In the northeast of the belt, Daly (1986b) reported fold axes related to D, to trend

north-northeast and L; lineations to plunge steeply to the southeast. The relations
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between Sp and S; in the northwestern part of the Irumide belt are clear, but
further southeast, where the metamorphic grade increases, S; and S, fabrics
become dominant. According to Daly (1986b), crustal shortening in the
northeastern part of the Irumide belt was accommodated by large transverse shear
zones, e.g. the reactivated Mugesse shear zone in the Ubendian belt. Contractional
deformation in the Irumide belt induced northwesterly thrusting of nappes onto
the Bangweulu block (Figure 3-1)(Daly, 1986b). It is estimated that a minimum
shortening of 11 km occurred in the Mporokoso Group near Mansa (Luongo fold
zone, Figure 3-1) and that up to 60 km shortening occurred in the Manshya River
Group (Shiwa N’gandu zone, Figure 3-1) in the northeastern Irumide belt (Daly,
1986b). Thrusts within the supracrustal sequence and ductile deformation at the
basement-cover contact in the southwestern part of the Irumide belt suggest that
the Kanona Group was detached from its basement, while shallow plunging
lineations confirm a dominant northwest-directed tectonic transport (Daly,
1986b). Locally, tectonic transport verging to the southeast can be seen,
interpreted to indicate the presence of minor backthrusts (Daly, 1986b). Two
structural sections from the northeastern southwestern parts of the Irumide belt are

presented in Figure 3-2.
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Figure 3-1: Simplified structural map of northern Zambia showing tectonic transport directions and
major shear zones. A-A' and B'B show the approximate location of the sections in Figure 3-2.
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CROSS SECTION THROUGH THE NORTHEASTERN IRUMIDE BELT {A-A)

Thrust \ Lufla Granite

CROSS SECTION THROUGH THE SOUTHWESTERN IRUMIDE BELT (B-B)
B Backthnusts B

b A

- [ | Manshya River Group 34 Porphyritic granitoid %4 Lukamfwa Hill Granite
asement iithologies Kanona Group !'#j {Group IV} &l Geiss (Group 1}
Figure 3-2. Simplified cross-sections through the northeastern {A-A) and southwestern (B-B')

[rumide belt. The locations of these sections are shown in Figure 3-1. Sections wete constructed based on
1:100000 map sheets of the Geological Survey Department of Zambia (the diagrams are not to scale).

3.2.4 Late- to post-Irumide doming

Due to the voluminous intrusion of syntectonic granitoids in the Irumide
belt, large extensional faults formed, accompanied by localised deformation and
mylonitisation (Daly, 1986b; Sykes, 1995). Diapiric rise of domal granitoid
bodies resulted in the reorientation of Irumide structures into parallelism with the
intrusion margins, as well as the development of a margin-parallel primary fabric
within the granitoids (Mapani and Moore, 1995b; Van de Velde and De Waele,
1998). Aligned feldspar phenocrysts are a common feature in late- to post-tectonic

granitoids, and are interpreted as a primary magmatic fabric.
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3.2.5 Lufilian and Zambezi structures

In the area of concern here, post-Irumide deformation is limited to the
southwestern intersection of the Irumide belt with the Lufilian and Zambezi belts,
where the Irumide belt and its basement underlie the thick Katangan Supergroup
of the Copperbelt. Lufilian deformation imposed prominent northwest-southeast-
trending fabrics, often obliterating the northeast-southwest-trending Irumide grain
(Porada and Berhorst, 2000). This deformation strongly affected the
Palaeoproterozoic basement of the Copperbelt, but is not discernable in the
Mkushi Gneiss within the Irumide belt. Extensive reorientation of structural
trends from northeast to northwest within the Kanona Group produced a sub-
parallel alignment of Kanona units and the Neoproterozoic Katangan Supergroup
(Daly et al., 1984). The higher metamorphic grade preserved in the Kanona Group
metasedimentary succession is, however, in stark contrast with the greenschist-
facies Katangan rocks and makes these different units easy to distinguish,
Occasionally, thrust imbrication of basement and sometimes overlying Kanona
Group places Katangan strata in structural contact with either Kanona Group

metasedimentary rocks or the Mkushi Gneiss basement.

Lufilian tectonism was terminated by a period of late-Lufilian doming,
rotating earlier structures and producing complex fold patterns. Daly et al. (1984)
interpreted rotated northwest-trending structures and complex folds at the margin
of basement domes as lateral culmination structures produced during northwest-

directed thrusting (Daly et al., 1984).

3.3 Metamorphism

The vast majority of outcrop in the Irumide belt comprises relatively pure
quartzites and voluminous granitoids, which poorly record metamorphic facies.
The pelitic members of the Kanona/Manshya River Group are commonly
extensively weathered and unsuitable for petrographic work, while the Irumide

belt has a distinct lack of mafic igneous lithologies, which may adequately record
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metamorphic assemblages. As a result, metamorphic facies boundaries within the

Irumide belt are difficult to define due to the scarcity of diagnostic assemblages.

The general distribution of metamorphic facies in Zambia was described by
Ramsay and Ridgway (1977) and Ridgway and Ramsay (1986)(Figure 3-3). The
Irumide belt lies entirely in the Luangwa-Kariba metamorphic zone defined by
these authors and is characterised by an increase of metamorphic grade, from sub-
greenschist to greenschist facies in the northwest, up to the amphibolite and

localised granulite facies in the southeast part of the Irumide belt.

The highest metamorphic grade in the Mporokoso Group is in the lower
greenschist facies, with the assemblages chlorite + muscovite + albite + epidote.
The Manshya River/Kanona Groups are in the lower greenschist facies in the
northwest, increasing to upper amphibolite and locally granulite grade in the
southeast. The change in metamorphic assemblages is best exemplified in the
Serenje 1:100000 map sheet. In the northwest, metapelites consistently record the
metamorphic assemblages muscovite + chlorite + quartz + albite + talc % epidote
or muscovite + biotite + albite + quartz. Towards the southeast, staurolite +
muscovite + garnet and cordierite + andalusite appear, and in the extreme
southeastern corner of the Serenje 1:100000 map sheet, sillimanite + garnet +
amphibole and sillimanite + garnet + biotite are recorded in migmatites and
metapelites, indicating medium-pressure/high-temperature conditions (Mapani,
1999), In the Mkushi 1:100000 map sheet, Stillman (1965c¢) reported muscovite-
kyanite-quartz assemblages in pelitic schists, supporting regional Barrovian-type
rather than low-pressure Buchan-type conditions in the Irumide belt. Similar
kyanite-bearing quartzites were observed during this study in the Kanona
1:100000 map sheet, and kyanite-andalusite schists are reported in association
with quartzites in the Mkushi 1:100000 map sheet (Stillman, 1965¢). In the
Serenje 1:100000 map sheet (Figure 2-10), Mapani (1999) recorded the following
metamorphic zones from the northwest to the southeast: biotite + garnet —
staurolite — Kkyanite — sillimanite. The presence of biotite + sillimanite + garnet
+ K-feldspar in schists in the southeastern corner of the 1:100000 Serenje map
sheet indicates that granulite facies conditions prevailed in the southeast. In the

northeastern part of the belt, the lithologies are more feldspathic and poorly record

93



PhD thesis: The Irumide belt of Zambia

the grade of metamorphism. Throughout the Irumide belt, recrystallisation of
quartzite is widespread (Stillman, 1965¢; Daly, 1986b; Mapani and Moore,
1995b). The transition from andalusite to sillimanite along with coexisting kyanite
and sillimanite and reports of kyanite locally replacing cordierite (Mapani, 1999)
suggest increasing temperatures and pressures. This crustal thickening event was
followed by exhumation and was accompanied by reheating coinciding with the
emplacement of late- to post-lrumide granite bodies. This heating is recorded in

the static growth of chloritoid, cordierite, biotite and feldspar in various rock

types.
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Figure 3-3: Simplified metamorphic map of Zambia after Ramsay and Ridgway (1977)
3.4 Summary

The structure of the Irumide belt indicates overall northwest-directed tectonic
transport as demonstrated by upright to recumbent northwest-verging folds,
shallow southeastward plunge of mineral lineations, general top-to-the-northwest

shear-sense indicators and regional northeast-southwest structural grain indicating

94



CHAPTER 3: Structure and Metamorphism

crustal shortening along a northwest-southeast direction. These features are
predominant in the northwestern part of the Irumide belt, especially in the Shiwa
N’gandu fold zone and in the northwest of the Serenje area. Towards the
southeast, small backthrusts are locally defined by steepening of foliation planes,
locally dippiﬁg to the northwest, and carrying shear-sense indicators showing a
southeast vergence (Daly, 1986b). These structures are best defined in the
southwestern Irumide belt, where Daly (1986b) ascribed the change from
northwest-vergent to vertical and southeast-vergent structures to a regional “pop-
up” structure within a progressive deformation sequence related to northwest-

directed subhorizontal displacement during Irumide tectonism.

Metamorphic grade in the Irumide belt increases from greenschist facies in
the northwest to granulite facies in the southeast, with chlorite-albite-muscovite in
the metapelites in the northwest and widespread presence of sillimanite-biotite-
garnet and sillimanite-garnet-amphibole in metapelites in the southeast (Mapani,
1999). The highest metamorphic grades occur in the southeastern part of the belt,
where sillimanite-garnet and kyanite-sillimanite are recorded in high-grade
gneisses and migmatites (Mapani, 1999). The metamorphic assemblages recorded
in the Irumide belt indicate regional medium pressure / medium to high

temperature conditions.
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4 CHAPTER 4:; Zircon U-Pb SHRIMP Geochronology

4.1 Introduction

The geochronology presented in this thesis is based on the U-Th-Pb isotopic
system as applied to zircon dating (refer to Appendix C for details and to standard
textbooks such as Dickin (1995) and Faure (1997)). Zircon was chosen because of
its abundance in the predominant granitic lithologies sampled during the study, its
resistance to weathering, metamorphism and alteration, its well-established ability
to preserve various growth zones related to successive periods of crystallisation,
and the fact it can grow during magmatic crystallisation as well as metamorphism
(Vavra, 1990; Hanchar and Miller, 1993; Vavra, 1993; 1994; Vavra et al., 1996;
Kempe et al., 2000; Rubatto and Gebauer, 2000; Méller et al., 2002). Because of
the potential complexity of zircon, various imaging techniques were used prior to
dating, in order to select suitable analysis spots, as well as make inferences on the
nature and composition of the zircon. Interpretations on the nature of zircon based
on morphology and cathodoluminescence (CL) response followed Rubatto and
Gebauer (2000)(Table 4-1). According to those authors, the quenching effect of
some incompatible elements, including uranium, which are concentrated in
metamorphic fluids, results in a diagnostic dark aspect in CL-images of
metamorphic zircon. In fact, low CL response is commonly equated to high

uranium content of the zircon.

Table 4-1; Typical characteristics of zircons from different sources (Rubatto and Gebauer, 2000).
Zircon type CL Chemistry
Granitic Narrow, planar, banded, oscillatory zoning 0.1<Th/U<16; variable across zoning; U

ranges from 1ppm to >1000ppm

Gabbroic Narrow to broad, banded, oscillatory zoning | 0.1<Th/U<16; U is variable across zoning

from 1ppm to >100ppm

Metamorphic | Homogeneous U content, no zoning,. Th/U<0.1; U>200 ppm

Metasomatic | Zoning near core fades towards the rim. Low U at rim, increasing towards core
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In this chapter, a brief introduction to the instrumentation (SHRIMP II) and
methodologies followed for U-Th-Pb geochronology is given, followed by a brief
introduction to zircon geochronology as applied to the various types of rocks and
problems discussed in this study. This is followed by a summary of the questions
that will be addressed in this chapter, and finally the data are presented and
interpreted.

4.2 Instrumentation and methodologies

The instrument used to collect the U-Th-Pb data presented in this study is a
particular type of Secondary lon Mass Spectrometer (SIMS) housed at Curtin
University of Technology, namely the Sensitive High-mass Resolution Ion
Microprobe (SHRIMP) produced by Australian Scientific Instruments at the
Australian National University in Canberra (Compston et al., 1984; Williams,
1998). The SHRIMP allows micro-analysis of zircons at a scale of 10-30 pm and
is therefore particularly well-suited for the dating of complex zircons, as often

found in metamorphic terrains such as the Irumide belt.

In the SHRIMP, a beam of “primary” ions (Oy") is collimated and accelerated
towards the target, and used to sputter “secondary” ions from the sample. These
“secondary” ions are accelerated along the instrument where the various isotopes
of uranium, lead and thorium are measured successively, along with reference
peaks for Zr,0", ThO™ and UO". Since the sputtering yield differs between ion
species and relative sputtering yield increases or decreases with time depending
on the ion species (due to increasing crater depth, charging effects and other
factors), the measured relative isotopic abundances do not relate to the real
relative isotopic abundances in the target. Corrections are determined by analysing
unknowns and standard material (gem quality zircon of known age and isotopic
composition; during this study CZ3 standard was used), and determining a
calibration factor following procedures described in detail by Clacué-Long et al.

(1995)(refer to Appendix C for detailed description of these procedures).
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Because of the high sensitivity of the SHRIMP instrumentation, it is possible
to detect and analyse the non-radiogenic isotope “**Pb with adequate precision to
use its abundance to estimate the contribution of common Pb (i.e. Pb not related to
the decay of uranium and thorium incorporated during zircon growth) to the total
analysed Pb. This common Pb correction method relies on the fact that the
isotopic abundance of *Pb is fixed in time and thus provides a direct estimate of
the amount of non-radiogenic Pb in the analysis. Because of the fact that in nature,
the relative abundance of Pb isotopes changes over time, and because it is
impossible to distinguish whether measured “*Pb was incorporated during
crystallisation of the zircon, or represents present day contamination with
common Pb, the isotopic composition chosen for common Pb (either present day
or an assumed composition appropriate for the age of the zircon) is a contentious
issue. During this study, present-day contamination with common Pb through the
conductive gold coat and surface contaminants was minimised through a rigorous
cleaning procedure of the mount, and the use of ultra-pure gold. Pb-contamination
was further minimised through careful selection of analysis spots, away from
surface defects, cracks and inclusions. As a result of these procedures, proportions
of common Pb in total Pb (throughout this thesis expressed as the proportion
206 Db ommon in measured 2°°Pb, or denoted as /206 in %) were found to be low, and
common Pb was assumed to be related to Pb incorporated in the zircon lattice
during zircon crystallisation. The assumed isotopic composition of common Pb
was taken from the model of Stacey and Kramers (1975) at the calculated
207pb/2%Ph age of the zircon, and the estimated amounts of common **°Pb, *’Pb
and 2%*Pb, based on the measured **Pb as outlined above, removed from the total
measured amounts prior to the final age calculation. Because of the low
proportions of common Pb encountered during this study (mean of f206=0.507%),
the corrections applied were relatively insensitive to the choice of isotopic
composition. For more details on the preparations preceding SHRIMP analysis, a
detailed description of methodologies followed for analysis, and data reduction

strategies, the reader is referred to Appendix C.
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4.3 U-Pb SHRIMP zircon geochronology

4.3.1 Magmatic zircon

Zircon is an important accessory phase in a wide variety of silica-saturated
or silica-oversaturated igneous rocks, and crystallises directly from the magma. Its
average closure temperature for the U-Th-Pb decay system is reported to be
900°C, making zircon an excellent mineral to date the original crystallisation of
magmatic rocks because it is unlikely to be reset by later metamorphic events
(Cherniak and Watson, 2000). However, because zircon is a refractory mineral,
and relatively resistant to alteration and chemical abrasion, it can also be
preserved as xenocrysts in magmatic rocks. Significant differences in zircon
morphology (size, length to width ratio, habit) or CL response may help
distinguish primary from xenocrystic zircon. Unfortunately, in most cases, neither
can unequivocally be used to determine whether a zircon is primary or
xenocrystic. During this study, the majority of dated lithologies are granitoids,
which generally contain significant amounts of primary zircon, crystallised
directly from the magma. Nevertheless, because xenocrystic zircons can (and are
likely to) be incorporated in the rock, every attempt is made during this study to
date a reasonable number of magmatic zircons from igneous rocks. Since
crystallisation from the melt is assumed to take place in a relatively short period
of time (a few million years for granitoids at most)(Pitcher, 1997), the primary
magmatic zircons (which generally make up the majority of all zircons) are
expected to define a coherent age group. Xenocrystic zircons on the other hand
can be derived from a wide variety of country rock with a range of ages, and in
most cases will show poorly defined age groups predating the crystallisation age
of the magmatic rock. During this study, the youngest, dominant and coherent age
population of magmatic zircon in a sample of igneous rock is interpreted to date
the magmatic crystallisation of the rock. In a few cases, the xenocrystic zircon
component in an igneous rock can, however, outweigh the primary zircon
population (e.g. S-type granite). For those rocks, the youngest coherent age group

can be regarded the maximum age of crystallisation.
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For magmatic rocks, a typical SHRIMP II dataset consists of U-Th-Pb
isotopic analyses on several (typically no less than 6) zircons from the same
sample. In the case that each of these measurements agree internally to within
error, and that the distribution is approximately symmetrical, it is appropriate to
calculate either an arithmetic mean or a mean weighted by the inverse of the
variances {Bevington and Robinson, 1992). In this study, weighted mean values at
95% confidence are reported. Data reduction was done using the program Isoplot
(Ludwig, 2001a), which calculates the 95% confidence errors for the weighted

mean as:
+95% = o(mean) x N MSWD x Student — t

where © = standard deviation; MSWD = Mean Square of Weighted Deviates and
Student-t = Student-t’s factor for the actual degrees of freedom (N-1) at 95%

confidence level.

For the age ranges encountered during this study, and for concordant data
groupings, the weighted mean *’Pb/*”°Pb age was taken to represent the most
reliable result in most cases. In cases of recent Pb-loss, typified by a linear
regression of the data with lower intercept within error of 0 Ma, a calculated
weighted mean 2”Pb/2%™Pb age still provided a reliable result, but in cases where a
well-defined linear regression could be constructed (MSWD < 2), preference was
given to an upper intercept age. For concordant data, Isoplot allows the
calculation of a “concordia” age (Ludwig, 1998}, which was used in preference to
gither upper intercept age or weighted mean 207pp/2%ph age only if its age was
within error of these, had an acceptable MSWD value comparable or smaller than
the values for either of the other ages, and was calculated from a sufficient

number of concordant data points.
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4.3.2 Detrital zircon

Because zircon is a common accessory phase in a wide range of rocks, and
because of its robust nature, detrital zircon grains are commonly accumulated in
sediments (Morton, 1985; Johnsson, 1993). The chemical and physical resistance
of zircon varies according to uranium content as well as age. High-uranium zircon
can suffer radiation damage, resulting in metamictisation, and will be less resistant
to weathering and sedimentary transport than low-uranium zircon (Morton, 1985,
Johnsson, 1993). On the other hand, very old low-uranium zircon would also have
suffered cumulative radiation damage, making it susceptible to chemical or
physical weathering. Other factors that have a bearing on relative zircon
population in a sediment are the volume of source rock, the initial amount,
morphology and size of zircon in the source rock, the distance from source to
depocentre, and the sedimentary environment and transport conditions. The use of
detrital zircon ages in an attempt to link zircons to possible source rocks has been
successfully used in numerous studies (Rainbird et al., 1992; Kampunzu et al,,
2000; Cawood et al., 2003). Even where direct correlation of detrital zircons with
possible source rocks is difficult, detrital age patterns (or fingerprints) may help
match the sediment to potential source regions (Ross et al., 1992; Sircombe et al.,
2001; Collins et al., 2003; Cox, submitted) or allow comparison of different
sedimentary units {Sircombe, 2002). Detrital provenance analysis relies on the
calculation of a crystallisation age for each individual zircon. Because of this,
only concordant zircon analyses are considered (100 + 5% concordant). During
this study, 2“’Pb/**Pb ages are reported for all detrital zircons, as they are older
than 1400 Ma and have sufficient “*’Pb to yield precise 27pp/206ph ages (Cox,
submitted).

4.3.3 Metamorphic zircon

The growth of zircon during metamorphism is a widely documented
phenomenon (Vavra, 1990, 1993, 1994; Vavra et al,, 1996; 1999; Hoskin and
Black, 2000; Nemchin et al., 2001; Mdller et al., 2002). Metamorphic zircon can
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grow directly from metamorphic melts, or can grow onto pre-existing zircon
during solid-state crystallisation, forming complex zircons with core and rim
domains (Vavra et al., 1996; Roberts and Finger, 1997; Hoskin and Black, 2000).
Metamorphic zircon is reported to be characterised by very low Th/U ratios
(Hoskin and Black, 2000), although there are exceptions (e.g. Mdller et al., 2003).
At the same time, incompatible elements are significantly enriched in
metamorphic fluids, leading to growth of relatively high-uranium zircon growth
during high-grade metamorphic events. During this study, several high-uranium
and low-thorium zircon rims were analysed and interpreted to date peak

metamorphic conditions in the Irumide belt.

4.4 Rocks dated in this study

The geochronological work presented in this chapter is aimed at solving a

series of longstanding questions regarding the Irumide belt:

Firstly, SHRIMP dating was used to constrain the emplacement age of a
range of orthogneisses from the Irumide belt and undeformed plutono-volcanic
rocks from the Mansa area on the Bangweulu block to test proposed correlation
between basement rocks in the Irumide belt and those of the Bangweulu foreland
(Figure 2-3, Figure 2-4 and Figure 2-17). The Irumide basement lithologies dated
in this study include the Mkushi Gneiss, the Luwalizi Granite Gneiss and the
Lubu Granite Gneiss.

In order to help characterise the various metasedimentary sequences of
northern Zambia, one sample each was analysed from quartzites of the
Kabweluma Formation (Mporokoso Group), Kasama Formation and the Manshya
River Group. Additionally, a limited study was conducted on the basal

conglomerate of the Kanona Group near Mkushi.

Three volcanic members interlayered with the Manshya River Group
sequence of the northeastern part of the Irumide belt were dated, providing direct

constraints on the depositional age of this sequence.
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In order to gain a better understanding of the timing of granitoid magmatism
during the Irumide event, samples were collected from both deformed and
undeformed granitoids from across the belt, assumed to be pre-, syn- and post-
tectonic respectively. The age data obtained from these samples show that
previous interpretations of granitoids as pre-tectonic or syn-tectonic are not

always correct.

High-grade migmatitic gneisses, believed to reflect partial melting of the
Mkushi Gneiss during the Irumide event in the Serenje area {samples SER6-6 and
SER6-7), were collected to directly constrain peak metamorphism in the Irumide
belt. Metamorphic rims on zircon were analysed from the Chinsali area (sample
MTG4, Chilubanama Granite) in the northeastern part of the belt to allow

comparison of the timing of peak conditions across the entire strike length.

For the most part, the data in this chapter are presented in subsections
according to their measured age grouping, rather than according to their assumed
relative age before dating. The location and ages of analysed samples are shown

on Figure 4-1, Figure 4-2, Figure 4-3, Figure 4-4, Figure 4-5 and Figure 4-6.
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Figure 4-1: Location of samples and obtained zircon U-Pb SHRIMP igneous crystallisation ages for
the area around Mkushi (includes Kapiri Mposhi, Kakulu (Mulungushi), Mita Hills, Mkushi, Musofu River,
Fiwila and Ndabala map sheets and parts of Serenje, Chin'gombe, Luano and Bwana Mkubwa sheets). The
Mulungushi Gneiss was dated by Rainaud et al. (2002).

105



The Irumide belt of Zambia

PhD thesis

"+ Yt pajesipul

ale swu uoouz oydioweaw L mo| jo sabe uonesiesAio om) (sjeays 1zpewednfy pue ‘oquelyy ‘euocue)y ‘slusieg ‘(fsfiew) ayjejes woy paddew)

ByUESEY SBPNIOUI BUOUEY punole Base ey} Joj sabe uonesieisAio snosubl JWINHS 9d-n uocolz pauelqo pue soidues Jo uogeoo

L

yneq s,

e JIWIYHS UDDKZ g LM Uoedo| sduteg O

{ el dnoug) ssugiysny ([

{dno1o euouEy SE UMOLD AllEI0l) =
$3304 KIEquaUIpIsRIA dnous Jany RAYSUE
(i dnoso) ssipup e empuwen T

{n dnoig) syuersouiudiod

Z-7 anbly

Sla€1

0CEL

SPeTl

106



CHAPTER 4: Zircon U-Pb SHRIMP Geochronology

31700 314§ 31°30¢ 31745 32°00

11°30

©  Sample locations with U-Pb zircon SHRIMP age

.
»" Faull
_~" Fa

Manshya River Group matasedimentary racks
PorphyriticGranite {Group 1V}

Ml Mutangoshi Gneissic Granite (Group (1)
| Metavolganics, amphibolites and gabbros

11°45'

{Group Ib)
N
Kilomet
0 oo W ¥ * £
" M

12°%00

-

: o
) ' (@)
o
~ O
E Ay
Figure 4-3: Location of samples and obtained zircon U-Pb SHRIMP igneous crystallisation ages for

the area around Mpika (includes Chilonga Mission and Katibunga Mission map sheets and parts of Miofwe
and Mupamadzi River map sheets)
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Figure 4-4: Location of samples and obtained zircon U-Pb SHRIMP igneous crystallisation ages for

the area around Chinsali (includes Shiwa N'gandu, Jlondola Mission, Luswa River and Chinsali map sheets).
A=Chilubanama Granite; B=Mutangoshi Gneissic Granite (location of samples MTGG-1 and MTGG-2);
C=Lubu Granite Gneiss; D=Musalango Gneiss; E=Lufila Granite (Bemba Batholith). Whole-rock Rb-Sr date
by Daly (1986b) for the Mutangoshi Gneissic Granite and Lufila Granite are indicated.
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Figure 4-5: Location of samples and obtained zircon U-Pb SHRIMP igneous crystallisation ages for
the area around Isoka (includes Malole, Mulilansolo Mission, and Mututa Hills map sheets, and parts of Isoka
and Kalungu sheets).
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Figure 4-6: Location of samples and obtained zircon U-Pb SHRIMP crystallisation ages for the are

around Mansa (includes the 1:100000 Mansa and Musonda Falls map sheets after Thieme (1970, 1971)).
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4.5 Archaean and Palaeoproterozoic basement

4.5.1 Kapiri Mposhi granite gneiss

One sample was collected (sample KMP-1) from strongly foliated biotite
granite gneiss in the Kapiri Mposhi area (Figure 4-1). Although previously
regarded as part of the Mkushi Gneiss, the age data presented here show it to be
significantly older, and for this reason it is treated separately from the Mkushi
Gneiss and referred to as the Kapiri Mposhi Granite Gneiss. The sample was
collected from a part of the granite gneiss that was free of quartz veins and away
from pegmatites, and yielded a small amount of zircon ranging in size from 100 to
250 pum. The length-to-width ratio of the zircons ranges from 2:1 up to 4:1. The
zircons are euhedral, and show well-formed bipyramidal terminations. In
transmitted light, the zircons are clear, pale yellow, and contain only minor

amounts of inclusions and cracks (Figure 4-7(a)).

Figure 4-7: (a) photomicrograph of zircons from sample KMP-1 (xpl) showing magmatic zoning in
clear zircons (f.o.v. = 600 pm); (b) Cathodoluminescence image of zircon from sample KMP-1 showing the
location of analysed spots. Note the complex zircon (analyses 1 and 1r), with a core and rim, which yielded
27Ph/206Ph ages of 2700 + 5 Ma and 2686 + 13 Ma respectively (f.o.v. =600 ym).

CL imaging shows concentric zoning patterns, consistent with magmatic
growth (Figure 4-7(b)). Narrow, high-response rims were below the spatial
resolution of the microprobe. Six analyses were conducted on five zircons (Figure
4-7(b)), yielding f206 values ranging from 0.087 to 5.328% (Table 13-1). U and
Th range from 300 to 714 ppm and 109 to 440 ppm respectively, giving Th/U
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ratios between 0.31 and 0.72. The data range from 80 to 100% concordant (Figure
4-8). One pair of analyses on core and rim yielded broadly similar **’Pb/*%Pb
ages of 2700 = 5 Ma for the core and 2686 + 13 Ma for the rim. One analysis
(KMP1-2) yielded a 207pp2%ph age of 3105 + 143 Ma, and displays the largest
common Pb (206=5.328%). This zircon is near concordant (97.9% concordant)
and is interpreted as a xenocryst possibly derived from the source of the granite.
The remaining data points appear to have suffered a combination of recent and
ancient isotopic disturbance and a regression on five data points yielded an upper
intercept of 2726 + 36 Ma (Figure 4-8). The high MSWD value of 13 for this fit
shows that the analytical errors on the data cannot account for the excessive
scatter of the data points. The most concordant data point yielded a 2P/ %Ph
age of 2738 + 4 Ma (100.6% concordant), and supports the interpretation that the
Kapiri Mposhi granite gneiss was emplaced at ca. 2730 Ma. The upper intercept
age of 2726 + 36 Ma can be considered a reasonable estimate of the igneous

crystallisation of zircons in the precursor granite of the Kapiri Mposhi granite

gneiss.
o8 KMP-1: Kapirl Mposhi Granite Gnelss
Upper intercept = 2726 + 36 Ma, 5 data points; MSWD=13
l Data point KMP1-2 excluded (dashed tina)
0.7 N
A .
£ % -
%6 .
KMP1-4 S .
- 2738+ 4 M, 4 -
n: 06 £ a . -
& e \
i .
£ P
=] KMP1-2
0.5+ 3105 = 143 Ma
0.4+
10 14 18 22 26 30
ZDTPbI235U
Figure 4-8: U-Pb concordia plot for zircon analyses of sample KMP-1 (Kapiri-Mpashi map sheet).

Error ellipses are at 1@ confidence level.
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4,5.2 MkKkushi Gneiss

Four samples of the Mkushi Gneiss were collected in total for
geochronology, two from its type locality at Munshiwemba Quarry south of
Mkushi (samples MK3 and MK35), one in the Chin’gombe Mission area (sample
CC10) and one in the Kanona area (sample KN1) (Figure 4-1 and Figure 4-2).
Two additional samples were collected from migmatites in the Serenje 1:100000
map sheet which, although not mapped as the Mkushi Gneiss (Mapani and Moore,
1995b), represent parts of strongly reworked basement units farther northeast. The
age data reported here for these migmatites suggest a close affinity with the
Mkushi Gneiss and they are therefore discussed in this section. At Munshiwemba
quarry, sample MK3 was collected from the strongly foliated dark grey Mkushi
Gneiss in the north of the quarry, while sample MKS was collected from a weakly
foliated pink granite gneiss in the southern part of the quarry. Sample CC10 was
collected from a flat outcrop of strongly foliated biotite granite gneiss. Sample
KN1 was collected from strongly foliated biotite gneiss in the Kanona area. In all
sampled outcrops, the Mkushi Gneiss is cut by aplites and pegmatites, which lack
any foliation, and by small folded pegmatites and quartz veins. All samples were
collected from fresh outcrop, away from the aplites and pegmatites to avoid

contamination by the younger intrusives.

4.5.2.1 Sample MK3

Zircons from sample MK3 range in size from 200 to 350 pm and have
length to width ratios of 2:1 to 4:1. The crystals are euhedral, with sharp
terminations, and are pale yellow to colourless, containing only minor inclusions
(Figure 4-9 (a)). CL imaging reveals well developed concentric zoning, and the

zircons are interpreted to be of magmatic origin (Figure 4-9 (b)).

113



PhD thesis: The Irumide belt of Zambia

Figure 4-9: (a) photomicrograph of zircons from sample MK-3 (Mkushi map sheet) (xpl) showing
clear subhedral to euhedral zircons with minor cracks and inclusions (f.0.v. = 500 pm); (b) CL image of zircon
from sample MK-3 showing the location of two analysed spots. Note the analysed zircon rim (analysis 2r),
and the well-defined oscillatory zoning in the zircons (f.0.v.= 600 pm).

Five analyses were conducted on four zircons. Three analyses were located
on rims, one analysis was conducted on a single-domain zircon interpreted to be
of magmatic origin because of well-developed oscillatory zoning, and one
analysis sampled a zircon core. f206 values are low, reaching up to 0.089%, and U
ranges from 137 to 891 ppm (Table 13-2). Th/U ratios range from 0.08 to 0.91,
with lowest values for rim analyses MK3-2r and 3r (0.08 and 0.10 respectively).
Analysis MK3-4r and 4c¢ (Figure 4-10) display identical Th/U ratios of 0.91 and
yielded *’Pb/”"Pb crystallisation ages of 2044 + 12 and 2037 + 8 Ma
respectively. Two low-Th/U rim analyses have the lowest *’Pb/*°Pb ages of
2015 £ 22 and 2031 + 22 Ma, and can be resolved from the other analyses. The
rims, which have a low CL response and a low Th/U ratio may have grown during
a metamorphic event (Hoskin and Black, 2000), which appears to have occurred
soon after the emplacement recorded by the magmatic zircons. All five data points
yield a weighted mean 2"’Pb/”"Pb age of 2032 + 15 Ma (MSWD=2.8). The
relatively high MSWD indicates that these data comprise multiple populations.
Excluding the two low-Th/U rim analyses, on the basis that they represent a
slightly younger metamorphic zircon growth, a weighted mean **’Pb/**Pb age of
2042 = 10 Ma (MSWD=0.51) can be calculated. A regression on the same three
points indicates a lower intercept at 184 + 360 Ma and an upper intercept at 2050
+ 19 Ma (MSWD=0.092)(Figure 4-11). The calculated lower intercept is

consistent with recent Pb-loss, and the weighted mean “*’Pb/***Pb age of 2042 +
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10 Ma is taken to be the best estimate for the crystallisation of the precursor to the

Mkushi Gneiss. The slightly younger low Th/U rims could indicate that this

emplacement was directly followed by zircon growth during a metamorphic

episode between 2031 £ 22 and 2015 + 22 Ma, although ancient Pb-loss may also

account for their apparent younger 207pp/*%%pb age.

Figure 4-10: CL image of zircon MK3-4 showing the location of two analysed spots. Note the
oscillatory zoning in both zircon rim and core (f.0.v.= 250 pm).

MK3: Mkushi Gneiss (biotite gneiss, Mkushi area)
Weighted mean *"Pb/*Pb age: 2042 + 10 Ma; (MK3-2r and 3r excluded)
Regression line through three points (MK3-4c, 4r and 1)
0.37 +
gg: 0.351
L
r=
o
s
o~ -
4c //
0.334 @
‘-«\\?5:%&
e ] Solid ellipse = magmatic zircon
P Dashed ellipse = rims
Thick ellipse = magmatic core
56 58 60 52 8.4 6.6
2075, /2351
Figure 4-11: U-Pb concordia plot for zircon analyses of sample MK-3. Error ellipses are at 10

confidence level.
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4.5.2.2 Sample MK5

Sample MKS5 yielded zircons ranging in size from 50 to 300 pm. Length to
width ratios range from equant to 3:1 and the zircons are generally euhedral in
shape (Figure 4-12).

Figure 4-12: (a) photomicrograph of zircons from sample MK-5 (Mkushi map sheet) (xpl) showing
clear sub- euhedral zircons with minor cracks and inclusions (f.0.v. = 1000 pm); (b) CL image of zircon from
sample MK-5 showing the location of three analysed spots. Note the analysed magmatic zircon rim (analysis
5r), and the broad concentric zoning on the zircons (f.0.v.= 600 pm).

Seven analyses were conducted on as many zircons and yielded U and Th
contents of 224-804 ppm and 139-409 ppm respectively (Table 13-3). Th/U ratios
are between 0.47 and 0.84, consistent with magmatic zircon (Hoskin and Black,
2000). The 206 values range from 0.013 to 0.712%, and the analyses are 86.8 to
99.9% concordant (Figure 4-13). Six data points loosely define an age group with
a weighted mean ““’Pb/Pb age of 2037 + 12 Ma (MSWD=2.7), while the
remaining data point (MK5-4) yields a significantly younger *"’Pb/**Pb age of
1973 + 7 Ma, but plots well away from concordia (91.9% concordant, Figure
4-13). The relatively high MSWD value for the former six zircons indicates that
more than one age population may be present in this group, or could indicate
intermediate Pb-loss. Analyses MK5-2 and 3 from this group have **’Pb/***Pb
ages of 2030 + 4 Ma and 2026 + 9 Ma, which combine to a weighted mean
207pp/2%Ph age of 2029 + 7 Ma (MSWD=0.15)(Figure 4-13). The remaining four
data points, MK5-1, 5r, 6 and 7 define a weighted mean 207pp/2%Ph age of 2050 +
9 Ma (MSWD=0.35). In conclusion, the igneous protolith to the pink Mkushi
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Gneiss is either the result of a multistage intrusion or of multistage crystallisation
of a single intrusion, with an earlier phase at 2050 + 9 Ma, and a later phase at
2029 + 7 Ma, or was emplaced at 2050 £ 9 Ma as given by the four concordant
data points MK5-6, 5r, 1 and 7. The youngest zircon, though discordant, may
indicate late stage crystallisation at 1973 £+ 7 Ma, but not much weight is given to
this analysis because of its high discordance (8%). Further work is needed to

confirm the emplacement age of this phase of the Mkushi Gneiss.

MKS5: Mkushi Gneiss (pink biotite granite, Munshiwemba Quarry, Mkushi sheet)
Walghted mean *"PbF™Pb age: 2050 + 9 Ma (MSWD=0.35); Four data points : MK5-2, 3 and 4 excluded
0.39 T waighted mean “"Pb/**Pb age for MK5-2 and MK5-3: 2028 £ 7 Ma

*Phy™Pb age for MK5-4: 1073 2 7 Ma 2100

0.37

0.35¢

mspwzwu

0331
1820

oard % MKS.5

5.2 5.6 6.0 6.4 5.8

Solid ellipse = magmatic zircon
Dashed ellipse = magmatic fm

207Pb,235U
Figure 4-13; U-Pb concordia plot for zircon analyses of sample MK-§. Error ellipses are at 10

confidence level,

4.5.2.3 Sample CC10

Zircons from sample CC10 range in size from 100 to 300 pm and are
euhedral in shape (Figure 4-14). The crystals have well-developed crystal faces
and length to width ratios generally greater than 2:1. In transmitted light, the
crystals are pale yellow in colour, while CL imaging shows concentric zoning

patterns consistent with magmatic growth.
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Figure 4-14; (a) photomicrograph of zircons from sample CC10 (xpl) showing clear euhedral zircons
with minor cracks and very few inclusions (f.o.v. = 700 pm); (b) CL image of zircon from sample CC10
showing the location of three analysed spots. Note the concentric zoning of the crystals (f.0.v.= 500 pm).

Six zircons were analysed, and have low 206 values up to 0.85% (Table
13-4). U contents range from 167 to 693 ppm, and Th from 121 to 612 ppm, with
Th/U ratios between 0.60 and 0.91. The data range from 91.7 to 103.9%
concordant and yield a weighted mean *’Pb/*®®Pb age of 1953 + 6 Ma with
MSWD of 2.19 for all data points (Figure 4-15). A concordia age of 1952 + 6 Ma
(MSWD=1.8) can be calculated from the five most concordant points, excluding
analysis CC10-2.1. The concordia age does not significantly differ from the
weighted mean 2Pb/*Pb age, and is considered the best estimate for the

crystallisation of the granite precursor.
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0.44
CC 10 : Biotite granite gnelss (Chin'gombe Miaslon area)
Concordia age : 1852 + 8 Ma (MSWD=1.8)
[ Five data points, CC10-2.1 excluded (dashed allipsa)
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Figure 4-15: U-Pb concordia plot for zircon analyses of sample CC10. Error ellipses are at 1o

confidence level. Dashed ellipse is analysis CC10-2.1, excluded from calculation of a concordia age.

4.5.2.4 Sample KNI

Sample KN1 yielded zircon ranging in size from 100 to 400 pm, with
length to width ratios ranging from 1:1 to 3:1. The zircons are pale yellow to light
brown and contain variable amounts of small inclusions and cracks (Figure 4-16).
Most zircons are well formed, with well-developed facets. In CL, broad
concentric zoning is observed and a small number of zircons display a high-
response inner core, surrounded by zoned magmatic zircon. Six analyses were
conducted on six zircons, and are characterised by low /206 values of up to
0.041% (Table 13-5). U and Th contents range from 268-440 ppm and 68-223
ppm respectively, yielding Th/U ratios of 0.26-0.61. The data range from 82.7 to
100% concordant (Figure 4-17). The five most concordant analyses yield a
weighted mean *"’Pb/2"Pb age of 2036 + 6 Ma (MSWD=1.0). Analysis KN1-1 is
excluded from the calculation, as it appears to plot off a general regression trend
of the five more concordant data points. This discordant analysis yields a
207pb/2%Pb age of 2089 + 9 Ma, suggesting this zircon may be a xenocryst. Note
that due to the high discordance of this analysis (17.3%), and the inability to

determine whether recent and/or ancient Pb-loss is responsible for the
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discordance, no great weight can be given to this age. We take the weighted mean

207pb/2%Pb age of 2036 + 6 Ma for the other five analyses as the best estimate for

the crystallisation age of the intrusion.

Figure 4-16: (a) photomicrograph of zircons from sample KN1 (Kanona sheet) (xpl) showing clear
euhedral zircons with minor cracks and few inclusions (f.o.v. = 700 um); (b) CL image of zircon from sample
KN1 showing the location of four analysed spots. Note the concentric zoning of the crystals (f.0.v.= 900 pm).

0.41
KN1: Mkushi Gneiss (biotite granite gneiss, Kanona area)
I Weighted mean *"Pb/f™Pb age: 2036 + 6 Ma (MSWD=1.0)
KN1-1 excluded (dashed ellipse)
0.39
0.37
= 0.35-
2
o
4
o
g 0.3
~
0.31+ = : ~
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0.294
52 56 6.0 oY) 6.8 Ti2
207517235
Figure 4-17: U-Pb concordia plot for zircon analyses of sample KN1. Error ellipses are at 1o

confidence level, Dashed ellipse is analysis KN1-1, excluded from calculation of the age.
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4.5.2.5 Samples SER 6-6 and SER 6-7 (migmatitic gneiss)

Samples SER 6-6 and SER 6-7 were collected along the Lukusashi and
Fukwe River crossings respectively (Figure 4-2), where a large flat outcrop
exposes strongly deformed and folded migmatitic gneiss. The migmatite consists
of darker units of quartz-feldspar-biotite, with accessory apatite and garnet, and
felsic units with quartz-microcline-plagioclase, and accessory sillimanite-garnet.
The segregated banding is defined by strong nebulitic and stromatic structures, cut
by ptygmatically folded quartz-feldspar veins. The melt fractions commonly form
in situ pegmatitic pockets, often containing beryl and tourmaline. A strong linear
fabric is pervasive throughout the unit, defining a northeast-directed crenulation
lineation. The Fukwe Migmatite contains a very prominent garnet-sillimanite
assemblage in the melanosomes. Where stromatic and nebulitic patterns are less
strongly developed, the rocks show tight irregular folding along northeasterly
trends.

Zircons collected from both the Lukusashi and Fukwe Migmatite samples
are complex in structure, and contain a core, often broken, but sometimes with a
euhedral outline, surrounded by up to two successive overgrowths. The cores
display well-developed concentric zoning, and some are surrounded by a narrow
overgrowth of high-CL zircon. The high response of this first rim indicates
growth from low-uranium fluids (Figures 4-18 and 4-19). These minor low
uranium rims do not exceed a few microns in thickness, and their analysis was not
within the capabilities of SHRIMP. A prominent, poorly zoned low-response
outer rim overgrows the narrow high-CL-response rim in the majority of zircons,
indicating a significant crystallisation event involving melts or metamorphic
fluids with high uranium content. The f206 values for the cores as well as the
high-uranium rims are quite low, and range from 0.06 to 0.84% {cores) and 0.04
to 0.50% (rims) in zircon from SER6-6, and from 0.05 to 0.38% (cores) and 0.05
to 0.32% (rims) in SER6-7 (T'able 13-55 and Table 13-56). Taken together, Th/U
ratios range from 0.07 to 0.84 for the cores, and are very low (0.03 or smaller) for

the rims. The consistent extremely low Th/U ratios, coupled with the absence of
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concentric zoning, strongly support the interpretation that the thick high-uranium

rims have formed during metamorphism.

A total of six cores were analysed from the Lukusashi Migmatite, five of
which are within 5% of concordia and form a coherent age group with an upper
intercept at 2053 + 11 Ma and a lower intercept at —154 + 320 Ma (MSWD=0.90).
A weighted mean ““Pb/%Pb age of 2050 + 8 Ma (MSWD=0.89) can be
calculated on all six data points. Eight analyses were conducted on cores from the
Fukwe gneiss, six of which yield an upper intercept age of 2023 = 11 Ma with
lower intercept 0 £ 140 Ma (MSWD=0.86). The same points yielded a weighted
mean 2"Pb/2%Pb age of 2023 + 9 Ma (MSWD=0.69). Taken together, 10 of the
12 analyses appear to define a broadly coherent age group from which an upper
intercept age of 2040 + 14 Ma (MSWD=2.50) can be calculated (Figure 4-20).
The two rejected data points of the Fukwe gneiss are SER 67-15¢ (high U) and
SER67c-1 (low U and Th, and relative high f206). Analysis SER67¢c-1 is 93.3%
concordant, and yielded a minimum *’Pb/**Pb age of 2250 + 13 Ma, while
SER67-15¢ is 85.6% concordant and yielded a 2"Pb/2%Pb age of 1907 + 39 Ma. It
can be concluded that the age of the protolith of both the Lukusashi and Fukwe
Migmatites is between 2050 and 2020 Ma, and that a minor older xenocrystic

component with an age of 2,25 Ga may be present.

Ten analyses were made of wide rim overgrowths in zircon from the
Lukusashi Migmatite (Table 13-55, page 431). Common Pb content is generally
low, ranging up to 0.50%. U is high, between 1486 and 3138 ppm, while Th is
low, ranging from 12 to 37 ppm. The rims exhibit extremely low Th/U ratios of
less than 0.01, consistent with metamorphic growth. The data plot within 5% of
concordia and have a weighted mean **Pb/”Pb age of 1018 + 5 Ma
(MSWD=0.69)(Figure 4-21), taken as the best estimate for the timing of growth

of the metamorphic rims.

Twelve rims were analysed for the Fukwe migmatite. The data are
characterised by low /206 values of up to 0.18% (Table 13-56). U content is high,
between 913 and 1632 ppm, and Th very low, between 7 and 48 ppm, yielding
tow Th/U ratios less than 0.03, typical for metamorphic rims. One data point plots
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about 10% away from the concordia, and defines a *’Pb/”"Pb age of 554 + 20 Ma
(SER67-3r). The analysis exhibits an extremely low Th/U value and represents the
first constraint on a Pan African metamorphic overprint in the region. Eight rims
plot in a cluster close to concordia (Figure 4-22). Of those, the six most
concordant points (SER67-1, 2r, 4, 4r, 11 and 19) define a concordia age of 1007
+ 16 Ma (MSWD=13). Because of the close clustering of the data, no reliable
trend line can be calculated, but all eight near-concordant data points yield a
weighted mean ““Pb/Pb age of 1021 + 16 Ma (MSWD=1.2). The lower
MSWD value for this age indicates the coherence of this dataset, and the age can
be considered to represent the timing of metamorphic rim growth during Irumide
tectonism. The three remaining analyses of the Fukwe Migmatite zircon rims
(SER67-13, 15 and 24) appear to define a separate trend below concordia, with an
upper intercept at 1225 £ 79 Ma and a lower intercept at 319 *+ 330 Ma
(MSWD=0.035). A weighted mean 2Pb/’Pb age of 1174 + 37 Ma
(MSWD=1.50) can be calculated for the same three points. These three data
points show slightly higher Th/U ratios than the younger metamorphic rims,
which may indicate that these spots penetrate very small parts of older core
material. Close inspection of the analysed spots on CL imagery shows the
proximity of the analysed spots to the zircon core, and it cannot be ruled out that
sampling of both older core material and younger metamorphic rim occurred
(Figure 4-23). Should this have been the case, the ~1170 Ma ages are rendered
geologically meaningless, and could represent mixed ages derived from ~1.02 Ga

metamorphic rims and ~2.0 Ga cores.
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Figure 4-18: (a) photomicrograph of zircon (analysis SER66-19) from sample SER6-6 (xpl) showing a
euhedral crystal with rounded core surrounded by a prominent rim (f.0.v. = ~400 pm); (b) CL image of zircon
SER66-19 showing the location of analysed spots. Note the dark CL rim, and zoned core (f.0.v.= 300 pm).
The 27Pb/206Ph ages for the core and rim were 2059 + 8 and 1012 + 8 Ma respectively.
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Figure 4-19: (a) photomicrograph of zircon SER67-10 from sample SER6-7 (xpl) showing a subhedral
crystal (f.o.v. = ~350 pm); (b) CL image of the analysed zircon SER67-10 showing the location of analysed
spots. Note the dark CL rim and the zoned core (f.0.v.= 200 um). The 27Pb/25Pb ages for the core and rim
were 2020 + 12 and 993 + 22 Ma respectively.
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Figure 4-20: U-Pb concordia plot for zircon core analyses of samples SER 6-6 and SER6-7. Ermor

ellipses are at 15 confidence level.
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Figure 4-21: U-Pb concordia plot for zircon rim analyses of sample SERG-6. Error crosses are at 1o
confidence level,
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Figure 4-22: U-Pb concordia plot for zircon rim analyses of sample SER6-7. Error crosses are at 10

confidence level.
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Figure 4-23; CL images of zircons SER67-13 (a), SER67-15 (b), and SER67-24 (c) showing
approximate location of analysed spots. Note a subtle change in CL response across a boundary between
what may be the outer metamorphic rim, and an older rim or core component. The analysis spots sample
both zones, possibly giving a mixed age.
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4,5.3 Luwalizi Granite Gneiss

The Luwalizi Granite Gneiss is a large body of foliated coarse biotite
granite extending from Chinsali northwards into the Bangweulu block
(Palacoproterozoic basement in Figure 2-13). The granite gneisses form the
basement to the Irumide sequences in the northeast, and are correlated with the
widespread Bangweulu granitoids of northern Zambia (Daly, 1986b). Two
samples were taken from the Luwalizi Granite Gneiss in the Isoka area, where it

appears relatively weakly foliated and is best described as a granite (Figure 4-5).

4.5.3.1 Sample ISK1

Zircons from sample ISK1 range from 100 to 500 pum in length, with
length to width ratios up to 5:1, and are sub- to euhedral in shape. They appear
pale to dark brown under the microscope and often contain large inclusions. CL
imaging reveals relatively homogenous low to medium luminescence (Figure 4-24
(a)). Nine analyses were conducted on as many zircons. Th/U ranges from 0.04 to
1.93 and 206 up to 0.855% (Table 13-6). Two analyses, ISK1-2 and ISK1-3, are
excluded from calculations: analysis ISK1-2 displays an unusually high
concentration of U (2669 ppm), while analysis ISK1-3 yielded high f206
(0.855%), low U (93 ppm) and high Th/U (1.93). The low Th/U ratio of the
former (0.04) is more consistent with growth from metamorphic or metasomatic
fluids than with crystallisation from a magmatic melt. The zircon, however,
displays a euhedral habit and has a length to width ratio of close to 3:1, consistent
with a magmatic origin. The analysis is 103.3 % concordant, and yielded a
27pp2%pp age of 1926 + 8 Ma. The seven remaining analyses plot close to
concordia and define a linear array with an upper intercept of 1945 + 13 Ma and a
lower intercept of 242 + 620 Ma (Figure 4-25). A weighted mean **’Pb/*"Pb age
of 1942 + 6 Ma (MSWD=0.25) can be calculated on the same seven data points
and is taken to be the best estimate for the crystallisation age of the Luwalizi
Granite. The crystallisation age of the low Th/U zircon indicates that the Luwalizi

Granite Gneiss may have undergone a metamorphic/metasomatic event at 1926 +
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8 Ma, soon after its original emplacement, although more work is needed to fully

substantiate this.

Figure 4-24: (a) CL image of zircons from sample ISK1 (Isoka sheet) showing the location of two
analysed spots (f.0.v. = 500 pm); (b) CL image of zircon from sample ISK2 (Isoka sheet) showing the location
of three analysed spots (f.o.v.= 900 um). Note the generally dark aspect and relatively homogenous
luminescence of the crystals.

ISK 1: Luwalizi granite (Isoka area)
Weighted mean *"Pb/™Pb age: 1942 + 6 Ma (MSWD=0.25)
ISK1-2 and 3 excluded (dashed lines)
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Figure 4-25: U-Pb concordia plot for zircon analyses of sample ISK1. Emor ellipses are at 1o

confidence level. Dashed ellipses are analyses 2 and 3, excluded from calculation of the age. Inset shows CL
image of low Th/U zircon analysis ISK1-2, which yielded a 207Pb/2%6Ph age of 1926 + 8 Ma (f.0.v.=300 um).
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4.5.3.2 Sample ISK2

Zircons from sample ISK2 range from 100 to 300 pm long and are pale
brown to colourless, euhedral, and variably cracked. Length to width ratios range
up to 4:1, and most zircons have been broken perpendicular to their long axis
(Figure 4-24 (b)). CL response is generally low and reveals broad oscillatory
zoning patterns consistent with magmatic growth (Figure 4-24 (b)). Five analyses
were conducted on five zircon grains, four of which group in a tight cluster close
to concordia (Figure 4-26). f206 ranges up to 0.688%, while U and Th content is
quite variable ranging from 103-949 ppm and 29-391 ppm respectively. Th/U
ranges from 0.03 to 1.34, similar to the range observed for sample ISKI.
207pp/2%ph ratios are tightly defined, yielding a weighted mean 207pp/2%py age of
1931 + 9 Ma (MSWD=1.39). Using only the four near concordant data points, an
age of 1927 + 10 Ma can be calculated (MSWD=0.92). The weighted mean of the
four concordant points can be taken as a reasonable estimate for the age of the
precursor granite to the Luwalizi Granite Gneiss. The significance of a small
number of zircons with low Th/U ratios in both samples of the Luwalizi Granite
Gnetiss remains unclear. Such low ratios are commonly associated with zircon
growth during metamorphism, but the elongate and euhedral habit of the zircons is
more consistent with a magmatic origin. Increasing uranium content from rim to
core, and broad, poorly defined concentric zoning are commonly associated with
metasomatic alteration in zircon (Rubatto and Gebauer, 2000). The zoning in
zircon from the Luwalizi Granite Gneiss is poorly defined, which could indicate
metasomatic alteration, but more work is needed on these zircons to assess

whether an increase of uranium towards the core supports this model.
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ISK 2: Luwalizi granite (Isoka area)
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Figure 4-26: U-Pb concordia plot for zircon analyses of sample ISK2. Emor ellipses are at 1o

confidence level. Dashed ellipse is analysis ISK2-2, excluded from calculation of the age. Inset shows CL
image of low ThAU zircon analysis 1SK2-4, which yielded a 207Pb/26Pb age of 1944 £ 20 Ma (f.0.v.=300 pm).

4.5.4 Lubu Granite Gneiss (sample ML2)

The Lubu Granite Gneiss was sampled in the north of the Chinsali map
sheet (sample ML2 indicated with C on Figure 4-4) and was interpreted by Daly
(1986b; 1995a; 1995b) to form the basement to the Manshya River Group.
Although he presented no age data, Daly (1986b; 1995a; 1995b) ascribed the
Lubu Granite Gneiss to the Palacoproterozoic Bangweulu block granitoids. The
Lubu granite gneiss is an equigranular, strongly foliated pink biotite granite
gneiss, which in places is cut by numerous small pegmatites along the foliation.
The pegmatites in the granite are tightly folded, with axial planes parallel to the
foliation striking along an east-northeast direction. Zircons from sample ML2
range from colourless to yellow-brown, are variably cracked and some are dark
brown owing to small inclusions. Most zircons are sub- to euhedral, and range in
length from 100 pm to 300 um. Their length to width ratio is variable, ranging
from equant to 3:1 (Figure 4-27 (a)). The crystals appear to have undergone some
subsolidus recrystallisation, but concentric zoning still shows up in CL imagery

(Figure 4-27 (b)). The zircons are characterised by generally low CL response,
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with faint oscillatory zoning, crosscut by mottled rehomogenised zones with high
U (dark CL). Eleven clear, uncracked portions of eleven zircons were analysed
during two separate sessions. The zircons have low to high 206, ranging from
0.07 to 4.67%. U and Th vary from 171-415 ppm and 279-687 ppm respectively,
giving high Th/U ratios ranging from 1.68 to 2.04 (Table 13-23, page 419). Two
points (ML2-5 and 22) are excluded from calculations based on high common Pb
and low precision, and plot off a regression line defined by the remaining 9 data
points (Figure 4-28). The trend line through the nine points defines an upper
intercept of 1551 + 33 Ma and lower intercept of 537 + 440 Ma (MSWD=0.48).
The poor precision of the age is a result of the relatively high proportions of
common Pb in the analyses. A weighted *’Pb/**Pb age on the same nine data
points yields an age of 1532 + 14 Ma with an MSWD value of 0.96. Based on the
lower MSWD value, and the fact that the data display a discordia trend, the upper
intercept age of 1551 + 33 Ma is taken as the best estimate for the crystallisation

age of the Lubu Granite Gneiss.

‘I-‘ . =
M Magn  Del WD Exp F—— 200pm

107x CL 1881

Figure 4-27: (a) photomicrograph of zircons from sample ML2 (xpl) showing sub-euhedral crystals with
numerous cracks and inclusions (f.o.v. = ~1400 pm); (b) CL image of zircons from sample ML2 showing three
analysed spots. Note the disrupted concentric zoning and dark recrystallised areas (f.0.v.= 1300 ym).
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Figure 4-28: U-Pb concordia plot for zircon analyses of sample ML2. Error ellipses are at 1o

confidence level,

4.5.5 Bangweulu Granitoids and Luapula Volcanics

In the western part of the Bangweulu block near Mansa, three samples
were collected for dating from the Mansa Granite and two from the Mansa
Volcanics (Figure 4-6). Sample MA1 was collected from a large outcrop some 10
km south of Mansa and consists of coarse biotite granite, which contains xenoliths
of dark fine-grained rock (possibly metavolcanic). Samples MA2 and MA3 were
collected from a flat-lying outcrop some two kilometers east of MA1, where the
granite (sample MA2) is seen to intrude the metavolcanic sequence (sample
MA3). Both granites (MA] and MA2) are undeformed, have a coarse porphyritic
texture and contain about 5% biotite. The coarse phenocrysts in each case are
euhedral microcline up to 4 c¢cm in length. The metavolcanic (MA3) is a fine-
grained rhyolite, which is devitrified and recrystallised. At the sample locality of
MAZ2 and MA3, the granite, which makes up the bulk of the outcrop, is in sharp
contact with the volcanic. Sample MAS5 was collected some 20 km north-
northwest of Mansa, and consists of dark greyish green bedded metavolcanic. The
rock is rhyolitic in composition, with amygdaloidal texture and vesicles filled by

epidote. The rhyolite appears to be mixed with a sedimentary component of silty
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material, indicating that the volcanism overlaps with sedimentation in the
Mporokoso Group. Sample MA9 was collected in the Musonda Falls map sheet
and consists of medium-grained granite, which is cut by aplitic dykes. The granite

is leucocratic, containing only minor amounts of biotite.

4.5.5.1 Sample MAI

Zircons from sample MAL1 are pale yellow in colour and have euhedral
shapes. Their size ranges from below 100 up to 300 pm, with length to width
ratios as high as 4:1. CL reveals concentric zoning patterns, with some zircons
showing high-response inclusions (Figure 4-29). Four analyses were conducted on
four zircon grains (Table 13-8). U ranges from 161 to 481 ppm and Th from 219
to 447 ppm, yielding Th/U ratios between 0.96 and 1.42. f206 is low, varying
from 0.010 to 0.446 %. The data vary from near concordant to 89.5% concordant
(Figure 4-30) and define a regression line with an upper intercept at 1860 + 13 Ma
and lower intercept at 100 = 580 Ma (MSWD=1.04). Because of the poor
constraints, the lower intercept cannot be assigned geological meaning other than
that it indicates recent lead loss. The upper intercept age of 1860 + 13 Ma is taken

to represent the crystallisation age of the granite.

Figure 4-29; CL image of zircons from sample MA1, showing the location of two analysed spots (f.0.v.
=500 pm).
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Figure 4-30: U-Pb concordia plot for zircon analyses of sample MA1. Error ellipses are at 1a

confidence level.

4.5.5.2 Sample MA2

Zircons separated from sample MA?2 range from 100 to 300 pm in size, are
euhedral, light yellow in colour and reasonably clear of inclusions (Figure 4-31
(a)). The grains are variably cracked and show sharp-tipped bipyramidal
terminations. CL imaging reveals patterns of broad concentric and sector zoning
(Figure 4-31 (b)). Nine analyses were conducted on nine different zircons and
yield U and Th contents ranging from 151-365 ppm and 133-278 ppm
respectively (Table 13-9). Th/U ratios range from 0.73 to 1.16. 206 is low,
ranging up to 0.34 %. The nine data points plot within 5% of concordia and define
a single age group with a weighted mean *’Pb/"*Pb age of 1862 = 7 Ma
(MSWD=0.4)(Figure 4-32). The tight clustering of the data allows the calculation
of a concordia age of 1862 + 8§ Ma (MSWD=1.4), which can be taken as the best

estimate for the crystallisation age of the granite.
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Figure 4-31: {a) photomicrograph of zircons from sample MA2 (Mansa sheet) (xpl) showing clear
euhedral zircons with minor cracks and few inclusions (f.o.v. = ~1500 pym); (b) CL image of zircon from
sample MA2 showing the location of three analysed spots. Note the concentric and sector zoning of the
crystals (f.0.v.= 600 pm).

MAZ2: granite (Mansa area)
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Figure 4-32: U-Pb concordia plot for zircon analyses of sample MA2. Error ellipses are at 10

confidence level.

4.5.5.3 Sample MA3

Zircons from sample MA3 range from 100 to 200 pm in size, are
elongated with length to width ratios of 2:1 and have sharp terminations. The
zircons are light yellow, clear, and practically free of inclusions (Figure 4-33 (a)).

CL imagery shows broad oscillatory and sector zoning patterns resulting from a
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single crystallisation event (Figure 4-33 (b)). Nine spots were analysed from nine
different zircons. f206 ranges from 0.057 to 0.258%. U content ranges from 71 to
453 ppm while Th ranges from 68 to 398 ppm (Table 13-10). Th/U ratios are
between 0.85 and 1.57, and typical for magmatic zircon. The data are near
concordant, with the exception of analysis MA3-1 (93.2% concordant)(Figure
4-34). The eight concordant data points define a concordia age of 1868 + 7 Ma
(MSWD=1.15). The concordia age, constrained from eight data points, represents

the best age estimate for the crystallisation of the volcanic rock.

Figure 4-33: (a) photomicrograph of zircons from sample MA3 (Mansa sheet) (xpl) showing clear sub-
euhedral zircons with minor cracks and few inclusions (f.o.v. = ~1600 pm); (b) CL image of zircon from
sample MA3 showing the location of three analysed spots. Note the concentric and sector zoning of the
crystals (f.0.v.= 800 pm).
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MA3: volcanic (Mansa area)
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Figure 4-34; U-Pb concordia plot for zircon analyses of sample MA3. Enor ellipses are at 10
confidence level. Inset shows concordant data points.

4.5.5.4 Sample MAS5

Zircons from sample MAS are small (~100 pm) and have length to width
ratios between 1:1 and 2:1. Most are subhedral, with bipyramidal terminations and
are dark brown to yellow, due to numerous inclusions (Figure 4-35 (a}). CL
imaging reveals low luminescence and oscillatory zoning patterns (Figure 4-35
(b)). Four analyses were conducted on four zircons and show low proportions of
common Pb ranging from 0.02 to 0.45 % (Table 13-11). U and Th are high in two
analyses (620-667 ppm and 679-739 ppm) and quite low in the other two (57-72
ppm and 63-77 ppm). Th/U ratios are between 0.91 and 1.39. The data range from
90 to 102% concordant (Figure 4-36), defining a regression line with upper
intercept 1862 £ 19 Ma and lower intercept 719 + 440 Ma (MSWD=0.18). A
weighted mean of the three most concordant points yields a 207pp/2%Pb age of
1876 + 10 Ma (MSWD=0.5) taken as the best estimate of the crystallisation age of

the volcanic.
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Figure 4-35: (a) photomicrograph of zircons from sample MA5 (xpl) showing clear subhedral zircons
with minor cracks and few inclusions (f.0.v. = ~1000 pm); (b) CL image of zircon from sample MAS showing
the location of two analysed spots. Note the concentric and sector zoning of the crystals (f.0.v.= 1000 ym).
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Figure 4-36: U-Pb concordia plot for zircon analyses of sample MA5. Error ellipses are at 10
confidence level.
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4.5.5.5 Sample MAY

Zircons collected from sample MA9 are between 100 and 200 um in size
and have length to width ratios up to 2:1. The zircons are light yellow to
colourless and contain few or no inclusions. CL imagery shows variable response
and concentric zoning patterns. Nine spots were analysed on nine zircons and
yielded /206 values reaching up to 0.99 % (Table 13-12). U ranges from 93 to 298
ppm, while Th ranges from 94 to 311 ppm, yielding Th/U ratios between 0.71 and
1.40. The data plot from 86.6 to 102.1% concordant, with seven analyses more
than 95% concordant (Figure 4-37). A regression through all points yields an
upper intercept age of 1867 + 9 Ma with lower intercept at 105 + 340 Ma
(MSWD=0.94), A concordia age can be calculated for six near concordant points
and yields a virtually identical age of 1866 £ 9 Ma (MSWD=1.12). This concordia

age represents the best estimate for the age of crystallisation of the granite.

MAY9: granite (Musonda falls area) «
0384 Concordia age : 1866 1 9 Ma; MSWD=1 Az.6 dalg points; MAS-4, 7 aqd & excluded {dashad ellipsas) .
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Figure 4-37: U-Pb concordia plot for zircon analyses of sample MA9. Error eliipses are al 10

confidence level, Dashed ellipses are analyses MAS4, 7 and 9, excluded from the calculation of the
concordia age.
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4.6 Muva Supergroup

4.6.1 Detrital provenance of the Mporokoso Group (sample MAG6)

A prominent quartzite ridge was sampled (sample MA6) some 40 km
north of Mansa, and forms part of the base of the Kabweluma Formation of the
Mporokoso Group (Figure 2-6, Figure 2-17, Figure 2-20 and Figure 4-6). In the
Mansa map sheet, the basal Nsama Formation is missing, while the Mbala
Formation consists of a thin unit of coarse sandstone and conglomerate, which
passes gradually into the Kabweluma Formation. The quartzite is poorly sorted,
ferruginous and displays thick, massive bedding. The beds dip gently to the east
and are cut by a weak southeast-dipping cleavage oriented northeast. Up
sequence, various conglomeratic horizons are recognised, which are oligomictic,
containing only well-rounded chert pebbles, and are often overlain by a small
layer of fine, laminated mudstone. The poorly sorted nature of the formation and
the interfingering conglomeratic-siltstone layers are indicative of a fluvial
depositional environment. Zircons from sample MA6 range from 100 to 250 pm
in size, and have length to width ratios up to 3:1. Morphology ranges from sub-
angular to well rounded, indicating a mixture of proximal and distal sources
(Figure 4-38). CL imaging shows that nearly all zircons display concentric zoning
patterns, consistent with a dominance of magmatic source rocks. CL response
ranges from high to low, indicating varying contents of trace elements and

uranium in the zircons, possibly reflecting a variety of magmatic source rocks.

Thirty-one zircons were analysed during two separate sessions (Table
13-13). Twenty-seven analyses on unknowns yielded more than 95% concordant
results (Figure 4-39). 206 varies from (.03 to 0.42%, while uranium content
varies between 27 and 441 ppm, with Th/U ratios ranging from 0.35 to 1.89. Two
populations of similar abundance can be distinguished that together make up 80%
of the total analyses. Neither of these age populations correlate with zircon
morphology, indicating that both age populations have proximal as well as distal

sources (Figs. 4-39 and 4-40). 40% of the total population ranges in age from
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1800 to 1900 Ma, while another 40% of the zircons range in age from 1950 to
2050 Ma. These two populations are clearly distinguishable, with a prominent
lack of ages between 1900 and 1950 Ma (Figure 4-40). The remaining 20% of
analyses have near concordant “’Pb/*’°Pb ages of 2160 + 17, 2174 + 22, 2214 +
16, 2422 + 8 and 2710 + 13 Ma (Table 13-13) and indicate minor input from older
Palaeoproterozoic and Archaean basement lithologies. The youngest concordant
analysis provides a maximum limit on the age of deposition for the Kabweluma

Formation at 1824 £ 19 Ma (0.2% reversely discordant analysis).

Figure 4-38. CL image of zircon from sample MA6 showing the location of analysed spots. Note the
rounded character and variable CL response of the crystals (f.o.v.= 1500 pym). Most zircons show concentric
zoning consistent with their erosion from magmatic source rocks.
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Figure 4-39: U-Pb concordia plot for zircon analyses of sample MAB. Error ellipses are at 10

confidence level. Note the concordant nature of most analyses.
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Figure 4-40: Probability density plot of detrital zircon from a quartzite near the base of the Kabweluma

Formation {Mparokoso Group, northem Zambia). The histogram indicates the number of 100+5% concordant
analyses for each bin of 20 M.y. (right axis), while the curves show the relative probability density of the
analyses. The light grey curve denotes 85-105% concordant analyses, while the dark grey curve behind it
shows all analyses.
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4.6.2 Detrital provenance of the Kasama Formation (sample KAS)

A large sample of supermature, crossbedded quartzite was collected near
the Mwela Rock painting national monument east of Kasama (Figure 2-2). The
quartzite forms part of the Kasama Formation, and occurs extensively in a small
basin to the north of the Irumide belt. The supermature character of the quartzite is
evident from the well-rounded grains and extremely well-sorted nature of the
rock. Zircons from the sample are rounded and have length to width ratios up to
2:1. CL imaging indicates predominantly magmatic zircon, characterised by
concentric zoning patterns. Luminescence ranges from low to high, indicating
various sources of magmatic rocks with varying uranium content (Figure 4-41).
Thirty-three analyses were conducted on different zircons, during two separate
sessions (Table 13-14). Only 5 of the 33 analyses are less than 95% concordant
(Figure 4-42). 206 ranges up to 0.507 %, but is generally below 0.2%. Uranium
content ranges from 49 to 483 ppm, and Th/U ratios from 0.35 to 2.42, consistent
with a magmatic source. 90% of the analysed zircons have 27pp2%ph ages
between 1900 and 2050 Ma, while one single analysis yields a younger age of
1434 + 14 Ma (96% concordant) and two analyses indicate a minor contribution
of older populations at 2168 £ 17 Ma and 2593 = 5 Ma (*’Pb/*"°Pb ages)(Figure
4-43). The youngest grain of 1434 £ 14 Ma places a maximum limit on the age for
the deposition of the Kasama Formation, which is significantly younger than that

of the Mporokoso Group.
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Figure 4-41: CL image of zircon from sample KAS showing the location of analysed spots. Note the
well-rounded character and variable CL response of the crystals (f.o.v.= 1400 pm). Most zircons show
concentric zoning consistent with magmatic source rocks. Analysis & yielded the youngest concordant
27Ph/206Ph age of 1434 + 14 Ma.
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Figure 4-42: U-Pb concordia plot for zircon analyses of sample KAS. Error ellipses are at 10

confidence level. Note the concordant nature of most analyses.
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Figure 4-43: Probability density plot of detrital zircon from the Mwela Quartzite {Kasama Formation,

northern Zambia). The histogram indicates the number of 100+5% concordant analyses for each bin of 20
M.y. (right axis), while the curves show the relative probability density of the analyses. The light grey curve
denotes 95-105% concordant analyses, while the dark grey curve behind it shows all analyses.

4.6.3 Detrital provenance of the Manshya River Group (sample IL14)

Chembewesu Hill forms a large outcrop of white, micaceous quartzite of
the Manshya River Group to the north of the Great North Road between Isoka and
Mpika (Figure 2-12). Massive, thick beds of white recrystallised micaceous
quartzite, which display large scale, shallow-angle cross bedding, underlie the hill.
The quartzite is relatively poorly sorted, and the zircon grains are subangular to
subrounded (Figure 4-44 (a)). Zircons collected from the sample have length to
width ratios of up to 3:1 and can be subdivided into two main populations based
on morphology alone. One population, making up about 30% of all grains,
consists of euhedral zircons, often with bipyramidal terminations, indicating a
proximal source. A second population is represented by subrounded to rounded
grains, which may have been sampled from a more distal source. CL imaging
indicates oscillatory zoning patterns for nearly all zircons, with luminescence

ranging from extremely low to extremely high (Figure 4-44 (b)).
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Forty-seven analyses were conducted during one single analytical session.
Thirty-two analyses plot within 5% of concordia, while the remaining 15 analyses
are from 5 to 14% discordant (Figure 4-45). 1206 is generally low, ranging up to
0.622% (Table 13-15). Uranium content is generally above 100 ppm, and ranges
from 38 to 425 ppm. Th/U ratios vary from 0.17 to 2.19. The detrital population
appears to be largely unimodal with 70% of the analyses having 207pb/2%Pb ages
between 2.05 and 2.00 Ga. This dominant group covers all morphological types,
indicating little or no age differences between distal and proximal sources. Five
analyses are younger, with the youngest concordant grain yielding a 207pp/2%pp
age of 1882 + 30 Ma (2% reversely discordant). Of these grains, four appear to
form a population around 1880 Ma, with ages ranging from 1860 to 1889 Ma,
while one zircon has a *’Pb/2”°Pb age of 1918 + 20 Ma. Several older grains are
identified, three of which define a small population between 2200 and 2130 Ma,
while single grains have 2’Pb/*%°Pb ages of 2426 + 18 Ma, 2665 + 14 Ma, 2851 +
7 Ma and 3011 + 16 Ma.

Figure 4-44: (a) photomicrograph of zircons from sample IL14 (xpl) showing clear rounded zircons
with minor cracks and inclusions (f.0.v. = ~1600 pm). Note the variable length to width ratios; (b) CL image of
zircon from sample IL14. Note the concentric zoning of the crystals (f.o.v.= 1000 pm).
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Figure 4-45. U-Pb concordia plot for zircon analyses of sample IL14. Error ellipses are at 1o

confidence level. Note the concordant nature of the majority of analyses.
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Figure 4-46: Probability density piot of detrital zircon from the Chembewesu Quartzite (Manshya River

Group, northemn Zambia). The histogram indicates the number of 100£5% concordant analyses for each bin
of 20 M.y. (right axis), while the curves show the relative probability density of the analyses. The light grey
curve denotes 95-105% concordant analyses, while the dark grey curve shows all analyses.
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4.6.4 The basal conglomerate of the Kanona Group (sample MKS8)

A conglomerate occurs at the base of the Kanona Group in the
southwestern portion of the Irumide belt, where local shearing and tectonism have
not obliterated the contact between the Kanona Group metasedimentary sequence
and Mkushi Gneiss basement. The conglomerate, which occurs only at the base of
the former Musofu Formation near the Zambia-DRC border (Figure 4-1), forms
lensoid bodies within gritty quartzite, interpreted to have been deposited in a
deltaic environment (Stillman, 1965c). The sampled conglomerate is largely
oligomictic, with a predominance of large, rounded and flattened quartz-rich
clasts. The sequence is hematitic near the base, and gradually becomes less iron-
stained towards the top. Individual conglomeratic horizons range from a few
meters to several tens of meters thick. As the entire sequence is folded, the
apparent thinning and attenuation of the conglomeratic units may be a structural
feature rather than an original sedimentary characteristic, but the occurrence of
festoon and trough crossbeds supports shallow water deposition. One large sample
(sample MK8) was collected from a conglomeratic horizon, which contains cm-
sized clasts in a psammitic matrix of quartz-feldspar-hematite-sericite. Zircons
extracted from the conglomerate are rounded, and range in length to width ratio
between equant and 3:1 (Figure 4-47). The zircons are clear, and contain minor
cracks and inclusions. In CL imaging, the zircons show clear concentric zoning
patterns, consistent with a provenance from magmatic source rocks. The zircons
are generally non-complex in nature. Seven analyses were conducted on seven
zircons, and yielded low 206 values up to 0.456% (Table 13-16). U and Th range
from 80 to 250 ppm and 22 to 98 ppm respectively, yielding Th/U ratios between
0.21 and 0.86. Apart from one analysis (MK8-7), the data plot within 5% of
concordia (Figure 4-48). Five near-concordant data points appear to reflect a
uniform source for which a weighted mean **’Pb/**Pb age of 2034 + 16 Ma can
be calculated (MSWD=1.06). Analysis MK8-3 yields a 2’Pb/"*Pb age of 1953 +
15 Ma and reflects a slightly younger component, which corresponds in age with
the younger phases of the Mkushi Gneiss. It must be stressed that due to the
limited number of analyses, these data cannot be regarded representative for the

detrital populations present in the sample.
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Figure 4-47: (a) photomicrograph of zircons from sample MK8 (xpl) showing clear zircons with minor
cracks and inclusions (f.o.v. = ~1600 pm); (b) CL image of zircon from sample MK8. Note the concentric
zoning of the crystals (f.0.v.= 1300 ym).
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Figure 4-48: U-Pb concordia plot for zircon analyses of sample MK8. Error ellipses are at 10

confidence level. The inset shows the probability density plot of the detrital zircons. The histogram indicates
the number of 100£5% concordant analyses for each bin of 25 M.y. (right axis), while the curves show the
relative probability density of the analyses. The light grey curve denotes 95-105% concordant analyses, while
the dark grey curve shows all analyses.
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4.6.5 Luswa River Volcanic (sample ZM31)

Sample ZM31 was taken from a thin layer of rhyolitic tuff of the Manshya
River Group in the area of the 1:100000 Luswa River map sheet (Figure 4-4). The
tuff has well preserved graded bedding shown by small crystals, indicating
pyroclastic deposition. Zircons extracted from sample ZM31 are euhedral, ranging
in length from 50 to 200 um and have length to width ratios up to 3:1 (Figure
4-49). The crystals are clear and pale yellow in colour. CL imaging reveals
concentric zoning patterns of high and low CL response, consistent with

crystallisation from magma.

Figure 4-49: (a) photomicrograph of zircons from sample ZM31 (xpl) showing clear euhedral zircons
with minor cracks and inclusions (f.0.v. = ~1400 pm); (b) CL image of zircons from sample ZM31 showing
analysed spots (f.0.v.=1800 pm).

Ten analyses were conducted on different zircon grains and yield a tight
cluster close to concordia (Figure 4-50). 206 values are relatively low with values
ranging up to 0.33%. U ranges from 70 to 272 ppm and Th from 59 to 361 ppm,
yielding Th/U ratios between 0.64 and 1.37. The data range from 94.5 to 103.3%
concordant. A linear regression of the data yields an upper intercept of 1884 + 15
Ma and a lower intercept of 465 + 840 Ma (MSWD=0.36). A weighted mean
207pp/2%Pph age of 1883 + 10 Ma (MSWD=0.58) can be calculated from all data
points. The calculated lower intercept indicates recent lead loss, and with all data
points near concordia, a concordia age can be calculated of 1879 £ 13 Ma

(MSWD=1.02). Based on its lower MSWD value, the weighted mean 2“’Pb/**Pb
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age is taken to be the best estimate for the crystallisation of the Luswa River

Volcanic.

ZM31: Luswa River Volcanic
Waighted maan ™Pb/™Pb aga: 1883 £ 10 Ma; 10 data points, no exclusions; M5WD=0.58
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Figure 4-50: U-Pb concordia plot for zircon analyses of the Luswa River Volcanic. Error ellipses are at

1o confidence level.

4.6.6 Kachinga Tuff (sample 1S20)

Sample 1820 was taken from a prominent 300 m thick unit of rhyolitic
tuffs and intercalated lava flows (the Kachinga Tuff), which has been isoclinally
folded in the Chimbwe syncline (Figure 4-5). The Kachinga Tuff has an irregular
contact with the underlying pelite and grades upwards into a well-bedded crystal
tuff. Much of the unit is interpreted as a water-lain tuff (Daly, 1995b). Zircons
from sample 1S20 are euhedral, clear to pale yellow, free of inclusions and
variably cracked. Their size ranges from 100 to 200 pm, with length to width
ratios of up to 2:1 (Figure 4-51 (a)). The crystals have sharp ends, and show
oscillatory zoning patterns in CL response (Figure 4-51 (b)). Seven analyses were
conducted on seven different zircon grains (Table 13-18). Common lead is very
low (0.33%). The zircons contain moderate amounts of U and Th, with Th/U
ranging from 0.75 to 1.38. The analyses plot within 2% of concordia (Figure
4-52), and define an age group with a weighted mean **’Pb/**Pb age of 1859 + 11
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Ma (MSWD=2.06). Because of the high concordance of the data, a concordia age
of 1856 + 4 Ma can be calculated on all seven points (MSWD of 1.05). Based on

the lower MSWD value for the latter, the concordia age provides the best estimate

for the crystallisation age of the Kachinga Tuff.

Figure 4-51: (a) photomicrograph of zircons from sample 1S20 (xpl) showing clear euhedral zircons
with some cracks and inclusions (f.o.v. = ~250 pm); (b) CL image of zircons from sample 1S20. Note the
concentric zoning of the crystals (f.0.v.= 800 ym).
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Figure 4-52: U-Pb concordia plot for zircon analyses of the Kachinga Tuff. Error ellipses are at 10

confidence level.
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4.6.7 Katibunga Volcanic (sample KBS)

Sample KB5 was taken from a medium-grained portion of dolerite 5
kilometers north of Ibangwe Hill (Figure 4-3), interpreted as a hypabyssal feeder
to the volcanic units. Only a few zircons were separated, and range from sub- to
euhedral. In transmitted light they are clear, containing only minor inclusions
(Figure 4-53 (a)). In CL response, the zircons display variable luminescence and
concentric zoning patterns. Some zircons do, however, appear corroded and
overgrown by narrow, zoned zircon rims, and the cores may possibly represent

xenocrysts (e.g. analysis KB5-2, Figure 4-53 (b)).

v Del WD Exp P=————————1 100ym

Cl 1691

Figure 4-53: (a) photomicrograph of zircons from sample KB5 (xpl) showing clear sub-euhedral
zircons with minor cracks and inclusions (f.0.v. = ~1500 um); (b) CL image of zircons from sample KBS5. Note
the concentric zoning of the crystals (f.0.v.= 450 ym). Analysis KB5-2 yielded an age of 2651 + 36 Ma and is
interpreted as a xenocryst.

Seven zircons were analysed during two separate sessions, and yield
variable proportions of /206 ranging from 0.11 to 1.72%. U and Th vary from 59
to 165 ppm and 65 to 364 ppm respectively, yielding Th/U ratios between 0.50
and 2.37 (Table 13-19). One discordant analysis yields a 207pp/2%pp age of 2551 +
36 Ma and is interpreted to be a xenocryst. The remaining six analyses range from
93.1 to 99.2% concordant, and define a coherent age group with a weighted mean
27pp/2%pp age 1871 + 24 Ma (MSWD=1.06), which can be considered a
reasonable estimate of the crystallisation age of the zircons. Given the limited
number of zircons analysed and their corroded nature, it cannot be ruled out that

all zircons are xenocrysts, derived from the quartzites that the Katibunga
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Volcanics were emplaced through. Unfortunately no badelleyite was recovered

from the sample to directly confirm the emplacement age.

KB 5: Katlbunga basalt (Katibunga mission area)
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Figure 4-54: U-Pb concordia plot for zircon analyses of the Katibunga Volcanic. Error ellipses are at

1o confidence level,

4.7 Strongly deformed Irumide granitoids

4.7.1 The Mutangoshi Gneissic Granite

The Mutangoshi Gneissic Granite of Daly (1986b) was sampled from one
location in the eastern part of the Chinsali area (Figure 4-4), near its contact with
the younger Chilubanama Granite where it takes on a migmatitic aspect with
biotite-amphibole schlieren and a uniform felsic component. Away from the
contact, the gneiss gains a more uniform character and is locally affected by
mylonitic zones. At the sampled outcrop, a gradational contact was observed
between the Mutangoshi Gneissic Granite and the Chilubanama Granite. At the
contact, the grain size of the Chilubanama Granite decreases, giving way to the
nebulitic and strongly foliated and migmatitic Mutangoshi Gneissic Granite. This

relationship is taken to indicate that the Chilubanama Granite is derived from
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partial melting of the Mutangoshi Gneissic Granite. Both samples were collected
several meters away from the gradual contact, within what was interpreted as the
Mutangoshi Gneissic Granite. Sample MTGG1 was taken from a medium-grained
felsic variety of the gneiss, while sample MTGG2 was collected from a coarse

melt pocket in the Mutangoshi Gneissic Granite.

4.7.1.1 Sample MTGGI1

Zircons from sample MTGG1 measure between 100 and 500 pm in size,
are prismatic in shape and have length to width ratios of up to 5:1 (Figure 4-55).
All zircons are yellow to light brown in colour, variably cracked, and contain a
minor amount of small inclusions. A considerable proportion of the grains have a
rounded core surrounded by an extensive rim, both showing concentric zoning in
CL, consistent with a magmatic origin (Figure 4-55). Thirteen analyses were
conducted on ten different zircons (Table 13-20), including analyses of core-rim
pairs in three different zircon grains (MTGG1-3, MTGGI1-6 and MTGG1-7).
Several analyses on rims and cores were aborted after the first few minutes of
analysis time due to high ***Pb counts and are not included in the data table. Th/U
ranges from 0.18 to 0.74, with one core having elevated Th content (MTGG1-12;
Th/U=1.95)(Table 13-20). Values for f206 are generally small, ranging up to
0.068%, but three analyses have relatively high 206 (MTGG1-3¢ (0.643%),
MTGGI1-5 (0.445%) and MTGG1-6¢ (1.178%)). Core analysis MTGGI-3¢
yielded a 2"Pb/2%Pb age of 1961 = 15 Ma (98.6% concordant), whilst rim
analysis MTGGI-3r has a *Pb/**Pb age of 1008 = 8 Ma (99.7%
concordant)(Figure 4-56). The age of the core compares well with core analysis
MTGG1-12¢, which yielded a *“Pb/”™Pb age of 1955 + 6 Ma (98.6%
concordant). Both cores are interpreted to be part of the protolith of the
Mutangoshi Gneissic Granite and define a concordia age of 1954 = 11 Ma
(MSWD=1.6). Eleven analyses, including core and rim analyses of zircons
MTGG1-6 and MTGG1-7, one analysis on a core (MTGG1-4c), and two analyses
on rims (MTGG1-1r and MTGG1-3r), define a cluster on the concordia diagram
that yields a regression line with upper intercept age of 1029 + 21 Ma
(MSWD=1.8). Excluding MTGGI-6¢c on the basis of its high proportion of
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common Pb (1.178%), low uranium (109 ppm) and low thorium (78 ppm) and
excluding two rim analyses (MTGG1-1r and MTGG1-3r) on the basis of high
uranium (>1000 ppm) and low Th/U (0.18-0.25) (Figure 4-57), an upper intercept
age of 1029 + 9 Ma and lower intercept age of 152 + 340 Ma (MSWD=1.16) can
be calculated. The latter upper intercept is taken to be the best estimate of the
crystallisation age of magmatic zircon in the Mutangoshi Gneissic Granite. The
low Th/U analyses on rims MTGG1-1r and MTGG1-3r, which have 2"’Pb/*"Pb
ages of 979 + 6 Ma (97.0% concordant) and 1008 + 8 Ma (99.7% concordant),
sampled across the tip of elongate zircon crystals (Figure 4-55 (a) and Figure
4-58), are interpreted to date zircon crystallisation postdating the emplacement of
the precursor granite. The relatively low Th/U ratio that characterises these
analyses indicates that these rims may have developed from low Th/U
metamorphic or metasomatic fluids. Taken together, analyses MTGGI1-3r and
MTGG]1-1 could bracket late stage metamorphism/metasomatism between 1008 +
8 and 979 + 6 Ma. An alternative interpretation for these apparent younger
207pb/2%Ph ages lies in intermediate Pb-loss. The data are insufficient to
discriminate between these two possibilities, and not much weight is given to the

apparently younger zircons.

Figure 4-55: (a) photomicrograph of zircon (analysis numbers 3¢ and 3r) from sample MTGG1 (xpl)
showing euhedral habit with minor cracks and inclusions (f.0.v. = ~1500 um); (b) CL image of zircons from
sample MTGG1 indicating analysed spots 2, 3¢ and 3r. Note the concentric zoning of the crystals (f.0.v.= 800
pm). Analysis 2 yielded a 207Pb/2%6Pb age of 1015 + 12 Ma, while 3¢ and 3r yielded 1961 + 15 and 1008 + 8
Ma respectively.
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Figure 4-56: U-Pb concordia plot for zircon analyses of sample MTGG1. Error ellipses are at 1o

confidence level. The box refers to the detailed plot in Figure 4-57.
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Figure 4-57: U-Pb concordia plot for zircon analyses of sample MTGG1. Error ellipses are at 1o

confidence level.
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Figure 4-58: (a) photomicrograph of zircon (analysis number MTGG1-1) from sample MTGG1 (xpl)
showing euhedral elongate habit with minor cracks and inclusions (f.0.v. = ~200 ym). Even in transmitted
light, the complex nature of the zircon is evident; (b) CL image of the same zircon indicating the analysed
spot (analysis 1). Note that the spot samples outside the core, but across what may be two separate dark CL
rims (f.0.v.= 250 um). This analysis yielded a 207Pb/2%Pb age of 979 + 6 Ma.

4.7.1.2 Sample MTGG2

Zircons from sample MTGG?2 are quite large, ranging from 200 to 500 pm
in size, and are dark brown in colour. Length to width ratios range from 2:1 to 5:1
and crystals are sub- to euhedral, with conical tips (Figure 4-59). In CL, the
zircons appear very dark, but often contain a high-CL, concentrically zoned
irregular core. Six analyses were made on different zircons, including two cores
and four unzoned zircons, with numerous analyses aborted due to high counts of
204pp, Two cores analysed from sample MTGG2 yield 207pp2%pp ages of 1989 +
39 (99.3% concordant; MTGG2-16¢) and 1978 + 18 Ma (100.4% concordant;
MTGG2-10c), combining to give a concordia age of 1980 + 25 Ma, which is
comparable to the cores analysed from sample MTGG! (see above). The
concordia age is interpreted to date the crystallisation age of the Palaeoproterozoic
granite that was melted to form the Mutangoshi Gneissic Granite. 206 values on
the remaining four analyses are highly variable, ranging up to 8.24%, while Th/U
ranges from 0.01 to 0.55 (Table 13-21). All data plot close to concordia, but with
progressively lower Pb/U ratios with increasing proportion of common Pb (Figure
4-60). Data point MTGG2-19 plots at a significantly younger age than the other
three analyses, having experienced substantial Pb-loss, and is also the least precise
analysis. The other three points plot within 6% of concordia, and yield a concordia
age of 1055 + 13 Ma (MSWD=1.11) and weighted mean 2’Pb/2**Pb age of 1047
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+ 75 Ma (MSWD=3)(Figure 4-61). This latter age can be considered a reasonable

estimate for the crystallisation age of magmatic zircons in the melt pocket.

Figure 4-59:

(a) photomicrograph of zircon (analysis number 4) from sample MTGG2 (xpl) showing
euhedral elongate habit with cracks and minor inclusions (f.0.v. = ~250 ym); (b) CL image of the same zircon
indicating the analysed spot (analysis 4). Note the concentric zoning consistent with magmatic growth (f.o.v.=
400 pm). This analysis yielded a 27Pb/2%5Pb age of 1062 £ 12 Ma.
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Figure 4-60: U-Pb concordia plot for zircon analyses of sample MTGG2. Error ellipses are at 10

confidence level. The box refers to a detailed plot in Figure 4-61.
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Figure 4-61: U-Pb concordia plot for zircon analyses of sample MTGG2. Error ellipses are at 10

confidence level.

4.7.2 The Musalango Gneiss (sample LW10)

Sample LW10 was collected from a body of gneiss in the Luswa River
area, locally referred to as the Musalango Gneiss (Figure 4-4) and interpreted by
Daly (1986b) as equivalent to the Mutangoshi Gneissic Granite further northeast.
The Musalango Gneiss yielded zircons of up to 200 um in length, with width to
length ratios of up to 3:1. The crystals are yellow to light brown, sub- to euhedral
prismatic in shape, and variably cracked (Figure 4-62 (a)). CL imaging reveals an
overall high response, and faint oscillatory zoning patterns, suggesting magmatic
crystallisation (Figure 4-62 (b)). The majority of zircons also show homogenous
zones with darker CL response, interpreted as recrystallised zones. Thirteen
analyses were carried out on different zircon grains during two analytical sessions
and are characterised by low U (50-164 ppm) and Th (35-96 ppm), with Th/U
ranging from 0.67 to 0.89 (Table 13-22). The zircons have variable f206 ranging
up to 0.43% in most cases, but higher values for analyses LW10-7 (1.84%) and
LW10-10 (1.60%). The low contents of U and Th result in a low precision for the
analyses, which scatter around concordia and define a weighted mean 27pb2%Ph

age of 1594 £ 30 Ma (MSWD=2.9)(Figure 4-63). The high MSWD value of 2.9
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reflects the wide scatter of the data and suggests poor data quality or that the data
contain more than one age group. Calculating a weighted mean 207pp/2%ph age for
eight data points with 206 values below 0.25% yields an age of 1610 + 26 Ma
with MSWD of 1.5. The data cluster around the concordia and yield a concordia
age of 1589 + 15 Ma, with MSWD value 9.3. The weighted mean 2*’Pb/**Pb age
of 1610 = 26 Ma, which has the lowest MSWD value, is considered to represent
the best estimate for the crystallisation age of the precursor to the Musalango

Gneiss.

Figure 4-62: (a) photomicrograph of zircon (analysis number 2) from sample LW10 (xpl) showing
euhedral habit with numerous cracks and minor inclusions (f.o.v. = ~300 pm); (b) CL image of the same
zircon indicating the analysed spot (analysis 2). Note the faint concentric zoning consistent with magmatic
growth and the dark recrystallised areas (f.o.v.= 200 pm). This analysis yielded a 27Pb/2¢Ph age of 1615 +
22 Ma.
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Figure 4-63; U-Pb concordia plot for zircon analyses of sample LW10. Emor ellipses are at 1o

confidence level.

4.7.3 Lukamfwa Hill Granite Gneiss

The Lukamfwa Hill Granite Gneiss comprises leuco- to mesocratic biotite
granites, with a strong foliation defined by aligned biotite flakes. The granite
gneiss is locally sheared, displaying proto-mylonitic fabrics, and commonly
contains two deformation fabrics. Four samples were collected from the
Lukamfwa Hill Granite Gneiss, three from the Serenje 1:100000 map sheet
(Figure 4-2, samples SER6-2¢c, SER6-3 and SR12) and one from the Ndabala
sheet (Figure 4-1, sample ND2).

4.7.3.1 Sample SER6-2¢

Sample SER 6-2¢ was collected a few kilometers south of Lukamfwa Hill
(Figure 4-2). The outcrop consists of pink biotite granite gneiss, with a clear S,
foliation defined by biotite along northerly trends, dipping shallow to the east. In
places a strong crenulation occurs, defining a steep S; crenulation cleavage along

northeasterly trends. Microcline phenocrysts are affected by the D, event and
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show alignment along S,. Discrete shear zones along a northeast direction have
resulted in grain reduction and proto-mylonitisation. Zircons from SER 6-2¢ can
be subdivided into three main types. A limited number of zircons contain an
igneous core, with oscillatory zonation typical for igneous crystallisation,
surrounded by a substantial zone recording a second phase of igneous
crystallisation (Figure 4-64). The majority of zircons have an apparently simple
primary igneous nature with well defined concentric zoning. A third zircon
population has very low CL response, poorly developed zonation and consists of
quite small (~50 micron} grains. Eleven analyses were performed on nine separate
zircons covering the first two morphological types. Th/U varies from 0.38 to 1.16
and 7206 ranges from 0.04 to 0.61%, with high values for two cores (SER62-41¢
(14.98%) and SER62-26¢ (0.99%))(Table 13-24). U and Th values are quite low
for analyses 26¢, 28 and 29 (< 100 ppm) and extremely high for analyses SER62-
32 and 41c. The high U content of 41c, coupled with the high 206 value of
14.49%, indicates substantial disturbance of the isotopic ratios in this core, which
plots well away from concordia (Figure 4-65). In both analysed complex zircons,
core and rim yielded statistically indistinguishable 2*’Pb/***Pb ages. Regression of
all data points yields an upper intercept of 1660 + 12 Ma and a lower intercept of
73 + 150 Ma (MSWD=2.9). A weighted mean *’Pb/*°°Pb age on all data points
yields 1659 + 11 Ma (MSWD=2.86). Using only the eight near concordant
(>95%) points, a concordia age of 1664 £ 6 Ma with MSWD of 0.01 is obtained.
All calculated ages are within error of each other, and the concordia age of 1664 *
6 Ma is taken as the best estimate for the crystallisation age of the precursor
granite of the Lukamfwa Hill Granite Gneiss recorded by sample SER 6-2c.
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Figure 4-64: (a) photomicrograph of a zircon (analysis SER62-41) from sample SERG-2¢ (xpl) showing
euhedral habit with minor cracks and inclusions (f.0.v. = ~300 pm); (b) CL image of the same zircon showing
the location of analysed spots in the core and magmatic rim. Note the concentric zoning on the rim, and very
dark luminescence of the core (f.0.v.= 300 pm). 207Pb/25Pb ages obtained were 1660 + 145 and 1625 + 37

Ma respectively.

SER6-2c: Lukamfwa Hill Granite Gneiss
Concordia age: 1664 + 6 Ma; MSWD=0.01; B data points, SER62-29, 36 and 41c excluded (dashed ellipses)
Inset shows linear regression line for 10 data points corresponding to an upper intercept age of 1660 + 12 Ma; MSWD=2.9
Grey ellipses denote analyses on magmatic cores
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Figure 4-85: U-Pb concordia plot for zircon analyses of sample SER6-2c. Error ellipses are at 10

confidence level,
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4.7.3.2 Sample 6-3

Sample 6-3 was collected from Lukamfwa Hill, which forms an inselberg
rising thirty meters above the plateau (Figure 2-10 and Figure 2-54) and consists
of a coarse-grained quartz-microcline-plagioclase-biotite granite gneiss, with the
main foliation crenulated by an S; cleavage. The bulk of Lukamfwa Hill consists
of porphyroclastic granite gneiss, with large cm-size phorphyroclasts of K-
feldspar set in a strongly deformed biotite-plagioclase-quartz matrix. Locally,
high-strain shear zones cut the granite, giving rise to mylonitic zones of fine-
grained feldspathic gneiss, in which pegmatitic quartz veins have developed. Two
main types of zircon grains were separated from sample SER 6-3. A large fraction
of zircons has quite small grain sizes {~100 micron), and has a very low CL
response. In transmitted light, this population is brownish in colour and in places
appears slightly metamict, suggesting high uranium content. A faint oscillatory
zoning suggests these zircons are of primary (magmatic) origin. A second zircon
population consists of larger prismatic grains (~ 200 micron in length), with well-
developed oscillatory alternation of high-CL and low-CL zones (Figure 4-66).
Part of this population displays localised recrystallisation and homogenisation.
Ten analyses were conducted on ten zircon grains showing oscillatory zoning. The
proportion of common Pb is generally quite low, ranging from 0.06 to 0.36%
(Table 13-25). U and Th contents are between 200 and 500 ppm, with Th/U
ranging from 0.59 to 1.11. The data form a tight age cluster (Figure 4-67) for
which a weighted mean 2“Pb/”2™Pb age of 1653 + 7 Ma is calculated
(MSWD=1.23). With all data points at least 97% concordant, a concordia age of
1652 £ 6 Ma can be calculated with an MSWD of 1.3. This concordia age is
considered the best estimate for the igneous crystallisation age of the precursor

granite of the Lukamfwa Hill Granite Gneiss at the sample locality.
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Figure 4-66: (a) photomicrograph of a zircon (analysis SER63-29) from sample SERG-3 (xpl) showing
euhedral habit with cracks and minor inclusions (f.0.v. = ~200 pm); (b) CL image of the same zircon showing
the location of the analysed spot. Note the concentric zoning (f.0.v.= 300 um). This spot yielded a 27Pb/206Ph
age of 1632 + 13 Ma.
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0.314
=
g
=5 o020+
o.
<«
]

0.27 4

3.I6 3.8 4jD 4.2 4.4 4.6
207Pb’235U
Figure 4-67: U-Pb concordia plot for zircon analyses of sample SER6-3. Error ellipses are at 10

confidence level.
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4.7.3.3 Sample SR12

Sample SR12 was collected some 15 km west of Lukamea Hill, from a
small isolated outcrop consisting of strongly foliated, pinkish grey biotite granite
gneiss (Figure 4-1 and Figure 4-2). Zircons from sample SR12 are elongate,
prismatic, and measure up to 350 pm in length, with length to width ratios of up to
5.1, The crystals are clear to pale yellow, have few inclusions and are variably
cracked. CL imaging shows simple concentric zoning patterns, with very narrow
low CL rims (Figure 4-68). Seven analyses were conducted on seven different
zircons. Th/U ratios range from 0.63 to 1.19 and f206 is quite low (<0.82%)
(Table 13-26). All data are near concordant (>97% concordant) and define a well-
constrained weighted mean 2Pb/”Pb age of 1639 = 14 Ma
(MSWD=0.91)(Figure 4-69). Pb-loss has displaced three analyses (SR12-2, 3 and
8) away from concordia and allows a linear regression, which yields an upper
intercept age of 1639 £ 26 Ma and lower intercept of 903 = 660 Ma
(MSWD=0.019). Both the upper intercept and weighted mean 2*’Pb/**Pb age are
within error of each other, but the regression has a larger error due to limited
spread of data and relatively poor precision of each analysis. The weighted mean
207pp,epy, age is therefore taken as the best estimate for the crystallisation age of
the precursor granite of the Lukamfwa Hill Granite Gneiss recorded by sample
SR12.
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Figure 4-68: CL image of zircons from sample SR12 showing the location of seven analysed spots.
(f.0.v.= 1500 pm).
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Figure 4-69: U-Pb concordia plot for zircon analyses of sample SR12. Error ellipses are at 10
confidence level.
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4.7.3.4 Sample ND2

Sample ND2 was taken from a small quarry in the Ndabala 1:100000 map
sheet where the granite gneiss is dark grey, strongly foliated, and consists of
plagioclase, microcline, quartz and biotite. Various aplitic dykes and small
pegmatites cut the gneiss along discrete shear zones. The dykes contain minor
amounts of chalcopyrite and are undeformed. The gneiss is strongly deformed,
with K-feldspar drawn into an augen texture, and biotite defining a strong
foliation along northeasterly trends. Zircons from sample ND2 are between 100
and 300 pm in size and euhedral in shape (Figure 4-70). Bipyramidal terminations
and concentric zoning patterns under CL attest to a probable magmatic origin. The
length to width ratios of the zircons reach up to 5:1, and the crystals range from
clear and colourless to cracked and dark yellow (Figure 4-70). Most zircons have
small inclusions. Four analyses were conducted on different zircon grains (Table
13-27). The proportion of common Pb is very low, ranging up to 0.091%, and U
and Th range from 103 to 229 ppm and 82 to 196 ppm respectively, giving Th/U
ratios between 0.80 and 0.88. The data are near concordant, and define an age
group with a weighted mean *“Pb/%Pb age of 1631 + 15 Ma
(MSWD=0.30)(Figure 4-71). A concordia age of 1627 + 12 Ma with an MSWD
value of 0.73 can be calculated on the data points, and is taken as a reliable

estimate for the igneous crystallisation age of the protolith granite.

Figure 4-70: (a) photomicrograph of zircons from sample ND2 (xpl) showing euhedral crystals with
minor cracks and inclusions (f.0.v. = ~1200 uym); (b) CL image of zircons from sample ND2 showing three
analysed spots. Note the concentric zoning (f.0.v.= 800 pm).
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Figure 4-71: U-Pb concordia plot for zircon analyses of sample ND2. Emor ellipses are at 1o

confidence level,

4.8 Mildly deformed to undeformed Irumide granitoids

The majority of granitoids exposed in the Irumide belt form large, often
interconnected batholiths, consisting of coarse-grained, K-feldspar-phyric biotite
granites, which remain remarkably similar along strike in the belt. Because
extensive mapping in the northeastern Irumide belt was conducted by Daly
(1995b; 1995a), who mapped four 1:100000 geological map sheets, granitoid
bodies in that part of the belt have been given formal names, whereas no such
nomenclature has been applied to the southwestern Irumide belt. For that reason,
the porphyritic granites of the Irumide belt are discussed below according to
formal nomenclature for the northeastern Irumide belt, whereas the porphyritic

granitoids in the southwestern Irumide belt are discussed in separate sections.
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4.8.1 The Lufila Granite (Bemba batholith, sample SHS8)

The Lufila Granite was sampled (sample SH8) from one locality to the
west of Chinsali (Figure 4-4). At the sampling site, the Lufila Granite consists of
reddish unfoliated biotite granite, which crops out as rounded boulders. The K-
feldspar phenocrysts define a crude primary flow fabric. Very few zircons were
extracted from the granite and range in size from 50 to 100 pm (Figure 4-72 (a)).
The length to width ratio ranges from 3:1 to 2:1 and the zircons are generally clear
and pale yellow, with minor cracks and inclusions. In CL, the crystals show low
response indicative of relatively high U content (Figure 4-72 (b)). Only two
analyses were conducted, and yield relatively high /206 values of 0.95 and 1.25%.
U and Th range from 269-689 ppm and 219-235 ppm respectively, giving Th/U
ratios between 0.35 and 0.84 (Table 13-28). The two analyses are 6 and 20%
discordant and define a weighted mean *’Pb/*"Pb age of 1001 + 44 Ma
(MSWD=0.88)(Figure 4-73). The same granite was dated using nine whole-rock
Rb-Sr analyses and yielded an age of 947 + 89 Ma with an MSWD of 2.0 (Daly,
1986b). Taken together, these data appear to support a crystallisation age of the
Lufila Granite of around 1000 Ma. A more rigorous age estimate awaits additional

work.

Figure 4-72; (a) photomicrograph of zircons from sample SH8 (xpl) showing sub-euhedral habit with
cracks and minor inclusions (f.o.v. = ~800 pm); (b) CL image of zircons from sample SH8 showing the
location of analysis SH8-2. Note the faint concentric zoning (f.0.v.= 500 pm).
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Figure 4-73: U-Pb concordia plot for analyses of SH8. Error ellipses are at 10 confidence level.

4.8.2 Luswa River leuco-syenite gneiss (sample LW2)

Sample L.W2 was collected from a leuco-syenite gneiss in the Luswa River
area (Figure 4-4). The gneiss forms a kilometre-sized lens-shaped body and
occurs adjacent to strongly foliated granite mapped as part of the Musalango
Gneiss. The leuco-syenite gneiss is very rich in feldspar and characterised by
spectacular perthite development. Zircons collected from sample LW2 are yellow
to brown, sub- to euhedral, and have length to width ratios of up to 3:1 (Figure
4-74 (a)). Because their original size often exceeded 500 um, most zircons were
cracked and broken into pieces that could pass through 300 pm mesh. Some of the
crystals contain abundant small inclusions, imparting a cloudy look. CL response
is variable and reveals portions with concentric zoning, consistent with magmatic
growth (Figure 4-74 (b)). Analyses were conducted on clear, uncracked sections
of the crystals, exhibiting oscillatory zoning patterns. Eight analyses were done on
different zircon grains and indicate variable common lead (206 values of 0.03 to
1.29%) and Th/U (0.18 to 3.36)(Table 13-29). Analysis LW2-2 yielded very low
U (68 ppm) and relatively high 206 (0.84%). For these reasons it was excluded

from the calculations. The data plot close to concordia (with the exception of
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LW2-2) and yield a weighted mean 2Pb/’®Pb age of 953 + 19 Ma
(MSWD=0.62)(Figure 4-75). A linear regression of seven data points results in an
upper intercept age of 951 + 27 Ma, and a lower intercept age of 289 + 720 Ma
(MSWD=0.63). A concordia age of 943 + 5 Ma (MSWD=0.23) can be calculated
for three near concordant points (LW2-5, 5 and 6). The latter result is taken as the

best estimate for the crystallisation age of the Luswa River leuco-syenite gneiss.

Figure 4-74: (a) typical zircons from sample LW2 (xpl) showing subhedral habit with cracks and minor
inclusions (f.0.v. = ~200 um); (b) CL image of zircons of sample LW2 showing the location of analyses. Note
the faint concentric zoning, disrupted by recrystallisation (f.0.v.= 500 pm).
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Figure 4-75: U-Pb concordia plot (Tera-Wasserburg) for zircon analyses of sample LW2. Error ellipses

are at 10 confidence level. Data are corrected for common Pb.
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4.8.3 The Chilubanama (grey) Granite

The Chilubanama Granite (Daly’s “Grey” granite (1986b)) was sampled
from three different localities in the Chinsali and Luswa River sheets (samples
ZM32, MTG4 and LW1; Figure 2-12 and Figure 4-4). In all localities, the unit
consists of grey, biotite granite, with minor garnet in the case of MTG4. The
Chilubanama Granite is commonly unfoliated and in places shows primary

igneous fabrics.

4.8.3.1 Sample ZM32

Zircons extracted from sample ZM32 were few and of varying
motphology. One type of grain is large, rounded, and pale brown in colour due to
numerous inclusions, while a second type is elongate, prismatic and very clear,
with no inclusions (Figure 4-76). A total of five analyses were conducted on
different grains, and an additional analysis (ZM32-1.1) was done on a core of a
complex grain, while a rim analysis on the same grain was aborted due to high
counts on *Pb. One completed analysis that recorded high 206 of 23.88%
(ZM32-4.1) is not further discussed here. For the remaining five analyses, /206
ranges from 0.04 to 1.02% and Th/U from 0.52 to 1.10 (Table 13-30). The Th/U
values are consistent with magmatic crystallisation of these zircons, but their
highly variable morphology suggests multiple sources (Figure 4-76), which is
confirmed by the age data. The oldest grain {ZM32-5.1) records a 207pp/2%PY age
of 2036 + 30 and is 95% concordant (Figure 4-77). As the analysis is 95%
concordant, the calculated 2*’Pb/*°°Pb age represents the minimum age of this
grain, and the zircon is interpreted as a xenocryst derived from the source rock
that was melted to form the Mutangoshi Gneissic Granite. The second oldest grain
analysed is the core analysis ZM32-1.1 discussed above (Figure 4-76 (b)). This
core yielded a 2"’Pb/*®Pb age of 1859 % 19 Ma (94% concordant). This analysis
has a relatively high 206 of 0.32%, resulting in a relatively large correction for
common Pb, and this age is taken as the minimum age of crystallisation of this

zircon, which is interpreted as a xenocrystic core. A third analysis of a xenocrystic
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zircon was conducted on ZM32-2.1 and yielded a 2*’Pb/?%Pb age of 1649 + 23 Ma
(98% concordant). With a low 206 and high concordance, this age is taken to
closely approximate the crystallisation of this zircon. The two other zircons are
significantly younger and record poorly constrained **’Pb/”°°Pb ages of 946 + 50
Ma and 853 + 85 Ma. Both display elevated 206 values (1.02 and 0.75%
respectively), and are slightly reversely discordant (104% and 108% concordant).
The large uncertainties on these data mean that the analyses are difficult to
interpret, but suggest that the Chilubanama Granite was emplaced at ~1.0 Ga. The
data on three xenocrysts indicate that the Chilubanama Granite sampled at least
three different sources in its ascent. The oldest sources can be ascribed to the
original source rock of the Mutangoshi Gneissic Granite and to felsic units in the
Bangweulu block, generally bracketed between 2050 and 1850 Ma. The 1859 +
19 Ma grain corresponds closely to the age of volcanics reported in this study. The
age of 1649 + 23 Ma obtained on ZM32-2.1 corresponds to the protolith age of
the Musalango Gneiss, dated at 1610 + 26 Ma in the Luswa River 1:100000 map
sheet to the west. It may be noted that in an alternative interpretation the
Chilubanama Granite could have been derived from partial melting of a single

sedimentary source containing detritus of various ages.

Figure 4-76: {a) photomicrograph of zircons from sample ZM32 (xpl) showing sub-euhedral habit with
cracks and minor inclusions {f.o.v. = ~1500 um); box indicates the area of next photograph (b} detail of zircon
ZM32-1.1 (center), which was analysed twice, once on the core (1859 £ 20 Ma), and once on the rim
{abandoned due to high 24Pb counts)(f.0.v.=~400 ym). Note the highly variable morphology and clarity of the
erystals, suggesting multiple sources.
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Figure 4-77: U-Pb concordia plot for zircon analyses of sample ZM32. Error ellipses are at 1o

confidence level, 227Ph/2%6Pb ages and concordance are indicated.

4.8.3.2 Sample MTG4

Zircons from MTG4 are equant to elongate, euhedral and concentrically
zoned. They range from colourless and transparent to light yellowish in colour and
are predominantly clear and relatively free of inclusions (Figure 4-78). Length to
width ratios vary up to 4:1, with crystals ranging in size from 100 to 400 pm. CL
imaging reveals rounded and irregular, zoned and unzoned cores in about 75% of
the grains, surrounded by rims with low CL response (Figure 4-78). High 204pp
counts resulted in the termination of many analyses, and only five core/rim pairs,
together with one core and two rims from three different grains were analysed.
/206 ranges up to 4.33%, but does not exceed 1% for ten out of thirteen analyses.
Uranium and thorium range from 124 to 1201 ppm and 9 to 820 ppm respectively,
with Th/U ratios ranging from 0.02 to 1.34. Th/U ratios for analyses MTG4-4r, 8r,
9r and 10r are below 0.1, suggesting these zircon rims developed during
metamorphism. The equally low Th/U ratio of core MTG4-10c may reflect solid-
state recrystallisation of this zircon during the metamorphic event that created the
rims. The oldest cores analysed (MTG4-7¢, MTG4-4c and MTG4-1c) yielded
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207ph/2%Ph ages of 2045 + 11 Ma (106% concordant), 2017 = 17 Ma (97%
concordant) and 2010 + 8 Ma (98% concordant)(Figure 4-79). The 206 for these
analyses ranges from 0.03 to 0.66% and the calculated ages are interpreted as
approximating the original crystallisation ages of these zircons. Another core
(MTG4-8¢) yielded a 2"’Pb/**®Pb age of 1425 + 47 Ma (98 % concordant), but has
a high 206 value of 2.48%. The Chilubanama Granite thus appears to have
sampled sources with estimated ages of ~2050-2000 Ma (cores MTG4-1c, 4¢ and
7c) and 1425 + 47 Ma (core MTG4-8c). The remaining nine data points, which
comprise four cores (MTG4-5¢, 6¢, 9¢ and 10c) and five rims (MTG4-1r, 4r, 8r,
9r and 10r) are over 90% concordant and define a coherent age group with
weighted mean “’Pb/*Pb age of 1019 + 13 Ma (MSWD=L1.6). Excluding
analysis MTG4-5c¢ based on its high f206 value of 4.33%, a concordia age of 1010
+ 11 Ma can be calculated (MSWD=1.4). The low MSWD of both 207pb/2%Pb and
concordia ages, which include analyses on magmatic cores and metamorphic rims,
indicates that the low Th/U rims developed very soon after crystallisation of the
magmatic zircon and that the ages of igneous crystallisation and metamorphism
are statistically indistinguishable. Three analyses (MTG4-1r, 6¢c and 9c¢), from
zircon with Th/U ratios ranging from 0.12 to 1,22 and interpreted as magmatic,
yield a concordia age of 1010 £ 22 Ma (MSWD=0.19). The low Th/U zircon rims
(MTG4-4r, 8r, 9r and 10r), which could have formed during metamorphism,
define a concordia age of 1004 + 16 Ma (MSWD=0.81)(Figure 4-80), within error
of the age on magmatic zircon in the Chilubanama Granite. The granite thus could
have been emplaced during a metamorphic event dated at 1004 = 16 Ma, with the
concordia age of the three magmatic zircons recording crystallisation of the
Chilubanama Granite at 1010 + 22 Ma.
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&

Figure 4-78: (a) photomicrograph of zircon from sample MTG4 (xpl) showing subhedral habit with
cracks and minor inclusions (f.0.v. = 250 um); (b) CL image of zircons from sample MTG4 showing analysed
spots. Note the complex character of most zircons, and the dark CL rims, most of which are interpreted to
have grown during a metamorphic event. Note analyses 8¢ and 8r, which yielded 27Pb/2%Pb ages of 1425 +

47 and 1013 + 9 Ma respectively.
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Figure 4-79: U-Pb concordia plot for zircon analyses of sample MTG4. Error ellipses are at 10

confidence level.
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Figure 4-80: U-Pb concordia plot for concordant zircon (rim) analyses of sample MTG4. Error ellipses

are at 10 confidence level.

4.8.3.3 Sample LW1

Zircons from sample LW1 are of widely varying morphology, from
euhedral to anhedral, and range in size from 200 to 500 pm, with length to width
ratios from 1:1 to 3:1. Their colour is generally light brown due to numerous
inclusions and the zircons are invariably cracked. CL imagery reveals a very wide
range of response from very high CL to very low CL (Figure 4-81 and Figure
4-82). Six analyses were conducted on six grains and yielded 206 values ranging
from 0.28 to 0.97%, and Th/U ratios of 0.97 to 2.08 {Table 13-32). Analysis
LW1-2 displays high Th (1001 ppm), while LW1-4 has low U and Th (57 and 83
ppm respectively), resulting in poor precision. These two points plot more than
5% away from concordia and are excluded from age calculations. One analysis
(LW1-5) yields a 2’Pb/”"Pb age of 1005 + 21 Ma (99.6% concordant). This
zircon is subhedral, has a length to width ratio of 3:1 and has very low CL
response with faint concentric zoning (Figure 4-81). Its high Th/U ratio of 1.72,
together with the zoning, suggests a magmatic origin. A group of three near
concordant analyses (LW1-1, LW1-6 and LW1-7) yield a concordia age of 1526 +
12 (MSWD=0.07). These zircons are over 200 um in size, and have low CL
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response with faint oscillatory zoning (Figure 4-82). Based on the available data,
no unequivocal crystallisation age can be suggested for sample MTG4 of the
Chilubanama Granite. The apparent magmatic nature of the youngest zircon,
however, suggests that the granite crystallised at 1005 + 21 Ma. Whether the 1526
+ 12 Ma age for three magmatic zircons recorded in the sample reflects the
protolith age of an older granite that was partially melted to form the ~1.0 Ga
Chilubanama intrusion, or xenocrystic inheritance from country rock remains

unclear. In either interpretation, the Lubu Granite Gneiss (see sample ML2) could

represent the source for these zircons.

Figure 4-81: (a) photomicrograph of zircon LW1-5 (xpl) showing subhedral habit with cracks and
inclusions (f.0.v. = ~400 pm); (b) CL image of the same zircon showing the location of analysis LW1-5. Note
the faint concentric zoning (f.0.v.= 250 pm).

Figure 4-82: (a) photomicrograph of zircon LW1-7 (xpl) showing euhedral habit with cracks and
inclusions (f.0.v. = ~300 pm); (b) CL image of the same zircon showing the location of analysis LW1-7. Note
the concentric zoning and low CL response (f.0.v.= 400 pm).
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Figure 4-83: U-Pb concordia plot for zircon analyses of sample LW1. Error ellipses are at 1o

confidence level. Dashed ellipses denote analyses excluded from age calculations.

4.8.4 Porphyritic granites

Samples KK1, MH4, MH9¢, CC5, CC8, FW1, FW2, CHT6, KN2a, KNS5,
KN7, KN8, NDI1, ND4, NDS, SASA2, SER 5-3, SER 6-4, SQG, ZM36 and CHLS
are porphyritic granitoids, some foliated, some not, with quartz — plagioclase —
biotite making up the matrix, and microcline megacrysts that are often aligned
along a magmatic foliation (Figure 4-1, Figure 4-2 and Figure 4-3). Sample ND4
was taken from a porphyritic diorite and represents the most basic end member of
the suite. The weak foliation, sub- to euhedral shape of the K-feldspar phenocrysts
and strong magmatic fabrics observed in these granites suggest that they represent

syn-, late- and post-orogenic intrusions.

4.8.4.1 Sample KKI

Sample KK1 was taken from a flat lying outcrop along the sealed road
between Kabwe and Kapiri Mposhi and consists of foliated porphyritic biotite

granite. The granite contains elongate fine-grained angular xenoliths of mafic
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material, possibly broken-up mafic dykes. A steep south-dipping foliation with an
easterly trend is defined by strongly aligned biotite, wrapping around euhedral
large microcline phenocrysts. Zircons from sample KK1 are large, between 200
and 500 um in size, and euhedral in shape. Their length to width ratio varies from
4:1 to 1:1, and the crystals are colourless to pale yellow in transmitted light
(Figure 4-84). Most zircons contain a small number of large inclusions and some
limited cracks, but have large zones that are essentially free of inclusions and
cracks. CL imaging brings out distinct oscillatory zoning and, in a few cases, a
small rounded core surrounded by a wide concentrically zoned (magmatic) rim
(Figure 4-84). Six analyses were conducted on six unzoned zircons and yield
common 206 values of up to 0.92% (Table 13-33). U and Th are low, ranging
from 56 to 262 ppm and 74 to 208 ppm respectively, with Th/U ratios between
0.50 and 1.35. The data vary from 4% reversely discordant to 6% normally
discordant and yield a weighted mean 2"’Pb/”°Pb age of 1021 + 25 Ma with an
MSWD value of 1.10 (Figure 4-85). The low U content results in relatively
imprecise isotopic ratios and a corresponding poor precision of 207pp/ 2Pl ages.
Excluding the most discordant data point (KK 1-6) improves the MSWD value on
the weighted mean and yields an age of 1003 £ 31 Ma (MSWD=0.46). This result

provides the best estimate for the igneous crystallisation age of the granite.
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Figure 4-84: (a) photomicrograph of zircon from sample KK1 (xpl) showing euhedral crystals with
minor cracks and inclusions (f.0.v. = ~1600 pm); (b) CL image of zircons from sample KK1 showing the
location of analysis KK1-6. Note the prominent concentric zoning (f.0.v.= 1500 pm).
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Figure 4-85: U-Pb concordia plot for zircon analyses of sample KK1. Error ellipses are at 10
confidence level. Dashed ellipse denotes analysis excluded from age calculation.

4.8.4.2 Sample MH4

Sample MH4 was collected from a flat outcrop of foliated porphyritic
granite, cut by various aplite dykes, which are folded along axes plunging
shallowly to the north. Microcline phenocrysts are euhedral and aligned along an

east-west direction, defining a shallow northerly-dipping fabric interpreted as a
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primary magmatic foliation. In size, the zircons vary from 200 to 300 pm and
have length to width ratios of up to 3:1. In transmitted light, they are clear, pale
yellow, variably cracked and some contain minor inclusions (Figure 4-86 (a)). CL
imaging brings out well-defined oscillatory zoning patterns and a minority of the
zircons appear to be composite in nature (Figure 4-86 (b)). In the composite
grains, a semi-rounded, but essentially euhedral, core can be distinguished, which
is surrounded by a concentrically zoned wide rim. The majority of complex zircon
grains show abrupt changes from cores with high CL response to overgrowths
with low CL response, both displaying well-defined oscillatory zoning patterns,
indicating rapid fluctuations of trace elements in the melt as crystallisation
progressed (Figure 4-86 (b)). Six unzoned zircons were analysed during two
sessions, yielding two near concordant and four increasingly discordant analyses
(Table 13-34). The f206 values range from 0.089 to 2.762% and U from 88 to
1418 ppm. Th/U ratios range from 0.32 to 1.67 consistent with magmatic growth.
Because of the large spread in isotopic composition, the six data points yield a
well-defined regression line with upper intercept at 1031 + 31 Ma and lower
intercept at 41 + 300 Ma (MSWD=1.09)(Figure 4-87). The upper intcrcept
corresponds well with the weighted mean 27pp/ 2Py age of 1030 + 30 Ma
calculated from all data points (MSWD=0.88). The two most concordant data
points yield a concordia age of 1017 + 19 Ma (MSWD=0.053), within error of the
upper intercept age. The latter result provides the best estimate for the igneous

crystallisation age of the granite.
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Figure 4-86: (a) photomicrograph of zircon from sample MH4 (xpl) showing euhedral crystals with
minor cracks and inclusions (f.0.v. = ~1600 pm); (b) CL image of zircons from sample MH4 showing the
location of analysed spots. Note the prominent concentric zoning (f.0.v.= 1500 pm).

0.20

MH4: Porphyritic granite (Mita Hills area) =
| Concordia age on two data points (MH4-1 and 3) = 1017 £ 19 Ma (MSWD=0. 053)[gray ellipses) £
Weighted mean *'Pb/™Pb age of all six dala poinis = 1030 + 30 Ma; MSWD=0.

Upper intercept age 1031 £ 31 Ma, Lower intercept age : 41 + 300 Ma; 6 dala polnb MSWD=1.09 (dashed line)

0.18+4

0.16

0.14

WeppB8Yy

0.124

0.10 4

0.9 1.1 1.3 1.5 o 504 1.9 2.1

207PbI235U

Figure 4-87: U-Pb concordia plot for zircon analyses of sample MH4. Error ellipses are at 10
confidence level.
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4.8.4.3 Sample MH9c

Sample MHOc is taken from a large whaleback outcrop of megacrystic
granite, with abundant megacrysts of microcline of up to 5 ¢cm in length. The
granite is cut by numerous shallow-dipping aplitic dykes, which appear to follow
a flat-lying primary magmatic fabric defined by aligned megacrysts. A shallow
foliation, oriented east-northeast and dipping north, is defined by alignment of
biotite flakes and cuts the magmatic fabric. Zircons from MH9c range in size from
150 to 300 pm and have length to width ratios between 3:1 and 2:1. Most crystals
are euhedral, with sharp terminations and minor cracks. Small inclusions are
common, but all zircons are reasonably clear, varying from colourless to pale
yellow (Figure 4-88 (a)). CL imaging reveals oscillatory zoning patterns,
truncated by homogenous zones with relatively low CL-response, indicating some
degrec of recrystallisation (Figure 4-88 (b)). All zircons have a simple internal
structure and appear to have crystallised from a single event. Seven analyses were
conducted over two separate sessions, and have low to moderate f206 values
ranging from 0.019 to 1.354 % (Table 13-35). U and Th contents are variable,
ranging from 120-808 ppm and 79-632 ppm respectively, giving relatively
uniform Th/U ratios between 0.68 and 0.84. The data plot close to concordia,
ranging from 95.3 to 101.9% concordant (Figure 4-89). A weighted mean
27pb2%Pb age of 1029 + 14 Ma can be calculated for all data, with a low MSWD
value of 0.2, A regression line through all data points gives an upper intercept age
of 1036 + 12 Ma, with a lower intercept age of 159 + 630 Ma (MSWD=0.63).
This upper intercept age is within error of the calculated weighted mean
2%p1/2%°Pb age of all data points, which, based on its lower MSWD value, is taken

to be the best estimate of the crystallisation age of the megacrystic granite.
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Figure 4-88: (a) photomicrograph of zircon from sample MH9c (xpl) showing euhedral crystals with
minor cracks and inclusions (f.0.v. = ~1000 um); (b) CL image of zircons from sample MH9¢ showing the
location of analysed spots. Note the prominent concentric zoning (f.0.v.= 800 pm).
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Figure 4-89: U-Pb concordia plot for zircon analyses of sample MH9c. Error ellipses are at 10

confidence level,

4.8.4.4 Sample CC5

Sample CC5 was collected from a large flat outcrop of porphyritic granite,
intruded by various aplite dykes. The granite also contains small, late melt veins,
in which abundant garnet was observed. Zircons from the granite are pale yellow

to colourless and range in size from 100 to 400 pm. Their length to width ratios

187



PhD thesis: The Irumide belt of Zambia

are greater than 3:1. In CL images, they reveal concentric zoning patterns and
homogenous zones of possible late-stage magmatic zircon growth. CL response
ranges from high to low (Figure 4-90). Six analyses were conducted on five
zircons. The f206 values range up to 0.68%, while U and Th contents vary from
145 to 338 ppm and 57 to 207 ppm respectively. A pair of analyses on core and
rim (CC5-3.1 and 3.2) yielded 2Pb/”’Pb ages of 996 + 52 and 1114 + 29 Ma.
Th/U ratios are between 0.40 and 0.62, consistent with magmatic zircon (Table
13-36). A concordia age of 1038 + 17 Ma (MSWD=0.58) can be calculated on all
data points (including the core), which provides a reliable estimate for the

crystallisation age of the granite.

AccV Spot Magn Det WD Exp FH——— 500pm
150kVv 6.0 b5O0x CL 165 1

Figure 4-90: CL image of zircons from sample CC5 showing analysed spots.
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U-Pb concordia plot for zircon analyses of sample CCS. Error elipses are at 10

4.8.4.5 Sample CC8

Sample CC8 was collected from a flat outcrop of foliated porphyritic
biotite granite. Zircons from the granite are large, ranging in size from 200 to 400
um, The crystals are prismatic, with length to width ratios larger than 3:1. The
zircons are pale yellow to brownish and contain abundant inclusions and some
cracks {(Figure 4-92 (a)). Some zircons consist of a magmatic core, rimmed by a
large magmatic rim, with both displaying concentric zoning in CL (Figure 4-92
(b})). Six analyses were conducted on six clear zircons (Table 13-37). Five data
points display low 206 values from zero to 0.06%, and one spot (CC8-5.1) shows
an elevated common lead content of 0.65%. This data point plots slightly off
concordia and is characterised by poor precision (Figure 4-93). The other five
analyses range from 97.2 to 100.3 % concordant, and define a concordia age of
1035 £ 12 Ma (MSWD=0.67), which can be considered the best estimate for the

age of crystallisation of the granite.
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Figure 4-92; (a) photomicrograph of zircons from sample CC8 (xpl) showing euhedral crystals with
minor cracks and inclusions (f.o.v. = ~1000 pm); (b) CL image of zircons from sample CC8 showing the
location of analysed spots. Note the prominent concentric zoning (f.0.v.= 1200 pm).
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Figure 4-93: U-Pb concordia plot for zircon analyses of sample CC8. Error ellipses are at 1o

confidence level.
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4.8.4.6 Sample MK7

Sample MK7 was collected from foliated reddish biotite granite in the
Mkushi map sheet (Figure 2-9). The granite is intruded by various cross-cutting
small pegmatites. Both the granite and the pegmatites are deformed, and a series
of mafic xenoliths occur along the foliation, which trends east-northeast, dipping
steeply east. Few zircons were retrieved from the sample, and range in size from
200 to 300 pm (Figure 4-94). They appear dark brown due to numerous cracks
and inclusions. CL imaging suggests that the zircons have elevated uranium and
trace element content, as they are characterised by very low CL response (Figure
4-94 (b)). Six analyses were conducted on five zircons, and show high f206 values
ranging from 0.53 to 1.09% (Table 13-38). U and Th range from 192-1815 ppm
and 64-422 ppm respectively, giving a highly variable Th/U range between 0.04
and 2.16. The lowest Th/U ratio (0.04) was obtained from the analysis on a rim
(MK7-2r), which also yields the lowest amount of common Pb and plots closest to
the concordia (98.8% concordant). This rim analysis yielded a **’Pb/*"Pb age of
893 * 17 Ma and is interpreted to approximate the timing of a metamorphic and/or
metasomatic event responsible for its growth. The remaining five analyses plot at
least 5% away from concordia and do not appear to define a coherent age
population (Figure 4-95). Analysis MK7-1 yielded a **’Pb/*%Pb age of 1035 + 32
Ma (94.1 % concordant) and possibly approaches the emplacement age of the
granite. One data point defines an older 207pp2%ph age of 2003 + 36 Ma. This
zircon analysis was taken from a magmatic core and is inferred to be a xenocrystic
component, possibly derived from the ~2.05-1.93 Ga Mkushi Gneiss. The
remaining data points define poorly constrained ages between 891 = 110 and 1193
+ 63 Ma, but plot at least 20% off concordia. Because of the discordance of these

points, and their poor precision, no interpretation is made here for these data.
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Figure 4-94: (a) photomicrograph of zircons from sample MK7 (xpl) showing euhedral crystals with
numerous cracks and inclusions (f.o.v. = ~1600 pm); (b) CL image of zircons from sample MK7 showing the
location of analysed spots MK7-2 and 2r. Note the prominent concentric zoning in the core, and dark CL
aspect of the rim (f.0.v.= 600 pm).

MKT: Biotite granite (Mkushi map sheet)

0.28 |

0.24 |

0.20 12?.
/

LU / 1035 + 32 Ma (94.1% concardant)
893 + 24 Ma (98.9% concordant) /(.

P
il
800 ./

206p}y 238

0.16

0.12 .

£

600 g

1 2 3 4 5 1
207p 235

Figure 4-95: U-Pb concordia plot for zircon analyses of sample MK7. Error ellipses are at 10
confidence level.
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4.8.4.7 Sample FW]

Sample FW1 was collected from a flat outcrop of coarse porphyritic
foliated granite. A biotite foliation in this rock is oblique to an older magmatic
foliation defined by aligned microcline phenocrysts that are themselves
undeformed. The granite is cut by aplite dykes (see sample FW2 below). Zircons
from sample FW1 are light yellow to light brown, sub- to euhedrai, and elongate
in shape (Figure 4-96 (a)). Length to width ratio varies up to 3:1, and the size
ranges from 100 to 250 um. The zircons range from clear, with little or no
inclusions, to heavily included and cloudy. CL imaging shows relatively low
luminescence, with faint concentric zoning patterns (Figure 4-96 (b)). All zircons
appear to have crystallised during a single magmatic event. Seven analyses were
conducted on different zircons and yield variable U and Th contents of 203-2020
ppm and 148-499 ppm respectively (Table 13-39). Th/U ratios range from 0.12 to
1.82, and f206 values up to 1.112%. The analyses range from 9% reversely
discordant to concordant, with four zircons within 5% of concordia (Figure 4-97).
The three discordant data points (FW1-1, 3 and 7) yield a weighted mean
207pp/ 2Pl age of 964 + 29 Ma (MSWD=0.94). Because of the relatively large
reverse discordance, it is unclear whether this age has geological meaning. The
four concordant points align on a regression line with an upper intercept age at
1038 + 58 Ma and a lower intercept age at 611 + 850 Ma (MSWD=0.27). Their
weighted mean 2"’Pb/%Pb age is 1052 + 18 Ma (MSWD=0.75). Although the
data do not allow for calculation of a well-constrained age, the upper intercept of
1038 + 58 Ma is taken as the most reliable estimate of the age of emplacement of

the porphyritic granite.
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Figure 4-96: (a) photomicrograph of zircons from sample FW1 (xpl) showing a wide variety of crystals
(f.o.v. = ~1500 pm); (b) CL image of zircons from sample FW1 showing the location of analysed spots. Note
the prominent concentric zoning at the analysed sites (f.0.v.= 750 ym).
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Figure 4-97. U-Pb concordia plot for zircon analyses of sample FW1. Error ellipses are at 1o

confidence level.

4.8.4.8 Sample FW2

Sample FW2 was taken from an aplite dyke cutting a porphyritic granite
(see sample FW1 above). Zircons from the aplite (sample FW2) are sub- to
euhedral and can be split into three populations based on morphology. The first
population consists of large (300um), semi-rounded zircons (Figure 4-98 (a)),
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which are brown to reddish brown in colour. These zircons contain some minor
inclusions and are variably cracked. Another population is small to large (100-400
um), subhedral and rounded {Figure 4-98 (a)), but is colourless to pale yellow.
This population contains only minor inclusions, and very few grains are cracked.
The smallest population comprises small (100 pum), euhedral, clear grains, with
length to width ratios up to 3:1, and may have crystallised directly from the melt
that formed the aplite. None of this latter population of primary zircons was
analysed. Under CL, the differences between the zircon populations are
highlighted (Figure 4-98 (b)). The large brown zircons range from low to high
CL, and show complicated internal structure, with core-rim relationships and
abrupt changes in trace element content, resulting in sharp CL contrasts. The large
colourless zircons are generally simple in structure, and show low CL response.
The small, elongate crystals show oscillatory zoning patterns and are generally
low in CL. Thirteen analyses were conducted on thirteen zircons (Table 13-40),
while numerous analyses were aborted due to high counts on ***Pb. The analyses
yield U and Th contents of 77-1375 ppm and 22-237 ppm respectively. Th/U
ratios range from 0.07 to 2.16 and f206 values from 0.056 to 1.017 %. Eight
zircons appear to define a single age group, for which a concordia age of 2033 +
14 Ma can be calculated (MSWD=0.43)(Figure 4-99). These zircons belong to the
large, brownish population and are often characterised by a core, showing well-
developed concentric zoning patterns, surrounded by a narrow darkish rim (not
analysed). The age of 2033 + 14 Ma is interpreted to reflect an underlying granitic
basement, which was sampled by the aplite intrusions. Of the remaining five
zircon analyses sampled from large, pale yellow to brown zircons, two are
concordant (FW2-4 and 12) and define 2’Pb/**Pb ages of 2774 + 23 Ma and
1637 + 46 Ma respectively. These two analyses reflect additional sources of
xenocrystic zircon sampled by the aplites, and correspond with emplacement ages
of granitoids reported in the region (Kapiri Mposhi Granite and Lukamfwa Hill
Granitoid). The three remaining analyses (FW2-2, 5 and 13) are over 10%
discordant, and define *’Pb/”*Pb ages of 1258 + 103 Ma (FW2-2; 82.9%
concordant), 1837 £ 28 Ma (FW2-5; 90.7% concordant) and 2484 + 8 Ma (FW2-
13; 86.3% concordant). Due to the large discordance, not much weight is given to
these data. The age populations sampled by this aplite are best shown in a

combined probability distribution and histogram diagram, which shows a
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predominant source of xenocrysts around 2050 Ma, with minor contributions of
~1600 and 2750 Ma (Figure 4-100).

Figure 4-98: (a) photomicrograph of zircons from sample FW2 (xpl) showing variably sized and
shaped crystals (f.o.v. = ~1000 pm); (b) CL image of zircons from sample FW2 showing the location of
analysed spots. Note the wide range of CL response and morphologies (f.0.v.= 1500 pm).

0.85
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| Inset shows coherent age group with concordia age 2033 + 14 Ma; 8 concordant data points; MSWD=0.43
0.55+
0.454
= |
2
‘!_5 0.35
[~
3
0.25+
0.15
4 6 12 16
207 p L1235
Figure 4-99; U-Pb concordia plot for zircon analyses of sample FW2. Error ellipses are at 10

confidence level. Inset shows a concordant age group defining an age of 2033 + 14 Ma.
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Figure 4-100: Probability density diagram and histogram showing the 100+5% concordant age
populations in zircon from sample FW2. The dark grey curve denotes data within 5% of concordia, while the
light grey curve shows all data. The bin-size for the histogram is 25 M.y.

4.8.4.9 Sample CHT6

Sample CHT6 comes from a flat-lying outcrop of coarse, foliated biotite
granite, which contains abundant small dark xenoliths of metasedimentary origin.
The granite is cut by a northeast-trending biotite foliation dipping steeply
southeast. Zircons from CHT6 are clear and appear colourless in transmitted light
(Figure 4-101 (a)). They contain some inclusions and are sometimes cracked. The
crystals are euhedral, with well-defined bipyramidal terminations, The grain size
ranges from 200 to 500 pm, with length to width ratios between 1:1 and 4:1. CL
images indicate simple zircons, with broad concentric zoning patterns, ofien
marred by zones of late-stage magmatic embayment. CL response ranges from
high to medium (Figure 4-101 (b)). Nine analyses were conducted on nine
zircons, and give /206 values ranging from 0.225 to 2.414 % (Table 13-41). U and
Th are relatively low, ranging from 93 to 415 ppm and 99 to 282 ppm
respectively. Th/U ratios vary from 0.70 to 1.38, consistent with magmatic

crystallisation. A weighted mean “*’Pb/%™Pb age of 1015 = 42 Ma with
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MSWD=1.07 can be calculated for all analyses. The data vary from 27% inversely
discordant to 8% normally discordant, with six points within 10% of concordia
(Figure 4-102). Because of the relatively large errors on the isotopic ratios, a
concordia age can be calculated based on all data points, and yields a more precise

age estimate of 1005 = 7 Ma (MSWD=0.19), which represents the best estimate of

the crystallisation age of the granite.

Figure 4-101: (a) photomicrograph of zircons from sample CHT® (xpl) showing euhedral crystals (f.0.v.
= ~1500 pm); (b) CL image of zircons from sample CHT6 showing the location of analysed spots. Note the
wide range of CL response and oscillatory zoning patterns (f.0.v.= 1000 ym).
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Figure 4-102: U-Pb concordia plot for zircon analyses of sample CHTG6. Error ellipses are at 10

confidence level,
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4.8.4.10 Sample KN2A

Sample KN2A was sampled from foliated biotite gneiss with large K-
feldspar phenocrysts. Fine-grained aplitic dykes that contain garnet cut the granite
gneiss. Zircons from sample KN2A are large, ranging in size from 200 to 300 pm,
have euhedral habit, and are light yellow to colourless. The crystals are relatively
clear and uncracked, with only minor inclusions (Figure 4-103 (a)). CL response
reveals oscillatory zoning patterns, and homogenous zones of recrystallisation. CL
response ranges from low to medium indicating high to moderate U content
(Figure 4-103 (b)). Eight analyses were conducted on eight different zircons and
yielded low f206 values ranging up to 0.066% (Table 13-42). U ranges from 116
to 247 ppm for seven points, with analysis 5 yielding an anomalously high value
of 1421 ppm. Likewise, Th ranges from 117 to 282 ppm for seven analyses, with
analysis 5 anomalously high at 882 ppm. Th/U ratios range from 0.54 to 1.43,
consistent with magmatic zircon. The data plot from 75.5 to 99.7% concordant,
but the 2™Pb-corrected data display an erratic drift normal to the concordia
(Figure 4-104) interpreted as reflecting a problem with the common Pb correction.
The uncorrected data (Figure 4-105) show a clear trend towards common Pb, and
a regression towards a common Pb composition appropriate for the age of the
sample (1050 Ma; (**’Pb/2%°Pb)common = 0.913 (Stacey and Kramers, 1975)) yields
an intercept at 1031 + 14 Ma (MSWD=0.81), which represents the best estimate

for the crystallisation age of the granite.

Figure 4-103: (a) photomicrograph of zircons from sample KN2A (xpl) showing euhedral crystals (f.0.v.
= ~1200 pm); (b) CL image of zircons from sample KN2A showing the location of analysed spots. Note the
oscillatory zoning patterns (f.0.v.= 1200 pm).
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Figure 4-104: U-Pb concordia plot for zircon analyses of sample KN2A. Error ellipses are at 10

confidence level. Note the drift away from concordia due to incorrect common Pb correction based on
measured 24Pb,
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Figure 4-105; U-Pb concordia plot (Tera-Wasserburg) for zircon analyses of sample KN2A. The data
are uncorrected for common Pb. Error crosses are at 1o confidence level. The regression (dashed ling) is
made towards common Pb, calculated for an age of 1050 Ma after Stacey and Kramers (1975).
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4.8.4.11 Sample KNS5

Sample KNS5 was collected from a flat outcrop of foliated porphyritic
biotite granite in the Kanona area (Figure 2-10). The granite contains abundant
xenoliths of mafic composition, as well as rafts of metasedimentary rocks,
migmatitic material and fine-grained granite gneiss. The granite carries a
penetrative S foliation along a north-south direction, dipping steeply to the west.
Zircons from KNS5 are large, ranging in size between 200 and 350 pm, and are
pale yellow in colour (Figure 4-106 (a)). The crystals are euhedral in shape and
contain some cracks and minor inclusions, CL shows the crystals to be
concentrically zoned, with medium to low response (Figure 4-106 (b)), and with
the majority of grains showing an inner concentrically zoned magmatic core,
surrounded by an extensive concentrically zoned magmatic rim. Seven analyses
were conducted on different zircons, together with one pair of core and rim
analyses of a complex zircon. The analysed rim contains a high amount of U
(2299 ppm) and is radiogenically damaged as evidenced by the significant Pb-loss
and discordance. For the other analyses, U ranges from 181 to 456 ppm and Th
from 132 to 356 ppm (Table 13-43). Th/U ranges from 0.48 to 2.03 for the single
zircon analyses, 0.55 for the core, and is relatively low for the analysed rim (0.10).
The common Pb content is generally low, ranging from zero to 0.098%. The data
range from 87.3 to 100.0% concordant, and show the same drift, normal to the
concordia, as sample KN2A (Figure 4-107). The values are plotted uncorrected
for common Pb in Figure 4-108, and can be regressed towards common Pb to
yield an intercept at 1053 + 14 Ma (MSWD=0.24). The analysed rim plots well
away from the regression line, indicating significant disturbance of the isotopic
system due to radiogenic damage. The intercept age from Figure 4-108 provides

the best estimate for the crystallisation age of the granite.
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200 pm

Figure 4-106: (a) photomicrograph of zircons from sample KN5 (xpl) showing euhedral crystals (f.o.v. =
~1200 ym); (b) CL image of zircons from sample KN5 showing the location of analysed spots. Note the
oscillatory zoning patterns (f.0.v.= 1200 pm).
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Figure 4-107: U-Pb concordia plot for zircon analyses of sample KN5. Error ellipses are at 1o

confidence level. Note the drift away from concordia due to incorrect common Pb correction based on
measured 24Pb,
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Figure 4-108: U-Pb concordia plot (Tera-Wasserburg) for zircon analyses of sample KN5. The data are

uncorrected for common Ph. Error crosses are at 10 confidence level. The dashed regression (dashed line)
is made towards common Pb, calculated for an age of 1050 Ma after Stacey and Kramers (1975).

4.8.4.12 Sample KN7

Sample KN7 was collected from an inselberg in the Kanona map sheet,
consisting entirely of foliated two-mica granite. Only a few zircons were retrieved
from the granite and are quite variable in morphology (Figure 4-109). The zircons
range from colourless and clear, to brownish and cloudy, and range in size from
100 to 400 um. Variable response characterises the CL image, suggesting widely
different sources for the zircons in the granite (Figure 4-109 (b)). Eight analyses
were conducted on seven zircons. One core and rim pair from the same grain
yielded no significant difference in 2"’ Pb/2®Pb age (Table 13-44, analyses KN7-3c
and 3r). The analysis on the rim yielded anomalously high U and Th contents of
2878 and 39994 ppm respectively, and is extremely discordant (82%
discordance). The core yielded U and Th of 184 and 258 ppm respectively, giving
a Th/U ratio of 1,45, and plots 20.5% away from concordia, defining a 2Pb/**Pb
age of 2793 £+ 13 Ma. This zircon is interpreted as a xenocryst, while the
27pb/2%Pb age is interpreted as its minimum age. For the other six analyses, U

and Th range from 209 to 973 ppm and 30 to 825 ppm respectively. Common Pb
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is low, ranging from zero to 0.049%. Four of the analysed zircons define a broad
age group, for which a weighted mean 2’Pb/2%Pb age of 2011 + 24 Ma can be
calculated. The data in this group range from 94.9 to 102.4% concordant. The
high MSWD value for this age calculation (4.20) indicates that the scatter of the
four points cannot be adequately explained by analytical errors. These xenocrysts
are interpreted to reflect inheritance from multiple 1.95-2.02 Ga sources. Analysis
KN7-6 plots 28.1% away from concordia, and yielded a **’Pb/*"°Pb age of 1277 +
16 Ma. Because of the high discordance it is unclear whether this zircon
represents a ca. 1.28 Ga xenocryst, or an older xenocryst that suffered complex
Pb-loss. Analysis KN7-7 yielded a concordant age of 1048 = 10 Ma. This zircon
is colourless, has euhedral habit, and displays concentric zoning patterns in CL
(Figure 4-109). This zircon is interpreted to have crystallised from the magma,

and provides the best estimate for the crystallisation age of the granite.

Figure 4-109: (a) photomicrograph of zircons from sample KN7 (xpl) showing anhedral, subhedral and
euhedral crystals (f.o.v. = ~1000 pm); (b) CL image of zircons from sample KN7 showing the location of
analysed spots. Note the variability on CL response and oscillatory zoning patterns (f.0.v.= 1200 pm).
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Figure 4-110: Tera-Wasserburg U-Pb concordia plot for zircon analyses of sample KN7. Error ellipses

are at 1 confidence level. Insats show enlargements (Wetherill U-Pb concardia plots) of a coherent age
group at ~2010 Ma and a concordant analysis (KN7-7) at 1048 £ 10 Ma.

4.8.4.13 Sample KN§

Sample KN8 was collected from a foliated porphyritic granite in the
Kanona area (Figure 2-10). The granite is foliated along northeasterly trends,
dipping shallowly to steeply to the northwest. Euhedral K-feldspar phenocrysts
define a north-south-trending primary magmatic fabric. Zircons from sample KN8
are large, varying from 200 to 350 pm in size. They appear yellow and colourless
in transmitted light. A small proportion of the zircons consist of an internal core,
surrounded by an extensive rim. CL response reveals an oscillatory zoning pattern
for all zircons, including cores and rims, indicating a magmatic source (Figure
4-111). Nine single analyses were conducted on complex zircons, while core-rim
pairs were analysed in two zircons, The data show low f206 values up to 0.091%,
and plot up to 24% away from concordia (Table 13-45 and Figure 4-112). U and
Th range from 107 to 725 ppm and 58 to 1171 ppm respectively, yielding a Th/U
range between 0.23 and 2.44. Neither of the analysed rims have a low Th/U ratio,
and both are interpreted to be magmatic. One analysis on a core (KN8-1¢) yielded

a 99.7% concordant age of 2052 + 13 Ma and confirms the presence of a ca. 2,05
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Ga xenocrystic component, potentially sourced from the Mkushi Gneiss. Nine
data points are between 76 and 99.4% concordant, but display an erratic drift
normal to the concordia curve, interpreted to reflect incorrect correction for
common Pb. Uncorrected data, plotted on a Tera-Wasserburg concordia diagram,
yield a regression towards common Pb, with an intercept at 1022 + 16 Ma
(MSWD=1.40)(Figure 4-113). This result is considered the best estimate for the
emplacement age of the granite. Three strongly discordant data points yield
27pp/2%pp ages of 1320 = 16 Ma (KN8-1r, 86.2% concordant), 1626 + 30 Ma
(KN8-7, 85.4% concordant) and 2075 + 35 Ma (KN8-4c, 87.9% concordant).
Because of the high discordance of these data, none of these analyses can be given
much weight. Analysis KN8-1r was conducted on a wide rim, which, based on a
clear oscillatory zoning pattern in CL, is interpreted as a magmatic overgrowth.
Since no other 1.3 Ga ages are reported in the area, other than poorly constrained
whole rock Rb-Sr dates (Daly, 1986), confirmation of a 1.32 Ga magmatic event
awaits additional work. Analysis KN8-4c was conducted on a core, and can be
interpreted to reflect a xenocrystic component similar to that recorded in core
analysis KN8-1c and corresponding to the Mkushi Gneiss. Zircon analysis KN8-7
suggests inheritance from source rocks similar in age to the Lukamfwa Hill

Granite Gneiss.

Figure 4-111: (a) photomicrograph of zircons from sample KN8 (xpl) showing euhedral crystals (f.o.v. =
~1000 pm); (b) CL image of zircons from sample KN8 showing the location of analysed spots. Note the
variability on CL response, oscillatory zoning pattems and complex internal fabrics of the zircons (f.o.v.=
1200 pm).
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Figure 4-112; U-Pb concordia plot for all Zircon analyses of sample KN8. Error ellipses are at 1o

confidence level. Note the drift away from concordia in the younger age group due to incorrect common Ph
correction based on measured 24Pb.
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Figurs 4-113: U-Pb concordia plot {Tera-Wasserburg) for selected zircon analyses of sample KN8. The
data are uncorrected for common Pb. Error crosses are at 1o confidence level, The regression is made
towards common Pb, calculated for an age of 1050 Ma after Stacey and Kramers {1975).
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4.8.4.14 Sample ND1

Sample ND1 was collected in the Ndabala map sheet (Figure 4-1). It
consists of coarse porphyritic biotite granite, with a very weak biotite foliation
that is oblique to a north-south-oriented magmatic foliation defined by large
aligned microcline phenocrysts. The phenocrysts are euhedral and do not appear
to be affected by the weak tectonic foliation. Zircons from the granite are large
and euhedral, ranging from 200 to 500 pum in size. Most zircons have bipyramidal
terminations, and have length to width ratios over 3:1. In transmitted light, the
zircons range from dark yellow to dark brown in colour and are variably cracked
(Figure 4-114 (a)). CL imaging shows a dominant proportion of the zircon to have
very low response, with the smaller proportion of medium CL response grains
showing broad oscillatory zoning patterns (Figure 4-114 (b)). Upon close
inspection, the low CL zircons also show weakly developed concentric zoning,
consistent with magmatic crystallisation, but are often characterised by truncating,
uniformly low CL zones indicative of some degree of homogenisation. Ten
analyses were conducted on six zircons, and confirm that most grains contain
large amounts of uranium. Metamictisation allowed substantial disturbance of the
U-Th-Pb system, and proportions of common 206ph, in total 2*Pb range from zero
to 6.37% (Table 13-46). U and Th range from 238 to 2459 ppm and 55 to 1017
ppm respectively, with Th/U ranging from 0.03 to 1.50. Significant disturbance of
the U-Th-Pb isotopic system, possibly due to metamictisation, has dislaced
analyses ND1-1, 3, 7 and 8 and one analysis on a rim (MD1-5r) away from
concordia. No meaningfull intercepts can be calculated for these data ponts, and
they are excluded from the age calculation (Figure 4-115). The remaining five
points, including one analysis on a low Th/U core (ND1-5¢) lie within 5% of
concordia and define a weighted mean "’Pb/*Pb age of 1023 = 7 Ma
(MSWD=0.50)(Figure 4-116). This age is interpreted to date crystallisation of the
porphyritic granite.
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Figure 4-114: (a) photomicrograph of zircons from sample ND1 (xpl) showing sub-euhedral crystals
(f.0.v. = ~1200 ym); (b) CL image of zircons from sample ND1 showing the location of analysed spots. Note
the variability on CL response. High luminescence crystals show oscillatory zoning patterns while dark CL
crystals show very faint concentric zoning (f.0.v.= 1000 pm).
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Figure 4-115: U-Pb concordia plot for zircon analyses of sample ND1. Error ellipses are at 1o
confidence level. Note the large errors on three data points and two discordant analyses (dashed ellipses).
The box shows the area enlarged in Figure 4-116.
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Figure 4-118: U-Pb concordia plot for concordant zircon analyses of sample ND1. Error ellipses are at
1o confidence level.
4.8.4.15 Sample ND4

Sample ND4 was collected from a small body of diorite some 20
kilometers northeast of Ndabala (Figure 2-9). The diorite is porphyritic and
contains minor quartz, coarse plagioclase, abundant hornblende and subordinate
biotite defining a weak foliation. Zircons from sample ND4 are large, between
200 and 600 pum, sub-euhedral, and brown-yellow in colour (Figure 4-117). Most
zircons are clear, with few or no visible inclusions. The crystals are variably
cracked, but in all cases large uncracked and clear areas could be selected for
analysis. CL imaging shows the zircons to be of medium luminescence, with
broadly defined concentric zoning patterns. Limited rehomogenisation has
affected some grains, but the majority of crystals retain broad sector zoning. A
very small proportion of zircon contains a very narrow rim overgrowth, too small
to allow measurement with the ion microprobe. Four analyses were conducted on
four zircons. 206 values are very low, ranging from zero to 0.071%. U and Th
vary from 271 to 398 ppm and 288 to 650 ppm respectively (Table 13-47). Th/U
ratios are between 1.10 and 1.69, indicative of magmatic zircon. The data plot

within 4% of concordia and define a weighted mean **’Pb/**°Pb age of 1037 + 16
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Ma (MSWD=0.61)(Figure 4-118). The four data points allow the calculation of a
concordia age of 1031 + 5 Ma with MSWD of 0.83. The latter age represents the

best estimate for the crystallisation age of the diorite.

Figure 4-117: (a) photomicrograph of zircons from sample ND4 (xpl) showing sub-euhedral crystals
(f.0.v. = ~1600 pm); (b) CL image of zircons from sample ND4 showing the location of analysed spots. Note
the oscillatory zoning patterns (f.0.v.= 700 pm).
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Figure 4-118; U-Pb concordia plot for zircon analyses of sample ND4. Error ellipses are at 1o

confidence level,
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4.8.4.16 Sample ND5

Sample ND5 was collected some 30 kilometers northeast of Ndabala from
a small body of syenite within the porphyritic granites (Figure 4-1). Although the
contact between the porphyritic granites and the syenite is not exposed, the weak
deformation and similarities in fabric suggests the syenite was emplaced in the
same time-frame as the granite. The syenite consists of abundant phenocrysts of
microcline set in a matrix of plagioclase and microcline, with subordinate quartz
and biotite. Various aplitic dykes cut the syenite and appear to display the same
weak foliation as the host rock, indicating they were emplaced prior to the
deformation that imparted the weak tectonic fabric. Zircons extracted from sample
ND5 are generally sub-euhedral and range in size from 100 to 300 um. The grains
have length to width ratios up to 4:1 and show sharp terminations, indicative of
magmatic growth. The crystals are clear, light yellow to light brown in colour and
variably cracked (Figure 4-119 (a)). Some zircon appears to contain large central
inclusions or may have grown on a metamict core. CL imaging shows well-
developed concentric zoning patterns, and variable CL response (Figure 4-119
(b)). Most zircon has a narrow relatively high CL rim, too smalil to allow analysis
on SHRIMP. Four zircons were analysed, two of which yield very low f206
values (0.04-0.10%), while two contain higher 206 values (0.62-0.72%)(Table
13-48). U and Th range from 230-263 ppm and 253-401 ppm respectively, giving
Th/U ratios between 1.09 and 1.72. The two low common Pb analyses plot within
2% of concordia, while the two other points plot up to 14% away from concordia
(Figure 4-120). The four data points do not appear to line up along a meaningful
regression line, and there are insufficient data points to ascertain the reason for
discordance of the two points. The higher /206 values for the discordant points,
however, indicate that inadequate correction for common Pb may be responsible
for the points plotting off a reasonable Pb-loss path. A weighted mean 207pp/*%ph
age of 1044 + 28 Ma can be calculated on all points, but the high MSWD value of
2.40 indicates excessive scatter. Using only the two near concordant points, a
weighted mean 27Pb/**Pb age of 1020 = 34 Ma with MSWD=0.19 can be

calculated. These two points also define a concordia age of 1028 = 7 Ma
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(MSWD=0.23), which represents the best estimate for the crystallisation age of

the syenite.

1 Det WD Exp i pm

Figure 4-119; (a) photomicrograph of zircons from sample ND5 (xpl) showing sub-euhedral crystals
(f.0.v. = ~1600 pm); (b) CL image of zircons from sample ND5 showing the location of analysed spots. Note
the oscillatory zoning patterns (f.0.v.= 1700 um).

0.20
ND5: Porphyritic syenite (Ndabala area)

Concordia age: 1028 £ 7 Ma (95% confidence)

2 data points; ND5-1 and 4 excluded (dashed ellipses), MSWD=0.23

1..9
ZOTPb1235U

Figure 4-120: U-Pb concordia plot for zircon analyses of sample ND5. Error ellipses are at 10
confidence level.
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4.8.4.17 Sample SASA2

Various samples were collected from the Sasa Foliated Granite in the
northern part. of the Serenje area, which consists of a medium-grained granitic
gneiss containing quartz - calcic-plagioclase - microcline - biotite and accessory
hornblende (Figure 4-2). The granite forms very poorly exposed, low-lying, flat
outcrops, and occasionally loose boulder outcrops, especially along the course of
the Sasa River and its tributaries. Regional outcrop forms a domal structure,
surrounded by ridge-forming quartzites of the Kanona Group. Locally, shear
zones have developed, along which mafic minerals are concentrated. Only one out
of the three samples taken yielded an adequate amount of zircon for U-Pb dating
(sample SASA2). A large proportion of zircons from this sample were found in
the more magnetic fractions, appeared dark brown in colour, rich in inclusions and
extensively cracked, and were not considered for SHRIMP analysis. Eighteen
zircons from the less magnetic fraction were selected for analysis. Most of these
zircons contain a core, and all show typical primary magmatic zoning (Figure
4-121). A very small number show a core surrounded by two wide magmatic rims
that were formed during more than one crystallisation event (e.g. SASA2-12,
Figure 4-121). CL imaging reveals patchy, crosscutting homogenisation zones
within magmatic zircons or overgrowths, showing that most zircons underwent
some recrystallisation. Very small (~1 micron) overgrowths occur on most grains,
with very high CL response. These overgrowths may be related to post-orogenic
recrystallisation during an event with minor introduction of low-uranium fluids.
All grains have a pronounced low CL response, indicating high U content, which
accounts for the intense metamictisation, resulting in relatively high *Pb. £206
ranges from 0.27 to 2.48%, while Th/U ratios vary from 0.03 to 2.38 (Table
13-49). Uranium exceeds 1000 ppm in four zircons, but varies from 48 to 1974
ppm overall. Analyses of rim-core and rim-rim pairs on two grains (SASA2-3 and
SASA2-12) yield identical results (within error) to the unzoned zircon analyses.
The Th/U ratios on these rims {0.25 and 0.36 respectively) also support a
magmatic rather than metamorphic origin. A total of twelve analyses define a
clear Pb-loss trend, yielding a regression line with upper intercept of 1015 + 14
Ma and lower intercept of -677 + 720 Ma (MSWD=0.59)(Figure 4-122).
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Assuming that Pb-loss occurred recently (0 Ma), the upper intercept increases to
1023 = 17 Ma. The increase of MSWD value (1.02) with respect to normal
regression indicates that a model of recent Pb-loss, although possible, does not
adequately explain the drift of the data points away from concordia. Using only
the 6 most concordant data points (>95% concordant), a weighted mean
207pp/2%Ph age of 1012 + 22 Ma (MSWD=0.55) is obtained and a concordia age
can be calculated at 1016 = 14 Ma (MSWD=0.63). This latter age can be regarded

as the most reliable estimate for the crystallisation age of the Sasa Granite.

Spot Del WD F———— G0um

60 Cl 166 sasa?12

Figure 4-121: (a) photomicrograph of zircons from sample SASAZ2 (xpl) showing anhedral and euhedral
crystals (f.0.v. = ~800 pm); (b) inset shows zircon SASA2-12 on which a core and rim can be distinguished;
(c) CL image of zircon SASA2-12 showing the location of analysed spots. Note the oscillatory zoning patterns
on both core and two rims (f.0.v.= 150 pm).

215



PhD thesis: The Irumide belt of Zambia

0.20

SASA2: Sasa Follated Granite ¢
Concordia age: 1016 £ 14 Ma; 6 data points !
1, 3r, 5, 11, 18 and 15 excluded (dashad allipeas); MSWD=0.83 ’
| Dashed line is a linear ragression thratgh all data points )

206Pb IISSU

014+

0.8 2.4 2.8

207Pb’235u

Figure 4-122: U-Pb concordia plot for zircon analyses of sample SASA2. Error ellipses are at 10
confidence level,

4.8.4.18 Sample SER 5-3

Sample SER 5-3 was collected from porphyritic granite exposed to the
south of the Sasa dome (Figure 2-10) and shows a very weak biotite foliation
trending northeast. The zircons separated from SER 5-3 are quite large, magmatic
and often show complex patterns of oscillatory concentric mineral zoning (Figure
4-123 (a)). CL imaging reveals very well-developed oscillatory zoning patterns
(Figure 4-123 (b)). Of the ten different zircons analysed, three show slightly
elevated 206 values (SER53-10, 3 and 9), while /206 values for the remaining
seven range up to 0.17% (Table 13-49). U and Th contents range from 117-813
ppm and 123-761 ppm respectively, and Th/U ratios range from 0.50 to 1.74. A
few isolated grains show internal homogenisation due to recrystallisation. The
data are all within 5% of concordia and yield a weighted mean 7pp/2%Pb age of
1029 + 13 Ma (MSWD=1.44) and a concordia age of 1025 + 12 Ma
(MSWD=0.38)(Figure 4-124). Based on their high proportion of common lead,
coupled with relatively low contents of U and Th leading to poor precision,
analyses SER53-10.1 (4.93%), SER53-9.1 {0.42%) and SER53-3.1 {0.42%) can
be excluded to yield a weighted mean 297pp2%Ph age of 1032 = 13 Ma
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(MSWD=1.34) and concordia age of 1034 = 5 Ma (MSWD=0.28). Based on the
lower MSWD value for the latter, the age of 1034 £ 5 Ma is taken as the best

estimate for the crystallisation age of sample SERS5-3.

Figure 4-123 (a) photomicrograph of zircons from sample SER5-3 (xpl) showing euhedral crystals
(f.o.v. = ~800 pm); (b) CL image of zircons from SER5-3 showing the location of analysed spots. Note the
oscillatory zoning patterns (f.0.v.= 800 pum).

SERS5-3: Porphyritic granite
Concardia age: 1034 £ 5 Ma; 7 data points (SER53-3.1, 9.1 and 10.1 excluded (dashed lines)); MSWD=0.28 1100

HeppB8Yy

207Pb!235u

Figure 4-124: U-Pb concordia plot for zircon analyses of sample SER5-3. Error ellipses are at 10
confidence level.
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4.8.4.19 Sample SER 6-4

Sample SER 6-4 was collected from Chimuma Hill (Figure 4-2), which is
a large irregular inselberg rising about 40 meters above the plateau and consisting
entirely of coarse biotite granite with large microcline phenocrysts and clearly
defined biotite foliation, with biotite wrapped around the microcline phenocrysts.
The grains are generally non-complex and prismatic, but some have cores and are
prismatic and sub- to euhedral in shape (Figure 4-125 (a)). Length to width ratios
vary up to 4:1, with sizes ranging up to 300 pm. CL imaging reveals prominent
concentric zoning patterns consistent with magmatic crystallisation of the zircons
(Figure 4-125 (b)). Ten analyses were conducted on ten zircons. Common lead is
extremely low for six analyses, but is larger for SER64-10.1 (0.29%), SER64-8.1
(0.60%), SER64-1.1 (0.63%) and SER64-6.1 (0.70%)(Table 13-51). U and Th
contents are variable, ranging from 50 to 1252 ppm and 71 to 979 ppm
respectively. Analysis SER64-6.1 shows very low U and Th (50 and 99 ppm) and
the highest 206 (0.70%) resulting in an imprecise data point, and is excluded
from calculations. One zircon (SER64-9.1) yields a 3% inversely discordant
207pp/2%Ph age of 2003 + 6 Ma. This zircon is euhedral in shape, with sharp tips,
and measures 250 pum by 50 um. CL imaging reveals an elongate medium-
response core, surrounded by a ~10 pm low CL rim, which widens towards the
tips of the crystal. The spot penetrates only the core of the zircon, which is
interpreted to be derived from a granitic precursor (Figure 4-126). Eight other
analyses define a regression line with an upper intercept of 1036 + 13 Ma and
lower intercept of -53 + 510 Ma (MSWD=1.5)(Figure 4-127). A weighted mean
27pb/2%Pb age of 1036 + 12 Ma (MSWD=1.32) can be calculated for the eight
consistent points, which is indistinguishable from the upper intercept age. As the
spread of data allow a reliable linear regression, the upper intercept age of 1036 +
13 Ma is regarded as the best estimate for the crystallisation age of the porphyritic
granite of Chimuma Hill.
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Figure 4-125; {a) photomicrograph of zircons from sample SER6-4 (xpl) showing euhedral crystals
(f.o.v. = ~500 pm); (b) CL image of zircons from SER6-4 showing the location of analysed spots. Note the
oscillatory zoning patterns (f.0.v.= 800 pm).

Figure 4-126: (a) photomicrograph of an analysed zircon (analysis SER64-9.1) from sample SERG-4
(xpl) showing a euhedral crystal, with narrow rim (f.0.v. = ~200 ym); (b) CL image of the same zircon showing
the location of the analysed spot. Note the dark CL rim (f.0.v.= 200 pm).
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Figure 4-127: U-Pb concordia plot for zircon analyses of sample SERE-4. Inset shows a concordia plot
for all 10 data points. Error ellipses are at 10 confidence level.

4.8.4.20 Sample SOG

Sample SQG was collected from a small quarry west of Serenje (Figure
4.2). The quarry exposes grey porphyritic granite, containing a quartz-plagioclase-
biotite matrix and microcline phenocrysts. A magmatic foliation is defined by
weak alignment of microcline, and dark, lensoid mafic xenoliths of varying size
are present. The granite is cut by numerous pegmatitic veins containing large
quartz, plagioclase and biotite crystals. The pegmatites are undeformed and are
interpreted to represent the latest phase of crystallisation from the melt. Zircons
collected from SQG are euhedral magmatic grains, some of which have partially
recrystallised as seen in homogenised zones in CL images. Most zircons have a
~1-micron-wide outer rim with high CL response, which records late
crystallisation from low-uranium fluids (Figure 4-128). Eleven analyses were
conducted on eleven zircons. U and Th range from 133 to 702 ppm and 88 to 463
ppm respectively (Table 13-52). Th/U ratios range from 0.38 to 1.04, consistent
with magmatic zircon. Common lead values are generally very low, ranging from
zero to 0.09%, but are higher for SQG-14 (1.20%). The data define a broad cluster

close to concordia for which no meaningful regression can be calculated (Figure
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4-129). The spread of data, roughly parallel to concordia, could suggest limited Pb
loss relatively soon after crystallisation of the granite. A weighted mean
27pb/*%Pb age of 1032 + 15 Ma (MSWD=2.6) can be calculated from all data
points, and provides only a rough estimate of the actual emplacement age of the
Serenje Quarry Granite. Using only the six most concordant and coherent data
points (SQG-7, 17, 20, 41, 48 and 60), but excluding three apparently older
zircons (SQG-26, 70 and 72, see below), and analyses SQG-14 (high /206 of
1.201%) and 77 (low U and Th), a weighted mean **’Pb/**Pb age can be
calculated at 1024 = 9 Ma with an MSWD value of 1.07. The same points yield a
concordia age of 1021 + 8 Ma (MSWD=3.7). Three points with low amounts of
common Pb and reasonable precision define older ages. One data point (SQG-70)
plots 0.7% away from the concordia line and defines a 207pp/2%Ppb age of 1099 +
30 Ma. This data point has high /206 of 1.20% making the analysis relatively
imprecise. Two data points (SQG-26 and 72) define a weighted mean 207pp/2%pp,
age of 1062 + 17 Ma (MSWD=0.0067). All three data points plot relatively close
to concordia, and the ages may represent xenocrystic components of ~1065 and
1100 Ma, although more data are needed to confirm this. Based on its low MSWD
value, the weighted mean 2°’Pb/*”Pb age of 1024 + 9 Ma provides the best

estimate for the crystallisation age of the Serenje Quarry Granite.

O

AccY  Spol Dot WD F———— 100 m
a b 100kvB0 CL 190 5QG2-7

Figure 4-128: (a) photomicrograph of an analysed zircon (analysis SQG-7) from sample SQG (xpl)
showing a euhedral crystal, with narrow rim (f.0.v. = ~300 pm); (b) CL image of the same zircon showing the
location of the analysed spot. Note the oscillatory zoning (f.0.v.= 300 um).
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Figure 4-129: U-Pb concordia plot (Tera-Wasserburg) for zircon analyses of sample SQG. Error

ellipses are at 1o confidence level. Dashed ellipse represents analysis SQG-70 with high 206 (1.20%)
yielding an age of 1099 + 30 Ma, Grey ellipses are two data points possibly defining a ~1065 Ma xenocrystic
component.

4.8.4.21 Sample ZM36

One sample was collected from the Mununga Quarry approximately
midway along the sealed road between Serenje and Mpika (Figure 4-2). The rock
is a coarse K-feldspar-phyric biotite granite. Zircons from the Mununga Granite
(sample ZM36) are typically euhedral, and show clear oscillatory zoning patterns
indicative of magmatic zircon (Figure 4-130). Length to width ratios range from
equant to 5:1 and size varies from below 100 to over 300 pm. Ten zircons were
analysed, three of which (ZM36-1.1, 3.1 and 6.1) yielded very low U and Th
contents {Table 13-53) resuiting in poor precision. The proportion of common
26pp in total 2°°Pb is below 0.19% for the remaining seven analyses. A weighted
mean “’Pb/2%Pb age of 1030 £ 15 Ma (MSWD=1.24) can be calculated on all ten
points (Figure 4-131) while a concordia age on all points gives 1025 + 10 Ma
(MSWD=0.44). Using only six concordant analyses, which have higher U, Th and
lower 206 values, a concordia age of 1023 = 11 Ma (MSWD=1.30) can be
calculated, while a weighted mean **’Pb/2%Pb age for the same points yields 1030

+ 15 Ma, with an MSWD value of 0.32. All calculated ages are statistically
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indistinguishable, and the concordia age of 1025 £ 10 Ma calculated from all data
points provides the best age estimate for the crystallisation of the Mununga

Granite.

Figure 4-130: (a) photomicrograph of zircons from sample ZM36 (xpl) showing euhedral crystals (f.o.v.
= ~700 um); (b) CL image of analysed zircons from sample ZM36 showing the location of analysed spots.
Note the oscillatory zoning (f.0.v.= 1000 pm).

ZM36: Mununga porphyritic granite 1140
Concordia age: 1025 £ 10 Ma; 10 data points, no exclusions; MSWD=0.44
0.19 ¢
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Figure 4-131: U-Pb concordia plot for zircon analyses of sample ZM36. Error ellipses are at 10

confidence level.
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4.8.4.22 Sample CHLS

Sample CHLS5 was taken from a flat outcrop some 60 kilometers to the
southwest of Mpika (Figure 4-2), where strongly foliated micaceous granite
gneiss is intruded by numerous small pegmatites. The gneiss shows a marked
biotite-muscovite foliation along east-southeasterly trends, dipping steeply to the
north. It was mapped as the Mayenze Gneissose Granite (Page, 1973), which
consists of porphyritic unfoliated granites and foliated gneisses. Zircons from
sample CHLS are euhedral, and range in size from 200 to 500 um. Length to
width ratios range from 4:1 to 2:1 and the crystals are clear and pale yellow in
colour. They contain a range of inclusions and are variably cracked (Figure 4-132
(a)). CL imaging indicates concentric zoning patterns, with CL response ranging
from extremely high to extremely low (Figure 4-132 (b)). Eight analyses were
conducted on eight different zircons, and indicate /206 values between 0.07 and
0.72% (Table 13-54). U ranges from 130 to 421 ppm and Th from 44 to 586 ppm,
giving Th/U ratios ranging from 0.18 to 2.78. Six data points form a coherent age
group with a weighted mean 2"Pb”"Pb age of 1014 + 36 Ma (MSWD=0.44),
while the other two data points (CHL5-4 and 5) appear to define a slightly older
population with a weighted mean 07pp2%ph age of 1123 + 41 Ma
(MSWD=0.17). Of the older points, which are 96 and 94% concordant, one is
measured from a zircon with length to width ratio of 4:1 (CHLS-5), while the
other analysis spot penetrates what may be an older central portion of a zircon
(CHLS5-4). Although the data do not allow an unbiased assessment, these older
zircon grains could represent 1.12 Ga xenocrysts or flawed analyses due to mixed
sampling of older core and younger rim. The six younger data points plot within
5% of concordia, and allow the calculation of a concordia age of 1016 + 17 Ma
(MSWD=0.047)(Figure 4-133). This age represents the best estimate of the

crystallisation age of the granite.
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Figure 4-132: (a) photomicrograph of zircons from sample CHL5 (xpl) showing euhedral crystals (f.o.v.
= ~1200 pm); (b) CL image of analysed zircons from sample CHLS5 showing the location of analysed spots.
Note the oscillatory zoning (f.0.v.= 1200 pm).
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Figure 4-133 U-Pb concordia plot for zircon analyses of sample CHL5. Ermor ellipses are at 10

confidence level. Dashed ellipses represent two analyses that may represent an older xenocrystic
component.
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4.9 Discussion

4.9.1 The basement of the Irumide belt and the Bangweulu block

Age data presented in this study confirm the presence of a basement to the
Irumide belt, consisting of at least three different age components. The oldest
component identified is the Kapiri Mposhi granite gneiss, which yielded a
crystallisation age of 2726 + 36 Ma and represents the oldest granitoid dated in
the region. The second identified age component comprises the Mkushi Gneiss in
the southwestern Irumide belt and the Luwalizi Granite in the northeastern
Irumide belt. Four samples collected from the Mkushi Gneiss (samples CC10,
KNI, MK3 and MK5) confirm previously reported age estimates of 2.05 Ga
(Armstrong et al., 1999; Rainaud et al., 1999; 2002), and bracket the
crystallisation of the granite precursors to the Mkushi Gneiss between 2050 + 9
and 1952 £ 6 Ma. Two samples collected from the Luwalizi Granite Gneiss
(samples ISK1 and 2) place the crystallisation of the granite precursor at 1942 £ 6
and 1927 £ 10 Ma. These latter ages are broadly similar to a 1.96 Ga
crystallisation age reported for basement farther east in the Muyombe map sheet
of Zambia (Figure 2-4 and Figure 2-5)(Vréana et al., 2004) and in the Ubendian
belt of northern Malawi and Tanzania (Lenoir et al.,, 1994; Ring et al., 1997;
Boven et al., 1999). The third age component was dated in two granites and two
related lavas near Mansa on the western Bangweulu block (Figure 4-6), and was
élso identified in a rhyolitic unit in the Muva Supergroup of the northeastern
Irumide belt (Figure 4-4 and Figure 4-5). The three granites near Mansa yielded
crystallisation ages of 1866 £ 9, 1862 £ 8 and 1860 + 13 Ma (samples MA9, MA1
and 2), virtually identical to the crystallisation ages of 1868 & 7 and 1862 + 19 Ma
for the lavas (samples MA3 and 9). Various granitoids and volcanics farther west
in the Copperbelt have yielded similar crystallisation ages ranging from 1.88-1.87
Ga, suggesting that a 1.88-1.86 Ga plutono-volcanic province exiends well into
the Copperbelt (Figure 2-5). Two volcanic units, which occur conformably within
the Manshya River Group metasedimentary succession of the northeastern

Irumide belt (Kachinga Tuff and Luswa River Tuff), yielded igneous

226



CHAPTER 4: Zircon U-Pb SHRIMP Geochronology

crystallisation ages of 1879 £ 13 and 1856 + 4 Ma, and provide direct evidence
for the timing of deposition of the sequence. A pillow lava occurrin'g within the
Manshya River Group near Mpika (Katibunga Volcanic), in which zircons yielded

an age of 1871 £+ 24 Ma, provides further support for this age constraint.

4.9.2 The Muva Supergroup

During this study, detrital zircon grains were dated from one quartzite
from each of the three different sedimentary sequences of northern Zambia
(Figure 2-17). One sample (sample MA6) was analysed from quartzite of the
Kabweluma Formation, which forms the basal part of the Mporokoso Group near
Mansa, one from the main quartzite of the Kasama Formation east of Kasama
(sample KAS), and one from a prominent folded quartzite ridge of the Manshya
River Group in the [londola Mission 1:100000 map sheet (sample 1L14). The

following sections discuss these age data in terms of possible source terrains.

4.9.2.1 The Mporokoso Group

The probability density diagram for the ages of detrital zircon from
quartzite of the Mporokoso Group defines two main peaks at 1.90-1.80 Ga, and at
2.05-1.95 Ga, accounting for 80% of the total population (Figure 4-40). Minor
populations define peaks at 2.21-2.16 Ga, 2.42 Ga and 2.71 Ga. The granitoids
and volcanics directly underlying the Mporokoso Group (samples MAL, MA2,
MA3, MAS and MA9 of this study) define a narrow age range of 1.87-1.86 Ga,
which corresponds well with the younger of the dominant peaks defined in the
probability density distribution diagram (Figure 4-40). Lithologies with ages
corresponding to the older dominant peak at between 2.05-1,95 Ga are described
to the south, southeast, east and west and include the Mkushi Gneiss (samples
CC10, KN1, MK3 and MKS5 of this study)(see also Armstrong et al., 1999; see
also Rainaud et al., 2002; 2003), the Luwalizi Granite (samples ISK1 and 2 of this
study), granitoids and gneisses of the Ubendian belt (Dodson et al., 1975; Lenoir
et al., 1994; Ring et al., 1997; Vréna et al., 2004) and various granites and granite
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gneisses in the Domes area of the Zambian and Congolese Copperbelt (Key et al.,
2001b; Rainaud et al., 2002). Considering that clasts described in the basal
conglomerate of the Mbala Formation, at the base of the Mporokoso Group,
mainly comprise lithologies common in the underlying basement, and that no
disconformities or unconformitics have been identified further up in the
Mporokoso Group, it is plausible that detritus in the entire group was derived
from local sources of the underlying Bangweulu block basement. Andersen and
Unrug (1984) used regional variations in pebble size gradient and directional
information from cross stratification in the Mporokoso Group to indicate that
palaeocurrents transported detritus from south to north. This would indicate a
source area for the detritus to the south, which they proposed formed through
uplift resulting from accretionary processes in the Ubendian belt. Largely because
of the southern source area, rather than an eastern source from the Ubendian belt,
Andersen and Unrug (1984) did not consider the Mporokoso Group to be a

Ubendian molasse deposit.

The presence of volcanic tuffs in the base of the Mporokoso Group was
interpreted by Andersen and Unrug (1984) to indicate significant overlap of
sedimentation with plutono-volcanic activity responsible for the 1.87-1.86 Ga
granites and volcanics that make up the Bangweulu block in the region. The
maximum age of the Kabweluma Formation immediately above the volcanoclastic
Nsama Formation is defined by the youngest concordant zircon with a 2’Pb/2%Ph
age of 1824 = 19 Ma, and is consistent with deposition immediately after the
plutono-volcanic event at 1.87-1.86 Ga. The lack of any younger zircons supports
this assumption, but does not constitute proof for the age of the sequence. No
volcanic layer was dated from within the Mporokoso Group, which would have
directly constrained the depositional age, and the interpretation that the
Mporokoso Group constitutes a Palaeoproterozoic sequence deposited from 1.82

Ga onwards, awaits unequivocal confirmation in the future.
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4.9.2.2 The Kasama Formation

Detrital zircons in the Kasama Formation define a dominant age
distribution between 2.05 and 1.90 Ga, in which the following maxima can be
distinguished: 1.81, 1.87, 1.94, 198, 2.04 and 2.06 Ma (Figure 4-43).
Additionally, single zircon .analyses define minor contributions of material with
ages of 2.59, 2.17 and 1.43 Ga. For the majority of detrital zircons in the quartzite,
potential source lithologies with identical ages have been reported in the region.
Those include in this study the Mansa Volcanic and Granite (samples MA1, 2, 3
and 9), the Luswa Rhyolite (sample ZM31), the Kachinga Tuff (sample 1S20), the
Katibunga Volcanic (sample KBS5), the Luwalizi Granite (samples ISK1 and 2)
and the Mkushi Gneiss (samples CC10, KN1, MK3 and MKS5)see also
Armstrong et al., 1999; see also Rainaud et al., 2002; 2003). Vrana (2004), Ring
et al. (1997) and Lenoir (1994) reported numerous ages between 2.09-1.96 Ga
within the Ubendian belt and northeasternmost part of the Irumide belt. As is the
case with the Mporokoso Group, the detrital signature of the Mwela Quartzite is
consistent with derivation from underlying basement sources, with the exception
of two older zircons (**’Pb/*%Pb ages of 2593 + 5 and 2168 + 17 Ma) and the
youngest concordant zircon (*"Pb/%Pb age of 1434 £ 14 Ma), for which no local
sources are known. Andersen and Unrug (1984) used the supermature character
and palaeocurrent patterns of the Kasama Formation to argue that it was derived
from a source to the west, which they suggested comprised the Mporokoso Group
sedimentary rocks. In the view of Andersen and Unrug (1984), the Kasama
Formation thus represents recycling of detritus from the Mporokoso Group. The
detrital age data presented here support this idea, as age populations of the
Mporokoso Group and Kasama Formation samples in this study are remarkably
similar. Although this alone does not prove derivation from the Mporokoso
Group, these age similarities, coupled with the transport directions reported by
Andersen and Unrug (1984) and the supermature character of the Kasama
Formation are all consistent with the latter unit representing recycling of

Mporokoso Group sediments.
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The most interesting feature of the Mwela Quartzite data is the youngest
concordant zircon, which yielded an *’Pb/2”Pb age of 1434 + 14 Ma. This
analysis was made on a zircon measuring 180 by 40 um (analysis 5, Figure 4-41).
This relatively high length to width ratio of over 4:1, coupled with the
subrounded, as opposed to strongly rounded, morphology of the zircon suggests
relatively minor sedimentary transport, and is not consistent with this zircon being
a second-cycle product. About 10% of all zircons in the Mwela Quartzite have
similar morphologies, with length to width ratios greater than 2:1, and subrounded
to even subangular morphologies, indicating that a small fraction of the zircons
may have been derived from more proximal, magmatic rather than sedimentary
sources. Considering the sedimentary transport directions to have been from west
to east, the ca. 1.43 Ga zircon would have been derived from a magmatic source
of that age to the west of Kasama. To date, no such sources have been reported.
However, given limitations imposed by a small dataset of only thirty-three
analyses, and that it is not possible to rule out that the youngest zircon grain is a
result of sample contamination (which I deem very unlikely), additional
geochronological and possibly sedimentological work is needed to fully resolve

the detrital provenance of the Kasama Formation.

4.9.2.3 The Manshya River Group (northeastern Irumide belt)

The depositional age of the deformed metasedimentary succession in the
northeastern Irumide belt (Manshya River Group) has been directly constrained
by the ages of two interlayered tuffs and a pillow lava in the sequence. The
Kachinga tuff in the Isoka map sheet is dated at 1856 + 4 Ma, while the Luswa
River tuff in the Luswa River sheet is dated at 1879 £ 13 Ma. The mafic lavas of
the Katibunga Volcanics yielded an age of 1871 = 24 Ma. The youngest
concordant zircon from a prominent quartzite in the llondola Mission sheet
(Chembewesu Quartzite, northeastern Irumide belt) yielded a “*’Pb/*”*Pb age of
1882 + 30 Ma, placing a maximum age limit for sedimentation of this particular
quartzite. Taken together, these data indicate that deposition of the Manshya River

Group was ongoing from at least 1.88 Ga to 1.85 Ga. A minimum age for
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sedimentation is provided by the oldest granitoid that intrudes the succession in

the northeast, the Musalango Gneiss, dated in this study at 1610 + 26 Ma.

The probability density diagram for detrital zircon ages from sample I1L14
shows a major peak at 2.04 Ga making up 70% of the total population (Figure
4-46). At the lower end of the spectrum, a minor peak, accoﬁnting for 10% of the
total number of analyses, is defined at around 1.91 Ga. At the higher'end of the
spectrum, the probability density curve defines peaks at 2.20, 2.43, 2.67, 2.86 and
3.01 Ga, each accounting for a few analyses. The main 2.04 Ga population is
accounted for by local lithologies including the Mkushi Gneiss (samples CC10,
KN1, MK3 and MKS5 of this study)(see also Armstrong et al., 1999; see also
Rainaud et al.,, 2002; 2003) and dated lithologies in the Ubendian belt and
northeasternmost Irumide belt (Lenoir et al., 1994; Ring et al., 1997; Vrana et al.,
2004). The younger population defined around 1.91 Ma, actually contains zircons
dated at 1860 + 33, 1878 = 11, 1882 % 30 and 1889 + 16 Ma, all of which are
indistinguishable from the ages obtained for the various volcanic lithologies dated
in the Manshya River Group (samples ZM31, 1S20 and KBS of this study), as well
as the granites and volcanics of the Bangweulu block (sample MA1, MA2, MA3,
MAS and MA9 of this study). No potential source lithologies are reported for the
remaining, minor contributions in the quartzite. It can be concluded that 80% of
the detritus in the Chembewesu Quartzite could have been locally derived from
underlying basement lithologies or from the adjacent Bangweulu block, and may
also have been derived from volcanic members within the lower part of the
Manshya River Group. The older components reflect limited input from 2.20,
2.43, 2.66, 2.85 and 3.01 Ga sources, as yet unidentified in the area. It is
important to note that no zircons younger than 1860 = 33 Ma were detected in the
Chembewesu Quartzite, adding weight to the notion that deposition of the
Manshya River Group predates intrusion of the 1.61 — 1.55 Ga granitoids.

4.9.2.4 The Kanona Group (southwestern Irumide belt)

The limited analyses conducted on a conglomerate of the Kanona Group

(sample MKS) appear to support derivation from the underlying Mkushi Gneiss
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basement, as the coherent age population of 2034 + 16 Ma as well as younger
1953 + 15 Ma age is indistinguishable from ages obtained from the Mkushi
Gneiss (samples CC10, KN1, MK3 and MKS5 of this study)(see also Armstrong et
al., 1999; see also Rainaud et al., 2002; 2003). The maximum age of deposition
for the conglomerate is defined by the youngest concordant zircon at 1953 + 15
Ma.

Farther west at Mufulira in the Zambian part of the Copperbelt, Rainaud et
al. (2003) reported detrital age data for a quartzite of the Kanona Group. The
quartzite records populations between 2.05 and 1.95 Ga, similar to those in the
conglomerate (sample MK8) and most likely derived from the Mkushi Gneiss, but
a large number of zircons defined a broad age population between 2.25 and 2.10
Ga and small populations of 2.40 Ga, 2.50 Ga, 2.70 Ga, 3.03 Ga and 3.20 Ga
(Figure 4-134). The Kapiri Mposhi granite gneiss dated in this study provides a
potential source for the 2.7 Ga population, but potential sources for the remaining
minor contributions remain unidentified. Note that all peaks match with the
detrital age peaks identified in the quartzites from this study. The youngest
concordant analysis of 1941 = 40 Ma places a maximum age constraint on the

deposition of the quartzite, which is similar to that for the conglomerate.
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Figure 4-134: Probability density plot of detrital zircon from the Mufulira Quartzite (Kanona Group,
Copperbelt (data after Rainaud et al. (2003))). The histogram indicates the number of 100£5% concordant
analyses for each bin of 20 M.y. (right axis}, while the curves show the relative probability density of the
analyses. The light grey curve denotes 95-105% concordant analyses, while the dark grey curve shows all
analyses.

4.9.3 Strongly deformed graniteids in the Irumide belt

A previously unrecognised magmatic event was identified in the Irumide
belt, emplacing the precursor granites to the Lukamfwa Hill Granite Gneiss in the
southwestern Irumide belt between 1.65-1.63 Ga, and the precursor granites to the
Musalango Gneiss and Lubu Granite Gneiss in the northeastern Irumide belt
between 1.61-1.55 Ga. In the southwestern Irumide belt, these granitoids include
large rafts of metasedimentary rocks ascribed to the Manshya River Group
(Mapani, 1992; De Waele, 1997; De Waele and Mapani, 2002). In the
northeastern Irumide belt, metasedimentary rafts occurring in the Musalango
Gneiss and Lubu Granite Gneiss were also interpreted to be derived from the
Manshya River Group. The presence of another metasedimentary unit, the
Mulungwizi and Mwambwa River Gneiss, in the northeastern Irumide belt and
adjacent parts of the Bangweulu block, could however also account for these
metasedimentary rafts. Evidence supporting derivation from the Manshya River

Group rather than the Mulungwizi Gneiss relies on the preservation of a ghost
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stratigraphy within the rafis, a feature not observed in the Mulungwizi Gneiss
(Sykes, 1995). The presence of metasedimentary rafts ascribed to the Manshya
River Group in the 1.65-1.55 Ga granitoids places a minimum age on the

deposition of that group.

4,94 Weakly or undeformed Irumide granitoids

A significant magmatic pulse occurred during the Irumide orogeny and
saw the emplacement of large volumes of porphyritic and megacrystic granitoids.
Twenty-six ages have been obtained from various granitoid bodies across the
Irumide belt, and bracket emplacement of syn- to post-orogenic granitoids
between 1.05 and 0.94 Ga. Probability density analysis on the dates suggests that

the peak magmatic activity was at around 1030 Ma.

4.9.5 Peak metamorphism in the Irumide belt

Metamorphic conditions are dated through low Th/U rims on zircon in
migmatites from the southwestern Irumide belt (samples SER6-6 and SER6-7)
and constrain peak Irumide tectonism between 1020 £ 16 Ma and 1018 £ 5 Ma.
One low Th/U rim yielded an age of 554 + 20 Ma and appears to reflect a second
metamorphic event possibly related to the Damara-Lufilian-Zambezi orogen to the
southwest and west. Metamorphic conditions are dated in the northeastern Irumide
belt through low Th/U zircon overgrowths on zircon from the Chilubanama
Granite at 1004 & 16 Ma (sample MTG4).
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4.9.6 Xenocrystic zircon

During this study, numerous xenocrystic zircons were dated from igneous
lithologies in the Irumide belt, and provide an insight into the nature of the
basement. Table 4-2 provides an overview of the *’Pb/*®Pb ages obtained from
these xenocrysts (only 100 = 10% concordant data are shown). Firstly, it is
noteworthy that no xenocrysts were recorded in the 1.65-1.55 Ga granitoids
(Lukamfwa Hill Granite Gneiss, Musalango Gneiss and Lubu Granite Gneiss).
The apparent lack of inheritance in these granitoids may be a result of the fact that
xenocrystic zircons form too small a population and were not detected with the
limited number of analyses, or that the 1.65-1.55 granitoid magmas were hot and
undersaturated with respect to Zr, thus precluding the preservation of inherited
zircon (Miller et al., 2003).

Only two xenocrysts were dated from pre-Irumide lithologies. One inherited
zircon yielded a poorly constrained 207pp/ %Pl age of 3105 = 143 Ma, and was
dated from the 2.73 Ga Kapiri Mposhi granite gneiss. This zircon, together with
detrital zircons reported by Rainaud et al (2003) in a quartzite of the Kanona
Group near Mufulira, and xenocrystic zircons in a tuff further west (Likasi, DR
Congo, see Figure 2-5), as well a minor 3.2 Ga age component in the Manshya
River Group of this study, provide evidence of a cryptic Mesoarchaean terrane.
The other xenocrystic zircon was analysed from the Katibunga Volcanic, and has
a *’Pb/*"®Pb age of 2551 + 36 Ma. The Katibunga Volcanic forms a unit of pillow
lava, and the xenocryst is most likely sampled from cryptic underlying basement

lithologies of that age, or from sediments derived from such basement.

The majority of dated xenocrysts were extracted from the syn- and late-
Irumide granitoids, and reflect sources ranging from 2.77 to 1.11 Ga (Table 4-2).
A combined probability density and histogram diagram of all xenocrystic zircons
shows a dominant peak between 2.05 and 2.00 Ga, and subordinate peaks at 2.7,
2.5, 1.85, 1.65, 1.48 and 1.11 Ga (Figure 4-135). The oldest 2.77 Ga xenocryst
corresponds to the Kapiri Mposhi granite gneiss dated in this study. The main

peak between 2.05 and 2.00 Ga corresponds closely to the ages defined for the
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Mkushi Gneiss (samples CC10, KN1, MK3 and MKS5)(Armstrong et al., 1999;
Rainaud et al., 2002; 2003), while the ~1.85 Ga xenocrysts correspond to the ages
defined for the volcanics in the Manshya River Group (samples ZM31, IS20 and
KBS) and the plutono-volcanic rocks near Mansa (samples MAI, 2, 3 and 9).
Several xenocrysts in the Chilubanama Granite (samples LW1 and MTG4) reflect
sources ranging in age between the age of the Lubu Granite Gneiss (1.55 Ga) and
ca. 1.40 Ga. The 1.4 Ga xenocrystic zircons in the Chilubanama Granite, although
poorly constrained in age, provide evidence of the possible presence of source
rocks of this age in the northeastern Trumide belt, similar in age to the youngest

concordant detrital zircon identified in the Kasama Formation to the north.

Table 4-2; Crystallisation ages of xenocrystic zircon in the frumide belt abtained as part of this study.
*denotes % concordance of the zircon age; ** denotes the igneous crystallisation age of the host rock.
Sample Name *’pb/***Pb age c* Age**

{Ma) (%) (Ma)
CC5 Porphyritic granite 1114 £ 29 93.8 1038 £ 17
Lw1 Porphyritic granite 1348 + 66 107.6 1005 + 21
MTG4 Chilubanama Granite 1425 £ 47 98.4 1010+ 22
Lw1 Porphyritic granite 1483 £ 12 893.2 1005 £ 21
L1 Porphyritic granite 1503 + 46 101.7 1005 + 21
LwW1 Chilubanama Granite 1516 = 56 998 1005 + 21
Lw1 Porphyritic granite 1539 + 48 100.8 1005 £ 21
Fw2 Aplite in porphyritic granite 1837 + 46 102.2 1038 £ 17
ZM32 Chilubanama Granite 1649 + 23 101.5 ~1000
Fwz2 Aplite in porphyritic granite 1837 £ 28 90.7 1038 £17
ZM32 Chilubanama Granite 1859 £ 20 95.8 ~1000
KN7 Porphyritic granite 1944 + 46 97.9 1048 £ 10
Fw2 Aplite in porphyritic granite 1945 + 39 105.4 1038 17
KN7 Porphyritic granite 1987 £ 16 94.9 1048 £ 10
KN7 Porphyritic granite 1988+ 9 102.4 1048 £ 10
SER6-4 Porphyritic granite 20006 102.7 4036 £ 13
Fw?2 Aplite in porphyritic granite 2010+ 21 101.3 1038 £ 17
MTG4 Chilubanama Granite 20108 98.3 1010 £ 22
Fw2 Aplite in porphyritic granite 2017 £ 10 102.6 1038 £ 17
MTG4 Chilubanama Granite 2017 £ 17 96.6 1010 £ 22
KN7 Porphyritic granite 2017 2 4 100.5 1048 + 10
Fw2 Aplite in parphyritic granite 2032+ 28 99.4 1038 + 17
Fw2 Aplite in porphyritic granite 2034 £ 21 a7.7 1038 £ 17
ZM32 Chilubanama Granite 2036 + 23 97.2 ~1000
Fw2 Aplite in porphyritic granite 2044 + 8 99.5 1038 £ 17
MTG4 Chilubanama Granite 2046 + 11 106.1 1010 £ 22
KN8 Porphyritic granite 2052 £ 13 99.7 1022 £ 16
Fw2 Aplite in porphyritic granite 2096 + 38 102.1 1038 £ 17
Fw2 Aplite in porphyritic granite 2098 + 65 95.5 1038 £ 17
KBS Katibunga Volcanic 2551+ 36 91.3 1871 £ 24
Fiwv2 Aplite in porphyritic granite 2774 £23 99.8 1038 £ 17
KMP1 Kapiri Mposhi Granite Gneiss 3105 + 143 97.9 2726 + 36
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Figure 4-135: Probability density plot (light grey curve) of xenocrystic zircon extracted from igneous

lithologies in the lrumide beft. The histogram indicates the number of analyses for each bin of 25 M.y. (right
axis). Only 100 + 10% concordant analyses are included.

4.9.7 Redefining the Bangweulu block

The age data presented above outline the presence of a basement,
consisting of at least three age components, overlain by the Muva Supergroup.
The detrital age data presented in this study for quartzites of the Muva Supergroup
contain age populations reflecting each of those basement components, as well as
minor detrital zircon populations with ages 3.20 Ga (sample MV(}-1, Kanona
Group, Copperbelt (Rainaud et al., 2003)), 3.03 — 3.01 Ga (sample MVQ-1
(Rainaud et al., 2003) and sample IL14, Manshya River Group, northeastern
Irumide belt (this study)), 2.85 Ga (sample IL14 (this study)), 2.71 — 2.66 Ga
(samples MAG6 and 1L14 (this study)), 2.59 — 2.40 Ga (samples MVQ-1 (Rainaud
et al., 2003), MA6, IL14 and KAS (this study)) and 2.25 — 2.10 Ga (samples
MVQ-1 (Rainaud et al., 2003), MA6, IL14 and KAS (this study)). The presence
of detrital zircon corresponding to all identified basement components in the
Bangweulu block and within the Irumide belt (Mkushi Gneiss and Luwalizi
Granite Gneiss) strongly suggests that these basement components (2.73, 2.05-
1.93 and 1.88-1.85 Ga) were assembled to form a coherent unit prior to erosion

and deposition of the Muva Supergroup after ca. 1.82 Ga. The minor contributions
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within the Muva Supergroup that do not correspond to dated basement lithologies
may reflect additional, as yet unidentified components within this composite
basement, including the 3.2 Ga Likasi terrane proposed to underlie the Copperbelt
to the west (Rainaud et al., 2003). The Bangweulu block s.s. is considered in this
study to comprise only the crystalline basement to the northwest of the Irumide
belt, i.e. 1.88-1.86 Ga plutono-volcanic rocks recognised to the west and
southwest of the Palaeoproterozoic Ubendian belt, including the 1.88-1.87 Ga
plutono-volcanic rocks identified in the Domes region of the Copperbelt. The
Bangweulu block s.l. comprises a collage of basement rocks in the Irumide belt
(2.73 Ga and 2.05-1.93 Ga) and 1.88-1.85 Ga plutono-volcanic rocks to the

northwest and west of the Irumide belt in the Bangweulu block s.s.

4.9.8 Redefining the Muva Supergroup

A detrital provenance study of a quartzite from the Mporokoso Group on the
Bangweulu block and the Chembewesu Quartzite of the Manshya River Group in
the northeastern Irumide belt shows very similar age patterns for these units
indicating derivation from the ca. 2.10-1.86 Ga Ubendian belt, and from the 1.88-
1.86 Ga uplifted magmatic arc that underlies large parts of the Bangweulu block
(Andersen and Unrug, 1984). The timing of deposition is directly constrained for
the Manshya River Group through interlayered volcanic units dated at 1879 + 13
Ma and at 1856 £ 4 Ma, i.e. very soon after, and actually overlapping with the
1.88 — 1.86 Ga magmatic event. Contrary to previously held beliefs, the 1.88-1.86
(Ga Bangweulu block and the ~2.10-1.86 Ga Ubendian belt (Brewer et al., 1979;
Schandelmeier, 1980; Ring et al., 1997) have been shown to extend southwards
well into the Irumide belt (this study) and westwards, where similar aged
lithologies are shown to underlie the Copperbelt (Ngoyi et al., 1991; John, 2001;
Rainaud et al., 2002; 2003). As such, the argument of Andersen and Unrug (1984)
that a southerly source precludes derivation from the Ubendian Orogen (i.e. that
the Mporokoso Group could not represent a Ubendian molasse sequence), is
invalidated. Based on the fact that detritus in the Mporokoso and Manshya River
Groups appears to be derived from rocks which form part of the 2.10-1.86 Ga

Ubendian Orogen, and was deposited immediately after the late Ubendian
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magmatic event at 1.86 Ga, the Mporokoso, Manshya River and Kanona Groups
can be regarded as Ubendian molasse deposits, and are related to the
Palaeoproterozoic geological history of the Ubendian belt and associated

Bangweulu block.
4.9.9 Summary
Based on the age data presented in this study, the magmatic evolution of

the Bangweulu block and the Irumide belt is characterised by five different events
(Table 4-3):

Table 4-3; Different magmatic suites recognised in the Bangweulu block and the lrumide belt, based
on zircon U-Pb geochronological data presented in this study.
SUITE Lithologies Emplacement age
GROUP 1 Kapiri Mposhi granite gneiss (southwestern Irumide belt) 273 Ga
GROLUPII Mkushi Gneiss (southwestern frumide belt) 205-195Ga
Luwalizi Granite Gneiss (northeastern lrumide belt) 1.94-1.93 Ga
GROUP IIl Mansa Granitoid {(western Bangweulu block) 1.86 Ga
Mansa Volcanic (western Bangweulu block) [.87 - 1.86 Ga
Kachinga Tuff (northeastern lrumide belt) 1.86 Ga
Luswa Volcanic (northeastern Irumide belt) 1.88 Ga
Katibunga Volcanic (northeastern [rumide belt) 1.87 Ga
GROUP IV Lukamfwa Hill Granite Gneiss (southwestern [rumide belt) 1.66 - 1.64 Ga
Musalango Gneiss (northeastern Irumide belt) [.61 Ga
Lubu Granite Gneiss (northeastern Irumide belt) 1.55Ga
GROUP V Bemba batholith (Lufila Granite} (northeastern Irumide belt) ~1.00 Ga
Luswa River Leuco-Syenite Gneiss (northeastern Irumide belt) 0.94 Ga
Chilubanama Granite (northeastern Irumide belt) 1.01 - 1.0 Ga
Porphyritic granitoids (southwestern Irumide belt) 1.05 - 1.00 Ga

Therefore, for the remainder of this study, the various magmatic suites are
referred to using this revised subdivision (Figure 4-136). A summary of ages

obtained in this study is given in Table 4-4.
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Figure 4-136:
magmatic rocks in the Irumide belt and the Bangweulu block of northern Zambia, obtained in this study.

Combined probability density/histogram diagram showing emplacement ages of
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Zircon U-Pb SHRIMP crystallisation ages for magmatic rocks obtained in this study (left:
sorted alphabethically by sample name; right; sorted by age). ® denotes metamarphic zircon rims,

Table 4-4:

Sample Rock-type Age
CcC10 Porphyritic granite gneiss 1952+/-6
CCs Porphyritic granite 1038+/-17
CcC8 Porphyritic granite 1035+/-12
CHLS Granite gneiss 1016+-17
CHT8 Bictite granite gneiss 1005+4-7
FW1 Porphyritic granite 1038+/-58
1820 Kachinga Tuff 1856+/-4
{SK1 Luwalizi Granite Gneiss 1942+/-6
ISK2 Luwalizi Granite Gneiss 1927+-10
KB5S Katibunga Basalt 1871+/-24
KKA1 Porphyritic granite 1003+/-31
KMP1 Kapiri Mposhi Granite 2726+/-36
KN1 Mkushi Gneiss 2036+/6
KN2A Parphyritic granite 1031+/-14
KNS5 Biotite granite gneiss 1053+/-14
KN7 Porphyritic granite 104B8+/-10
KN8 Biotite granite gneiss 1022+/-16
L1 Chilubanama Granite 1005+/-21
LW10 Musalango Gneiss 1610+/-26
Lwv2 Luswa Syenite 943+/-5
MA1 Mansa Granite 1860+/-13
MA2 Mansa granite 1862+/-8
MA3 Mansa Voleanic 1868+/-7
MAS Mansa Volcanic 1862+/-19
MAS Musonda Falls Granite 1866+/-9
MH4 Porphyritic granite 1017+/-18
MHSC Porphyritic granite 1029+/-14
MK3 Mkushi Gneiss 20424410
MKS Mkushi Gneiss 2029+4-7
MKS Mkushi Gneiss 2050+/-9
MK7 Pomphyritic granite ~1035+/-32
ML2 Lubu Granite Gneiss 1651+/-33
MTG4 Chilubanama Granite 1010+/-22
MTG4®  Chilubanama Granite 1004+/-16
MTGG1  Mutangoshi Gneissic Granite 1029+/-9
MTGG-2  Mutangoshi Gneissic Granite 1055+-13
ND1 Parphyritic granite 1023+-7
ND2 Granite gneiss 16274112
ND4 Granodiorite 1031+/-5
ND5 Syeno-granite 1028+(-7
SASAZ Sasa Granite 1016+/-14
SER5-3  Porphyritic granite 1034+/-5
SER6-2¢  Lukamfwa Hill Granite Gneiss  1664+/-6
SER6-3  Lukamfwa Hill Granite Gneiss  1652+/-5
SER64  Porphyritic granite 1036+/-13
SER6-6 ® Lukusashi migmatite 1018+/.5
SER6-7® Fukwe Migmatite 554+/,20
3SERB-7 ® Fukwe Migrnatite 1021+-16
SH8 Lufila Granite 1001+/-44
SQG Serenje Quarry Granite 1024+/-9
SR12 Lukamfwa Hill Granite Gneiss  1639+/-14
ZM31 Luswa River Tuff 1879+/-13
ZM32 Chilubanama Granite ~946+/-50
ZM36 Mununga Quarry Granite 1025+/-10

Sample Rock-type Age
SER6B-7 ® Fukwe Migmatite 554+/-20
Lwz2 Luswa Syenite 943+/-5
ZM32 Chilubanama Granite ~948+/-50
SHB Lufila Granite 1001+/-44
KK1 Porphyritic granite 1003+/-21
MTG4®  Chilubanama Granite 1004+/-16
LW1 Chilubanama Granite 1005+/-21
CHTS Biotite granite gneiss 1005+/-7
MTG4 Chilubanama Granite 1010+/-22
SASA2 Sasa Granite 1016+/-14
CHLS Granite gneiss 1016+/-17
MH4 Porphyritic granite 1017+/-18
SER6-6 ® Lukusashi migmatite 1018+/~5
SER6-7 ® Fukwe Migmatite 1021+416
KN8 Biotite granite gneiss 1022+/-18
ND1 Porphyritic granite 1023+/-7
SQG Serenje Quarry Granite 1024+/-9
ZM36 Mununga Quarry Granite 1025+/-10
NDS Syenc-granite 1028+/-7
MH9C Porphytitic granite 1029+/-14
MTGGt  Mutangoshi Gneissic Granite 1029+/-9
KN2A Porphyritic granite 1031+/-14
ND4 Granodiorite 1031+-56
SERS-3  Porphyritic granite 1034+/-5
MKT Porphyritic granite ~1035+/-32
cCs Porphyritic granite 1035+/-12
SERG6-4  Porphyritic granite 1036+/-13
CC5 Porphyritic granite 1038+/-17
Fw1 Porphyritic granite 1038+/-58
KN7 Porphyritic granite 1048+/-10
KNS Biotite granite gneiss 1083+/-14
MTGG-2 Mutangoshi Gneissic Granite 1055+/-13
ML2 Lubu Granite Gneiss 1551+/-33
LW10 Musalango Gnhelss 1610+/-26
ND2 Granite gneliss 1627+/-12
SRi2 Lukamfwa Hill Granite Gneiss ~ 1639+/-14
SER6-3  Lukamfwa Hill Granite Gneiss = 1652+/-6
SER6-2c  Lukamfwa Hill Granite Gneiss  1664+/-6
1520 Kachinga Tuff 1856+/4
MA1 Mansa Granite 1860+/-13
MAS Mansa Volcanic 1862+/-19
MA2 Mansa granite 1862+/-8
MAS Musonda Falls Granite 1866+/-9
MA3 Mansa Volcanic 1868+/-7
KBS Katibunga Basalt 1871+/-24
ZM31 Luswa River Tuff 1879+-13
ISK2 Luwalizi Granite Gneiss 1927+-10
15K1 Luwalizi Granite Gneiss 1842+/-6
CC10 Porphyritic granite gneiss 1952+/-6
MK5 Mkushi Gneiss 2029+/-7
KN1 Mkushi Gneiss 2036+/-6
MK3 Mkushi Gneiss 2042+/-10
MK5 Mkushi Gneiss 2050+/-8
KMP1 Kapir Mposhi Granite 2726+1-36
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Taking into consideration data presented as part of this study and previously

published data, the timing of Archaean and Proterozoic events associated with the

evolution of the Bangweulu block s.1., Ubendian belt and the Irumide belt can be

summarised as follows:

2.73-2.61 Ga
2.05-1.93 Ga
2.09 - 1.93 Ga
1.88—1.86 Ga

1.88>->1.66 Ga

Emplacement of Group I granitoids, forming part of the
early (Neoarchacan) history of the Bangweulu block s.l.,
namely the Kapiri Mposhi granite gneiss (this study) and
possibly the Luangwa Gneiss (Cox et al., 2002).

Emplacement of Group II granitoids of the Bangweulu
block s.l. in the Irumide belt, namely the Mkushi Gneiss
and Luwalizi Granite Gneiss (this study), and in the
Zambian and Congolese Copperbelt, namely the Mufulira
Granite, Chambishi Granite, Mulungushi Gneiss and Samba
Porphyry (Rainaud et al., 1999; 2002; 2003).

Tectonism in the Ubendian belt and related magmatism
(Luromo, Rumphi, Chelinda and Nyika Granitoids)(Dodson
et al., 1975; Ring et al., 1997; Vrana et al., 2004).

Emplacement of Group III plutono-volcanic rocks of the
Bangweulu block s.l. in the Zambian and Congolese
Copperbelt (Ngoyi et al., 1991; John, 2001; Rainaud et al.,
2002), in the Bangweulu block s.s. (Mansa Granite and
Volcanic, this work) and extrusion of volcanic tuff and
pillow lava in the Irumide basin along the southeastern
margin of the Bangweulu block s.s. (Kachinga Tuff, Luswa

Tuff and Katibunga Volcanic, this work).

Deposition of the Mporokoso, Manshya River and Kanona

Groups on the assembled Bangweulu block (this work).
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1.66 —1.55Ga
1.43>-7Ga
1.36-1.34Ga
1.12-1.11 Ga
1.05 -0.94 Ga
1.05 Ga

1.02 -1,00Ga
0.95 Ga

0.89 - 0,86 Ga
0.55 Ga

Emplacement of Group 1V granitoids in the Irumide belt,
namely the Lukamfwa Hill Granite Gneiss, Musalango

Gneiss and Lubu Granite Gneiss (this work).

Deposition of the Kasama Formation (this work)

Limited anorogenic magmatism in the northeastern [rumide
belt (Tembo, 1986; Vrana et al., 2004).

A-type magmatism in the Ubendian belt (Ring et al., 1999).

Emplacement of Group V syn- and post-Irumide plutons,
comprising the Bemba batholith (Lufilia Granite),
Chilubanama Granite, and widespread porphyritic
granitoids in the Irumide belt (this study).

Peak metamorphic conditions in the southeastern Irumide
belt (Schenk and Appel, 2001; Cox et al., 2002).

Peak metamorphic conditions in the Irumide belt s.s. (this

work).

Post-Irumide cooling below the closing temperature for
“®Ar/®Ar in hornblende in the northeastern Irumide belt

(Daly, 1986b).

Post-Irumide cooling below the closing temperature for
YA Ar in muscovite in the northeastern Irumide belt

(Vrana et al., 2004).

Metamorphic overprint of the Damara-Lufilian-Zambezi
orogen in the southwestern Irumide belt (this study and
(Vail et al., 1968).
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5 CHAPTER 5: Major and trace element geochemistry

5.1 Introduction

During this study, 108 whole rock samples were analysed for geochemistry,
covering the entire range of (meta-) igneous lithologies in the Irumide belt. The
geochemistry comprises major elements and a range of trace elements and is

aimed at addressing the following issues;

1. geochemical classification of each igneous rock sample using normative
mineral content;
2. geochemical characterisation of the different igneous suites; and

3. proposing petrogenetic models for each suite and their geotectonic setting.

Although analyses were conducted over four different years (1998-2001), at
three different laboratories (Chemex Canada Mississauga facility, Chemex
Australia Sydney facility and Department of Applied Chemistry, Curtin
University of Technology), the methodologies followed were nearly identical, and
included standard digestion and/or fusion techniques followed by Inductively
Coupled Plasma - Optical Emission Spectrometry (ICP-OES) for major elements
and Inductively Coupled Plasma — Mass Spectrometry (ICP-MS) for trace
elements. Details of these methodologies are reported in Appendix D. Minimum
detection limits for analyses conducted by Chemex are identical to those reported
for the instruments at Curtin University, and are given in Appendix C in Tables
11-7 and 11-8.

Quality control for the analyses conducted by Chemex included analysis of
blanks, internal duplicates and internal standards, but the results of these were not
returned with analyses, and are not reported here. Quality control for the batches
analysed at the Curtin facilities consisted of analysis of blanks, which confirmed
negligible background counts throughout, analysis of standards (see Tables 11-1,

11-2, 11-3 and 11-4) and duplicate analyses (see Tables 11-5 and 11-6). A
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comparison of the values obtained on reference standard materials with officially
quoted values for these international standards confirms that there are no
significant discrepancies in either trace or major element analyses. Duplicates
were tun of ten samples for both major and trace elements at Chemex Australia
and at the Curtin facilities. The results obtained indicate reproducibility of the
ICP-MS and ICP-OES techniques (Tables 11-5 and 11-6). One duplicate (sample
KB?7, Table 11-6) was conducted for trace clements during two separate sessions

at Curtin and yielded negligible differences between the two analytical runs.

In the treatment of geochemical data, a multitude of approaches can be
used, dependent on individual cases. In this study, for reasons of consistency and
space, only a limited number of parameters are calculated and diagrams used to

characterise the rocks.

Even though, during this study, every effort was made to collect samples
from fresh, unaltered rock, the chemical index of alteration (CIA) of Nesbitt and
Young (1982) was calculated (CIA = molar (100 * (ALO3) / ((ALOs) + (CaO") +
(Na0) + (X»0)); where CaQ’ is the contribution of CaQ from silicates only).
According to Nesbitt and Young (1982), values of CIA for unaltered granite and
basic rock are 50 and 42 respectively, while CIA values for any rock exceeding 60
indicate significant alteration. In addition to the CIA parameter, loss on ignition
(LOI) is used to assess the level of alteration for the samples, with LOI values
higher than 2% deemed to indicate significant alteration in carbonate-free
samples. Throughout this study, samples with CIA values exceeding 60 and LOI

values greater than 2% were considered suspect.

The plutonic rocks were classified using their calculated mesonormative
composition. This method was preferred over point counting of constituent
minerals as mesonormative compositions can be calculated for all types of
magmatic and metamorphic rocks, ranging from aphanitic (as is the case for most
volcanic rocks) to megacrystic (as is common in the porphyritic granite types).
The mesonormative calculation therefore provided a uniform means of classifying
magmatic rocks as part of this study. The particular norm calculated during this

study is based on the accepted CIPW calculations (Johannsen, 1931; Best and
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Christiansen, 2000) but has been simplified and is only suitable for the most
common rocks, as many calculations necessary for rocks of uncommon
composition (such as some silica-undersaturated rocks) have been omitted. The
procedure also departs from the original CIPW norm in that all plagioclase
components have been grouped together, while normative enstatite, ferrosilite and
wollastonite have been recalculated into diopside and hypersthene end-members.
Classification for the plutonic rocks is based on a ternary QAP diagram proposed
by Le Maitre (1989), plotting mesonormative composition of quartz, alkali
feldspar and plagioclase at the apexes. For the volcanic rocks, a geochemical
classification diagram proposed by Cox et al. (1979) was used, plotting total
alkalis (K20 + Na;0) versus silica (Si0O;), and for the volcanic rocks in the
Irumide belt a classification diagram proposed by Streckeisen and Le Maitre
(1979), plotting ANOR (anorthite / (anorthite + orthite) * 100) versus Q’ (Q/(Q +
anorthite + orthite + albite) * 100) was used.

The geochemical traits of the plutonic and volcanic rocks are demonstrated
through several diagrams. A diagram proposed by Maniar and Picolli (1989) plots
the aluminium saturation index (ASI = A/CNK = molar (A1,03 / ((CaO) + (Na,0)
+ (K20))(Zen, 1986) versus the agpaitic index (AI = molar (Al;03 / (Na;O) +
(K20))) and characterises the rocks as metaluminous (ASI<l and AI>1),
peraluminous (ASI>1 and AI>1) or peralkaline (ASI<l and AI<l). A binary
diagram of K,O versus Na;O further characterises the rock as potassic (K20 >
Na;O) or sodic (Na;O > K;0). A diagram after Chappell and White (1974) and
Clarke (1992) plots the ASI versus silica content (SiO,) and helps distinguish -,
M-, A- and S-type granitoids. I-type granitoids result chiefly from the melting of
source rocks of mafic to intermediate igneous composition, or infracrustal
derivation; M-type are granitoids resulting from the melting of mantle sources,
either indirectly through subducted oceanic crust, or directly; A-type are
granitoids emplaced into non-orogenic settings and S-type are those granitoids
chiefly derived from sources which have undergone at least one weathering cycle
(i.e. sedimentary rocks)(Clarke, 1992). Of these, only the latter can be
unequivocally recognised by their high ASI values of greater than 1.1 and the
presence of more than 1% normative corundum, while considerable overlap exists
in the I-, A- and M-types (Chappell and White, 1974, 1992; Chappell, 1999).
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Because of the inability of this diagram to distinguish A-type from I-type
granitoids, another diagram is used, either plotting (Zr + Nb + Ce + Y) versus
(K20 + Nay0)/Ca0, or (Zr + Nb + Ce + Y) versus (total FeO/MgO)(Whalen et al.,
1987). The diagrams by Whalen et al. (1987) clearly distinguish A-type granitoids
from orogeny-related [-type and fractionated felsic granitoids because of the more
elevated total REE content of the former. Eby (1990; 1992) further suggested that
not all A-type granitoids are anorogenic, but can be subdivided into two types,
namely orogeny-related A-type and anorogenic A-type. In order to distinguish
these two sub-types, additional diagrams proposed by Eby (1990; 1992) are
applied, including a ternary diagram with Y, Nb and Ce, and binary diagrams
plotting (Y/Nb) versus (Ce/Nb) or (Y/Nb) versus (Yb/Ta).

The tectonic discrimination of all granitoids relies strongly on the
diagrams proposed by Pearce (1996a) and Pearce et al. (1984b), plotting Nb
versus Y and (Y + Nb) versus Rb. For the volcanic rocks discussed in this study,
the approach proposed by Pearce (1996b) is followed. This includes the
classification of the volcanic rocks on a binary diagram plotting (Nb/Y) versus
(Zr/T1), proposed by Winchester and Floyd (1977), with revised fields after Pearce
(1996b). Other than providing a classification of the volcanic rocks into basalt,
andesite and rhyolite, the Nb/Y ratio also defines subalkaline, alkaline and ultra-
alkaline fields. Pearce (1996b) proposed that samples plotting as basic or
intermediate on this diagram are suitable for plotting on the ternary Th-Ta-Hf/3
classification diagram after Wood (1980), on the condition they do not comprise
cumulates. Pearce (1996b) suggested that intermediate or felsic volcanics with
AlLO; wt% < 20%, Sc < 50 ppm, Ni < 200 ppm, are unlikely to represent
cumulates of feldspar, olivine or cpx respectively, and proposed that such rocks

are suitable for discrimination on the diagram of Wood (1980).

The relative abundance of rare earth elements (REE) and a sclection of
trace elements are shown in REE diagrams and multi-element cationic distribution
diagrams. In published literature, a wide variety of such diagrams are used, which
differ in both normalisation values, number and type of elements and organisation.
During this study, the REE contents for granitoids and volcanic rocks are shown

normalised to chondrite (normalisation values afier McDonough and Sun (1995),
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see Table 11-10 Appendix D). Based on the normalised values of REE, the

following parameters are calculated:

- Europium anomaly = Ew/Eu* = Euy / ((Smy + Gdn)/2)
- fractionation value for REE = fREE = (La/Yb)y

- fractionation value for LREE = fLREE = (La/Sm)y

- fractionation value for HREE = fLREE = (Gd/Yb)x

where n denotes normalised values, Eu* denotes the ratio of analysed
europium and the standard europium content of chondrite, REE=rare earth
elements {La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er and Yb); LREE=light rare
earth elements (La to Eu); HREE=heavy rare earth elements (Eu to Yb).

Europium anomalies smaller than 1 are called “negative” (i.e. actual Eu less
than that predicted by a linear relationship between Sm-Eu-Gd), while values
greater than 1 denote a “positive” Eu-anomaly (i.e. actual Eu greater than that
predicted by a linear relationship between Sm-Eu-Gd). The calculated
fractionation values give a first-hand idea of the relative normalised abundances
of the two end-members. In REE diagrams, the least mobile REE are placed to the
right of the diagram, while towards the left, more mobile elements are shown.
Large fractionation values (generally greater than 10) indicate strong depletion (or
fractionation) trends, while smaller numbers (less than 10) indicate minor

depletion (fractionation) trends.

Multi-element cationic distribution diagrams (SPIDER plots), showing Cs,
Rb, Ba, Th, U, Nb, Ta, La, Ce, Pb, Pr, Sr, Nd, Zr, Hf, Sm, Eu, Gd, Tb, Dy, Ho, Er,
Yb, Y and Lu for all rocks are normalised to primordial mantle (normalisation
values after Sun and McDonough (1989), see Table 11-11 Appendix D). A
different multi-element plot is also used for volcanics, showing values normalised
to N-type mid-ocean-ridge basalt {(normalisation values after Pearce (1996b), see
Table 11-12 Appendix D) as well a multi-element plot proposed by Pearce et al.
(1984), with normalisation to ocean-ridge granitoid (normalisation values after

Pearce et al. (1984), see Table 11-13 Appendix D). Throughout the text,
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“negative” or “positive” anomalies are related to relative normalised abundances

of the element with respect to the elements on either side in the diagram.

5.2 The Archaean (Group 1) Kapiri Mposhi Granite-Gneiss

One sample was collected from what was previously mapped as the Mkushi
Gneiss basement complex, but was revealed by SHRIMP geochronology as part
of a previously unidentified 2.73 Ga Archaean basement. This sample (KMPI)
was collected from an abandoned quarry (Kampoyo quarry on the 1:100000
geological map of the Kapiri Mposhi area (Figure 2-9)) a