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ABSTRACT

Metasedimentary rocks of the Mesoproterozoic Umkondo group in eastern Zimbabwe
record the presence of an epicontinental basin situated near the eastern margin of the
Kalahari craton. The Umkondo group is subdivided into the Zimbabwe- and Mozambique
facies. The Mozambique facies consists of highly deformed and strongly metamorphosed,
greenschist- to amphibolite facies grade psammites and metapelitic schists that were
clearly thrust westwards during the Mozambique orogeny ~ 550 Ma ago. The Zimbabwe
facies comprises weakly to nonmetamorphosed strata of pebbly basal arkoses that are
succeeded by shallow-marine stromatolitic limestones, cherts and cross-bedded arkoses
that are interbedded with basalts and mafic and felsic tuffs. Rocks of the Zimbabwe
facies were metamorphosed to greenschist- to prehnite-pumpellyite facies grade. Tuffs
record input of pyroclastic material into the Umkondo basin and possibly reflect
explosive volcanic activity related to the Umkondo igneous event. The Zimbabwe facies
is locally deformed by north-south-trending, upright folds with wavelengths of up to tens
of metres and east dipping small-scale thrusts that indicate a west-directed sense of
movement.

Until now, there has been controversy as to whether the Zimbabwe facies rests
nonconformably or tectonically on the Archaean Basement. West-verging small scale
folds and small-scale thrusts are evidence that the Zimbabwe facies has been locally
deformed. However, the pebbly basal arkose of the Zimbabwe facies rests depositionally
on the Archacan Basement. Some Umkondo sills were emplaced along the
nonconformity and their contacts with the Archaean Basement and overlying Zimbabwe
facies strata are clearly intrusive. Most importantly, some Umkondo sills transgress the
Archaean Basement/Zimbabwe facies contact and bedding without break. These
observations, together with the lack of tectonic discontinuity at the Archaean
Basement/Zimbabwe facies contact, and the occurrence of undeformed stromatolites in
limestones near the contact, suggest that the contact is a nonconformity. The Zimbabwe
facies is therefore authochtonous on a large scale and the west verging small-scale
structures are indicative of localized movement that probably accommodated
displacements on a maximum scale of hundreds of metres.

Dolerites intrude the Archaean Basement and the overlying Umkondo strata as both
dykes and sills. U-Pb analyses of 5 single grain baddeleyite fractions from a granophyre
that intrudes the lower Umkondo group yielded a crystallization age of 1108.5 + 0.4 Ma.
Nine grains from another sill that intrudes the upper levels of the Umkondo group yielded
dates that are 2 to 7% discordant. A York (1969) regression through six analyses yielded
an upper intercept of 1109.0 £ 2.2 Ma and lower intercept of 211 + 41 Ma. The upper
intercept is interpreted as the crystallization age, and hence the emplacement age of the
sill, while the lower intercept age of 211 + 41 Ma may be indicative of episodic Pb loss
event that was probably associated with Karoo reheating throughout the Zimbabwe
craton. These age data, combined with the Hanson et al. (1998) age of 1105 + 2 Ma for
another sill in the Chimanimani area show that the Umkondo sills in eastern Zimbabwe
were emplaced in different stratigraphic levels of the Zimbabwe facies of the Umkondo
group within a period of 4 Ma, i.e. between 1109 and 1105 Ma.





Precise age for the Guruve, Kamativi and Mutare dykes remain speculative since only
one north northwest trending dyke in eastern Zimbabwe yielded baddeleyite grains. U-Pb
analyses of 3 fractions of single baddeleyite grains and 2 multi-grain fractions from this
dyke are concordant to slightly discordant. Four least discordant analyses yield a Pan-
African age of 724 = 2.1 Ma, which is interpreted to be the crystallistion age of the dyke
and is nearly 400 Ma younger than the Umkondo sills. Thus the Mutare dykes are strictly
not a swarm since a swarm comprises of dykes that are contiguous, contemporaneous and
consanguineous (Ward et al., 1999, 2000). Emplacement of dykes in eastern Zimbabwe
was structural controlled by pre-existing faults since the dykes and faults patterns are
similar and some dykes occur along sections of faults. Assuming minimum magma
pressure required to open north northeast trending fractures, the maximum principal
stress (o) during the emplacement of the dyke was north northwest-south southeast and
is consistent with contractional deformation in the Zambezi belt at the time of dyke
emplacement. The dyke may be part of a Pan African tectonomagmatic event that may
have affected the entire Zimbabwe craton and was associated with collision of the Congo
and Kalahari cratons. It is inferred that dykes that fed Umkondo sills do exist in eastern
Zimbabwe, but farther geochronological work is necessary to identify them, and to
establish the ages of the Guruve and Kamativi dykes.
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CHAPTER 1

INTRODUCTION
1.0 Location of Project Areas

The study primarily encompasses much of Eastern Zimbabwe, including the entire
Umkondo group and the underlying Zimbabwe Archean Basement, stretching from
Chipinge, in the south, to Nyanga in the north (Fig. 1.1). An area of about 165 km?,
situated some 30 km northwest of Chimanimani town, was selected for detailed mapping
(between U.T.M. grid lines 450000 and 466000 east, and 7830000 and 7841000 north).
The project also involved sampling Umkondo dolerites and members of the Mutare,
Guruve and Kamativi dyke swarms of Wilson et al. (1987), which have been cited in
literature to be presumably of Umkondo age (Wilson et al., 1987; Hanson et al., 1998b),
ie. ¢. 1100 Ma, for precise U-Pb zircon/baddeleyite geochronology. Samples of
Umkondo dolerites and Mutare dykes were collected from four districts in Eastern
Zimbabwe; namely Chipinge, Chimanimani, Mutare and Nyanga (Figs. 1.2-1.7). The
second area of study occurs in the vicinity of Chinhoyi (Fig. 1.8), where the Guruve
dykes were sampled. The Guruve dykes occur in the northern part of the Zimbabwe
craton and west of the Great Dyke. The third area of study is situated in the Dett area in

western Zimbabwe (Fig. 1.9), where the Kamativi dykes crop out.
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1.1 Problem Definition and Justification of Study

The Umkondo igneous province encompasses a large part of southern Africa where
apparently related, predominantly mafic igneous rocks of Neopreoterozoic age occur
(Hanson et al., 1998b). Understanding the Umkondo igneous province is critical to
reconstructions of Rodinia and to concepts of supercontinent dispersal and assembly at c.
1100 Ma (Hanson et al., 1998b). The research is part of a larger project that involves
palacomagnetic and geochronological studies of the Umkondo igneous province

throughout southern Africa. For palacomagnetic studies of Umkondo dolerites it is vital
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to understand the tectonic history of the Umkondo group since the palacomagnetic pole
directions acquired at the time of emplacement may have been changed during
subsequent deformation. It is therefore necessary to establish whether the Umkondo
group is autochthonous or not, which is determined by the nature of the contact

(unconformable or tectonic?) between the Umkondo group and the Archean Basement.

The nature of the contact between the Zimbabwe facies of the Umkondo group and the
Archean Basement has recently been a subject of controversy. The original idea of a
simple non-conformity (Watson, 1969; Stocklmayer, 1978) has been recently challenged
by suggestions that the entire Umkondo group may be allochtonous (Dirks, personal
communication, 1999). Geological field mapping is therefore necessary and can provide
a basis for further geochronological work, palacomagnetic studies and palaeo-stress
analysis using dykes. The relative ages of the dykes and deposition of the Umkondo
Group is inferred from one locality where the dykes intruded wet sediments (Hanson et
al., 1998b) in which an approximately 4 m-wide zone comprises dolerite fragments
intermingled with fragments of the upper arkose unit. The relative age relationships
between the dolerites and the metasedimentary rocks of the Zimbabwe facies need to be

satisfactorily established through field mapping.

Umkondo dolerites have a regional significance, but precise age data are lacking. Most of
the available geochronological data is based on the Rb-Sr and K-Ar methods (Cahen et
al., 1984; Allsopp et al., 1989; Cheney et al., 1990) of dating, the interpretations of which
are problematic in ancient mafic rocks. Rb and Sr are relatively mobile elements such
that the Rb-Sr system may be sensitive to weathering, hydrothermal alteration and low-
grade metamorphism (Rollinson, 1993). Umkondo dolerites and the Mutare, Guruve and
Kamativi dyke swarms of Wilson et al., (1987) have suffered low-grade metamorphism
and hydrothermal alteration, which suggests that the Rb-Sr method could be problematic.
These facts necessitate the application of the U-Pb zircon/baddeleyite dating technique,
which is insensitive to low-grade metamorphism since zircon has a blocking temperature

of about 1000°C (van Breemen et al., 1979; CIiff, 1985). Correlation of the Umkondo
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dolerites with other igneous provinces can be made based on U-Pb zircon dates and

mapping results.

Although two U-Pb ages have been published recently (Hanson et al., 1998b; Wingate,
2001) for dolerite sills that intrude the Umkondo, additional geochronological results are
required to investigate if the huge volumes of sills that intrude the Umkondo group,
located in different stratigraphic settings, belong to a single magmatic event.
Mashonaland and Umkondo dykes cannot be distinguished in the field (Hanson et al.,
1998b; Munyanyiwa, 1999). The age relationships of these dykes can only reliably be
established through isotopic dating using the U-Pb zircon/baddeleyite technique since
they have suffered low-grade metamorphism (Munyanyiwa, 1999). The type area of the
Umkondo igneous event was established in eastern Zimbabwe, and there is need to
ascertain the precise age relationship of the enigmatic Mutare, Kamativi and Guruve
dykes that are speculated to be possible correlatives of the Umkondo dolerites using the
Ub-Pb zircon/baddeleyite technique. The classification of dyke swarms by Wilson et al.
(1987) is largely based on geometry and spatial associations and can be revisited in the

light of new geochronological and geochemical data.

1.2 Objectives of the Study

The objectives of the research project are to:

= Investigate the tectonic setting, timing, and palacogeography of the Umkondo group,
with particular emphasis on the Umkondo dolerites, and

= Relate the Umkondo group to the regional Mesoproterozoic tectonic framework.

= [nvestigate the age of igneous rocks that may be related to the Umkondo dolerites, i.e.

the Mutare, Guruve and Deweras Dyke swarms of Wilson et al. (1987).

12





1.3 Research Methodology

The major research methodology involved geological field mapping of an area of 176
square kilometres on a scale of 1:25000, assisted by aerial photograph interpretation
(Fig. 1.10). More detailed mapping was carried out in areas of critical field relations
(Fig. 1.11). The mapping exercise was done over a cumulative period of 15 weeks
between May and September 2001 and 1 week in May, 2002.

Dyke and sill intrusion mechanisms were studied in order to constrain the stress fields
during the emplacement of the dolerites. A number of dykes were mapped in order to
investigate the age relationships between the dykes and metasediments. Stress fields
associated with dyke emplacement were constrained from a combination of
theoretical considerations of dyke intrusion mechanisms and the field observations.
Collecting dolerite dykes/sills samples for U-Pb zircon/baddeleyite geochronology.
Samples were collected from Umkondo sills and dykes of the Mutare, Guruve and
Kamativi swarms of Wilson et al. (1987) between May and September 2001. The
sampling procedure and sample preparation are described in chapter 6. Laboratory
work, 1i.e. mineral separation and conventional U-Pb zircon/baddeleyite
geochronology was, done in an M.L.T., laboratory, Boston, U.S.A over a period of 2

months, i.e. from mid October to mid December, 2001.
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CHAPTER 2

REGIONAL GEOLOGY: THE SIGNIFICANCE OF THE UMKONDO AND
ASSOCIATED MAFIC INTRUSIVE ROCKS

2.0 Introduction

The Umkondo group comprises a sequence of metasedimentary strata that are sub-
divided into the Zimbabwe facies and the Mozambique facies, which overlie Archean
basement granites and gneisses of the Zimbabwe craton. In Zimbabwe, rocks of the
Mozambique facies crop out near the Mozambiquen and have been thrust westwards and
juxtaposed with rocks of the Zimbabwe facies (Payne, 1984; Munyanyiwa, 1999). The
Zimbabwe facies comprises relatively undeformed, low grade metamorphic strata, while
rocks of the Mozambique facies are intensely deformed and metamorphosed. Extensive
dolerite sills and dykes have intruded the metasedimentary strata and the Archean
basement granites. Dykes of possible Mashonaland- and Umkondo age predominantly
occur in granite terrain and are scarce in the area covered by metasedimentary strata (Fig.

1.3)

In this chapter, Umkondo dolerites are correlated with other igneous rocks of similar ages
in southern Africa. Findings from previous work are reviewed and briefly discussed.
Available geochronological data for three mafic dyke swarms of Wilson et al. (1987),
namely the Mutare, Guruve, and Kamativi dykes are given, and their possible age
relationships to Umkondo dolerites are discussed. For convenience and avoiding
confusion, the terminologies used for the dyke swarms by Wilson et al. (1987) are

retained in this thesis.
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2.1 Umkondo Group

The Umkondo group comprises metasedimentary rocks that crop out in two areas that are
some 200 km apart, i.e. in the Chimanimani-Chipinge districts to the south-, and the
Nyanga district to the north of Mutare town (Fig. 1.1). Deposition of the rocks in both
areas possibly occurred in a single, north-south trending basin that had an average width
of at least 100 km in the south, and extends into Mozambique to the east (Payne, 1984).
In the Nyanga area, Stocklmayer (1978) sub-divided rocks of the Umkondo group into
the relatively undeformed and weakly metamorphosed Inyanga facies that occurs to the
west; and the intensely deformed and highly metamorphosed Gairezi facies (Tyndale-
Biscoe, 1957) to the east. In the Chimanimani-Chipinge area, Watson (1969) subdivided
the rocks of the Umkondo group into the low metamorphic grade, less deformed
Calcareous-, Quartzite- and Argillaceous Series to the west; and the strongly deformed
rocks of the Frontier Series that crops out near the Zimbabwean boarder to the east and
adjacent parts of Mozambique. The classification by Tyndale-Biscoe (1957) and Watson

(1969) was based on the variation in degrees of deformation and metamorphism.

Stocklmayer (1978) correlated rocks of the Umkondo group in the Chimanimani-
Chipinge and Nyanga areas. The rocks were subsequently sub-divided into a western
succession of weakly deformed, low metamorphic grade rocks, namely the Zimbabwe
facies, and an eastern succession of intensely deformed and high metamorphic grade
rocks, the Mozambique facies (Stocklmayer, 1978). The classification by Stocklmayer
(1978) was based on broad lithological, metamorphic and structural similarities of rocks

in Nyanga and Chimanimani.

The Zimbabwe facies, which makes up most of the exposures in Zimbabwe, consists of
pebbly basal arkoses that grade upwards into limestones, cherts, shales and sandstones
and capped by basalts (Watson, 1969; Stocklmayer, 1978; Munyanyiwa, 1999). These
rocks overlie- and are flanked by the Archean basement granites to the west (Fig. 1.1).
Detrital grains of the basal arkose include very angular pink feldspar, grey quartz and a

little mica in places, which are the constituents of the underlying granite (Swift, 1962).
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The arkose was probably derived from weathering of the granite by sub-aerial erosion
(Swift, 1962; Watson, 1969). The Zimbabwe facies was possibly deposited
nonconformably on a peneplained Archean basement and on gneisses of the North
Marginal Zone and Central Zone of the Limpopo belt to the west (Tyndale-Biscoe, 1957;
Watson, 1969; Stocklmayer, 1978; Hanson et al., 1998b). The Mozambique facies
consists of highly deformed and strongly metamorphosed, greenschist- to amphibolite
metamorphic grade psammites, phyllites, metapelites, calc-silicate hornfelses, limestones
and schists (Tyndale-Biscoe, 1957; Watson, 1969; Stocklmayer, 1978; Payne, 1984;
Dirks, personal communication, 1999). There is a sharp change in grade of
metamorphism and deformation between the Mozambique facies and the Zimbabwe

facies (Dirks, personal communication, 1999).

The Mozambique facies was inferred to be older than the Zimbabwe facies because of the
higher degrees of deformation and metamorphism and marked lithological differences
along a sharp, tectonic contact (Bond, 1951; Tyndale-Biscoe, 1957). However,
subsequent workers in the area (e.g. Slater, 1965, Stocklmayer, 1978) asserted that the
Mozambique facies was deposited contemporaneously with the Zimbabwe facies and the
difference in appearance was interpreted to reflect facies variations and degrees of

deformation and metamorphism.

2.2 Regional Structure

The Mozambique facies overlies the Mozambique quartzofelspathic gneisses and
gneisses of the Limpopo belt (Watson, 1969; Dirks, 1999). The gneisses grade upwards
into an approximately 3m-wide cataclastic zone of lineated, sheared quartz-mica schists
at the contact with the Mozambique facies (Tyndale-Biscoe, 1957; Watson, 1969; Payne,
1984) Evidence for thrusting includes the occurrence of north—south trending major faults
with east-west plunging sub-horizontal lineations that cut the Mozambique facies at
shallow angles as well as asymmetric shear sense indicators. These have been
documented in the Nyanga and Chimanimani areas (Watson, 1969; Payne, 1984;

Tennant, 1995). The occurrence of tight and recumbent folds with north-south trending
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fold axes and sheath folds (Watson, 1969; Payne, 1984) suggests high strain that is
compatible with thrusting. Thus the Mozambique facies is clearly allochtonous and was

thrust westwards as shown by kinematic indicators (Tyndale Biscoe, 1957; Watson,

1969; Payne, 1984, Tennant, 1995).

The Zimbabwe facies has been considered by most workers to be an autochthonous
sequence that rests non-conformably on the Zimbabwe craton and the Limpopo belt to
the west (Tyndale Biscoe, 1957; Swift; 1962; Watson, 1969; Stocklmayer, 1978).
However, Watson (1969) has documented evidence of local brecciation and
mylonitisation at the contact zone of the Zimbabwe craton and the Zimbabwe facies.
Swift (1962) reported a silicified fault that separates the Archean basement granites and
the Zimbabwe facies some 3 km south of Mapari borehole (Grid Ref.: 418395; 7777225).
Rocks of the Zimbabwe facies were, in places, folded in to low amplitude, gentle folds
with fold axes that plunge shallowly to the south (Tyrwhitt, 1966; Watson, 1969;
Stocklmayer, 1978). These observations raise the possibility that the contact between the

Archean basement granites and the Zimbabwe facies could be tectonic.

2.3 Umkondo Dolerites and Basalts

Dolerites intrude the Archean basement granites and gneisses and the overlying
Umkondo strata as both dykes and sills, although the sills are far more widespread
(Munyanyiwa, 1999). Some sills were intruded along bedding planes, which are
transgressed in places, and along the Archean basement granite/Zimbabwe facies contact
(Watson, 1969; Mukwakwami et al, 2001). The dolerites are referred to as Umkondo
dolerites and are common in the Zimbabwe facies where they are relatively undeformed
and are believed to have intruded wet sediments (Munyanyiwa, 1997; Hanson et al.,
1998b). Rare dolerite sills occur in the Mozambique facies where they have been strongly
deformed and are structurally conformable with rocks of the Mozambique facies
(Watson, 1969; Tennant, 1995; Munyanyiwa, 1999). Basalts cap the Zimbabwe facies

metasedimentary strata in the area around Hot Springs (Fig 1.5).
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To the west of the Umkondo group are dolerite sills/dykes dated at 1.8 Ga termed the
Mashonaland sills (Compston and McElhinny, 1975; Wilson et al, 1987). Umkondo
dolerites and Mashonaland dolerites cannot be distinguished in the field and some of the
dykes mapped as Mashonaland dykes could in fact be of Umkondo age and vice-versa
(Hanson et al., 1998b). Most dykes and sills intruding the Archean basement are assumed
to belong to the Mashonaland suite. However, Wilson et al. (1987) and Allsopp et al.
(1989) obtained a palacomagnetic pole and Rb-Sr isotopic data that are consistent with an
Umkondo age for the Deweras dyke in northwestern Zimbabwe. Unpublished Rb-Sr
work on the Deweras dyke constrains the age of the swarm to between 500 and 1300 Ma
Wilson et al. (1987). The limited palacomagnetic and geochronological data suggest an
age of ~1000 Ma for the Deweras dykes, but do not rule out a correlation with the
Umkondo dolerites (Wilson ef al. 1987). If so then the Umkondo igneous event may have

extended across most of the exposed Zimbabwe craton.

2.4 Previous Geochronology on Umkondo Dolerites

The age of Umkondo dolerites has been the subject of many publications (Table 2.1).
Cheney et al. (1990) asserted that regression of 5 lava samples collected by Allsopp et al.
(1989) yielded an age of ~1900 Ma. Cheney et al. (1990) subsequently correlated the
Umkondo group with the Paleoproterozoic sedimentary basins of southern Africa. The
maximum Mesoproterozoic age for the Umkondo Group, and hence the Umkondo
dolerites, has been based on the assertion that the Zimbabwe facies of the Umkondo
group unconformably overlies the North Marginal Zone and the Central Zone of the
Limpopo belt (Swift, 1962; Watson, 1969). These parts of the Limpopo belt have
suffered the 2.0 Ga high-grade granulite facies metamorphism, which did not affect the
Umkondo group metasediments (Van Breeman, 1968; Kamber et al., 1995). The
Mashonaland ages are interpreted to reflect inheritance through contamination by older
crustal rocks, while the younger ages (Vail and Dodson, 1969 and Table 2.1) reflect Ar-
loss during subsequent tectono-thermal events and the significance of these younger ages

is further discussed in chapter 6.
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Available precise U-Pb zircon dating gave an emplacement age of 1105 + 2 Ma for an
Umkondo dolerite sill that intrudes the Umkondo group to the east of Chimanimani town
(Hanson et al., 1998b and Fig. 2.1). Wingate (2001) subsequently published a SHRIMP
U-Pb zircon-baddeleyite age of 1099 + 9 Ma for another Umkondo sill north of Nyanga
town (Fig. 2.1). However, Wingate (2001) asserted that the best estimate for the
Umkondo magmatic event is 1105 = 5 Ma, which is a mean age obtained by combining
the age and uncertainty of 1107 = 7 Ma derived from the Hanson et al. (1998b) data and
the U-Pb zircon-baddeleyite age of 1099 + 9 Ma. Findings from this project show that
Umkondo sills in eastern Zimbabwe were emplaced between 1105 and 1109 Ma (Chapter
6). The mean age of Wingate (2001) from the two sills that are at least 100 km apart is
probably imprecise and may have no geological meaning since the two sills may have

slightly different ages.
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U-Pb zircon and baddeleyite
N age = 1099+9 Ma

(Wingate, 2001)

] PAN-AFRICAN
MOZAMBIQUE BELT

- Dolerite Sills

UMKONDO GROUP:
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Fig. 2.1 Spatial distribution of the Umkondo group and associated dolerite sills that
intruded the strata at about c¢. 1100 Ma in eastern Zimbabwe and adjacent parts of
Mozambique. The sampling sites of U-Pb geochronological samples reported in Hanson
et al. (1998b) and Wingate (2001) are shown. Modified after R. Hanson (unpublished
manuscript).
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2.5 Geochemistry of the Umkondo Dolerites

Munyanyiwa (1999) carried out geochemical studies on Umkondo dolerites and basalts.
Although Umkondo dolerites and basalts were generally metamorphosed at low
greenschist facies (chapter 4), Munyanyiwa (1999) concluded that these processes did not

cause significant mobility on most major and trace elements.

Umkondo dolerites and basalts are low P-Ti (LPT) and have low mg numbers (mg = 100
x Mg/[Mg + Fe]). The LPT dolerites and basalts are inferred to have formed by crustal
contamination of the mafic magma en route to the surface (Peate and Hawkesworth,
1996). Low mg numbers are typical of continental flood basalts (Wilson, 1989). The
rocks are quartz normative and sub-alkaline and fall within the tholeiitic field of Irvine
and Barager (1971). Major element data plotted against MgO show a general decrease in
K,0, Na,O, SiO; and TiO; and an increase in CaO with increasing MgO, which suggest
that the Umkondo magma underwent differentiation processes, possibly crystal

fractionation and crustal contamination (Wilson, 1989).

Umkondo dolerites and basalts have low contents of Ni, Cr, Cu and Co although the
dolerites are slightly more enriched in these elements than the basalts (Munyanyiwa,
1999). These low values suggest that the parental magmas were not directly derived from
a peridotitic mantle source and have undergone differentiation through crystal
fractionation and crustal contamination at depth (Wilson, 1989). Munyanyiwa (1999)
noted an increase in Ni and Cr with increasing MgO, while incompatible elements such
as Zr, Y, Th and Nb decrease with increasing MgO, which he interpreted to imply
differentiation of the magma on ascent to the surface. High Zr, Y and Nb content in one
dolerite sample suggest crustal contamination (Munyanyiwa, 1999), which is also
evidenced by a high *’Sr/**Sr initial ratio of 0.7110 + 0.0025 for the Umkondo dolerites
(Allsopp et al., 1989). Most Umkondo mafic rocks plot in the intra-plate basalt field of
Pearce and Norry (1979) on a Zr/Y versus Y diagram. Munyanyiwa (1999) showed that

most data plot in the intra-plate field overlapping with the volcanic-arc basalt on the Zr-
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Nb-Y diagram (Meschede, 1986) and within the subduction arc and MORB fields on
discrimination diagrams of Pearce and Cann (1973) and Wood et al. (1979).

Although most trace element data plot within subduction-arc and MORB fields on
discrimination diagrams of Pearce and Cann (1973) and Wood et al. (1979), there is no
geological evidence for these tectonic settings (Munyanyiwa, 1999). Wang and Glover
(1992) have shown that continental basaltic rocks may plot in fields for MORB and
volcanic-arcs in some circumstances when Ti and Nb values are low. Umkondo dolerites
and basalts plotted in the MORB fields possibly owing to the low Ti and Nb values
(Munyanyiwa, 1999). The dolerites intruded the Umkondo strata, which have been
interpreted as typical shallow marine platform-type sediments (Button, 1977,
Stocklmayer, 1978). Munyanyiwa (1999) concluded that geological and geochemical
evidence is compatible with a continental setting for the emplacement of Umkondo mafic

rocks.

The chondrite-normalised REE patterns for Umkondo dolerites and basalts are similar
(Munyanyiwa, 1999), which indicate that the dolerites may be feeders to the basalts as
previously established from palacomagnetic studies (McElhinny, 1966; Wilson et al.,
1987). The dolerites show high Ce/YD values of 13-17 (Munyanyiwa, 1999), which are
typical of continental tholeiites (Green, 1992). Munyanyiwa (1999) also showed that the
dolerites and basalts are enriched in the incompatible LILEs, Ba, Th, Rb and K. He
interpreted the LILE enrichment to possibly reflect crustal contamination that is farther
supported by negative Nb anomalies (Munyanyiwa, 1999), which are typical of

continental crust (Rollinson, 1993).

2.6 Mesoproterozoic Mafic Dykes in Zimbabwe — An Extension of Umkondo
Magmatism Across Zimbabwe?

Wilson et al. (1987) classified mafic dykes in Zimbabwe into Archean-, Proterozoic- and
Phanerozoic dyke swarms on the basis of scant Rb-Sr geochronology, palacomagnetic
data, trends and field relationships (Fig. 2.2). Archean dyke swarms, which occur within

the south-central part of the country, are interpreted as possible feeders to the ~2700 Ma
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Upper Bulawayan greenstone belts (Wilson et al., 1987). Major Proterozoic mafic dyke
intrusions include the ~ 1800 Ma Mashonaland dykes and the ~ 1100 Ma Umkondo
dykes and sills. The Guruve, Kamativi and Mutare dykes have been considered as
possible correlatives of the Umkondo dolerites in eastern Zimbabwe. Major Phanerozoic
dyke swarms include the Botswana, Limpopo and Rushinga (also known as Rukore
Suite) dyke swarms that oocur to the south, southeast and northeast of Zimbabwe
respectively. Emplacement of these Phanerozoic dykes was associated with events that

led to the break-up of Gondwanaland.

In the next sections three presumed Proterozoic dyke swarms, namely the Kamativi,
Guruve and Mutare dykes are explored and the basis for their possible age relationships

with the Umkondo dolerites is shown.

2.6.1 Kamativi Dykes

The Kamativi dykes intruded the Dett Inlier of folded Paleoproterozoic metasedimentary
rocks in the Dett area, western Zimbabwe (Fig. 2.2). The dykes were emplaced along east
northeast-trending fractures (Figs. 1.9 and 2.2). The precise ages of these dykes are not
known. Some of the dykes are cut and displaced by lithium-cassiterite-bearing pegmatites
(Lockett, 1979; Wilson et al., 1987) that have a Rb-Sr muscovite-plagioclase isochron
age of 1025 £ 15 Ma (Priem et al., 1971), which suggests a minimum age of ~ 1000 Ma
for the Kamativi dykes. Wilson et al. (1987) correlated the Kamativi dykes with the
Guruve dykes on the basis of similarity in trends (Fig. 2.2).

The Kamativi dykes show heterogeneity in petrography and four varieties were
distinguished in the area by Lockett (1979). These include “fine grained” dolerites
consisting of clinopyroxene, plagioclase and ilmenite and “medium grained”, sub-ophitic
rocks composed of labradorite, twinned pigeonite and varying amounts of hornblende,
biotite, chlorite and titanite. Some altered dolerites containing pseudomorphs of fibrous

amphibole after clinopyroxene, clouded plagioclase and minor biotite and chlorite, and
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nepheline-bearing dykes with nepheline crystals in a matrix of hornblende, epidote and
sodic plagioclase occur in places (Lockett, 1979). Ward and Hall (2001) distinguished
five subgroups from the Kamativi dykes on the basis of mineralogical and textural
grounds. The five subgroups show distinct geochemical signatures, which suggest

different magma sources for the subgroups (section 2.6.5).
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— — Fault
\ \
26° 330

Fig. 2.2. Simplified map showing the distribution of mafic dyke swarms in Zimbabwe,
modified after Wilson et al. (1987). DD = Deweras dyke, PF = Popoteke fault.
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2.6.2 Mutare Dykes

The Mutare dykes form an arcuate group of dykes that extend for a distance of over 400
km from near the north end of the Great Dyke to south of Mutare and Mozambique (Figs.
1.3, 1.4, 1.5, 2.4). These dykes intrude the Archean granites and Umkondo
metasedimentary rocks at the southern end, and strike north-northwest parallel to the
prominent Mashonaland-Sebanga dykes (Fig. 2.2). In the north, the Mutare dykes swing

to strike northwest and cut some Sebanga dykes and Mashonaland sills.

The age for the Mutare dykes has been poorly constrained and very little
geochronological and palacomagnetic work has been done. Palacomagnetic work by
McElhinny et al. (1968) gave directions that can be associated with either the
Mashonaland dolerites or rocks of Pan African age emplaced at c. 500-600 Ma. The
dykes predate metamorphism and tectonism of the Zambezi belt (Leitner and Phaup,
1974) because they were affected by metamorphism that also affected the Zambezi belt.
Wilson et al. (1985) initially speculated that the Mutare dykes were possibly emplaced
contemporaneously with Umkondo dolerites. The Rb-Sr isotopic data obtained from two
members of the Mutare dykes are scattered on an isochron diagram and have been
interpreted to preclude an age greater than approximately 700 Ma (Wilson et al., 1987).
Data from the two techniques when considered together tentatively suggest a Pan African
age of 500-600 Ma for the two dykes, and hence the age of the Mutare dykes. However, it
is plausible to speculate that some of the Mutare dykes may be of Umkondo age since
some of the dykes intrude the Umkondo group, occur in the same geographical area as
the Umkondo sills (Fig. 1.3) and share petrographical and textural similarities with the
Umkondo sills (Chapter 3). The Mutare dykes were preliminarily subdivided into three
subgroups on the basis of geochemical data (Ward et al, 2000). Ward (2002)
subsequently reclassified the dykes into six subgroups after acquiring additional

geochemical data.
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2.6.3 Guruve Dykes

The northeasterly trending Guruve dykes occur in the northern part of the Zimbabwe
craton (Figs. 1.8, 2.4). The Guruve dykes predate the Pan African deformation of the
Zambezi belt since some of the dykes are folded in the area of the Zambezi belt (Wilson
et al., 1987). The Guruve dykes include the Deweras dyke (Figs. 1.8; 2.4) that is up to
100 m wide and has a near-continuous strike length of at least 120 km with some
overlapping sections and local bifurcations (Stagman, 1961; Tennick, 1976). Relatively
smaller, parallel dykes occur to the north of the Deweras dyke (Wiles, 1972) and also to
the east, beyond the Great Dyke (Wilson et al., 1987; Fig. 2.2). The Deweras dyke
intruded metasedimentary rocks of the Deweras Group (Tennick, 1976) near its southern
end. Wilson et al. (1987) inferred that the Deweras dyke postdates overthrusting of the
Lomagundi metasediments onto the Zimbabwe craton, suggesting that the emplacement

of the Guruve dykes postdate the Magondi orogeny (Wilson et al., 1987).

Dykes with a typical Guruve trend follow regional fold axes and foliation trends of the
Shamvaian metasediments (Hahn and Steiner, 2001). The dykes vary petrographically
from metamorphosed metadolerites to partly altered and unaltered dolerites (Wiles,
1972). These include north northeast-trending gabbroic dykes, amphibolite dykes and
doleritic dykes. Northeast trending, foliated amphibolite dykes that were deformed with
the Shamvaian metasediments are possibly the oldest set of dykes that pre-date the
emplacement of the Guruve dykes. It is possible that some of these dykes were feeders to
the Shamvaian and Magondi lava flows. Hahn and Steiner (2001) presumed that these
dykes predate the Magondi orogeny dated at 1997.5 £ 2.6 Ma (McCourt et al., 2001) and
possibly represent the oldest generation of dolerite dykes in the area. Metamorphism of
these dykes was possibly related to the Magondi orogeny. In the area around Mhangura
mine, Master (1991) noted some pyrite-bearing dykes that post-date M; and M,
metamorphic events as well as D; and D, deformation events of the Magondi orogeny.
Localised sigmoidal cleavages at Mhangura mine produced by shearing during Ds
reactivation of the thrust constrains the age of these dykes to between 1800 Ma and 1200
Ma (Master, 1991). The Deweras dyke and associated dykes are considered by Hahn and
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Steiner (2001) to be the youngest set of dykes and belong to a magmatic event that is
different from the Guruve dykes although they both have the same trend. Ward et al.
(2000) initially noted three subgroups on the basis of geochemical data, but her further

work has shown that the dykes can be classified into six subgroups (section 2.6.5).

Rb-Sr work on the Deweras dyke constrains the age of the Guruve dykes to between 500
and 1300 Ma (Wilson et al, 1987). Wilson et al. (1987) obtained a pole direction
opposite to that observed in the Umkondo dolerites and concluded that available
palacomagnetic and geochronological data suggest an age of approximately 1000 Ma for
the Deweras dyke, and hence the Guruve dykes. However, Wilson et al. (1987) asserted
that these data do not rule out a possible correlation with the Umkondo dolerites.
Hoehndorf et al. (1990) obtained a Sm-Nd age of 1100 + 280 Ma for the Deweras dyke.
Hahn et al. (1991) subsequently published a Rb-Sr errochron date of 1100 + 270 Ma for
the Deweras dyke and a magnetization direction similar to the pole for the Umkondo

dolerites, but with reversed polarity.

2.6.4 Chimbadzi Mafic/Ultramafic Dyke

The Chimbadzi mafic/ultramafic dyke occurs some 25 km north northeast of Chinhoyi
(Fig. 1.8). The dyke is sub-vertical and has a thickness of up to 800 m and a minimum
length of 11.5 km and trends parallel to primary bedding and foliation of the Shamvaian
metasediments (Manyeruke, 2001). Stagman (1959; 1961) asserted that the Chimbadzi
mafic/ultramafic dyke, which comprises troctolite and magnetite-ilmenite-olivine rock
units (Manyeruke, 2001), is genetically similar to the Great Dyke and the Bushveld
Igneous Complex of South Africa. Recent isotopic U-Pb badelleyite dating by shows that
the emplacement age of the Chimbadzi dyke is 2262.6 + 1.5 Ma (Manyeruke, 2001;
Manyeruke ef al., 2001) and is younger than the Great Dyke by ~ 300 Ma. The age of the
Chimbadzi dyke does not correspond to any major documented tectonothermal event in
the Zimbabwe craton or adjacent orogenic belts. Kamber et al. (1995a) have documented

an apparent bulk sphene/plagioclase Pb-Pb age of 2209 + 58 Ma for granulites in the
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Northern Marginal Zone of the Limpopo belt, which is within the error of margins of the
age of the Chimbadzi dyke. A conventional U-Pb zircon age of 2201+ 36 Ma (Holzer et
al., 1995) from strongly deformed granites and a feldspar-whole rock-garnet Pb-Pb
isochron of 2216 + 10 Ma (Kamber et al., 1995b) have also been reported in the Northern
Marginal Zone. However, the 2.2 — 2.4 Ga ages in the Northern Marginal Zone have been
interpreted as mixing ages that reflect partial resetting of mineral chronometers during the
low-grade retrogression of late Archean granulites at c. 1.97 Ga (Kamber et al., 1995a).
There is need to revisit these 2.2-2.4 Ga age data in the light of new age data from the
Chimbadzi dyke.

Manyeruke (2001) also documented the occurrence of amphibolite schist dykes, gabbroic
dykes and pyrite-bearing dykes that trend parallel to the Guruve dykes in the vicinity of
the Chimbadzi mafic/ultramafic dyke. North and east-northeast-trending quartz-bearing
metadolerite dykes that are garnetiferous in places have been reported in the area around
Guruve (Wiles, 1972). Quartz occurs in quartz-bearing dykes as interstitial mineral and as

granophyric intergrowth with alkali-feldspar (Manyeruke, 2001).

2.6.5 Geochemistry of the Mutare-, Guruve- and Kamativi Dykes: A Review

Geochemical work based on major elements-, incompatible trace elements- and REE data
by Ward (2002) have established six subgroups within both the Mutare and Guruve dyke
suites. The geochemical data from each of the suites are complex and cannot be
explained by simple fractionation, crystal accumulation, partial melting or crustal
contamination. Available data permit 3 magma sources for the 6 geochemical subgroups

within the Mutare and Guruve dykes.

Crustal contamination was insignificant in the formation of type I dykes, which were
derived from low-degree partial melting of a relatively deep, garnet-bearing source. Some
type Il dykes show geochemical signatures that are indicative of a depleted source, while

others point to an undepleted spinel Therzolite source. Type III dykes were also derived
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from low-degree partial melting of a depleted source that was significantly influenced by
subduction zone metasomatism of mantle reservoirs. Type III dykes have geochemically

signatures that are similar to the Umkondo dolerites in eastern Zimbabwe.

The Kamativi dykes have been classified into 4 geochemical subgroups (K;-K4) by Ward
and Hall (2001). Their work show that K, and K3 partly overlap geochemically, but the
K, dykes have higher Mg content than the K3 dykes. K; dykes have low silica content,
but high Ti, Fe, P, Nb, Sr and Zr contents. K4 dykes have high Mg, Ni, Cr and the ratios
of their incompatible trace elements are relatively high and do not fall on a simple
fractionation/accumulation trend of the other dykes. Ward and Hall (2001) concluded that

the Sr-Nd isotope data suggest at least 2 different magma sources for the Kamativi dykes.

2.7 Umkondo Igneous Province

Jones and McElhinny (1966) have shown that some dolerites in Botswana and South
Africa have a magnetic pole that corresponds to the Umkondo pole. On the basis of
geochronological and palacomagnetic evidence, Hanson et al. (1998b) subsequently
proposed that the Umkondo dolerites in eastern Zimbabwe are part of a much bigger
igneous province, i.e. the Umkondo Igneous Province (Fig. 2.3). The province
encompasses much of the Kalahari craton, including the original continuation of that
craton into East Antarctica (Fig. 2.3). The province comprises huge volumes of igneous
rocks emplaced throughout this broad area at about 1100 Ma (Table 2.1). Rb-Sr and K-Ar
isotopic ages that are older than the Umkondo age of 1100 Ma (Table 2.1) have been
interpreted to have no geological meaning and reflect crustal contamination (Walraven,
1986; Moyes et al., 1995), while the younger ages (Table 2.1) record argon loss during

subsequent tectonothermal events (Carney et al., 1994; Hanson et al, 2004).

Umkondo dolerites can be correlated with other igneous bodies in southern Africa that
include Mesoproterozoic bimodal rhyolites of the Kgwebe-Ghanzi rift in western
Botswana (Fig. 2.3 and Table 2.1), which have U-Pb ages of 1106 + 2 Ma (Schwartz et
al., 1996) and 1106 = 4 Ma (Singletary, 1999). Correlatives of the Kgwebe bimodal
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rhyolites that occur along strike in Namibia (Fig. 2.3) have U-Pb zircon ages of 1094 +
20 Ma (Hegenberger and Burger, 1985) and 1102 + 7 Ma (Pfurr ef al., 1991). Similar
volcanic rocks occur in the Koras Group of the Namaqua belt in South Africa (Grobler et
al., 1977; Moen, 1987; SACS, 1980 and Fig. 2.3), where a convectional U-Pb zircon age
of 1180 + 74 Ma (Botha et al., 1979) was obtained. Singletary (2003) obtained U-Pb
zircon ages of 1108 + 1 and 1107 + 2 Ma for granites that are inferred to be the plutonic
equivalent of the Kgwebe rhyolites in northern Botswana (Hanson et al., in press). Post-
Waterberg dolerites, i.e. the Dibete-Shoshong and Kanye-Mochudi dolerite suites that
intrude the Palapye group and the Waterberg group in Botswana and adjacent parts of
South Africa (Fig. 2.3), have recently yielded U-Pb baddeleyite ages that range from
1108 + 1 to 1110 + 1 and palaeomagnetic data that are similar to that of the Umkondo
dolerites (Jones and McElhinny, 1966; Pancake, 2001 and Table 2.1). The Tshane and the
Xade complexes in Botswana (Fig. 2.3) were emplaced during the Umkondo igneous
event (Table 2.1). The Timbavati gabbro, a dolerite sill that intrudes the Vredefort Dome
impact structure and a dolerite sill that intrudes the Archean basement to the east of the
Vredefort Dome in South Africa (Fig. 2.3) have yielded Mesoproterozoic crystallisation
ages (Table 2.1) and an Umkondo magnetization direction (Hargraves et al., 1994;

Allsopp et al., 1989; Jones and McElhinny, 1966).

The Grunehogna province in Western Dronning Maud Land (Fig. 2.3) represents a
detached segment of the Kalahari craton (Martin and Hartnady, 1986; Groenewald et al.,
1991, 1995). Structural, palaeomagnetic and geochronology data permit correlation of the
Grunehogna province with the Umkondo Igneous Province in southern Africa (Fig. 2.3;
table 2.1). The Namaqua-Natal belt that wraps the southern margin of the Kaapvaal
craton is interpreted to have been originally continuous with the Dronning-Maud Belt in
East Antarctica (Fig. 2.3; Jacobs et al., 1993; Groenewald et al., 1995). The Umkondo
group exhibits some stratigraphic and lithological similarities with the Proterozoic strata
of the Ritscherflya Supergroup that occurs in the Grunehogna Province (Groenewald et
al., 1991). The Ritscherflya Supergroup overlies the Archean basement and is intruded by
the ~ 1100 Ma the mafic/ultramafic Borgmassivet tholeiitic intrusions and capped by

tholeiitic basalts (Tingey, 1991; Groenewald et al., 1995). The overlying basalts are
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geochemically and palacomagnetically similar to the Borgmassivet intrusions suggesting
that the intrusions are the intrusive equivalents of the Ritscherflya basalts (Krynauw et
al., 1991; Peters et al., 1991). Some of the Borgmassivet intrusions were emplaced while
the host Ritscherflya sediments were still poorly lithified (Krynauw et al., 1988; 1994) as

with the case with the Umkondo dolerites (section 3.8).

Table 2.1. A summary of geochronological data for Umkondo dolerites in Eastern
Zimbabwe and associated Mesoproterozoic igneous rocks in southern Africa and the
Grunehogna Province. The Mashonaland ages for some Umkondo sills reflect
inheritance, and the post Umkondo ages reflect Ar-loss during subsequent tectonothermal
events. From Hanson et al. (In Press), with minor modifications.

Rock Unit Symbol Geochronological data (age in Ma) Reference
(Fig. 2.3)
Zimbabwe @ UG
Umkondo dolerite 1105 £ 2 (U-Pb zircon) Hanson et al. (1998b)
sills 1099 = 9 (SHRIMP U-Pb zircon + baddeleyite) Wingate (2001)
1146 £ 9; 767 + 20; 650 + 20 (K-Ar whole rock) Vail and Dodson (1969)
725 £+ 70 (K-Ar pyroxene) Vail and Dodson (1969)
1120 + 50, 1785 +80 (K-Ar whole rock [hornfels]) Snelling (1966)
1780 + 80 (K-Ar biotite hornfels) Van Breeman et al. (1966)
~ 1136 (K-Ar whole rock) McElhinny and Opdyke (1964)
715 £ 70 (K-Ar pyroxene) Snelling et al. (1964)
1136 £9, 757 + 20, 640 + 20 (K-Ar whole rock) (Vail and Dodson, 1969)
1376 + 92 (Rb-Sr whole rock) Allsopp et al. (1973)
1787 + 50 (K-Ar whole rock [hornfels]) Cahen et al. (1984)
1080 + 140/-25 (Rb-Sr whole rock + biotite isochron) Allsopp et al. (1989)
1075 £ 25 (Rb-Sr biotite) Allsopp et al. (1989)
South Africa
Timbavati Gabbro TG 1123 + 5; 1072 + 6, 1072 = 5, 696 + 4 (“Ar/*°Ar | Burger and Walraven (1979; 1980)
whole rock) Bristow et al., (1982)
1454 + 59 (Rb-Sr whole rock isochron)
Post-Waterberg #* pw 1111 £to 1109 + 1 (U-Pb baddeleyite, 4 different sills) | J. Ramezani, J. Crowley, S.
dolerites Bowring, and J. Mukwakwami
(Unpublished data)
881 + 35, 876 = 35 (K-Ar plagioclase-pyroxene) Jones and McElhinny (1966)
Dolerite sill intruding | s px 1092 £ 15 (Rb-Sr biotite) Allsopp et al. (1967)
Premier Kimberlite
Dolerite sill intruding 1060 + 42 (K-Ar whole rock) McDougall (1963)
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Archean Basement

# AB

Dolerite sill intruding 1052 = 11 (Rb-Sr pyroxene-plagioclase-biotite- | Reimold et al. (2000)
Vredefort Dome #* vD isochron)
1034 + 8, 948 + 5 (**Ar/*’Ar plagioclase) Reimold et al. (2000)
Botswana
Mogkware Sill PG 1110 + 1 (U-Pb baddeleyite) Pancake (2001)
Shoshong and related | PG 1110+ 1, 1109 £ 1 (U-Pb baddeleyite) Pancake (2001) + unpublished data
sills
Kanye-Mochudi suite | KM 1108 + 1 (U-Pb baddeleyite) Pancake (2001) + unpublished data
1264 £ 50, 1110 £ 44, 951 + 38 (K-Ar plagioclase- | Jones and McElhinny (1966)
pyroxene)
1110 + 44 (K-Ar pagioclase-pyroxene) Jones and McElhinny (1966)
911 + 36 (K-Ar plagioclase) McDougall (1963)
Tshane gabbroic | TGC 1105 £ 11 (Rb-Sr plagioclase —biotite isochron) Key and Mapeo (1999)
complex 1071 + 11 (*Ar/*Ar whole rock) Key and Mapeo (1999)
1021 + 86 (Rb-Sr whole rock isochron) J. Barton, in Carney et al (1994)
Xade complex XC c. 1106 (U-Pb baddeleyite) J. Ramezani and S. Bowring
(unpublished data)
Kgwebe rhyolites KR (See | 1106 + 2 (U-Pb zircon) Schwartz et al (1996)
legend) 1106 £ 4 (U-Pb zircon) Singletary et al. (2003)
1104 £ 16 (SHRIMP U-Pb zircon) Kampunzu et al. (2000a)
Granites related to | Not 1107 +2, 1108 + 1 (U-Pb zircon) Singletary et al. (2003)
Kgwebe rhyolites Shown
Gabbro west of NW [ Not 1107 = 1 (U-Pb zircon + baddeleyite) Singletary et al. (2003)
Botswana Rift Shown
Namibia
Rhyolites related to | See 1102 £ 7 (U-Pb zircon) Pfurr et al. (1991)
Kgwebe rhyolites legend 1094 + 20 (U-Pb zircon) Hegenberger and Burger (1985)
Metavolcanic rocks in 1115+ 13, 1084 + 7 (U-Pb zircon) Steven et al. (2000)
Ekuja Dome, Damara
Belt
Grunehogna
Province
Borgmassivet GP 1107 £ 2 (U-Pb baddeleyite + zircon) R. Tucker, in Hanson et al. (In
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intrusions

Ritscherflya basalts

GP

1083 + 9 (K-Ar, mean of six phlogopite from one
intrusion)

1802 + 100 to 767 + 49 (Rb-Sr whole rock errorchron
or isochron)

1183 +33, 1109 + 33 (K-Ar biotite)

842 + 30 to 666 + 26 (K-Ar plagioclase)

1115+ 37 to 666 + 22 (K-Ar plagioclase)
699 + 14 to 460 + 16 (K-Ar groundmass)
876 + 86 (Rb-Sr whole rock)
821 + 58 (Rb-Sr whole rock)

review)

Moyes et al. (1995)

Eastin et al. (1970), Barton and

Copperthwaite  (1983),
(1991), Moyes et al (1995)

Peters et al. (1991)
Peters et al. (1991)

Peters et al. (1991)
Peters et al. (1991)
Watters et al. (1991)
Eastin et al. (1970)

Tingey
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Fig. 2.3. Spatial distribution of mafic and felsic igneous rocks emplaced at ~ c. 1100 Ma
across the Kalahari craton (KC) in southern Africa and Dronning Maud Land, Antarctica.
The Umkondo Igneous Province of Hanson et al. (1998b) is inferred to encompass much
of the Kalahari craton including the original continuation of this craton into East
Arntarctica. The possible members of the Umkondo Igneous Province are: UG: Umkondo
dolerites, TG: Timbavati Gabbro, PW: Post Waterberg dolerites, PK: Dolerite sill
intruding the Premier Kimberlite, AB: Dolerite sill intruding Archean Basement, VD:
Dolerite sill intruding Vredefort Dome, PG: Mogkware and Dibete-Shoshong, KM:
Kanye Mochudi suite, TGC: Tshane gabbroic complex, XC: Xade complex, KG: Kgwebe
rhyolites, GP: Grunehogna Province. Modified after R. Hanson (Unpublished
manuscript) and Hanson et al. (In Press).
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2.8 Supercontinent Assembly - Rodinia

The Rodinia supercontinent, which is the precursor to Gondwana, begun assembling at
~1300 Ma. All existing continental crust had probably been incorporated into Rodinia by
c. 1100 Ma, and began to disperse at ~ 750 Ma (Hoffman, 1989). The Umkondo Igneous
Province in the Kalahari craton has similarities in age and tectonic setting to the
Keeweenawan mafic province in Laurentia inboard of the Grenville Belt (Fig. 2.4;
Hanson et al., 1998b; Powell et al., 2001). Mesoproterozoic belts (Fig. 2.4) that record
orogenesis from ~ c. 1150 to 950 Ma give evidence of Rodinia assembly. The ¢. 1100 Ma
magmatic event was contemporaneous with extensive intraplate magmatism in the
Keeweenawan mafic province (Hanson et al., 1998b). The two igneous provinces are
therefore possibly an expression of a single, extremely large magmatic event within a
Mesoproterozoic supercontinent, Rodinia, (Hanson et al., 1998b). Hanson et al. (1998b)
suggest that the igneous provinces may provide critical constraints on positions of the

Kalahari and Laurentia within the Rodinia cratons at ¢. 1100 Ma.

The exact position of the Kalahari craton within Rodinia configuration at c. 1100 Ma
(Fig.2.4) has been a subject of many publications and many of the reconstructions have
placed the Kalahari craton near the southern margin of Laurentia (Dalziel 1991, 1997;
Hartnady, 1991; Hoffman, 1991; Hanson et al., 1998b; Weil et al., 1998). Three possible
positions for the Kalahari craton have been proposed for Rodinia. Dalziel (1991, 1992,
1995) and Hoffman (1991) positioned the Kalahari craton adjacent to East Antarctica as
part of East Gondwana and the southern tip of Laurentia (Fig. 2.4, Position I). This
configuration permits alignment of the Umkondo and Laurentian igneous provinces and
the coeval Mesoproterozoic orogenic belts, i.e. the Namaqua-Natal and the Grenville
belts that partially wrap the two igneous provinces (Fig. 2.4). However, a palaeomagnetic
test by Gose et al. (1997) has shown that available data do not permit positioning the
Kalahari craton on the southwestern margin of Laurentia at ~ 1100 Ma since the
palacomagnetic data require a substantial separation between the two cratons (Hanson et
al., 2004). The c. 1105 Ma palaeopoles for the Kalahari and Laurentia cratons locates the

Kalahari craton to the east or southeast of Laurentia. A contrasting model positions the
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Kalahari craton in West Gondwana adjacent to the Rio de la Plata craton of South
America, with the Kalahari craton faced in the opposite direction (Fig. 2.4; Position II).
The model is compatible with palacomagnetic data, but the solution is not unique (Dalziel

et al., 2000).

Palacomagnetic data also permit placing the Kalahari craton in an isolated position
directly opposed to the southern margin of Laurentia (Dalziel et al., 2000, Fig. 2.4,
Position III). The Kalahari craton is rotated such that the Namaqua-Natal-Maud belt faces
the Grenville belt (Fig. 2.4). The Llano belt, which is the southern segment of the
Grenville belt, is interpreted to have developed as a result of a “southern continent”
colliding with the southern margin Laurentia in the period 1150 to 980 Ma (Mosher,
1998; Grimes, 1999). In this model (Fig. 2.4, Position III), the Kalahari craton is inferred
to represent the indentor to the Laurentia craton, which is compatible with the shape of
the Llano orogenic belt and kinematics of the contractional deformation along the belt
(Dalziel et al., 2000). The Llano orogenic and the Namaqua-Natal belts are interpreted to
reflect craton-craton convergence along the present southern margin of the Laurentia
craton and southwestern margin of the Kalahari craton during the assembly of Rodinia.
Orogenesis occurred simultaneously between 1150 and 1090 Ma at the centre of the
Llano and Namaqua-Natal collisional belts. The Himalayan-type collision of the two
cratons generated extensional stresses within the cratons resulting in formation of rifts in
the Kalahari and Laurentia cratons (Dalziel et al., 2000). In the Kalahari craton, the
Ghanzi-Chobe belt of northwestern Botswana has been inferred to represent a failed
intracontinental rift that has bimodal volcanism dated c. 1106 + 2 Ma (Modie, 1996). The
north-northwest trending Pacos mafic intrusive suite formed in a rift basin, within the
Laurentia craton, perpendicular to the collisional margin (Keller et al., 1989; Adams and
Keller, 1994, 1996). Although the structure in the Namaqua-Natal and Llano belts are
compatible with the Dalziel (2000) model, the late Mesoproterozoic apparent polar
wander paths for the Kalahari and Laurentia cratons do not support collision of the two
cratons between c. 1150 and 1120 Ma (Powell et al., 2001). Thus the position of the

Kalahari craton remains uncertain.
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GRUNEHOGNA

LAURENTIA POLES

GRENVILLE BELT

KALAHARI CRATON
NAMAQUA-NATAL-MAUD BELT

Fig. 2.4. Hypothetical configuration of Rodinia supercontinent of ~ 1000 to 750 Ma.
Three possible positions are shown for the Kalahari craton: I, in East Gondwana adjacent
to the East Antarctic craton (Hoffman, 1991; Dalziel, 1991, 1992); II, in West Gondwana
adjacent to the Rio de la Plata craton of South America (Dalziel, 1997; Gose et al., 1997);
and III, in an isolated position directly opposed to the southern margin of Laurentia
(Dalziel et al., 2000). Mesoproterozoic orogenic belts are shown in brown colour.
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2.9 Discussion and Conclusions

Geochemical work by Ward et al. (1999, 2000) and Ward (2002) have shown that dykes
defining the Kamativi, Guruve and Mutare dykes can be classified into subgroups that
have complex distinct signatures. Simple fractional crystallisation, partial melting, or
crustal contamination models cannot explain the geochemical heterogeneity of these
subgroups within each of the swarms. Therefore the swarms of Wilson et al (1987) are
strictly not swarms since a dyke swarm should comprise dykes that are contiguous, and
contemporaneous (Ward et al., 1999, 2000). Major element data, trace and REE
geochemistry and isotopic characteristics suggest three possible magma sources for the
Guruve and Mutare dykes. Type III dykes are geochemically similar to Umkondo sills
(Hanson et al., 2004). Thus the possibility of the occurrence of dykes of Umkondo age
amongst the Kamativi and Guruve dykes cannot be ruled out and their presence would
give evidence for the occurrence of the Umkondo magmatic event locally across the
whole of Zimbabwe. The heterogeneity in petrography, degrees of deformation and
geochemistry in dykes that have previously been grouped in the dyke swarms of Wilson
et al. (1987), but trend in the same direction, are interpreted to reflect structural control
on magma emplacement at different ages along fractures that were possibly propagated
during a single tectonic regime. Different subgroups of dykes were possibly generated
from different magma sources and were emplaced at different stages of the assembly and
breakup of Rodinia and Gondwanaland. Precise dating of these dykes is therefore
necessary for re-defining dyke swarms in Zimbabwe as well as supercontinent assembly

and dispersal.

The Chimbadzi dyke dated at c. 2262.6 + 1.5 Ma (Manyeruke 2001), although parallel to
the Guruve dykes, belongs to a unique mafic igneous event that is not related to any
documented major magmatic events in Zimbabwe. In view of the age of the Chimbadzi
dyke, there may be need to revisit the approximately similar 2.2 — 2.4 Ga ages (Kamber
et al., 1995) documented in the Northern Marginal Zone. These ages have been

interpreted as geologically meaningless mixing ages, but in fact they may represent
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cooling ages that were associated with a tectonothermal event across the Zimbabwe

craton that was related to the emplacement of the Chimbadzi dyke.

The position of the Kalahari craton in Rodinia at c. 1100 — 750 Ma is poorly defined
owing to insufficient precisely dated palaecomagnetic poles from that craton. Most of the
available key palaecopoles for Rodinia models have been derived from a single craton,
Laurentia. A lot more key palaeopoles from precisely dated rocks from other cratons
other than Laurentia are needed to produce a perfect model of Rodinia using

palacomagnetism.

Although the Umkondo group in eastern Zimbabwe has only a relatively limited
distribution in southern Africa, it is significant in that it is the type area for the larger
Umkondo igneous province, and it may in itself also have implications for Rodinia
reconstructions (Hanson et al., 1998b). The Umkondo basin is located on the edge of the
Kalahari craton. Understanding the palaeogeography of the Umkondo group may
therefore provide useful constraints on Rodinia reconstructions. If this edge of the
Kalahari craton was originally adjacent to another craton within Rodinia, then a perfect
model of Rodinia at ¢.1100 Ma should show the Umkondo sedimentary basin on the

Kalahari craton matching with a coeval basin on the opposite craton.
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CHAPTER 3

PETROGRAPHY OF ROCK TYPES AND FIELD RELATIONS OF THE
UMKONDO GROUP IN EASTERN ZIMBABWE

3.0 Introduction

In the Umkondo type area, Archean basement granites and gneisses are the oldest rocks
and are overlain by a sequence of metasedimentary strata of the Umkondo group that are
at least 800 m thick (Mukwakwami et al., 2001). Umkondo dolerites intrude Archean
basement and the overlying Umkondo strata as both dykes and sills, although the sills are
far more widespread. North northeast trending dykes of the Mutare swarm also intrude
the Umkondo strata and Archean basement. Description of rocks of the Zimbabwe facies
is based on outcrop and detailed thin section study, while that of the Mozambique facies
is partially based on field observations made during an Honours class field excursion
organised by the Department of Geology (1999) and on literature. Mapping was done in
an area around Nhedziwa Business Centre (Fig. 1.3) to elaborate the field relationships of

rock units of the Zimbabwe facies.

Rocks of the Mozambique facies are and discussed briefly in this and subsequent
chapters. Rock types and field relations of the Zimbabwe facies are described and
discussed in detail in this chapter. Cross sections that are based on the geological map of

Watson (1969) have been made to illustrate the field relations of different rock units.
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3.1 Archean basement Rocks

3.1.1 Basement Complex Granites

Basement Complex granites generally occur to the west and below the Zimbabwe facies
metasedimentary rocks. The oldest granitoids documented in eastern Zimbabwe have a
Rb-Sr whole rock age of 2.97 Ga (Vail and Dodson, 1969) and occur to the north of
Nyanga (Fig. 1.7). Schmidt Mumm ef al. (1994) obtained U-Pb zircon ages of 2742 + 3
Ma and 2522 + 36 Ma for tonalities and K-rich granites that intrude the Mutare
greenstone belt (Fig. 5.22). The most common variety of granite that occurs in eastern
Zimbabwe is white to pink in colour, massive, coarse-grained, and often porphyritic.
Mafic enclaves that probably represent mafic xenoliths occur in places (Grid. Ref.:
459905, 7835875) in the porphyritic granite and define a fabric that dips steeply towards
north. The granites are cut by fractures that are in places filled by sphene-bearing
epidote-quartz veins that range from sub-millimetre to a centimetre in width (chapter 4).
White quartz and pegmatite veins with variable attitudes and widths ranging from a sub-
millimetre scale to a metre wide also cut the granites. Gneisses predate the porphyritic
granite and occur in association with the greenstone belt remnants, i.e. the metaironstone

unit near Chitimani school (Fig. 1.10).

The major constituent minerals in the granite are subhedral quartz, plagioclase and K-
feldspar. Mafic minerals (biotite and hornblende), and accessory apatite and sphene make
up less than 5% of the rock. Sericite and lesser quantities of epidote replace plagioclase
along twin and cleavage planes and grain boundaries. The granites are commonly
porphyritic, with euhedral phenocrysts of simple-twinned plagioclase laths that are up to
3 cm in size (Fig. 3.1). The plagioclase laths are preferentially orientated and define a
sub-vertical primary igneous fabric that trends east-northeast in the vicinity of Chiramba

School (Fig. 1.3).
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Fig. 3.1. Porphyritic granite with euhedral plagioclase phenocrysts that define a steeply
dipping, east-northeast trending primary layering. Grid Ref.: 459105, 7835904.

3.1.2 Metaironstone

Metaironstone crops out on a small hill that occurs near the southwestern corner of the
map (Fig. 1.10). The rock is banded consisting of alternating quartz-rich layers and layers
that are rich in iron-oxides and grunerite (Fig. 3.2). The metaironstone is strongly
deformed and metamorphosed and is cut by a massive sub-horizontal dolerite sill (Fig.
1.10) that is undeformed and very weakly metamorphosed. The sill that also intrudes
granites is probably of Umkondo age since the sill is petrographically similar to known
Umkondo sills in the area. The metaironstone is presumably of Archean age and is

probably a banded ironstone.
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Fig. 3.2. Banding in metaironstone defined by alternating quartz-rich layers and
grunerite-magnetite layers. Top photograph — plane polarised light, Bottom photograph -
crossed polars. Sample JM0149; Grid Ref.: 451850, 7832660.
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3.1.3 Amphibolite Dykes

Amphibolite dykes in the mapped area trend between east and east northeast (Fig. 1.10)
and represent deformed and metamorphosed dolerite dykes that were emplaced along
pre-existing fractures (chapter 7). The emplacement of these dykes predates the
Umkondo and Mashonaland igneous events since Mashonaland dykes are undeformed
and weakly metamorphosed. The dykes are possibly Archean in age and may be
comparable to amphibolite dykes that were deformed with the Shamvaian sediments and
predate the Magondi orogeny (section 2.7.3) in the Chinhoyi area (Fig. 1.1). The dykes
consist of relict clinopyroxene and plagioclase; and secondary hornblende, actinolite,

quartz, and chlorite. Clinozoisite and sericite occur as alteration products of plagioclase.

3.2 Mozambique Facies

Rocks of the Mozambique facies flank the Zimbabwe facies to the east and crop out in
areas bordering with neighbouring Mozambique (Figs. 1.3 and 1.7). Psammites, slates,
chlorite- and quartz-mica schists of the Mozambique facies structurally overlie the
Mozambique quartzofeldspathic gneisses. The contact between the Mozambique facies
and the Mozambique basement gneisses is a sheared contact and the evidence for this

tectonic contact is further discussed chapter 5.

3.3 Rocks of the Zimbabwe Facies, Umkondo Group

The Zimbabwe facies, which makes up most of the exposures of the Umkondo group in
eastern Zimbabwe, consists of relatively undeformed, weakly to non-metamorphosed
sub-horizontal strata. The metasedimentary strata comprise of a pebbly basal arkose that
is succeeded by shallow marine stromatolitic limestone, chert, argillaceous rock and
cross-bedded upper arkose (Fig. 3.3) that possibly record deposition in fluvial and deltaic

environments. The upper arkose unit is interbedded and capped by Umkondo basalts
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(Fig.3.4). The stratigraphic sequence (Fig. 3.4) is basically uniform throughout the
Zimbabwe facies of the Umkondo group, and individual formations within the group can
be traced the entire length of the preserved basin. The beds are sub-horizontal to gently
dipping throughout the Zimbabwe facies from Chipinge in the south through
Chimanimani to Nyanga in the north (Figs. 5.7a-¢).

Chert
Chert

Fnely laminated
stromatolitic limestone
(shallow marine)

Shale (marine)
2m - _—Shale (marine)

Nodularstromatolitic

Rebbly basal arkose imestone

_ Febbly basal arkose
Nonconformity Nonconfomity

Archaean Basement Archaean Basement
granite granite

(b)

(a)

Fig.3.3. Stratigraphic log from (a) a hill section west-northwest of Hot Springs (Grid
Ref.: 432707, 7831387) and (b) from a hill section south-southeast of Hot Springs (Grid
Ref.: 446960, 7818693). Basal arkose overlies 20 cm wide layer of weathered granite (b).
The sequence shown in a and b is basically uniform throughout the Zimbabwe facies of
the Umkondo group, and individual formations within the group can be traced the entire
length of the preserved basin.
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3.3.1 Pebbly Basal Arkose

The pebbly basal arkose is reddish to pink in colour and predominantly consists of
angular to sub-angular, poorly sorted grains of quartz, plagioclase and K-feldspar that
vary from 0.5 — 30 mm in size. Silica is the dominant cement as well as minor chlorite,
calcite and epidote. The arkose is characterised by a matrix-supported conglomerate in
places at the base (Fig.3.3b) with angular to sub-angular gravel to pebble size clasts of
quartz embedded in a matrix of arkosic composition. Individual beds exhibit graded
bedding and there is a general fining upward sequence. Ripple marks with wavelengths of
up to 5 cm occur in basal pebbly arkose to the west-northwest of Hot Springs (Grid. Ref.:
432707, 7831387). A few ripple marks (Table 3.1), which are exposed on one surface
over an area of 3 m”, are asymmetrical and indicate a palacocurrent direction that is from

south-southwest to north-northeast.

Authigenic orthoclase and microcline feldspar, chlorite, calcite and minor oxides also
occur in very small quantities. Silica is the dominant cement and some minor calcite,
chlorite and epidote. Quartz and feldspar content are at least 50% and 40% respectively
in the arkoses and K-feldspar is the dorminant feldspar. Calcite and epidote replace
plagioclase along twin planes and grain boundaries. Deformation lamellae and sub-grains

occur in some quartz grains.

Pebbly basal arkose forms the lowest horizon along the western occurrences of the
Umkondo group throughout the Zimbabwe facies. The arkose unit occurs as a
continuous, sub-horizontal horizon that rarely exceeds 20 m in thickness and overlies
undeformed Archean basement granites, e.g. east and south of Charamba School in the
mapped area (Fig. 1.10). The pebbly basal arkose unit possibly marks the initial stages of
sedimentation. The thicknesses of the arkose unit to the east and south of Chiramba
School (Fig. 1.10) do not vary significantly and the beds are parallel to the granite/arkose
contact. Lack of discontinuity at the contact and the persistence of these arkose horizons
suggest that the arkose is authochtonous with respect to the Archean basement granites,

and hence the contact is a nonconformity. The composition of the arkose is similar to that
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of the underlying granite and the sub-angular nature of the detrital grains and high
feldspar content may suggest that the arkose was derived from weathering of the
underlying granite in situ as suggested by some previous workers (Watson, 1969;
Stocklmayer, 1978). In one locality (Grid Ref.: 446960, 7818693), the unit overlies a
matrix derived from weathering of the underlying granite. The matrix comprises euhedral
to subhedral grains of quartz and feldspars with white material in the interstices. A matrix
of weathered granite that occurs at the contact (Fig.3.3) shows that the contact is at least
locally a nonconformity. Alternatively, deposition and lithification may have occurred
very close to the provenance. These facts further suggest that the Zimbabwe facies is

authochtonous.

3.3.2 Stromatolitic Limestone

Limestones are medium-grey in colour, finely laminated with convex upward,
stromatolite domes (Fig.3.5), that have wavelengths ranging from 5-10 cm and
amplitudes of 2-8 cm. The limestone contains at least 90% calcite and small quantities of
detrital angular quartz grains and oxides. Nodular limestone occurs on a hill, about 6km

south-southeast of Hot Springs (Grid Ref.: 432707, 7831387).

Stromatolitic limestones conformably overlie basal arkoses. The thicknesses of limestone
horizons do not exceed 15 m and occur as lenses that pinch out along strike. The strike
extent of these horizons in the mapped area is less than a kilometre (Fig. 1.10). The
lenses are a primary sedimentary feature since there are no discontinuities below and
above the limestone to suggest structural truncation of the horizon. Moreover, the
stromatolites observed throughout the Zimbabwe facies are undeformed and always show
an upward younging direction, which further favours a sedimentary origin for the lenses.
The limestones contain approximately 20% silica (Watson, 1969) and are therefore of no

economic significance.

47





Umkondo basalt

R

Upper ripple-marked arkose
(Fluvial)

< Mafic lapilli tuffs/mafic tuffs

Shale (Marine shelf and deltaic)

Up to 800 m thick

Rhyolitic lapilli/felsic tuffs

Chert

Finely laminated stromatolitic limestone(Shallow marine)
<« Pebbly basal arkose

Non-coformity

Archaean Basement Granites and Gneisses

Fig.3.4. Stratigraphic column showing the major rock types of the Zimbabwe facies of
the Umkondo group in eastern Zimbabwe. Shallow-marine stromatolitic limestones and
cherts succeed a pebbly basal arkose unit that unconformably overlies Archean basement
granites. Deltaic and fluvial shale and the cross-bedded upper arkose unit record
deposition in fluvial and deltaic environments.
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Fig.3.5. Low amplitude stromatolites in a limestone boulder. The stromatolites from
outcrops of a limestone that overlies the pebbly basal arkose unit show an upward
younging direction. Grid Ref.: 439358, 7832748.

3.3.3 Banded Cherts

The chert unit shows layering that is defined by colour variations. The layering is defined
by alternating pale green layers and light pink-grey layers in one chert variety or medium
red-brown layers alternating with light pink-grey layers in another chert variety. The
former is by far the most common variety. The chert is composed of microcrystalline
quartz and secondary epidote and chlorite that were introduced through circulation of
hydrothermal fluids. Epidote patches that cut primary layering in chert to the south
southwest of Hot Springs (Grid Ref.: 446995, 7818693) are evidence of hydrothermal
alteration in cherts, and hence the Zimbabwe facies (chapter 4). Primary layering is well
preserved in cherts. The thicknesses of individual bands vary from a sub-millimetre scale
to 5 mm and do not vary significantly along strike in undeformed chert. Layering in

undeformed chert is parallel to the bedding in the underlying pebbly basal arkose. These
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observations strongly suggest that the layering in the chert is likely to be primary
sedimentary layering. However, the primary layering is in places obliterated by a
secondary foliation where the cherts are deformed, e.g. to the east and northeast of
Chiramba School (Fig. 1.10). Individual layers are not continuous on a scale of a metre in

deformed chert (section 5.5.2).

The chert unit is part of the basal formation (Watson, 1969; Stocklmayer, 1978). In the
mapped area, undeformed chert units have a maximum width of at least 100 m and occur
on a north-facing scarp to the south of Chiramba School (Fig. 1.10). The chert horizon
conformably overlies lenses of limestone and the basal pebbly arkose and is interbedded
with lenses of weathered, finely laminated mafic tuffs (Grid Ref.: 454455, 7830057) and
felsic lapilli tuffs (Grid Ref.: 435491, 7833026). A horizon of stromatolitic limestone is
interbedded with the chert unit to the south of Chiramba School (Fig. 1.10). Deformed
cherts occur at Mutsago hill as well as to the south and west of this hill (Fig. 1.10). These

are foliated and the structure in the cherts is described in detail in section 5.5.2).

3.3.4 Shales and Slates

Shale and slate units are very fine-grained and medium grey in colour, although shales
are dark black in places where they are graphitic. Observed minerals under microscope
include quartz and plagioclase, epidote, chlorite and an opaque mineral. Shales and slates

do not occur in the mapped area.

Shales are poorly exposed along roads in the steep north-facing hill slope, about 7 km
north of Cashel (Grid. Ref.: 475200, 7847330). Graphitic shales are rare and occur as less
than 5 cm thick layers interbedded with non-graphitic shales. Irregular planar surfaces
that are sub-vertical cross cut bedding in shales and were filled with silt to sand-size
grains that were lithified. These cracks are therefore likely to represent desiccation cracks

rather than joints. Beds are shallowly dipping with variable dip directions (Fig. 5.7¢).
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Shale and slate horizons conformably overlie cherts and have been intruded by dolerite
sills (Fig. 3.17). Lenses of slate 5 to 15 cm thick are intercalated with the upper arkose
unit to the south of Cashel (Grid. Ref.: 479972, 7835436). Shales also overlie Archean
basement granites to the north of Cashel (Grid. Ref.: 475225, 7847480). The
granite/metapelite contact is irregular and the overlying bedding is sub-parallel to the
contact. The absence of cleavage and deformation in granite immediately below the
contact suggests that the irregular nature of the contact does not reflect folding, but was
an erosion surface on to which the sediments were deposited and compacted. The contact
is presumably an unconformity. A 20 cm wide layer of silicified shale, which extends for
about 2 m along strike, occurs at the contact and contains sub-millimetre wide, 5-10 cm
long white quartz veinlets that are parallel to bedding and the contact. The silicification

that resulted in the formation of the quartz vein-bearing layer is a localised feature.

3.3.5 Upper Arkose

The upper arkose is white-grey in colour, massive, moderately sorted and predominantly
composed of quartz, plagioclase and K-feldspar with minor hornblende, biotite and
opaque minerals. Feldspars constitute 35% of all the minerals and K-feldspar is the
dominant feldspar. Silica is the dominant cement along with minor chlorite. Trough cross
beds and ripple-marks observed in a single bed that crops out to the south of Cashel
(Table 3.1; Grid Ref.: 479983, 7835224), show a southwest to northeast palacocurrent
direction. North of Nyanga town (Grid Ref.: 475821, 8010947), a good exposure of about
a hundred square metres of planar cross-bedded upper arkose was used to deduce the
palaeocurrent direction. The topsets are sub-horizontal and there is therefore no need to
restore the beds to their original horizontal positions. The palacocurrent direction, given
by the dip direction of shallowly dipping foresets, is from north northwest to south
southeast (Fig.3.11). The palaeocurrents are interpreted to reflect the palaeoslope and
indicate the provenance direction (Tucker, 1991). Pyrite-bearing upper arkose, which
contains up to 30% epidote occurs south of Cashel (Grid Ref.: 479972, 7835436). The
abundance of epidote at this locality (Grid Ref.: 479972, 7835436) in the upper arkose
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unit reflects hydrothermal alteration (chapter 4). There is a possibility that epidote in the
rock is a product of pseudomorphic replacement of plagioclase grains since there is little

plagioclase in this arkose.

3.3.6 Mafic Lapilli Tuffs and Mafic Tuffs

Previous workers in the area have not documented the occurrence of pyroclastic volcanic
rocks in the Umkondo group. Tuffs are highly altered and occur as thin, weathered
horizons on a scale of a few centimetres to a few metres that are interbedded with banded
cherts (Fig.3.6) and the Upper Arkose unit of the Zimbabwe facies. The mafic tuffs

cannot be easily distinguished from argillaceous rocks in the field.

AN |
Weathered tuff

finely laminated and strongly weathered, while the chert horizons have resisted
weathering. Grid Ref.: 454455, 7830057.
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Mafic lapilli tuffs are medium grey to dark grey-black rocks with up to 4 mm-wide
spherical lapilli embedded in a fine-grained matrix of similar mineralogical composition
(Fig. 3.8). The primary minerals have been replaced mainly by secondary epidote,
chlorite, actinolite, prehnite, pumpellyite, analcite and quartz. The matrix and lapilli in a
tuff occurring north-northeast of Birchenough Bridge (Grid Ref.: 445109, 7810104) are
predominantly composed of epidote, chlorite, prehnite and sericite, and minor
plagioclase, prehnite, oxides and quartz (Fig. 3.8). Sericite grows around the lapilli
suggesting that the sericite is secondary. The observed mineral assemblage is indicative
of a mafic protolith. Some dark material observed in thin section possibly represents
some glass before deformation and alteration. Flattened lapilli occur in a very fine-
grained tuff to the north on Nyanga (Figs.3.7 and 4.4). The lapilli are spherical to
ellipsoidal in shape and have variable diameters that range from 2-4 cm (Fig. 3.7). The
lapilli coalesce to form linear structures and could be mistaken for trace fossils in the
field. The lapilli have a mineralogy that is similar to the matrix, i.e. predominantly

epidote, chlorite, actinolite and minor detrital quartz.

Fine-grained white-yellowish mafic tuff that is interlayered with thin chert beds crops out
on the Nyanga-Ruwangwe road near Ruwangwe police station (Fig. 1.7; Grid Ref.:
474277, 8056126). The mafic tuff is predominantly composed of epidote, chlorite,
actinolite and plagioclase; and minor euhedral quartz, and some accessory sphene. Rock-
forming minerals are secondary since they define secondary anastomosing layering. The
mineralogical composition suggests that the precursor to this rock is a mafic tuff. The
beds are interbedded with chert horizons. In the mapped area, horizons of mafic tuffs are

up to 2 m wide (Grid Ref.: 454455, 7830057).
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Fig.3.7. Flattened spherical to ellipsoidal structures in a very fine grained, light grey rock.
The structures have variable diameters ranging from 2 to 4 mm. The spherical structures
coalesce to form linear structures near the centre of the photograph that could be
mistaken for trace fossils in the field. The lapilli have a mineralogy that is similar to the
matrix, i.e. predominantly epidote, chlorite, actinolite and minor detrital quartz. Grid
Ref.: 476148, 8019207.

Fig.3.8. Spherical lapilli in a matrix of similar composition, i.e. predominantly epidote,
plagioclase, chlorite, prehnite and some grains of quartz. The dark material around the
lapilli possibly represent glass before alteration. Crossed polars. Sample JM 0111, Grid
Ref.: 445109, 7810104.
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3.3.7 Rhyolitic Lapilli Tuff

Rhyolitic lapilli tuff is light pink in colour and spotted when fresh. Spherical lapilli that
are up to 4 mm wide occur in a fine-grained matrix of similar mineralogical composition
(Fig.3.9), which comprises predominantly of quartz and laths of plagioclase and K-
feldspar, minor quantities of chlorite and epidote, and accessory sphene. The lapilli have
resorbed boundaries possibly reflecting reaction of the early-solidified lapilli with the

melt.

A rhyolitic tuff unit was observed at one locality that occurs some 10 km west-northwest

of Hot Springs (Grid Ref.: 435491, 7833026). The tuff occurs as lenses that are about

two-metre wide and are interbedded with chert horizons.
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Fig.3.9. Rhyolitic tuff with spherical lapilli that have resorbed margins. The lapilli are
composed of quartz, plagioclase, K-feldspar, epidote and sphene, and occur in a fine
grained-matrix of similar composition. Occasional laths of plagioclase and oxides also
occur in the matrix. Crossed polars. Sample JM0209; Grid Ref.: 435491, 7833026.
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3.3.8 Umkondo Basalt

Umkondo basalts are generally fine-grained dark green or purplish-brown in colour. The
purplish-brown colour is due to iron oxide staining (Munyanyiwa, 1999). Dark green
basalts are porphyritic and are composed of phenocrysts of plagioclase laths and
clinopyroxene that occur in a matrix of mainly plagioclase and clinopyroxene, and minor
opaque minerals. Secondary minerals include chlorite and actinolite that replace
clinopyroxene, and epidote that replaces plagioclase. The pinkish-brown basalt exhibits
an amygdaloidal texture and vitrophyric texture in which crystals of plagioclase and
clinopyroxene are set in a glassy matrix (Fig. 3.10). The amygdales include quartz,
pumpellyite, prehnite and minor epidote. Secondary chlorite occurs on the edges of the

amygdales. Sericite and epidote occur as pseudomorphs after plagioclase.

Basalts crop out in small areas that are 4-20 km? in extent over a distance of more than
80 km, which suggest that they originally covered a large part of the present extent of the
Umkondo group as flood basalts (Munyanyiwa, 1999). An estimated maximum thickness
of 200 m has been reported for Umkondo basalts (Allsopp et al., 1989). The basalts are
intercalated with- and conformably overlie the upper arkose (Mukwakwami et al., 2001).
In the Odzi River on the downstream side of the bridge (Grid. Ref.: 442834, 7819648),
good exposures of basalts show floor tops that dip shallowly towards the southeast. The
floor tops are cracked and have very fine glassy material. Randomly oriented chilled
mafic dykes that occur on a centimetre scale to 10 cm wide have intruded the basalts. The

dykes have been gently folded and the fold axes are randomly oriented.
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Fig.3.10. Hypocrystalline Umkondo basalt showing amygdaloidal and vitrophyric
textures. The amygdales this microphotograph include pumpellyite, quartz and minor
epidote, while chlorite occurs on the margin of the amygdale assemblage. Plagioclase and

small crystals of clinopyroxene are set in a glass matrix. Crossed polars. Sample JM0115,
Grid Ref.: 442699, 7825648.
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3.4 Depositional Environment for Umkondo Sediments

There is no evidence of fault-controlled deposition in the entire Umkondo Basin, which
would be characterised by coarse-grained boulder-supported conglomerates near the edge
of the basin that gradually get finer towards the centre of the depocentre. The flat nature
of the contact between the Zimbabwe Basement granites and the Zimbabwe facies (Fig.
Fig. 3.17) is consistent with a peneplained surface that developed prior to deposition of
the Umkondo strata. It is plausible to suggest that deposition of the Umkondo group
occurred in an epicontinental basin on a flat, peneplained surface developed on the

Zimbabwe Archean craton.

Pebbly basal arkoses and cross-bedded upper arkose record deposition in a fluvial
environment. The palacocurrent data (Table 3.1) are insufficient for regional
interpretation. A unimodal north northwest to south southeast palaeocurrent direction
with a large dispersion probably reflects a high sinuosity or an alluvial fan (Fig.3.11;
Tucker, 1991). Stromatolitic limestones were deposited in a shallow marine environment,
while deposition of the shales took place in a low energy environment, possibly deltaic.
The arkoses are compositionally and texturally immature, consisting of poorly to
moderately sorted angular to sub-angular grains, which suggest that the depocentre was
probably very close to the provenance. The composition of the detrital grains
characterised by the presence of abundant felsic minerals and minor mafic minerals
suggests that the detrital grains were wholly derived from a predominantly granitoid
terrane, i.e. the Archean Basement Complex greenstone-granite terrane. Mafic tuffs and
mafic lapilli tuffs that are interbedded with Umkondo sediments record input of
pyroclastic material into the Umkondo basin, which may reflect explosive volcanic
activity that was contemporaneous with sedimentation. Basalts that are geochemically
similar to Umkondo dolerites conformably overlie Umkondo sediments and record the
occurrence of a mafic magmatic event that was penecontemporaneous with sedimentation
in the Umkondo Basin. Rhyolitic lapilli tuffs possibly represent the most evolved

magmas associated with the Umkondo Mafic Igneous event.

58





Values: 18
Interval: 20°
Largest petal = 3

Fig.3.11. Palaeocurrent pattern obtained from cross beds in the Upper Arkose unit north
of Nyanga town (Grid Ref.: 475821, 8010947). The palacocurrent is from north
northwest to south southeast. Unimodal pattern with a large scatter possibly indicate a

high sinuosity river or alluvial fan.

Table 3.1. Summary of palaeocurrent data from two units of the Zimbabwe facies.

Grid Reference | Stratigraphic Feature Number of Palaeocurrent

Unit Observed Observations Direction
432707, Pebbly basal Asymmetrical | 2 SSW to NNE
7831387 arkose ripple marks
479983, Upper arkose Trough cross 2 SW to NE
7835224 beds and ripple-

marks

475821, Upper arkose planar cross- 18 NNW to SSE
8010947 beds

3.5 Dolerites

Dolerites intrude Archean basement granite and the overlying Zimbabwe facies

metasedimentary strata in the Chimanimani and Chipinge area to the south and in the

Nyanga area to the north as both dykes and sills, although the sills are far more

widespread (Mukwakwami et al., 2001). Dolerites have chilled margins and contain
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xenoliths of granite near the granite/dolerite contacts, which shows that the contact is

Intrusive.

3.5.1 Dolerite Dykes — South of Mutare Town

The majority of dolerite dykes that intrude metasedimentary rocks of the Umkondo group
and the Archean basement granites are generally medium to coarse grained, massive and
weakly metamorphosed. The weakly metamorphosed dykes define two dominant trends
(chapter 7), but exhibit textures and mineralogy that do not vary significantly. Wilson et
al. (1987) classified the approximately north- and east trending dykes as the Mutare and
Limpopo swarms respectively. Mineralogically, the dykes predominantly consist of
primary plagioclase and clinopyroxene (diopside), minor quartz and accessory sphene,
rutile and apatite. Actinolite, biotite, chlorite and epidote are the common metamorphic
minerals in the dykes (chapter 4). Relict igneous textures in dolerites include ophitic
(Fig.3.12) and granophyric textures (Fig. 3.13). Sub-vertical flow banding defined by
alignment of plagioclase feldspars occurs in some dykes and the banding trends parallel

to the dykes (Grid Ref.: 490800, 7793860).

Dolerite dykes are by far more widespread in the Archean granite terrane, possibly owing
to the competent nature of the granites relative to the metasedimentary rocks. The dykes
are fairly straight and sub-vertical to vertical, and show two dominant trends (chapter 7).
The less altered dykes, i.e. the Mutare swarm of Wilson et al. (1987), were subdivided
into six subgroups on the basis of their geochemistry (section 2.9.2), despite their
petrographical and textural similarities. A post-Umkondo mafic igneous event is
indicated by the occurrence of one metre-wide, very fine grained dolerite dykes trending
north and west-northwest that intrude an Umkondo sill in the Umvumvumvu River near
the bridge (Fig. 3.14; Grid Ref.: 461724, 7840425). The relationships between the dykes

and the sills are discussed in detail in chapter 7.
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Fig.3.12. Igneous textures are preserved in dolerite dykes including an ophitic texture in
which many plagioclase crystals are enclosed by a single clinopyroxene crystal. Crossed
polars. Sample IM0110, Grid Ref.: 436702, 7800301.

3.5.2. Umkondo Dolerite Sills

Umkondo dolerite sills are generally dark grey-black in colour, coarse grained and are
gabbroic in places (Fig. 1.10). Individual sills have variable thicknesses that can be up to
350 m and can be traced for some tens of kilometres along strike (Fig. 3.18). The
dolerites are predominantly composed of primary clinopyroxene and plagioclase of
andesine to labradorite composition, minor quantities of orthopyroxene, magnetite and
quartz. Accessory sphene, apatite, ilmenite, and rutile also occur in the dolerites.
Secondary minerals include biotite, actinolite, chlorite and prehnite. Ophitic and

granophyric textures are common igneous textures that are preserved in the sills.
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Fig.3.13. Granophyric texture resulting from co-crystallisation of quartz and K-feldspar
at the eutectic point in late magmatic fluids. Quartz intergrown with alkali feldspar is
arranged about euhedral plagioclase crystal. Crossed polars. Sample JIM0125, Grid Ref.:
480387, 7832272
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Fig.3.14. An aphyric post-Umkondo dolerite dyke that intruded an Umkondo sill suggests

the occurrence of a post-Umkondo mafic magmatic event. The sill is flanked by epidote-
quartz veins on either side along the dyke margins. Grid Ref.: 461724, 7840425.

62





3.5.3 Granophyres

Granophyres either occur as mesocratic or melanocratic gabbroic units in the roof regions
of some Umkondo sills. An approximately 30 m wide mesocratic granophyre unit occurs
in the roof region of the Tandaai sill (Fig. 1.3) that has a width of approximately 100 m.
The Tandaai sill shows some vertical compositional variation that is depicted by
progressive increase of modal quartz and alkali-feldspar from the bottom to the top of the
sill. Quartz content increases from about 3% at the bottom of the sill to about 10-15 % at
the top. Thus the dolerite sills grade into the granophyres. The progressive increase in
silica from the bottom to the top of the Tandaai sill possibly reflects tholeiitic magma that
differentiated and solidified from the base upward (McBirney, 1984). Important
processes of differentiation possibly included flow segregation, gas streaming and filter
pressing (McBirney, 1984; Hall, 1992). Mineralogically, the granophyre consists of
primary clinopyroxene, albitic plagioclase, biotite, and granophyric intergrowths of
quartz and alkali feldspar that possibly resulted from simultaneous crystallization of
quartz and K-feldspar at the eutectic point (Turner and Verhoogen, 1960; Barker, 1970;
Lofgren, 1974; Cox et al., 1979; Best, 1982). Quartz intergrown with K-feldspar occurs
around plagioclase (Fig.3.13), which suggests that the granophyric intergrowths probably
formed by interaction of the early-formed plagioclase with late magmatic fluids that were
more sodic and silica rich (Barker, 1970; Best, 1982; Hyndman, 1985). Sphene and rutile

also occur as accessory minerals.

Melanocratic granophyres occur as lenses of coarse-grained rocks of gabbroic
composition near the roof regions of sills to the north and east of Mutsago Hill (Figs. 1.10
& 3.15). The gabbroic rocks are characterised by the occurrence of coarse-grained
pegmatitic segregations that have irregular shapes and are up to a metre wide (sample
JMO0109, Fig. 1.6; and sample JMO138, Fig. 1.7). Pegmatitic patches were probably
formed by differentiation through filter pressing and segregation of late magmatic fluids
into dilational fractures in the partly crystallized gabbroic mush (McBirney, 1984) and
are interpreted to represent true differentiates of Umkondo dolerites. The pegmatitic

segregations have similar mineralogical compositions to the felsic granophyres.
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Fig. 3.15. Cross section from X to Y (Fig. 1.10) showing a sub-horizontal Umkondo sill that intruded Archean basement granite.

Gabbroic granophyres occur as lenses in the roof region of the sill.
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3.6 Peperite

Along one well-exposed sill margin in a road cut some 59.5 kilometres along the
Wengezi-Chimanimani road (Grid Ref.: 469675, 7803150), an approximately 4 m-wide
zone of peperite occurs. The zone consists of randomly oriented dolerite fragments that
are intermingled with sediment fragments. Many sediment clasts are plastically deformed
and folded into open folds that are randomly oriented (Fig 3.16). The randomly oriented
folds are interpreted to indicate absence of a remote stress field during deformation of the
sediments. The matrix around these plastically deformed clasts is not penetratively
deformed. Some sediment clasts were stretched, to form boudins, in a direction parallel to
the bedding and then folded about a sub-vertical fold axial surface. Presumably, these
folds were formed due to upward migration of fluids resulting in up doming and

formation of antiformal structures.

The rock consists of euhedral biotite porphyroblasts, sericite, plagioclase, clinopyroxene,
actinolite, chlorite, epidote, quartz, finely and uniformly disseminated magnetite and
accessory sphene and rutile. Chlorite replaces biotite and the feldspars in sediments are
corroded due to interaction with the magma. Light pink patches that have a vein
appearance occur in the peperite. The patches have widths that are up to a centimetre and
lengths that are up to 5 cm. These patches have a granitic composition i.e. predominantly
plagioclase, K-feldspar and euhedral to subhedral biotite and quartz (Fig. 3.17); and are
interpreted to represent anatexis of some arkose clasts that were incorporated in the sill at

the time of emplacement.
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Stretched and
folded clasts

Fig. 3.16. Plastically deformed sediment clasts folded into randomly oriented open folds
in a peperite that occurs along a sill margin, which suggests absence of a remote stress
field during deformation. The occurrence of the peperite suggests that Umkondo sills
were emplaced before Umkondo sediments were completely lithified (Hanson et al.,
1998b). Grid Ref.: 469675, 7803150.

Fig. 3.17. Pink patches that occur in peperite predominantly consist of plagioclase and
quartz and minor K-feldpar and biotite. These patches are possibly a product of anatexis
of the siltstone during emplacement of the sill. Crossed polars. Sample JM0107, Grid
Ref.: 469675, 7803150.
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Fig. 3.18 Sections along lines A-B and C-D (Fig. 1.3). Umkondo sills have variable thicknesses along strike and transgress the
Archean basement granite/Zimbabwe facies contact bedding. The Basement Archean granite/Zimbabwe facies contact is a non-
conformity and generally sub-horizontal.
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3.7 Discussion and Conclusions

The sedimentary sequence (Fig 3.4) is basically uniform throughout the Zimbabwe facies
of the Umkondo group, and individual formations within the group can be traced the
entire length of the preserved basin. The lateral persistence of these strata over a distance
of 390 km in eastern Zimbabwe probably suggests deposition in a single north-south
trending basin with a minimum dimension on the order of 400 km. Sharp differences in
metamorphic grade and intensity of deformation between the Mozambique- and
Zimbabwe facies (chapters 4 and 5) are interpreted to reflect tectonic juxtaposition rather
than evidence for different depositional ages. Thus rocks of the Mozambique facies
represent the strongly deformed and highly metamorphosed equivalent of the Zimbabwe
facies. The entire Umkondo group was deposited nonconformably in a flat peneplained
surface on the east side of the Kalahari Craton and the Zimbabwe facies of the group is
autochthonous at a large-scale (chapter 5). The sedimentary strata of the Umkondo group
were deposited in fluvial to shallow marine environments and record the presence of a
major epicontinental basin in this part of southern Africa. The palacocurrent data, based
on 3 measurements from 2 units of the Zimbabwe facies (Table 3.1), obtained in this
study are not sufficient to define any basinal geometry on a regional scale. There is

excellent potential for a detailed sedimentological study.

The presence of peperites that have plastically deformed clasts indicates that the
Umkondo dolerite sills intruded while at least some of the host Umkondo sediments were
still wet and poorly consolidated. Tuffs that are interbedded with metasedimentary rocks
of the Zimbabwe facies record input of pyroclastic material into the Umkondo basin, and
reflect explosive volcanic activity related to the Umkondo igneous event. Basalts that are
geochemically similar to Umkondo dolerites are conformably interbedded (Fig.3.4) with
the Upper Arkose unit of the Zimbabwe facies and the palacomagnetic direction in
Umkondo dolerites is indistinguishable from that of the overlying basalts (McElhinny,
1966). These facts suggest that widespread 1100 Ma Umkondo Province mafic

magmatism was penecontemporaneous with or immediately followed sedimentation in
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the Umkondo basin of eastern Zimbabwe in a continental environment. However, the

palacogeography of the Umkondo basin remains unclear.
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CHAPTER 4

METAMORPHISM AND ALTERATION IN EASTERN ZIMBAWE

4.0 Introduction

Rocks of the Umkondo group and the underlying Zimbabwe Archean basement are
variably altered and metamorphosed. Archean regional metamorphism in eastern
Zimbabwe is a complex subject that deserves a more detailed separate study. In this
study, Archean metamorphism in eastern Zimbabwe needs to be defined before Pan
African for purposes of continuity. The metamorphic evolution of the Zimbabwe craton
has been studied from remnant mafic rocks of the greenstones and mafic dykes that
intruded the craton in the mapped area (Fig. 1.10). However, these mafic rock units occur
as relatively small units and are probably too small to indicate the regional
metamorphism and have been affected by thermal metamorphism during subsequent

emplacement of younger granitic intrusions.

The metamorphic evolution of the Umkondo group and the underlying Archean basement
rocks in eastern Zimbabwe is outlined and discussed in this chapter. An attempt is made
to constrain the metamorphic history of the Zimbabwe craton from mafic rocks in the
remnant greenstones, e.g. the Cronley Schist belt that occurs about 5 km north northeast
of the mapped area (Fig. 1.3), since the granites are not very sensitive to temperature-
pressure changes. An outline of the metamorphism of rocks of the Mozambique facies is
partly based on field observations and partly on discussions held with Dirks in 1999
during a field excursion in the area east of Chimanimani town (Fig. 1.3). Metamorphic
textures and assemblages in dolerite sills that intrude the Zimbabwe facies and mafic
tuffs that are inter-bedded with the Zimbabwe facies metasedimentary rocks are
described, based on thin section study, and are used to constrain the metamorphic
evolution of the Zimbabwe facies. Hydrothermal alteration in the mapped area was

deduced from veins that cut Umkondo sills and cherts of the Zimbabwe facies.
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4.1 Pre-Umkondo Regional Metamorphism

The Archean basement granites and gneisses underlying the Zimbabwe facies to the west
comprises some gneissic segments and mafic enclaves that bare record of metamorphism
prior to deposition of the Umkondo group and emplacement of Umkondo dolerites. The
metamorphic history of Archean basement rocks in the study area can be deduced from
amphibolite dykes that intruded Archean granites (section 3.1.3) and remnant greenstone
rocks of the Cronley Schist belt that occurs about 5 km north northeast of the mapped
area (Fig. 1.3). The Cronley Schist belt (Fig. 1.3) records the first regional metamorphic
event in Archean basement rocks. The metamorphic event was associated with folding
and shearing of the Cronley Schist belt, which predates the emplacement of the Chibi
granites at c. 2650 Ma (section 5.11.1). In the mapped area, metamorphism of the
Archean basement granites can be constrained from amphibolite dykes and metaironstone

horizons.

4.1.1 Metamorphism of Amphibolite Dykes

Schistose amphibolite dykes that intruded Archean basement granites to the south of
Chitimani School (Fig. 1.10) appear to record two metamorphic events. The dykes have
relict primary clinopyroxene that has been extensively replaced by actinolite and
hornblende (Fig. 4.1). Hornblende and actinolite define a schistose fabric. Calcification
of plagioclase occurred during metamorphism resulting in the formation of andesine
plagioclase with a composition that ranges from Ans,- Angg. The metamorphic event is
characterised by the assemblage hornblende-plagioclase-actinolite-quartz. The
coexistence of hornblende and actinolite, and the occurrence of andesine plagioclase are
indicative of upper greenschist to lower amphibolite facies grades of metamorphism
(Spear, 1993). Retrograde metamorphism occurred later and was associated with
replacement of andesine plagioclase by epidote, recrystallisation of actinolite and
pseudomorphic replacement of actinolite by chlorite along grain boundaries; and the
replacement of hornblende by actinolite and minor chlorite. The assemblage chlorite-

actinolite-epidote-quartz is indicative of the greenschist facies grade of metamorphism.
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Fig. 4.1. Amphibolite (metamorphosed dolerite) dyke with hornblende (hbl) being
replaced by actinolite and chlorite (chl), which indicate retrograde metamorphism.
Crossed Polars. Sample JM0217; Grid Ref.: 451463, 7830598.

4.1.2 Metamorphism of Metaironstone

Metaironstone is cut by a northeast trending shear zone and has been sheared into a
quartz-grunerite schist. The presence of quartz and grunerite is indicative of an iron-rich
sedimentary rock precursor that under went prograde metamorphism to amphibolite
facies grade of metamorphism during M;. The schistosity is defined by alignment of
small grains of grunerite that are about 0.1 mm wide and quartz (Fig. 4.2). Quartz ribbons
that are parallel to the schistose fabric also occur. Larger grains of grunerite that are up to
0.5 mm wide grow across the schistosity and define a crenulation cleavage that is very
clear in hand specimen (Fig. 5.2). Grunerite grains defining the two fabrics possibly
developed in a single metamorphic event during progressive deformation and
metamorphism. Grunerite is replaced by acicular actinolite and chlorite, which indicates
greenschist facies retrogression of the amphibolite facies assemblage in the quartz-

grunerite during a second metamorphic event.
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Fig. 4.2. The upper photograph shows schistosity in metaironstone defined by preferential
alignment of small crystals of grunerite (Grl) + chlorite (Chl) and quartz (Qtz). Larger
crystals of grunerite (Gr2) that are oblique to the schistosity suggests static new growth
across foliation. The presence of grunerite suggests amphibolite facies grade of
metamorphism. Crossed polars. Sample JM 0151; Grid Ref.: 451815, 7832550.The lower
photograph shows acicular actinolite crystals that are a product of replacement of
recrystallisation of actinolite and replacement of grunerite. Crossed polars. Sample
IMO0149; Grid Ref.: 451850, 7832547.
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4.2 Metamorphism of the Mozambique Facies Rocks

Metamorphic grade in the Mozambique facies rocks near the Zimbabwe border is in the
amphibolite facies (Tennant, 1995; Werner and Schmidt, 1995; Dirks, Personal
Communication, 1999). A pelitic mylonite that occurs at the National Parks Hut (Fig. 1.3,
Grid Ref.: 502011, 7812630) is characterised by the assemblage kyanite-chloritoid-
chlorite-muscovite-quartz with remnants of sillimanite (Dirks, 1999 personal
communication). The metamorphic assemblage is interpreted to indicate amphibolite
facies grade of metamorphism at P-T conditions of about 580°C and 5-7 kbar for the
Mozambique facies (Dirks, 1999, personal communication). Strongly tectonised and
structurally conformable bodies of metadolerites within the Mozambique facies
metasedimentary rocks have hornblende-plagioclase assemblages (Munyanyiwa, 1999)
that also reflect amphibolite grade of metamorphism for the metadolerites, and hence the
Mozambique facies rocks. The metamorphic grade increases to upper amphibolite- and
granulite facies farther east in Mozambique (Vail, 1966). The metamorphic grade

associated with the Mozambique orogeny in general decreases from east to west.

4.3 Metamorphism of the Zimbabwe Facies

Metamorphism of the Zimbabwe facies is well constrained in volcanic mafic rocks that
are interbedded with metasedimentary rocks of the Zimbabwe facies and Umkondo
dolerites that intruded the strata. The metamorphic history of the Zimbabwe facies can
therefore be indirectly ascertained from these mafic rocks since they are more sensitive to
temperature and pressure changes (Spear, 1993) than the arkose and chert units that make
up the greater part of the Zimbabwe facies. The Zimbabwe facies shales and slates are

also important in determining the grade of metamorphism in the Zimbabwe facies.
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4.3.1 Metamorphism of Pelites - the Zimbabwe Facies

Microscope study has shown that slates of the Zimbabwe facies comprise of quartz,
chlorite, plagioclase, K-feldspar and epidote. Reaction textures, and hence the P-T paths,
are difficult to establish in the slates using thin section study because the slates are very
fine grained and have no porphyroblasts. However, the observed mineral assemblage of
quartz-plagioclase-chlorite-K-feldspar-epidote is interpreted to indicate the chlorite zone
(Yardley, 1989; Spear, 1993). The slaty cleavage is known to form in tectonically
deformed rocks that are found in regions of low-grade regional metamorphism, that is
greenschist facies or lower (Ramsay and Huber, 1987). These observations show that the
slates, and hence the Zimbabwe facies rocks were metamorphosed at low greenschist

facies.

4.3.2 Metamorphism of Metabasites - the Zimbabwe Facies

Analcite coexists with quartz in a fine-grained mafic tuff (Grid Ref.: 474277, 8056126)
and probably formed from the breakdown of albite during retrograde metamorphism

according to the reaction below:

Albite + Water —  Analcite + Quartz
(NaAlSi;Og) (H0) (NaAlSi,O¢. H20) (Si0y)

The coexistence of analcite and quartz suggests zeolite facies grade of metamorphism
since these minerals are stable at low temperatures and pressures of not more than 200°C

and 3 kbar respectively (Spear, 1993).

Radiating fibrous aggregates of prehnite occur as amygdales in association with
pumpellyite, epidote and anhedral quartz in massive, amygdaloidal, vitrophyric basalt
(Fig. 4.3) that is interbedded with- and caps the Zimbabwe facies arkoses. Relict igneous
minerals, i.e. clinopyroxene and plagioclase are preserved. Mafic lapilli tuffs that are

interebedded with the chert and upper arkose units have radiating pockets of fibrous
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aggregates of prehnite that occur in association with metamorphic chlorite, epidote and
quartz (Fig. 4.4). In peperite, prehnite occurs in association with pseudomorphs of
chlorite and actinolite after clinopyroxene, and epidote. The metamorphic assemblages
are indicative of the prehnite-pumpellyite facies low-grade metamorphism and hence

suggest low-grade metamorphism.

Clinopyroxene is commonly preserved in dolerite dykes and sills, but some crystals have
been entirely- or partially replaced by pseudomorphs of actinolite and/or chlorite along
grain boundaries and cleavage planes (Figs. 4.5 and 4.6). Intergrowths of chlorite, biotite
and magnetite (Fig. 4.7) have partially replaced actinolite along grain boundaries in
dolerite sills and dykes. Intergrowths of chlorite and biotite often occur as pseudomorphs
after actinolite in dolerites (Fig. 4.8). Fine grained chlorite replaces actinolite in dolerites
(Fig. 4.9). Pseudomorphic replacement of plagioclase by epidote and sericite along

cleavage planes and grain boundaries is a common feature in the dolerites.

The replacement textures are indicative of retrograde metamorphism and show
metamorphic changes that take place at progressively lower temperatures of
metamorphism in mafic rocks. The mafic rocks therefore show characteristic
metamorphic mineral assemblages of the greenschist and prehnite-pumpellyite facies that
are typical of progressive metamorphism of mafic rocks down temperature to greenschist

facies (Winkler, 1979; Spear, 1993).
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Fig. 4.3. Radiating groups of crystals of prehnite occur as patches (top photograph) or as
amygdales (bottom photograph) in an amygdaloidal hypocrystalline basalt. Prehnite
occurs in association with pumpellyite, which indicate prehnite-pumpellyite grade of
metamorphism for the Umkondo basalts, and hence the Zimbabwe facies. Crossed polars.
Sample JM0115; Grid Ref.: 440669, 7819648.
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Fig. 4.4. Anastomosing layering in a mafic tuff. The rock consists of metamorphic
minerals, i.e. chlorite, epidote, quartz and sericitized plagioclase, and minor analcite and
prehnite. The dark material probably represents glass before deformation. Crossed polars.
Sample JM0124; Grid Ref. 474277, 8056126.
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Fig. 4.5. Clinopyroxene rimmed by actinolite (act) suggesting retrograde metamorphism.

Relict ophitic texture occurs in clinopyroxene (cpx), i.e. plagioclase crystals are enclosed
clinopyroxene. Crossed polars. Sample JIM0110; Grid Ref. 436702, 7800301.
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Fig. 4.6. Pseudomorphs of actinolite after clinopyroxene. Relict clinopyroxene (cpx)
occurs near the bottom left corner and near the centre of the photograph. Actinolite (act)
coexists with chlorite (chl). Crossed polars. Sample JM 0103; Grid Ref.: 464923,
7787195.
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Fig. 4.7. Intergrowths of biotite and chlorite and an opaque mineral (magnetite) replacing
actinolite in a gabbro. Crossed polars. Sample JIM0137; Grid Ref.: 462471, 7836120.
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Fig. 4.8. Pseudomorphs of chlorite intergrown with biotite after actinolite. Plain polarised
light. Sample JM0137; Grid Ref.: 462471, 7836120
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Fig. 4.9. Fine grains of chlorite replacing actinolite in a dolerite, which suggest
metamorphism down temperature. Crossed polars. Sample JM0103; Grid Ref.: 464923,

7787195.
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4.4 Metasomatism

Hydrothermal alteration in the Chimanimani area postdates the emplacement of
Umkondo dolerites. Metasomatism was characterised by circulation of SiO,-rich
hydrothermal fluids that are evidenced by the occurrence of two generations of sphene-
bearing epidote-quartz veins in the area around Mutambara Mission. The veins cut a
major Umkondo sill exposed in the Umvumvumvu River (Fig. 4.10). The first generation
of veins cuts an Umkondo sill, but terminates against two aphyric, post-Umkondo dykes
that trend north and north-northeast. Thus the first generation of veins predate the
emplacement of the post-Umkondo dykes. The second generation of veins cut the first
generation (Fig. 4.10) and the post Umkondo dykes. The second phase of hydrothermal
fluid circulation postdates the emplacement of these dykes. Wall rock alteration, marked

by a chlorite zone, is associated with some of these veins that cut the sill.

The Zimbabwe facies has also been affected by circulation of hydrothermal fluids as is
evidenced by the presence of epidote-rich quartz veins that cut primary layering in cherts
(Grid Ref.: 447018, 7818699). Sub-vertical to vertical, east-trending epidote-quartz veins
that are up to Smm wide also occur along joints in porphyritic granite east of Chiramba
School (Grid Ref.:459900, 7835875). The veins are red-brown in places and possibly
reflect the presence of oxides in the hydrothermal fluids. Reddening of the feldspars has

occurred near the red-brown veins.

81





Umkondo
dolerite sill

Post-Umkondo
Dolerite dyke

L]

e

Fig. 4.10. Two generations of epidote-quartz veins cutting an Umkondo sill in the
Umvumvumvu River. The first generation of veins terminates against a post-Umkondo
dyke. The second generation of veins cut the post-Umkondo dyke and the first generation
of veins without any displacement. The two generations of veins represent two
generations of hydrothermal alterations that affected the Zimbabwe facies of the
Umkondo Group. Grid Ref.: 461700, 7840500.
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4.5 Discussion and Conclusions

4.5.1 Metamorphism in the Archean

Quantitative P-T estimates for the Archean basement granites and associated greenstones
in Zimbabwe are scarce, largely owing to the difficulty of obtaining precise pressure
estimates in low-grade metamorphic rocks (Jelsma, 1993). Saggerson and Turner (1976)
classified the granite-greenstone terrains into four metamorphic zones that range from
greenschist facies within the central part of the craton to amphibolite facies within the
outer parts and granulite facies within the marginal zones. Metamorphic temperatures of
650-720°C were reported by Tsunogae et al. (1992) for the outer part of the craton
adjacent to the Limpopo Belt.

In eastern Zimbabwe, at least two major Archean regional metamorphic events have
affected the craton. The first metamorphic event (M) in eastern Zimbabwe is recorded in
the greenstone belts, i.e. Cronley Schist belt (Fig. 1.3) prior to emplacement of the Chibi
granites at ¢. 2650 Ma (section 5.11.1). M; was probably associated with folding and
shearing in the and the Cronley Schist belt (Fig. 1.3; Watson, 1969). The second regional
metamorphism (M) was associated with formation of northeast to east trending shear
zones in the mapped area. Metamorphic grade reached granulite facies in basement rocks
that occur in the Limpopo belt (Fig. 5.21) to the south of Birchenough (Fig. 1.6) and was
lower elsewhere (Watson, 1969). In the study area, the metaironstone was sheared into a
quartz-grunerite schist (Fig. 1.10) and constrains the highest grade of metamorphism in
the Archean basement rocks in eastern Zimbabwe to amphibolite facies, while
metamorphosed amphibolite dykes suggest lower amphibolite facies. The absence of
high-pressure minerals indicates low pressure metamorphic conditions at temperatures of
at least 550°C since the amphibolite facies begins at this temperature at low pressures

(Spear, 1993).

Prograde metamorphism of the amphibolite dykes was possibly driven by heat generated

during the diapric ascent and emplacement of the surrounding and underlying younger
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granitoid bodies of the Chilimanzi suite, in a manner similar to the “aureole tectonics”
described by Jelsma (1993) in the Harare-Shamva greenstone belt in northern Zimbabwe.
The timing of metamorphism of the amphibolite dykes is not well-constrained, but
apparently pre-dates the Mashonaland tectono-thermal event dated at 1830 + 230 Ma
(Wilson et al., 1987) since the Mashonaland dykes are undeformed and weakly
metamorphosed (Munyanyiwa, 1999). Peak metamorphism was reached during the
Archean and was associated with emplacement of granitoids of the Chilimanzi suite dated

at 2522 + 36 Ma (Schmidt Mumm ef al., 1994) and 2527 + 632 Ma (Manuel, 1992).

Jelsma (1993) defines “aureole tectonics” as the progressive deformation and
metamorphism of mantling rocks, caused by diapric ascent and emplacement of bodies of
buoyant material. Thermal aureoles around granitoids were the driving mechanism of
metamorphism. Evidence for this has been shown in the Harare-Shamva greenstone belt
where metamorphic zones are concentric around batholiths and the metamorphic grades
generally increase towards the batholiths (Jelsma, 1993). The pattern is similar around
mantled gneiss domes (Allen and Chamberlain, 1989). Metamorphic grades reach
amphibolite facies near the granite/greenstone contact and gradually decreases to
greenschist facies with distance from the contact in the Mutare greenstone belt (Nyama
1999). These facts may suggest that the amphibolite facies assemblages in schistose
mafic dykes and quartz-grunerite schist are a product of contact metamorphism induced

by emplacement of granitoids.

Inclusions of amphibolites, calc-silicates and metapelites that occur in granites in the
Nyanga area (Stocklmayer, 1978) show medium-grade metamorphic assemblages that are
interpreted to have resulted from intrusion of tonalities. Pre-Mashonaland mafic dykes,
the Cronley Schist belt (Fig. 1.3) and other inclusions in granites were metamorphosed to
varying grades prior to and during intrusion of younger granites in the area. Peak
metamorphism was associated with emplacement of granites and reached the hornblende-
hornfels (amphibolite) facies, i.e. low pressures and high temperatures of up to 700°C

(Stocklmayer, 1978) possibly during late Archean.
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Low-grade greenschist metamorphic assemblages from the metaironstone and the
amphibolite dykes, which intruded Archean basement granites, formed during retrograde
metamorphism. The retrogression is inferred to have taken place either during the cooling
of the younger granitic intrusions or during the Mozambique orogeny. Massive dolerite
dykes, of unknown ages, that intrude the Archean basement granites (Fig. 1.6, J]M 0108;
Fig. 1.5, ]M 0110436702, 7800301),) show evidence of retrograde metamorphism. The
retrogression assemblages are similar to those in Umkondo dolerites. This raises the
possibility that retrogression in Archean basement rocks, i.e. metaironstone and
amphibolites in eastern Zimbabwe may reflect Pan-African imprint during the ca. 550 Ma

Mozambique tectono-thermal event.

4.5.2 Pan African Metamorphism and Alteration

The metamorphic assemblages characterised by kyanite-chloritoid-chlorite-muscovite-
quartz in metapelites and plagioclase-hornblende in metadolerites suggest amphibolite
grade of metamorphism in the Mozambique facies of the Umkondo group. Mafic
metavolcanics that are interbedded with the Zimbabwe facies metasedimentary strata and
Umkondo dolerites that intrude the strata have been metamorphosed at greenschist to
prehnite-pumpellyite facies grades of metamorphism. Thus metamorphic grades
associated with the Mozambique orogeny decrease from east to west (Vail, 1966;
Stocklmayer, 1978). Vail (1966) documented that the metamorphic grade increases to
upper amphibolite- and granulite facies in Mozambique. The amphibolite- and
greenschist facies grades documented in rocks of the Mozambique facies and the
Zimbabwe facies respectively show that a steep thermal gradient exists between the two
facies. This evidence supports the idea that rocks of the Mozambique facies were
tectonically juxtaposed against the Zimbabwe facies (Payne, 1984; Allsopp ef al., 1989;
Tennant, 1995).

The timing of the metamorphism in the Chimanimani area is constrained by an *’Ar/*’Ar
muscovite age of ¢. 550 Ma (Munyanyiwa, 1999). The metamorphism was associated

with the formation of the north trending, continent-scale Mozambique belt (Fig. 5.22)
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during the Himalayan-type collision of east and west Gondwana (Stern, 1994).
Amphibolite facies metamorphism at approximately 510-560 Ma has also been
documented in the contiguous Zambezi belt (Vinyu et al., 1997; Goscombe et al., 2000).
The thermal perturbation in the Zambezi belt is related to the convergence of the
Congo/Tanzania cratonic region with the Kalahari craton (Fig. 5.22; Goscombe et al.,
2000). Goscombe et al. (2000) obtained a U-Pb zircon age of 526 = 17 Ma for peak

metamorphism in the Chewore Inliers of the Zambezi Belt.

A minimum of two hydrothermal events have affected the Umkondo group and
associated dolerites. These are exhibited by the occurrence of two generations of epidote-
quartz veins that cut an Umkondo sill (Fig. 4.10). The first generation of veins are cut by
a north-trending dyke of probable Pan African age (section 7.11) that intruded an
Umkondo sill. The first generation of veins post-dates Umkondo magmatism, but
probably predate Pan African mafic magmatism. The second generation of veins cut the
probable Pan African dyke. The second generation of veins probably mark circulation of
Fe-bearing SiO,-rich hydrothermal fluids in the Umkondo group and caused reddening of
the granites during post-Karoo times. This is because similar alterations have been
reported to occur in association with post-Karoo faults in the Middle Sabi area (Swift,

1962; Watson, 1969).
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CHAPTER S

STRUCTURAL EVOLUTION OF THE UMKONDO GROUP AND THE
UNDERLYING ARCHEAN BASEMENT

5.0 Introduction

The structural evolution of the Zimbabwe craton remains a subject of controversy and
deserves a separate research project. The area mapped in this study (Fig. 1.10) is possibly
too small to give a regional view of the structural evolution of the Zimbabwe craton. In
this chapter, the structural evolution of the Zimbabwe craton is briefly outlined and
discussed for purposes of continuity. The Archean basement granites and gneisses in
eastern Zimbabwe suffered at least two regional deformation events prior to the
emplacement of the Umkondo dolerites. The Umkondo group was deformed during the

Pan African Mozambique orogeny.

This chapter outlines the structural evolution of the Archean basement and the Umkondo
group in eastern Zimbabwe. The outline is based on data mainly gathered in the
Chimanimani area during a mapping exercise. In the Mozambique facies, data was
gathered during a Departmental Honours class field excursion in 1999. In order to make a
comprehensive analysis of the structure some data were gathered from maps, reports and
bulletins from the Geological Survey of Zimbabwe. The regional implication of the
Mozambique orogeny is discussed in the context of Pan African deformation and

continental assembly.

5.1 Pre-Umkondo Deformation in Eastern Zimbabwe

A broad northeast trending shear zone cuts the Archean basement granitic rocks and
metaironstone near Chitimani School and extends westwards beyond the map (Fig. 1.3).
The shear zone predates the emplacement of Umkondo dolerites since probable

Umkondo sills truncate foliation in the shear zone. Jelsma (personal communication,
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2004) suggests that the zone in fact represents greenstone remnants and gneisses that can
be traced to the northeast to the Cronley greenstone belt (Fig. 1.10). The sheared granite
has developed a schistose fabric and gneissic banding in places that are defined by
alignment of micas, mainly biotite and muscovite, and alternating bands of mafic-rich-
and felsic rich layers. The schistose fabric anastomoses and trends between northeast and
east northeast, and dip steeply to moderately towards northwest and southeast. A weak
stretching lineation that is defined by aggregates of quartz and plagioclase in the shear
zones (Fig. 1.10) plunges shallowly towards west or east (Fig. 5.3a). The stretching
lineation suggests an east-west transport direction. Sheared quartz veins that cut the
granite show that the shearing was associated with a dextral strike-slip sense of
displacement (Fig. 5.1). Quartz veins with widths that occur on a scale of a sub-
millimetre to a metre cut the granites. Some centimetre wide veins have been boudinaged
and later folded into tight and ptyigmatic folds (Fig. 5.1). The fold axes are sub-vertical
to vertical, while the fold axial planes are sub-vertical to vertical and trend,
approximately east-west (Fig. 5.1). The veins possibly record a single deformation event
in which the formation of boudins documents an approximately east-west extension
direction. Tight and ptygmatic folds possibly formed during progressive deformation
since the geometry of the tight folds (Fig. 5.1) are compatible with dextral strike-slip

shears.

A northeast trending shear zone cuts the Archean basement granite and metaironstone
south of Chitimani School (Fig. 1.10). The schistose fabric that formed in the granite and
metaironstone dips steeply to moderately towards north-northwest and south-southeast.
The schistose foliation in the metaironstone has been crenulated (Fig. 5.2). The
crenulation cleavage dips moderately to steeply towards northwest and the crenulation
lineation plunges moderately towards north-northwest and north (Fig. 5.3a). It is not clear
whether the crenulation cleavage represents a separate deformation event or mostly likely
developed during progressive deformation. These structures presumably predate
emplacement of Umkondo dolerites since the foliation in the Archean basement granites
and metaironstone are truncated by a massive dolerite sill that has mineralogical and

textural similarities with known Umkondo sills in the area (Fig. 1.10).
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Fig. 5.1. Quartz veins that occur in sheared Archean basement granites are parallel to the
schistose fabric. The veins have been boudinaged and then folded into ptygmatic folds
during progressive deformation that was associated with dextral strike-slip shears. The
boudins document an east-west extension direction during deformation. Grid Ref.:
450085, 7832520.
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Fig. 5.2. Crenulation cleavage in meta-ironstone. The crenulation lineation plunges
moderately towards north. Grid Ref.: 451669, 7832200.
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Fig. 5.3. Lower hemisphere, equal area projections of poles to schistosity and crenulation
cleavage in: (a) Sheared Archean basement granites and metaironstone in the area south
of Chitimani School (Fig.1.10). A crenulation lineation in metaironstone plunges
moderately towards north and a stretching lineation in granites plunges shallowly towards
west or east and (b) Mozambique facies in the area around the Armour’s Gap (Fig. 1.3), a
crenulation lineation plunges shallowly towards north and the stretching lineation plunges
shallowly towards east or west, which suggests an east-west transport direction.

5.2 Structure in the Mozambique Facies: The Mozambique Orogeny in Eastern
Zimbabwe

Rocks of the Mozambique facies have been intensely deformed with penetrative east-
dipping structures (Fig.5.4) during the Mozambique orogeny dated at 550 Ma
(Munyanyiwa, 1999). Rare primary bedding and cross-bedding are preserved in places in
deformed psammites in the area around the Armours Gap (Grid Ref.: 494990, 7825100),
where the beds dip moderately to shallowly towards west-northwest or east-southeast
(Fig. 5.3b). The penetratively developed schistosity in psammites and mylonites, and a
slaty cleavage in slates define the regional foliation. The regional foliation trends north
northwest to north northeast and dips moderately towards east or west (Fig. 5.3b). A
crenulation cleavage that formed in slates in places (Grid Ref.: 494990, 7821750) trends
at a small angle to the slaty cleavage, i.e. north-south and dips moderately to steeply

towards west. A weakly developed stretching lineation that is defined by aggregates of
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quartz and chlorite occurs in mylonites. The lineation plunges shallowly towards east or

west (Fig. 5.3b) suggesting an east-west or west-east transport direction.

Kinematic indicators that include o-clasts, shear bands, S-C and S-C' fabrics are well
developed in psammites and micaceous schists of the Mozambique facies in the area
around the Armours Gap. The C and C'-fabric dip shallowly towards west, while the S-
fabric dips shallowly to moderately to the east (Fig. 5.3b). The attitudes of the S-C and S-
C' fabrics are indicative of low-angle normal faulting, top side down to the west. The S-C
intersection lineation plunges shallowly towards north or south and is perpendicular to
the stretching lineation, and hence the shear direction. Shear bands and o-clasts (Fig. 5.5)

also indicate that transport direction during deformation was from east to west.

Rocks of the Mozambique facies have been deformed by tight to isoclinal and recumbent
folds that occur on a scale of a centimetre to a few hundred metres. The folds have sub-
horizontal, north-south trending fold axes (Fig. 5.3b) that suggest shortening in an east-
west direction during deformation. Asymmetrical folds that have wavelengths of 5 to 20
cm deform psammites at the Armours Gap (Grid Ref.: 497730, 7824570) and verge to the
west. The asymmetrical folds are consistent with a west-directed transport direction.
Recumbent folds with sub-horizontal, north-south trending fold axes occur on a scale of
20 to 150 m on a southwest-facing scarp at the Skeleton Pass (Grid Ref.: 500700,
7814050). These structures indicate that the entire Mozambique facies is allochtonous
and was thrust to the west. Isoclinal and recumbent folds that occur in the Mozambique

facies suggest high strain rates that are consistent with thrusting.

5.3 Mozambique basement Gneiss/Mozambique Facies Contact

The contact between the Mozambique quartzofeldspathic basement gneisses and the
Mozambique facies at the Armours Gap dips shallowly to the west (Fig. 5.6).
Immediately below the contact, the quartzofeldspathic gneiss has been sheared to a
quartz-muscovite schist and the Mozambique facies psammites above the contact have

been penetratively deformed by east-dipping structures. The schistosity and an S-C'
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fabric that have developed in the gneisses near the contact indicate that the contact was
sheared and is therefore a tectonic contact. An S-C' fabric occurs in the quartz-muscovite
schist. The C' fabric dips shallowly towards west while the S-fabric dips moderately
towards east, which suggest a west-directed movement across the contact. Shear bands

that have developed in the schists also indicate a similar transport direction

Above the contact, psammites of the Mozambique facies are intensely and penetratively
deformed (Fig. 5.6). Kinematic indicators in the Mozambique facies indicate a west-
directed movement direction. The Mozambique basement gneisses/Mozambique facies

contact is therefore a sheared contact across which the Mozambique facies was thrust to

the west.

Fig. 5.4. Intensely and penetratively deformed psammites of the Mozambique facies with
east-dipping fabrics. Primary bedding is rarely preserved. Nyanga, Exact locality
unknown. Photograph by R. Hanson.
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Fig. 5.5. Schistosity in a quartz-mica schist wrapping around a o-clast near the centre of
the photograph. The o-clast indicates that the top has moved to the west. Grid. Ref.:
497730, 7824570.

Mozambique

Quartz-
muscovite
schist

Fig. 5.6. Quartz-mica schists of the Mozambique facies overlying the Mozambique
quartzofeldspathic gneiss (masked by brown grass) at the Armours Gap. The gneiss has
been sheared into a quartz-muscovite schist and developed an S-C' fabric immediately
below the contact. C' dips gently towards west and S dips steeply towards east, which
implies a low-angle normal fault tectonic regime. Photograph taken from Grid Ref.:
498640, 7824590.
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5.4 Mozambique facies/Zimbabwe facies Contact

The contact between the Mozambique- and the Zimbabwe facies is not exposed. Rocks of
the Mozambique facies that are intensely deformed by west-verging structures (section
5.2) clearly dip underneath slates of the Zimbabwe facies (Fig. 5.7). The eastern most
portion of the Zimbabwe facies should therefore be underlain by a thrust (Fig100). Slaty
cleavage in slates of the Zimbabwe facies dips moderately east. A weak mineral
lineation, defined by quartz, occurs in the slates and plunges shallowly towards west. The
slaty cleavage is crenulated and the crenulation cleavage dips moderately west. The
crenulation lineation plunges shallowly north. These structures are consistent with an
cast-west transport direction across the contact, and hence the Mozambique

facies/Zimbabwe facies contact is a tectonic contact.

5.5 Structure in the Zimbabwe Facies

5.5.1 Bedding

Primary bedding is well preserved in almost the entire Zimbabwe facies. Arkoses exhibit
graded bedding and planar cross-bedding in places. Bedding is defined by grain-size
variations in which arkoses are inter-layered with horizons of shales. The widths of
arkose beds range from 0.2-1 metre, while those of the shale unit range from 0.1 to 0.3 m.
In cherts, bedding is defined by colour variations where dark red-brown layers or light
green layers alternate with light pinkish-white layers on a scale of a millimetre to 2 m.
Primary bedding is generally sub-horizontal throughout the entire Zimbabwe facies, i.e.

in Chipinge (Fig. 5.8a), Nyanga (Fig. 5.8b) and Chimanimani (Fig. 5.8¢c and e).

5.5.2 Foliation and Folding

The Zimbabwe facies of the Umkondo group is locally deformed. In the mapped area, for
example, deformed banded cherts that overlie a well-bedded, undeformed pebbly basal
arkose unit occur at Mutsago Hill (Fig. 5.11). The arkose unit rests depositionally on

Archean basement granites and can be traced around the entire hill. Deformed cherts that
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cap the Mutsago Hill have a maximum thickness of not more than 40 m. Cherts show an
S, foliation that is defined by colour variation banding similar to bedding (chapter 3.3.3),
i.e. alternating light green and light pinkish-white layers. Individual layers occur on a
sub-millimetre scale to a few centimetres. The thicknesses of individual layers vary along
strike and are discontinuous on a scale of a metre, which strongly suggests that the
layering is secondary in nature. In one locality (Grid Ref.: 461050, 7835125), S,
terminates against an S, foliation. S, is also defined by sub-millimetre to a centimetre
wide banding similar to S; and occurs at a small angle to S;. The attitude of S, is not
known since the foliation was only observed in one locality on a boulder. It is inferred

that S, developed during progressive deformation in the Mozambique orogeny.

Detailed mapping that was done on a scale of 1:200 on the crest of Mutsago Hill (Figs.
1.11, 1.12 and 1.13) shows that foliation in chert dips moderately towards east or west.
The top of the hill is flat and there is limited exposure. The mapping exercise was
therefore done on three small isolated areas. The foliation is folded by close, upright
antiformal and synformal F; folds (Fig. 5.9) that have wavelengths of a few centimetres
to a few tens of metres (Fig. 5.11). Sections from the mapped areas (Figs. 1.11, 1.12 and
1.13) show that the amount of shortening accommodated by these folds (Fig. 5.11) ranges
from about 10 to 35 m. Asymmetrical parasitic, west-verging folds occur in places on a
scale of 10 to 40 cm (Fig. 5.10). The F; folds have north-south trending, sub-horizontal
fold-axes (Fig. 5.8d). The fold axial planes trend north-south and are near-vertical to
vertical (Fig. 5.8d). The pole to the foliation n-pole girdle at Mutsago Hill defines a sub-
horizontal fold axis that plunges 01° towards 170° and is consistent with the fold axes
measurements from the field (Fig. 5.8d). However, the arkose unit that underlies banded
chert is undeformed and is not folded in with the cherts. It is plausible to infer a thrust
contact between the chert unit and the underlying arkose although there is no lineation
that shows the transport direction. The absence of the lineation in the Zimbabwe facies is
attributed to weak deformation of these rocks during the Mozambique orogeny. It appears
that the F, folds were folded along an east-west axes to form F; gentle folds (Fig. 1.11).

However, no fold axial cleavage to these probable F, folds was observed in the field. A
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small-scale fold that has a fold axis that plunges shallowly east was observed at Mutsago

hill (Fig. 5.8d; Grid Ref.: 460920, 7836364).

A penetrative slaty cleavage has developed in places south of Cashel in metamorphosed
shales (Fig. 1.3). The slates occur as discontinuous thin horizons that are 5-15 cm wide
and are interbedded with thickly bedded, pyrite-epidote bearing arkose horizons. The
slaty cleavage dips shallowly to moderately northeast (Fig. 5.8¢). A gentle asymmetrical
fold that has a wavelength of about 20 m and an amplitude of not more than 2 m deforms
the upper arkose beds to the south of Cashel (Grid Ref.: 479972, 7835436). The fold has
a sub-horizontal, north-plunging fold axis (Fig. 5.8e).

West-verging folds with wavelengths of 10 to 40 cm (Fig. 5.12) deform finely laminated
siltstone near the Archean basement granites/Zimbabwe facies contact some 3 km west of
Birchenough Bridge along the Mutare-Masvingo road (Grid Ref.: 428670, 7793640). The
fold axes and a weakly developed stretching lineation that is defined by aggregates of
quartz and chlorite plunge shallowly east. The fold axial planes dip moderately south.
The vergence of the folds is interpreted to imply a localised west-directed movement

associated with the Mozambique orogeny.
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JAMBABWE FACIES MOZAMBIQUE FACIES

B Dolerite [ ] Metadolerite
[ | Sate [ ] Pammite
[ ] Akose [ Muscovite-chlorite schist
I Mylonite
Vest [ 1 Mozambique quartzofeldspathic gneiss East
National
Parks Hut 2500 m
2200 m
- 1900 m
- 1600 m

Fig. 5.7. Cross section through the Mozambique facies/Zimbabwe facies contact. Intensely deformed rocks of the Mozambique facies
that were thrust to the west dip underneath the Zimbabwe facies, and hence the Zimbabwe facies should be underlain by a thrust and
the Mozambique facies/Zimbabwe facies contact is a tectonic contact. The dotted line represents the present erosional surface. The
position of the National Parks Hut is shown as a reference point (Fig. 1.3). Modified after Dirks (1999)
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Fig. 5.7a. CHIPINGE

Fig. 5.7b. NYANGA
On=17 Bedding)

0 n=13 (Bedding)

Fig. 5.7d. MUTSAGO HILL

O N=292 (Foliation)
o n=7 (Fold axial surface)
® n=9 (Bedding) o
v N=7 (Fold axis)

ﬁ( Pole to foliation girdle = 350/89

Fig. 5.7c. CHIRANGO SOUTH
0 n=25 (Bedding)
a n=1 (Fold axis)

Fig. 5.7e. MURMBARA-CASHEL AREA
m n=16 (Bedding)
A n=1(Fold axis)
® n=2(Sate cleavage)

Fig. 5.8. Equal area lower hemisphere projections of poles to bedding and foliation in the
Zimbabwe facies in (a) Chipinge, (b) Nyanga and (c to ¢) Chimanimani areas. Beds are
sub-horizontal in a, b, ¢ and e. Foliation in cherts dips steeply to moderately towards east
or west (d). Folds in the Zimbabwe facies have sub-horizontal fold axes that plunge
towards north or south (d and e).
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Fig. 5.9. Upright, open folds in deformed chert on the crest of Mutsago Hill. The chert
unit overlies undeformed pebbly basal arkose. The fold has a sub-horizontal, north-south
trending fold axis. (Grid Ref.: 460856, 7835245)

Fig. 5.10. An asymmetrical parasitic fold verges towards west below the hammer. The
fold axis is sub-horizontal and trends north-south. Grid Ref.: 460843, 7835202.
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Fig. 5.11. Cross sections showing open, upright folds in the chert unit of the Zimbabwe facies. The folds have wavelengths that range
from a few centimetres to about 20 m and sub-horizontal fold axes that plunge north-south. The folds suggest an east-west shortening
direction during deformation and accommodated shortening on a scale of ~10-40 m. The chert unit overlies an undeformed, sub-
horizontal pebbly basal arkose (yellow) unit.
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Fig. 5.12. Finely laminated siltstone (Grid Ref: 428670, 7793640) deformed by a west
verging fold that has a north, shallowly plunging fold axis. Fold vergence suggests an
east to west direction of transport.

5.5.3 Small-scale thrusts

The Zimbabwe facies of the Umkondo Group in places are deformed by small-scale
thrusts. Siltstone beds near the Archean basement granites/Zimbabwe facies contact some
3 km west of Birchenough Bridge along the Mutare-Masvingo road (Grid Ref.: 428670,
7793640), have been displaced by an east-dipping thrust that has a dip separation of
about 60 cm (Fig. 5.13). On the crest of Mutsago Hill (Grid Ref.: 460794, 7835284), a
shallow east-dipping small-scale thrust has displaced secondary layering in banded cherts
(Fig. 5.14) and has caused a dip separation of a few centimetres. Layering on the hanging
wall curves downwards towards the thrust plane, suggesting a west-directed reverse sense
of movement across the thrust. These shallow east- dipping thrusts show a reverse sense

of movement and imply an east over west transport.
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Weathered rock and Regolith

Sitstone

Fig. 5.13. Shallowly east-dipping (104/30) thrust displacing siltstone beds (above the
hammer in photograph) near the Zimbabwe facies/Archean basement granite contact with
a reverse sense of movement, i.e. top to the west. The dip separation, illustrated in the
sketch diagram, is about 60 cm (Grid. Ref.: 428670, 7793640).
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Fig. 5.14. Small-scale thrust cutting through the centre of the microphotograph. The
thrust dips shallowly towards east and has displaced layering in banded cherts. Layering
in the hanging-wall curves downwards suggesting a reverse sense of movement, that is
top to the west (Grid Ref.: 460794, 7835284).

5.6 Small-scale Faults.

Small-scale faults, which cut a dolerite sill flanking Basement Complex granites to the
west, were only observed on a south-facing scarp road section on the eastern bank of
Umvumvumvu River (Grid Ref.: 461820, 7840655). These fault surfaces were exposed
during road construction and have not been observed elsewhere in the mapped area. Thus
these faults were the only ones available for this study and were used for fault analysis
(Section 5.8.1). The faults are sub-vertical to vertical and have sub-horizontal slickenside
striations that plunge mostly towards north or south, and to a lesser extent, towards
northeast or northwest (Fig. 5.15). The large proportion of the faults trend between north
northwest and north northeast (Fig. 5.17b). The remainder of the faults trend southeast to
south southeast (Fig. 5.17b). The sense of displacement, determined from fault grooves

and growth direction of quartz crystal fibres, is dextral strike-slip and sinistral strike-slip
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for the north northwest to north northeast and southeast to south southeast trending faults
(Fig. 5.17a; Table 1). The faults are likely to be contemporaneous since they mutually

cross-cut and terminate against each other. The faults are therefore conjugate faults.

UMVUMVUMVU RIVER

m N=14 (Fault)
® n=14 (Slickenside lineation)
v N=29 (Joint)

Fig. 5.15. Equal area lower hemisphere projections of poles to faults and joints. Faults
and joints are sub-vertical. Slickenside lineations on fault planes plunge shallowly
towards north or south. Fault data were obtained from the Umvumvumvu river bridge
(Grid Ref.: Grid Ref.: 461820, 7840655).

5.7 Joints

Joints are well developed in a dolerite sill that crops out in the mapped area, i.e. around
Nhedziwa Business Centre (Fig. 1.10). However, measurements were not made in a
number of places where the sill is magnetic. The strong magnetism in the sill is possibly a
result of remagnetisation due to lightning strikes. Joints also occur, to a lesser extent, in
Archean Basement Complex granites and are rare in the Zimbabwe facies
metasedimentary rocks, possibly owing to their low competence contrast. East of
Chiramba School (Grid Ref.: 459900, 7835875), near vertical, east-trending joints in
porphyritic granite are filled with quartz-chlorite-epidote veins that are up to 5 mm wide.
The joints are vertical to sub-vertical (Fig. 5.15) and have a strike extent ranging from a

metre to a few tens of metres.
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Systematic joint measurements mostly done on a vertical, south-facing road section on
the eastern bank of Umvumvumvu River (Grid Ref.: 461820, 7840655) show that the
joints can be subdivided into 3 major sets (Fig. 5.16b). The definition of sets and subsets
is as in section 7.1. The trends of joints are northeast to east for set 1, southeast for set 2
and east northeast to north northeast for set 3. Set 1 and 3 joints are parallel to set 1 and 2
faults (chapter 7). Joint-spacing is variable for all sets and ranges from 20-100 m,

although some set 1b and c joints are in places very closely spaced on a scale of 1-5 cm.

The joint sets mutually crosscut and terminate against each other in places, suggesting
that they are possibly contemporaneous. The faults are younger and are likely to have

formed on earlier joints.

Dextral strike-
dlip faults

(b) Small-scale faults
Values: 14

Interval: 5°

Radius:10%

(a) Joints

Values: 29
Interval: 5°
Radius:10%

Dextral strike-
dlip faults

Fig. 5.16. Moving average rose diagrams showing the orientations of joints (a) and small-
scale faults (b). The majority of the faults trend between north northwest and north
northeast and have accommodated a dextral strike-slip displacement. The faults are
parallel to joints suggesting that the faults formed on pre-existing joints.
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5.8 Kinematic Analysis

The sample size of small-scale structures and the fault population data available for
kinematic/dynamic analysis are small and may be considered to be statistically invalid.
However, these data may have regional implications on the structural evolution of rocks
in the area, but more measurements need to be done at different localities to substantiate
the validity of the data. The possible implications of these structures are described and

discussed in the following sections.

Table 5.1. The attitude of small-scale faults that cut an Umkondo dolerite sill and the
associated slickenside lineation. Most faults have a dextral sense of displacement.

Fault plane Slickenside lineation Sense of shear
Dip direction | Dip Plunge Plunge direction

102 86 01 192 Dextral

085 87 12 355 Dextral

043 88 10 320 Sinistral

095 87 07 175 Dextral

082 88 18 352 Dextral

272 88 04 183 Dextral

029 80 02 119 Sinistral

5.8.1 Fault Analysis

The Fault data from seven small-scale faults that showed the sense of displacement
(Table 1) were used for kinematic analysis using the Faultkin Programme (Marrett and
Allmendinger, 1990). The faults are described in section 5.6. The population data
available for the analysis is too small and the measurements were made over a small area
(Section 5.6). Five of the faults show dextral strike-slip displacement and the other 2
faults show sinistral strike-slip displacement (Fig. 5.17a). The programme gives contours
for the P- and T axes (Figs. 5.17b and c), which are the shortening and extension
principal incremental strain axes respectively. The P- and T axes are equivalent to the

eigenvectors of the symmetric part of the displacement gradient tensors of the faults
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(Marrett and Allmendinger, 1990). The axes represent the principal axes of the
incremental strain tensor for the fault (Marrett and Allmendinger, 1990). The programme
gives a best fit of 0° towards 326° and 0° towards 236° for the orientation of the
extension (T-axis) and shortening axes (P-axis) respectively (Fig. 5.17d). The results
suggest that the P- and T-axes were horizontal and trended west-southwest and north-

northwest respectively during propagation of the faults.

b. P-dihedra:
Contour of
the shortening
axis (P-axis)

a. Fault planes
and sense of slip

C.I. = 2.0 sigma

c. Tdihedra:
Contour of
the extension
axis (T-axis)

d. Best fit for
P- and T-axes

0->236°

C.I. = 2.0 sigma

Fig. 5.17. Results of the kinematic analysis. (a) Lower hemisphere stereographic
projections of 7 faults with a predominantly dextral strike-slip displacement from the
Umvumvumvu River. (b) Contours for the P-axis shortening and (c) Contours for the T-
axis representing the direction of extension. (d) Eigenvectors for the P and T axes.
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5.8.2 Quartz Veins

North-south trending epidote-quartz veins are continuous with northeast-southwest
trending epidote-quartz veins and cut an Umkondo dolerite sill in the Umvumvumvu
River (Fig. 5.18). The veins are therefore contemporaneous. A chlorite selvedge along the
edges of the veins marks wall-rock alteration. The extension direction during the
propagation of the veins is not well constrained from the geometry of the veins. However,
simultaneous propagation of these veins possibly required a tectonic regime in which the
extension direction ranged from east-west to northwest-southeast in order for the two
fracture sets to open up. The geometry of the veins further suggests that their propagation
was associated with dextral strike-slip sense of shears. The age of the veins is not well

constrained, but they postdate Umkondo magmatism since the veins cut an Umkondo sill.

5.8.3 Dolerite Dyke — Pull Apart Structure

A very thin (5 mm-wide) north-northeast trending, sub-vertical, chilled dolerite dyke
intrudes an Umkondo sill and has displaced two epidote-quartz veins that are
perpendicular to the dyke in the Umvumvumvu River (Fig. 5.19; 461725, 7840406). The
strike-slip separation shown by the veins is about 5 cm. The dyke is undeformed and
forms a jog that shows a dextral strike-slip sense of movement. The jog suggests that
dyke emplacement occurred in a tectonic regime that was associated with dextral strike-
slip and extension. This sense of displacement is consistent with that shown by the

displaced veins (Fig. 5.19).

The opening vector, which is the line connecting two points that were originally joined,
measured from displaced epidote-quartz veins (Fig. 5.19) trends approximately 339°. The
opening vector suggests a north northwest-south southeast extension direction, assuming
that the principal strain axes were horizontal and vertical. A sub-horizontal slickenside
lineation associated with sub-vertical faults (Fig. 5.15) that are sub-parallel to the dyke in

the area suggests that the principal strain axes were nearly horizontal and vertical.
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Fig. 5.18. Contemporaneous north- and east trending epidote-quartz veins that cut an
Umkondo sill in the Umvumvumvu River (Grid Ref.: 461765, 7840438). The geometry
of the veins suggests that the opening direction during vein propagation probably ranged

from east-west to northwest-southeast and was associated with dextral strike-slip sense
shears.
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Fig. 5.19. A north northeast trending dyke intruding an Umkondo sill and displacing
epidote-quartz veins in the Umvumvumvu River (Grid Ref.: 461725, 7840406). The dyke
was emplaced in a pull-apart structure and displaced epidote-quartz veins. The sense of
displacement is dextral strike-slip and the opening vector is 339°. The orientation of the
least compressive stress (o3) was north northwest-south southeast during dyke
emplacement and was a dextral strike-slip tectonic regime.

5.9 The Zimbabwe Facies: An Autochtonous Sequence?

The Zimbabwe facies exhibits tectonic relationships with the Mozambique facies in
places. Evidence for this includes the occurrence of small-scale thrusts (Figs. 5.13 and
5.14) and west-verging folds (Figs. 5.10 and 5.12), which indicate that localised, west-
directed movements have at least occurred in places in the Zimbabwe facies near the
contact with the Archean basement granites. Lineations are rare in rocks of the Zimbabwe
facies, possibly owing to the low-grade nature of metamorphism. On the crest of Mutsago
Hill (Fig. 1.10), intensely deformed, folded banded cherts overlie a thin, persistent
horizon of undeformed pebbly basal arkose (Fig. 5.11). The cherts are, in places,
deformed by small-scale thrusts (Fig), west-verging folds and open folds with north-south
trending sub-horizontal fold axes. These structures show that west-directed movement
may have occurred in these cherts. Thus deformed cherts that cap Mutsago hill are
allochtonous with respect to the arkose, and hence the Archean basement granites since

the chert/arkose contact is tectonic.
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Small-scale thrusts that occur in the Zimbabwe facies are analogous to the large-scale
thrusts that occur in the Mozambique facies near the Zimbabwe/Mozambique border.
Thus the small-scale structures documented in the Zimbabwe facies were associated with
an east-west shortening direction and thrusting, and hence are considered to have been
generated during the Pan-African Mozambique orogeny. The attitudes of the fold axes
and orientation of the stretching lineation suggest that the maximum principal shortening,
which is perpendicular or at a high angle to the fold axes, was east-west during

deformation.

However, the greater part of the Zimbabwe facies appears to rest depositionally on the
Archean basement granites. The sequence of pebbly basal arkoses, stromatolitic
limestones, argillaceous rocks and upper cross-bedded arkoses is basically uniform
throughout the Zimbabwe facies of the Umkondo group. Lack of discontinuity at the
contact and the occurrence of thin, sub-horizontal arkose beds, whose thicknesses do not
vary significantly and are parallel to the contact, suggest that the contact is locally a
nonconformity (Fig. 1.10). Discontinuous thin horizons of limestone (Fig. 1.10) are
primary sedimentary lenses that have no structural implications since they conformably
overlie the arkose unit and do not truncate against any structures. Unstrained
stromatolites in limestones that occur near the contact with Archean basement granites in
places show that there has been no deformation in many parts of the Zimbabwe facies,
compatible with the Zimbabwe facies resting nonconformably on the Archean basement

granites.

The contacts between Umkondo dolerite sills and the Zimbabwe facies form surfaces of
weakness across which the Zimbabwe facies might potentially have been thrust. Some
sills are continuous in places between the Archean basement granite and the Zimbabwe
facies and transgress the contact without any break (Figs. 3.18 and 5.20). Some sills that
were emplaced along the granite/Zimbabwe facies contact have purely intrusive contacts
with both the underlying granites and the Zimbabwe facies. North of Nhedziwa Business
Centre, a sill that was emplaced partly along the nonconformity has intrusive contacts

with the Archean basement granites and cherts and the sill transgresses bedding without
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breaks (Figs. 3.18 and 5.20). The Zimbabwe facies is autochtonous with respect to
Umkondo sills since the contacts between the sills and the Zimbabwe facies are clearly
intrusive and have not been reactivated. The fact that Umkondo sills transgress the non-
conformity in places without displacement suggests that the Zimbabwe facies is
autochtonous with respect to the Zimbabwe craton and was not affected by large-scale

thrusting that affected the Mozambique facies.

The presence of outliers of Umkondo rocks to the west of the Umkondo/Archean
basement granite boundary would be indicative of large-scale, west-directed thrusting of
the Zimbabwe facies. Although such outliers have not been observed, their absence does
not rule out the possibility of large-scale thrusting of the Zimbabwe facies to the west
since the outliers might have been eroded. Repetition of units, which is common in thrust

terranes, has not been documented in the Zimbabwe facies.
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Fig. 5.20. Cross section showing a sill that is continuous from Archean basement granite to the Zimbabwe facies. The sill transgresses

the contact without break suggesting that the Zimbabwe facies is autochtonous on a large scale.
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5.10 Post-Umkondo Kinematic/Dynamic Analysis

Kinematic analysis on faults in the Umvumvumvu River using the Right Dihedra Method
suggests a north-northwest extension direction and is consistent with that shown by
displaced epidote-quartz veins and a pull-apart structure. The extension direction is near
perpendicular to some east to east-northeast trending dykes of unknown age that occur to
the east and north of Mutambara Mission (Fig. 1.3). The relation between these dykes
and Umkondo sills cannot be established in the field due to lack of cross cutting
relationships. A north-northwest extension direction would ideally facilitate preferential
emplacement of dykes along near perpendicular fractures even with low magma
pressures. It is plausible to suggest that at least some east to east-northeast dykes were
contemporaneous with faults and a pull-apart structure in the Umvumvumvu River and
therefore post-date the Umkondo Igneous event. Emplacement of these dykes was
possibly associated with dextral strike-slip shears since the pull-apart structure and the
majority of faults in the area show a dextral strike-slip sense of movement. Epidote-
quartz veins in the Umvumvumvu River give a wide range of possibilities for the
extension direction. The geometry of the veins indicates an E-W to NW-SE extension

direction associated with a dextral sense of shear.

5.11 Discussion and Conclusions:

5.11.1 Synthesis of the Tectonomagmatic Events in Eastern Zimbabwe

The evolution of the granite-greenstone belts remains a subject of controversy. ‘Vertical’
or ‘diapric’ tectonic models and ‘horizontal’ crustal shortening models have been used to
explain the dome-and-keel configuration of the granite-gneiss terrains and enveloping
greenstone belts (Jelsma, 1993). Jelsma (1993) have shown that pluton emplacement
triggered deformation of the greenstone sequences in the Harare-Chinamora-Shamva
granite-greenstone terrain. Flattening fabrics with down-dip stretching lineations that
occur in the greenstone belts have been interpreted to show that the north northwest-south

southeast crustal shortening associated with the Limpopo orogeny affected the entire
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Zimbabwean craton (Treloar and Blenkinsop, 1995). The Limpopo orogeny generated
northeast to east trending shear zones that formed in response to shortening in central and
eastern Zimbabwe (Treloar and Blenkinsop, 1995, Fig. 5.21). Deformation in the granite-

greenstone terrains may be explained by both ‘vertical’ and ‘horizontal’ tectonic models.

The earliest deformation (D;) on the Zimbabwe craton in eastern Zimbabwe was limited
to the greenstone belts and syntectonic gneisses and resulted in regional folding of the
Cronley Schist belt and possibly the Mutare greenstone belt (Fig. 5.21; Chenjerai, 1995)
(Fig. 1.3). The Cronley Schist belt (Fig. 1.3) represents one relict northern limb of a
synclinal structure of which the rest of the southern limb has been assimilated into the
surrounding Chibi batholith (Watson, 1969). Subsequent to being metamorphosed and
folded about east northeast trending axis, the Cronley Schist belt has been intruded by
pegmatites from the Chibi batholith dated at 2650 Ma. Folding in the Cronley Schist belt
therefore predates emplacement of the surrounding Chibi granites, and hence c. 2650 Ma

is the minimum age of the first regional deformation.

The second major deformation event (D;) involving basement rocks that underlie the
Umkondo group are documented in garnetiferous granulites and charnockites of the
Northern Marginal Zone of the Limpopo belt that occur to the south of Birchenough (Fig.
1.5). The Northern Marginal Zone (Fig. 5.21) has suffered three deformation events
between c. 2.72 Ga and 2.0 Ga (Chiwara, 2003). The main deformation event that was
associated with high temperature-low pressure granulite metamorphism in the Limpopo
belt occurred from 2.62 to 2.58 Ga (Chiwara, 2003) and peak metamorphism has been
dated at 2591 + 4 Ma (Kamber et al, 1995a) using conventional U-Pb zircon
geochronology. The main deformation event was associated with north northwest-south
southeast directed maximum shortening that was associated with north-directed thrusting
of the Northern Marginal Zone onto the Zimbabwe craton (Coward et al., 1976; Mkweli
et al., 1995; Rollinson and Blenkinsop, 1995; Treloar and Blenkinsop, 1995). North-
northeast trending faults that are parallel to the Popoteke fault, herein called the Popoteke

fault set (Fig. 2.2), cut the Zimbabwe craton and formed in response to this deformation.

115





The Great Dyke was emplaced at 2575 + 0.7 Ma (Fig. 5.21, Oberthiir et al., 2002)

parallel to, and probably contemporaneous with the Popoteke fault set.

Set 1 and 2 faults (chapter 7) that were possibly propagated during the Limpopo orogeny
had a structural control on mafic dyke emplacement during subsequent igneous events
and consequently mafic dykes of different ages may be parallel to these directions. The
emplacement of the Mashonaland dykes and sills across the entire Zimbabwe craton
during the early Proterozoic at 1830 + 230 Ma (Wilson et al., 1987) was related to north-
northwest-south southeast maximum compressive stresses acting on the Zimbabwe craton
that were related to limited overthrusting of the Central Zone onto the Northern Marginal
Zone and south part of the craton (Fig. 5.21; Wilson et al., 1987). The faults possibly
acted as conduits for the emplacement of Umkondo dykes that fed Umkondo sills at c.
1100 Ma, which are penecontemporaneous with the Umkondo group; and subsequent Pan
African dyke intrusions in eastern Zimbabwe (chapter 7). Kinematic analysis shows that
post-Umkondo faults were generated in a tectonic regime that was associated with a
north-northwest-south-southeast extension, which possibly facilitated preferential
emplacement of some east to east-northeast trending, post-Umkondo dykes that occur to
the east and north of Mutambara Mission (Fig. 1.3). Dyke emplacement at this age was
associated with dextral strike-slip shears since most of the faults have dextral strike-slip
sense of displacement. Displaced epidote-quartz veins and a pull-apart structure show a

similar sense of movement and direction of opening.
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Fig. 5.21. Structural map showing the major fabric trends, zones of thrusting and strike-
slip shear zones in the granite-greenstone terrains of the Zimbabwe Archean craton. The
east northeast to northeast trending strike-slip shear zones in the Zimbabwe craton were
formed during a north northwest-south southeast compression associated with thrusting
of the Northern Marginal Zone (NMZ) of the Limpopo belt onto the Zimbabwe craton.
CZ: Central Zone of the Limpopo Belt. The structural map is modified after McCourt and
Vearncombe (1991) and Treloar ef al. (1991)
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5.11.2 Pan African Deformation

Rocks of the Mozambique facies were intensely deformed during the Pan-African
Mozambique orogeny dated at ~550 Ma (Munyanyiwa, 1999). The contact between the
Mozambique facies and the underlying Mozambique basement quartzofeldspathic
gneisses is a sheared contact. West-verging structures and a sub-horizontal lineation that
occur at the contact as well as throughout rocks of the Mozambique facies show that the
Mozambique facies was thrust to the west, and, in contrast to the Zimbabwe facies, is

clearly allochtonous.

The structural evolution of the Zimbabwe facies has been a subject of controversy. The
original idea of a simple non-conformity has been challenged by suggestions that the
entire Umkondo group may be allochtonous. The Zimbabwe facies exhibits some tectonic
relationships with the Mozambique facies in places. Lineations are rare in deformed
rocks of the Zimbabwe facies, possibly because they are generally weakly deformed.
West verging small-scale structures, i.e. thrusts and folds, documented in places in rocks
of the Zimbabwe facies, are equivalent to the Mozambique facies large-scale structures,
which indicate that the Zimbabwe facies was at least locally affected by the Mozambique
orogeny. However, these small-scale structures in the Zimbabwe facies, i.e. west-verging
folds and thrusts that occur on a scale of a few metres in places have not accommodated
movement on the scale of more than hundreds of metres since the Zimbabwe facies
clearly rests depositionally on the basement in many places. Thus the Zimbabwe facies of
the Umkondo Group is basically an autochtonous sequence on a large scale. East-west
directed maximum compression during Pan African may have favoured reactivation of
pre-existing faults and propagation of dykes along some northeast to east-northeast trends
(chapter 6). The faults were also reactivated during Karoo or post-Karoo times since
some faults displace thrusts in the Mozambique facies with a dextral strike separation of

about 300 m.

The Mozambique facies is part of the north trending Mozambique belt that extends for

thousands of kilometres on the eastern margin of Africa (Fig. 5.22). The Mozambique
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belt represents a suture zone involved in Gondwana assembly and records a 500 Ma
history of accretion culminating in collision of East Africa and Antarctica at ~ ¢. 550 Ma
(Dirks et al., 1998). West-verging structures documented in the Mozambique facies are
consistent with the collision model. However, precise dating of the Mozambique orogeny
in eastern Zimbabwe needs to be done. The Mozambique belt converges with the Pan
African Zambezi belt in a complexly deformed triple junction in northeast Zimbabwe and

west Mozambique (Fig. 5.22; Barton et al., 1985).

The Zambezi belt suffered three tectonothermal events (Dirks et al., 1998; Mariga, 1999).
The main deformation and metamorphism (M;) in the Zambezi belt (Fig. 5.22) is
considered to be ~ 820-830 Ma although some felsic igneous rocks that are interpreted to
be syntectonic have given isotopic ages that range from ~ 880 Ma (Hanson et al., 1994)
and 805 Ma (Vinyu et al., 1997). M, and M3 were closely spaced, occurred from ~ 535 to
500 Ma (Vinyu et al., 1997; Goscombe et al., 1998, Hanson et al, 1998a; Hargrove, 1999;
Mariga, 1999) and were possibly contemporaneous with the Mozambique orogeny and
the Lufilian orogeny that occurred ~ 550 Ma ago (Fig. 5.22; Porada and Berhorst, 2000).
M, and M3 in the Zambezi belt were associated with south-directed thrusting onto the
Zimbabwe craton (Barton et al., 1985, 1991; Treloar et al., 1990; Wilson et al., 1993;
Mariga, 1999). Thrusting in the Zambezi and Lufilian belts was contemporaneous with
east-directed thrusting in the Mozambique belt and was driven by relative motion of the
Zimbabwe and Congo cratons during Gondwana assembly (Fig. 5.22). The continental
scale dextral shearing along the Mwembeshi Dislocation Zone accommodated the
displacement of the Congo craton relative to the Zimbabwe craton (Porada and Berhorst,

2000).
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Fig. 5.22. Pan African orogenic belts in Southern Africa: The Mozambique belt is located
on the eastern margin of southern Africa resulted from collision of east and west
Gondwana. The Damara-Lufilian-Zambezi belt system by collision of the Congo and
Kalahari cratons. Deformation in the Zambezi belt was contemporaneous with
magmatism in the Congo and Zimbabwe cratons at about 720 Ma. The map is modified

after Hanson (Unpublished manuscripts).
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CHAPTER 6

GEOCHRONOLGY OF THE UMKONDO DOLERITES AND POSSIBLE
MESOPROTEROZOIC DYKES

6.0 Introduction

Two Umkondo sills that are at least 100 km apart have yielded U-Pb zircon/baddeleyite
ages of 1105 + 2 Ma (Hanson et al., 1998) and 1105 + 5 Ma (Wingate, 2001). The
widespread sills that intruded the Umkondo group in eastern Zimbabwe may either
belong to one magmatic event or may reflect multiple injections of magma at various
ages. The age constraints of the Mutare dykes of Wilson et al. (1987) that intrude
Archean basement granites and the Umkondo group to the south of Mutare are poor. The
relationship between the Mutare dyke swarm of Wilson et al. (1987) and Umkondo sills
has not been directly ascertained in the field due to lack of exposures in areas where they
intersect. The dykes intrude rocks of the Umkondo Group and appear to be feeders to
Umkondo sills. Watson (1969) mapped the dykes as being continuous with Umkondo
sills to the south of Chimanimani. Based on these facts, it is possible to interpret the

dykes and sills to belong to a single magmatic event.

In this chapter, additional isotopic data for two sills and a dyke that intrude the Zimbabwe
facies of the Umkondo group are presented. The extent of the Umkondo Igneous event in
Zimbabwe is revisited and the regional significance of the new age data for a dyke that is
part of the Mutare dyke swarm of Wilson et al. (1987), are discussed in the light of new
geochronological results. The relationship between Umkondo sills and dykes is also

discussed.

6.1 Sampling Procedure

In order to explore the extent of Umkondo magmatism in Zimbabwe, twenty-six samples

were collected for U-Pb zircon/baddeleyite dating from Umkondo sills and three dyke
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swarms of Wilson et al. (1987), namely the Guruve, Mutare and Kamativi dykes (Fig.
2.2). The three dyke swarms were chosen in this study because previous workers (Wilson
et al., 1987) have correlated these swarms with Umkondo dolerites on the basis of scant
geochronological and palaecomagnetic data (chapter 2). Sampling sites for the three
swarms and Umkondo sills were chosen after careful study of the available 1:100 000
geological maps for the respective areas of study that were prepared by the Geological
Survey of Zimbabwe (Appendix 6.1; Figs. 1.2-1.9). Sampling sites were chosen in
accessible areas in a manner that is representative of the entire dyke swarm population.
The samples that each weighed about 20 kilograms on average were fresh and devoid of
veins. Weathered material was removed in the field. Dykes/sills that are undeformed and
show little or no alteration and metamorphism were sampled in order to avoid metamict
zircon/baddeleyite that may have suffered Pb loss. Samples in eastern Zimbabwe were
therefore collected some tens of kilometres west of the highly metamorphosed
Mozambique facies since the metamorphic grade decreases from east to west
(Stocklmayer, 1978; Payne, 1984; Munyanyiwa, 1999). Granophyres with pegmatitic
segregations are preferred for sampling as there appears to be a higher chance of finding
zircons in these units (R. Hanson, personal communication, 2001). However, samples
were collected from the coarsest material of the sills/dykes where the granophyres could

not be found.

Sampling of Umkondo sills in Nyanga and the Chimanimani-Chipinge area was done in
sills that are located in different stratigraphic settings of the Umkondo Group in order to
establish whether all these sills belong to a single intrusive event or not. South of Mutare
town, dykes belonging to each of the two near-perpendicular sets (Fig. 7.2) were sampled
in order to establish the age relationships. Dykes that appeared to transit into Umkondo
sills were also targeted for sampling in order to establish if these dykes acted as feeders to
Umkondo sills. Fresh samples of the Guruve and Kamativi swarms were sampled, while
the highly metamorphosed schistose dykes of similar trends in the same vicinity were

considered to be much older than the Guruve swarm and were therefore avoided.
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6.2 Sample Preparation

Only 19 samples were processed due to time constraints. Sample preparation and
conventional U-Pb zircon/baddeleyite geochronology was, done in an M.L.T., laboratory,
Boston, U.S.A. Standard crushing, heavy liquid and magnetic mineral separation

techniques were used to separate zircon/baddeleyite grains from dolerite samples.

About 5-15 kg of sample was crushed, pulverised and run over a wet Wifley table to
obtain a heavy mineral concentrate. Magnetic separation was performed using a hand
magnet and then a Frantz [sodynamic magnetic separator. Heavy mineral separation was
done by density separations using bromoform. Paramagnetic minerals were further
removed with the Frantz [sodynamic separator by increasing the current and reducing the
tilt. A final Frantz separation was performed to isolate baddeleyite and zircon based on a
slight difference in paramagnetism. Best zircon grains devoid of fractures, inclusions,

alterations and other imperfections were found in the least magnetic Frantz separation.

Three samples; namely JM0104 (Fig. 1.3), JIM0109 (Fig. 1.6) and JM 0125 (Fig. 1.3),
yielded usable baddeleyite grains while a fourth sample, IM0138 (Fig. 1.7), yielded
metamict zircons (Appendix 6.1). Sample JM0125 was collected from a mesocratic
granophyre capping the Tandaai dolerite sill some 8 km south southeast of Cashel (Fig.
1.3; Grid Ref.: 480387; 7832272). The sill intruded the upper arkose unit of the upper
part of the Umkondo group. Sample JMO0109 (Fig. 1.6) was taken from pegmatitic
segregations some 15 metres below the sill top. The sill intruded the lower Umkondo
group and occurs about 31 km north northeast of Birchenough Bridge (Fig. 1.6; Grid
Ref.: 444620; 7781753). Sample JM0138 (Fig. 1.7) was collected from approximately,
the same locality as Wingate (2001), i.e. on a sill-top north northeast of Nyanga town
(Fig. Grid Ref.: 482155; 7997149). Note that the grid reference for this sample given in
Wingate (2001) does not correspond to location details supplied by Prof. D. Jones. The
sill intrudes the Archean basement granites as well as the metasedimentary rocks of the
lower Zimbabwe facies. Sample JM0104 was collected from the eastern most of three-

north northwest trending; sub-vertical dykes that intruded the upper arkoses of the
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Zimbabwe facies south of Chimanimani town (Grid Ref.: 490120; 7794842). The
petrography of these sills and the dyke are described in chapter 3.

Metamict zircons from sample JM0138 (Fig. 1.7) were considered unsuitable for dating
since they may have suffered radiogenic lead loss through their disintegrated crystal
lattices. Metamict zircons may occur as a result of pressure relaxation during a short
episode of uplift and associated erosion and circulation of hydrothermal fluid circulation

(Goldich and Mudrey, 1972).

The baddeleyite grains from samples JM0104, IM0109 and JMOI125 are light to dark
brown coloured, thin and elongate plates that have a typical aspect ratios of 10:5:1.
Grains in samples JM0104 and JMO0125 constitute small populations and are small in
size, ranging from 50 to 100 um, while those in sample JM0109 are abundant and

relatively large with a size range from 100 to 300 pm.
Analysis of these samples was carried out in an Isotope Geochemistry Laboratory at the

Massachusetts Institute of Technology laboratory, Boston, U.S.A. U-Pb baddeleyite

dating was done by Jim Crowley in the same laboratory.
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JM0125

Fig. 6.1 Microphotographs showing baddeleyite grains from samples JMO0109 and
JMO0125. The grains are light to dark brown in colour, thin and elongate plates with
typical aspect ratios of about 10:5:1

6.3 Analytical Methods

The high precision isotope dilution thermal ionization mass spectrometry method was
used, following procedures similar to those for zircon as outlined by Bowring et al.
(1998). Age calculations followed those of Ludwig (1980) and are based on the decay
constant of Steiger and Jager (1977). Initial common Pb composition was taken from the
model of Stacey and Kramers (1975). The error ellipses in the concordia diagrams are
given at 95 % confidence level and errors are 2 sigma, propagated using the algorithms of
Ludwig (1980). The discordia line calculated for sample JMO0125 and the age
uncertainties on the intercepts were calculated using a modified York (1969) regression.

Analytical data and results are presented in Table 6.1.
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Table 6.1 Isotopic data for baddeleyite grains from three dolerite samples. B;-Bjg
represent grain fractions that correspond to labels on the concordia diagrams and the
number of multi-grains are shown in brackets. Sample weights are measured to within
40% using measured dimensions and density. Percentage discordance = 100 — (100 x
[**Pb/***U age] / [*"’Pb/**°Pb])

Isotopic ratios
Concentrations Ages (Ma)
Weight| U Pb | Th | Pb, |**Pb |**Pb| **°Pb 27pb 27pb corr.| Pb [®Pb| *’Pb
Sample (ug) |(pm)|(ppm)| U |(pg)|***Pb |[*Pb| **U |%err| U |%err| **Pb |% err|coef. U 3y 26ph % disc.
(a) (b) QDWIE O] 6O |[@] O [@]| O | @ (h) (h) (h) (@
JMO0104
Bl 09 | 69 8 10.05] 1.2 408 [0.015]0.11863| 1.02 [1.04015] 1.10 |0.06359] 0.40 [ 0.93 | 7226 | 726.0 | 7282+84 | 08
B2 1.3 82 9 0.03] 1.0 | 863 [0.009]0.11852] 0.25 |1.03611| 0.36 [0.06341| 0.25 | 0.71 722.0 7220 | 721.9+5.4 0.0
B4 0.6 122 13 [0.06[ 1.0 | 561 [0.018[0.11847| 0.87 [1.03694| 0.91 [0.06348| 0.26 | 0.96 721.8 7224 | 7264 +5.6 0.4
B5(2) 13 85 9 |0.04] 1.1 812 [0.012]0.11786 0.58 |1.03193] 0.64 |0.06350] 0.26 | 0.92| 7182 | 719.9 | 7250455 | 09
B6 (3) 1.2 117 13 |0.11] 0.8 | 1341 [0.035[0.11768| 0.16 [1.02992| 0.21 [0.06347| 0.14 | 0.77 717.2 7189 | 726.2+29 1.0
JMO0109
Bl 8.1 319 57 10.08| 2.6 [11740{0.023|0.18760| 0.08 [1.97886| 0.10 [0.07650| 0.06 | 0.80 1108.4 1108.3| 11083+ 1.3 0.0
B2 6.0 614 109 10.07] 2.3 |12405]|0.021]0.18726| 0.10 |1.97597] 0.13 [0.07653| 0.09 | 0.75 1106.5 1107.3| 1109.0 £ 1.7 0.2
B3 2.6 385 68 [0.06] 1.9 | 6043 10.020(0.18713| 0.09 |1.97375]| 0.14 |0.07650| 0.11 | 0.62 1105.8 1106.6| 1108.1 £2.2 0.2
B4 2.9 287 51 [0.08] 1.1 | 9074 10.024[0.18735| 0.06 |1.97633] 0.10 |0.07651| 0.08 | 0.59 1107.0 1107.5| 11084+ 1.6 0.1
Bs 24 | 600 | 106 [0.05] 2.3 | 7337 [0.016]0.18780| 0.05 |1.98150] 0.10 [0.07652] 0.08 | 0.55 | 1109.5 [1109.2|1108.7+1.7| -0.1
JMO0125
Bl 0.9 452 76 [0.10] 1.2 | 3728 |0.031[0.17613| 0.12 |1.85751| 0.16 |0.07649| 0.11 | 0.74 1045.8 1066.1| 1107.9+£2.2 5.6
B2 0.8 305 55 [0.08] 2.5 | 1140 ]0.023[0.18275| 0.18 [1.92416| 0.26 |0.07636] 0.18 | 0.73 1082.0 1089.5| 1106.6 £ 3.6 2.0
B3 08 | 138 | 23 [0.04] 0.8 | 1540 [0.0110.18129] 0.17 |1.91029| 0.27 [0.07642| 0.21 | 0.65 | 1076.0 |1086.7| 11062+6.1| 2.9
B4 0.8 283 46 10.08] 1.1 | 2274 [0.025]0.17112] 0.20 |1.79268| 0.22 |0.07598| 0.09 | 0.92 1018.3 1042.8| 1096.6 = 1.7 7.0
B5 0.7 542 82 10.14| 2.2 | 1665 [0.050/0.15345| 0.14 [1.60710| 0.16 [0.07596| 0.07 | 0.89 920.3 973.0 [ 1096.0 £ 1.4 15.9
B6 04 | 245 | 42 [0.05] 0.9 | 1294 |0.015/0.18408| 0.17 |1.94004 | 0.21 [0.07644| 0.12 | 0.82 | 1089.2 |1095.0| 1106.5+2.6| 1.6
B8 1.1 160 29 [0.04] 2.8 | 718 |0.011[0.17959| 0.25 |1.88917| 0.30 |0.07629| 0.16 | 0.86 1066.7 1077.3| 1102.8 £3.1 3.5
B9 0.9 385 66 [0.06] 2.8 | 1381 |0.018[0.17757| 0.13 |1.86228| 0.18 |0.07606| 0.12 | 0.75 1053.7 1067.8| 1096.8 £2.4 3.9
B10 0.6 339 59 10.03| 1.5 | 1552 [0.010/0.18227| 0.26 [1.91816| 0.28 [0.07632| 0.10 | 0.94 1079.4 1087.4| 1103.6 1.9 2.2
6.4 Results
Mapping and geochronological work from this project have been partly a basis for

publication of 2 conference papers and a journal paper (appendices 6.2-6.4)

6.4.1 Age of the Dolerite Sills (JM0125 and JM0109)

Analysis of nine single baddeleyite grains fractions from sample JM0125 yielded varying

degrees of moderately discordant dates that are mostly between 2 and 7% discordant. The

discordance indicates that the grains have suffered a moderate amount of Pb loss. True Pb

loss is related to the crystal size, U-concentration and to the radiation damage in the

crystal (Faure, 1986). Baddeleyite grains in a sample of igneous rock may lose varying
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proportions of their radiogenic Pb although they have experienced similar conditions and
the baddeleyite fractions plot as series of points on a discordia line (Jelsma, 1993). Six
analyses from sample JMO0125 are colinear (Fig. 6.2), and a York (1969) regression
through these analyses yields an upper intercept of 1109.0 £ 2.2 Ma and lower intercept
of 211 = 41 Ma (MSWD = 0.6). The upper intercept of 1109.0 + 2.2 Ma is interpreted as
the crystallization age, and hence the emplacement age of the sill. The lower intercept age
of 211 £ 41 Ma may be indicative of episodic Pb loss event, e.g. during a metamorphic
event (Wetherill, 1956) possibly associated with Karoo reheating throughout the
Zimbabwe craton (Tilton, 1960; Wetherill, 1963) or may have no geological meaning as
a result of continuous Pb loss. The three analyses that lie slightly above or below the

discordia had a different Pb loss history than the analyses that define the discordia.

Analysis of five single grain fractions from sample JM0109 yielded concordant data (Fig.
6.3). The interpreted crystallization age of 1108.5 + 0.4 Ma (MSWD = 0.6) is the
weighted mean of the ““’Pb/*”Pb dates. Geochronology results from both samples

indicate an Umkondo crystallisation age for both sills.

JMO0125

0.18
|
206 pp, /7 238

5 1109.0 £ 2.2 Ma
upper intercept of
B2, B3, B4, B6, B8, B10

© MSWD = 0.6
o
211 £ 41 Ma -
“'B5 IoweTr intercept | | 207Pbll U
1.68 1.84

Fig. 6.2. U-Pb Concordia diagram of baddeleyite fractions from an Umkondo sill (sample
JMO0125) that intruded the upper arkose unit of the Zimbabwe facies south southeast of
Cashel (Grid Ref.: 480387; 7832272). Linear regression is through 6 of the 9 discordant
data points and gives an upper intercept age of 1109.0 + 2.2 Ma that is interpreted to be
the emplacement age of the sill, and a lower intercept age of 211 + 41 Ma.
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Fig. 6.3. U-Pb Concordia diagram for an Umkondo sill (JM0109). The weighted mean of
the analyses gives an age of 1108.5 for the sill that intrudes metasedimaentary rocks the
lower Zimbabwe facies.

6.4.2 Age of a Dolerite Dyke (JM0104)

Analysis of three fractions of single baddeleyite grains and two multi-grain fractions from
sample JM0104 are concordant to slightly discordant when plotted on a concordia
diagram (Fig. 6.4). Four least discordant analyses yield a Pan-African age of 724 + 2.1
Ma (MSWD = 0.3), which is the weighted mean of the 297pp/2%°ph dates from the four
analyses. The age is interpreted to reflect the crystallization age, and hence the

emplacement age of the dyke.

128





0.119

724.0 2.1 Ma
weighted mean of
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235
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Fig. 6.4 Concordia diagram of baddeleyite fractions from a north northwest trending dyke
(sample JMO0104) that occurs to the south of Chimanimani town. The four least
discordant analyses yield a Pan-African age of 724 + 2.1 Ma that is interpreted as the
emplacement of the dyke, and hence the Mutare dyke swarm.

6.5 Discussion and Conclusions

The significance of the new and published isotopic data for Umkondo dolerites and the
Mutare swarm are discussed below. The ages of the Deweras and Kamativi dykes remain
speculative because no baddeleyite/zircon grains were recovered from these dykes using

the sample preparation procedures described above (section 6.2).

6.5.1 Significance of New Ages for Dolerite Sills

The isotopic ages for two sills in eastern Zimbabwe of 1108.5 + 0.4 Ma and 1109.0 + 2.2
Ma obtained from this study are within the margin of errors of each other suggesting that
both sills were emplaced contemporaneously and are of Umkondo age (Hanson et al.,
1998). The U-Pb zircon age of 1105 + 2 Ma obtained by Hanson ef al. (1998) is within
the margin of errors of the age of baddeleyite grains in JM0125 (1109.0 £ 2.2 Ma), but
does not overlap with the age of baddeleyite grains in sample JM0109 (1108.5 + 0.4 Ma).

However, the difference is very small and therefore may not be significant. The two
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samples, i.e. JIM0125 (Fig. 1.3) and JIM0109 (Fig. 1.6) were collected from sills that were
emplaced at or near the top and bottom of the Umkondo group stratigraphy respectively.
Hanson’s sampling site is located in a sill that intruded the middle Umkondo group. The
Umkondo ages for these three sills are highly significant in that they show that at least
some top most sills were emplaced at the same time (within error) as those emplaced at
the base of the Zimbabwe facies stratigraphy. These results permit the inference that the
voluminous sills that were emplaced in different stratigraphic levels of the Zimbabwe

facies in eastern Zimbabwe may be part of a single igneous event.

The published mean age of 1105 + 5 Ma (Wingate, 2000) for Umkondo dolerites
overlaps with the margin of errors of the age of baddeleyite grains from both samples,
JMO0109 and JMO125. However, a sample (JMO0138) collected from the same locality as
Wingate (2001) yielded metamict zircons (section 6.2). Wingate (2001) also found that
the zircons are dark brown to opaque and are variably cracked. These facts render the
isotopic ages from this sill unreliable since the zircons have suffered variable Pb-loss.
Farther more, Wingate used an unreliable method (chapter 2) to ascertain the mean age,

and the ages may have no geological significance.

In conclusion, available geochronological data show that Umkondo magmatism in
eastern Zimbabwe occurred between ¢. 1105 Ma and c. 1109 Ma. These ages show that
Umkondo magmatism took place within a short period of time. The regional and global

significance of the Umkondo dolerites has been discussed in sections 2.7 and 2.8.

6.5.2 Significance of the Age of the North Northwest Trending Dyke

North to northeast trending dykes have been interpreted to be either of Umkondo or
Mashonaland age through palacomagnetic studies. Geochronological results from this
study show that a north northwest trending dyke (JMO0104) that was inferred to be
contemporaneous with Umkondo sills (Watson, 1969), has in fact a Pan-African age of
724 £ 2.1 Ma and is nearly 400 Ma younger than the Umkondo sills. It is therefore

concluded that at least three generations of dykes exist within the Mutare swarm of
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Wilson et al (1987) and the term swarm cannot be used for these dykes (section 2.10).
Petrographic and textural similarities cannot be used to correlate dykes of similar trend,
or to correlate dykes and sills. The dated dyke (JM0104), for example, is coarse grained
and has a mineralogical composition and granophyric texture that is similar to that of
Umkondo sills. It may be tempting to suggest that the dykes and sills are
contemporaneous since dolerites that have petrological similarities with the sills appear to
be continuous. Rigorous isotopic dating and palacomagnetic studies of more dykes in
eastern Zimbabwe need to be done in order to constrain the ages of the dykes and their

relevance to continental drift.

The 724 + 2.1 Ma age for the north northwest trending dyke in eastern Zimbabwe does
not correspond to any major documented igneous event within the Zimbabwe craton.
However, SHRIMP U-Pb analyses of zircons from the Great Dyke gave a lower intercept
age of 708 + 62 Ma (Wingate, 2000), which is interpreted to reflect perturbation on the
isotopic system that resulted in loss of radiogenic Pb. The Pb loss at approximately 700
Ma has been interpreted to reflect the onset of the Pan-African tectonothermal event in
the Zimbabwe craton (Mukasa et al., 1998). Pan African K-Ar whole rock and pyroxene
ages that are close to or within the margin of error of the age of the north northwest
trending dyke have been obtained for some Umkondo sills that intrude the Zimbabwe
facies in eastern Zimbabwe (table 2.1; Snelling et al., 1964; Vail and Dodson, 1969).
These K-Ar ages are interpreted to reflect Ar-loss due to perturbations to the K-Ar system
associated with the tectonothermal event, during which the north northwest trending dyke

was emplaced.

Emplacement of the north northwest trending dyke and possible associated dykes was
probably not contemporaneous with the east-west compressional deformation in the
Mozambique belt (Fig. 5.22) since the dykes trend at a small angle to that of the
Mozambique belt. The orientation of the north northwest dyke emplaced at 724 + 2.1 Ma
suggests that the maximum principal stress (o;) during their emplacement was north
northwest-south southeast. A single-zircon evaporation age of 737 + 0.4 Ma (Dirks et al.,

1997) and a U-Pb zircon age of 748 + 3 Ma (Hanson et al., 1998a), obtained from the
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Zambezi belt, have been interpreted as crystallisation ages. The orientation of ¢; during
dyke emplacement is consistent with the contractional deformation in the Zambezi belt at
the time of dyke emplacement. Pan African deformation in the Zambezi belt reflects
intraplate accommodation of collision along the Mozambique belt (Hanson et al., 1994).
These facts suggest that emplacement of some north trending dykes on the Zimbabwe
craton was probably contemporaneous with the Zambezi orogeny. However, farther

geochronological work on the dykes needs to be done to support this assertion.

The age of the dyke dated in this study is within the error of margins of the Pan-African
Mbodzi complex in the Congo craton dated at c. 743 £ 30 Ma (Meert et al., 1995) and
Gannakouriep mafic dyke swarm in Namibia dated at 717 £ 11 Ma (Reid et al., 1991).
Maboko et al. (1985) obtained a zircon U-Pb upper intercept of ~715 Ma for the Wami
River granulites in Tanzania, which they interpreted as the age for the granulite facies
metamorphism within the entire Mozambique belt. The age has been re-interpreted as the
emplacement age of the protoliths to the granulites (Hanson et al., 2004). These
emplacement ages suggest that magmatism in the two cratons, i.e. the Kalahari and the
Congo cratons between 750 and 720 Ma was synchronous. The orogenesis and
magmatism at ~ 720 Ma relate to the break-up of Rodinia that was initiated at ~ 750 Ma
and began with the separation of East Gondwana from the western margin of Laurentia
(Weil et al., 1998; Dalziel et al., 2000), and subsequent assembly of Gondwana by ~ 550
Ma. The Mozambique belt that extends along the eastern margin of Africa (Fig. 5.22) has
been interpreted as a suture that resulted from the collision of East and West Gondwana
between 800 and 650 Ma (Maboko et al., 1985, 1990, 1995; Stern, 1994; Meert and Van
der Voo, 1997; Maboko and Nakamura, 1995). Deformation in the transcontinental
Damara-Lufilian—Zambezi belts (Fig. 5.22) was not caused by a single collisional event
between the Congo and the Kalahari cratons since deformation is diachronous along

strike of the transcontinental system (Hanson et al., 1994).
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CHAPTER 7

FAULT AND DYKE ANALYSIS, MECHANISM OF MAGMA
EMPLACEMENT FOR UMKONDO SILLS AND DYKES

7.0 Introduction

Dolerite dykes and sills intrude the Archean basement granites and the Umkondo
metasedimentary rocks in eastern Zimbabwe. Some of the dykes are probably related
to Umkondo sills as they may have acted as feeders to these sills. Dykes may be used
to ascertain the orientations of the principal stresses during their emplacement.
Palacostress analysis can be a useful tool when studying plate motions. Dykes of
Umkondo age can give useful information about stresses during Rodinia assembly
and Pan African dykes may indicate the stress regime during the breakup of Rodinia

and assembly of Gondwana.

In this Chapter the age relationships between faults and dykes in the Chimanimani
area are explored. Subsequently, the approaches of Delaney et al. (1986) and Jolly
and Sanderson (1997) are herein used to perform a palacostress analysis for dykes that

were presumably emplaced along pre-existing fractures in the Chimanimani area.

7.1 Methodology

The azimuths of faults and dykes used for the analyses in this study are to a large
extent based on the 1:100000 geological map (Fig. 1.3) of Watson (1969). The map of
Watson (1969) was used because an assumption was made that dykes on this map are
more likely to be of Umkondo age since some of these intrude rocks of the Umkondo
group and some appear to transit into Umkondo sills. Palaeostress analysis on these
dykes would constrain the stress regime during the widespread Umkondo magmatism.
An effort was made to establish the age relationships between dykes of different
trends and between dykes and sills in the field. From Watson’s map, it is apparent that
faults can curve by up to 20°, and hence it is not straightforward to define the strike of

a fault. The following procedure was adopted in order to define a single azimuth.
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Each fault/dyke was subdivided into discrete segments. A segment is defined as part
of a fault/dyke where change in strike is not in excess of 2°. Dykes are known to
consist of segments that are linked by side-steps, horn structures and broken bridges
(Nicholson, 1985; Nicholson and Pollard, 1985) and these segments rarely show
changes in strike of greater than 45° (Jolly and Sanderson, 1995). The segment
analysis was intended to investigate whether curved faults/dykes in fact consisted of
segments in discrete orientations. The orientations of segments were directly
measured from the geological map and recorded as azimuths ranging from 1° to 180°.
The azimuth of an individual fault/dyke is the length-weighted vector mean of the
azimuths of the segments that define the fault/dyke. The lengths of faults that
extended beyond the maps are minimum values. Thus the length-weighted vector
mean azimuth (0) of n segments forming a single dyke/fault of length L (L =1, + 1, +-

--+1,) is given as:

0 = Arctan X/ X/Z1;Y; = Arctan [([.X; + X, + - + LX)/(LY; + LY, + -+ 1,Y,)],

where X; = Cos 0;, Y; = Sin 0;and 7 is the nt segment. 0; and |; represent the i

azimuth measurement and length of the i/ segment respectively.

The azimuths of the faults/dykes are presented on moving average rose diagrams. The
moving average interval was 5°, and the averages were calculated every 1°. The
advantage of using moving average rose diagrams is that smoothing is achieved
between neighbouring azimuths. The radius of each rose diagram is proportional to
the number of total measurements, and the petal length is proportional to the
percentage of total measurements that fall within the interval. Fault/dyke sets in this
study are defined as adjoining sectors or intervals that have high frequencies and are
separated by sectors or intervals that have a very low population or no measurements.
Subsets are defined as those regions that have peaks separated by small depressions

within each set.
Rose diagrams showing lengths of faults/dykes and their segments with respect to

their orientations were plotted by scaling, in which a single entry of a given azimuth

represents a fault/dyke length of 1000 m. Thus the azimuth of a fault/dyke of length (/
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in metres) was entered n times, where n = //1000 m. A fault striking 010° with a strike
length of 5000 m, for example, implies that 010° was entered 5 times for this single
measurement. The frequency of a given azimuth in this case is thus directly
proportional to the sum of the strike lengths of faults/dykes having that particular

azimuth.

7.2 Results of Fault and Dyke Analysis

The results of fault/dyke analysis are presented on rose diagrams (Figs.7.1 and 7.2)
and bar graphs (Fig. 7.3). The faults/dykes are initially classified into 8 cardinal
compass directions according to their azimuths (Table 7.1). Faults/dykes trending
between northeast and east are classified as set 1 faults/dykes while those trending
between south southeast and north northeast are classified as set 2 faults/dykes
because adjoining intervals on the rose diagrams do not vary significantly within these
ranges (Figs. 7.1 and 7.2). The ranges of the two sets are redefined (Tables 7.2 and
7.3) after trimming azimuths at the extreme ends (Table 7.1) where there are no

occurrences of faults/dykes.

Table 7.1. Classification of faults in the Chimanimani area according to their azimuths
using 8 cardinal compass directions.

Trend of Dyke/Fault| Azimuth Range | Frequency of Dykes | Frequency of Faults
IN 169-180° & 0-11° 21 9
INNE 12-34° 9 3
NE 35-56° 14 12
ENE 57-79° 43 31
E 80-101° 22 9
ESE 102-124° 3 0
SE 125-147° 7 3
SSE 148-168° 26 12
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Table 7.2 Classification of faults in the Chimanimani area into two sets and subsets.
Most faults in the area have accommodated a dextral (D) strike-slip separation of a
few hundreds of metres. S denotes sinistral. Down throw side is predominantly to the
south for set 1 faults and to the west for set 2 faults.

Fault | Fault | No. of | Orientation | Mean | Shape Strike-slip Dip-slip Down
set subset | faults | (°) length separation separation | Throw
in set (m) side
1 la 41 044-078 | 9100 | Curved | D(100-400m) | 15-70m | South
1b 9 081-099 | 7000 | Curved |S (300) & D | -
(200) -
2a 11 148 —159 | 5200 | Straight | D (100m) 30m West
2 2b 7 165—-180 | 4100 | Straight [ S 30 East
2b 3 001 —005 1700 | Straight | - -
2d 4 009—-016 | 3700 | Straight | - -
7.3 Faults

Faults and their segments in the area around Chimanimani can be divided into 2 major
sets: a dominant set 1 that comprises faults striking between 044° and 092° and set 2
striking between 328° and 016° (Fig. 7.1a). The majority of set 1 faults have
accommodated a dextral strike-slip separation and down-throw side is on the south
side Table 7.1). Fault segments show smooth trends (Figs. 7.1c and 7.1d) owing to a
larger population sample compared to that of individual faults. The fault segments
show trends (Fig. 7.1c and 7.1d) that are similar to those of individual faults (Fig. 7.1a
and 7.1b). However, there are a few segments that show a south-easterly trend (Fig.
7.1c) that is not shown in the individual fault data (Fig. 7.1a). These possibly

represent bends in set 1a faults.

The rose diagrams showing lengths of faults and fault segments (Fig. 7.1b and d) have
trends that are similar to those of numbers of faults and their segments (Fig. 7.1a and
b). The rose diagrams for fault lengths (Fig. 7.1b and d) show that set 1 faults and
fault segments are relatively long and the longest faults and fault segments trend east

northeast.
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Fg. 7.1a. Orientation of individual faults Fg. 7.1b. Lengths of individual faults

Values: 79 /
Interval: 5° S - Values: 559

Radius: 10 uniform 0 Interval: 5°
Radius: 10 uniform

Fg. 7.1c.. Orientation of fault segments Fg. 7.1a. Lengths of fault ssgments
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Fig. 7.1. Moving average rose diagrams showing the frequency of the orientation (a)
and lengths (b) of individual faults and their segments (c and d) in the area mapped by
Watson (1969). The counting interval is 5°, but the interval is shifted in 1°-steps to
produce a moving average.

7.3.1 Set 1 Faults

Set 1 faults are curved, concave to the north, sub-vertical to vertical and are relatively
long, with an average strike length of about 8.5 km. The majority of the faults are
restricted to a dolerite sill, in the western central part of the map, and immediately die
out in metasedimentary rocks of the Umkondo Group (Fig. 1.3), possibly due to their
low competence. Set 1 faults are subdivided into two subsets (Fig. 7.1a), i.e. subset la

faults that strike between 044° and 078° and subset 1b faults that strike between 081°
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and 092°. The mode and mean azimuths for set 1 faults and set 1 fault segments are
east-northeast (Fig. 7.1a and b). Thus set 1 faults and fault segments were mostly

propagated in an east northeast/west southwest direction (Fig. 7.1c and 7.1d).

Subset la faults are dominant and comprise major faults including the Shinja,
Zunguni and Chikwezi-Nyanyadzi faults (Fig. 1.3). The Shinja fault has a strike
length of at least 23 km, extending westwards beyond the map (Fig. 1.3), while the
Chikwezi-Nyanyadzi fault, to the south, has a strike length of at least 44 km and
extends eastwards into Mozambique and westwards beyond the map (Fig. 1.3). The
Chikwezi-Nyanyadzi fault has a sinistral strike separation of about 1200 m as
evidenced by a displaced sill/granite contact. Displaced contacts and horizons of the
Calcareous series and metapelites show that the majority of set la faults that show
evidence of displacement have vertical separations of 15-70 m, the downthrow mostly
being on the south side, and dextral strike separations of 100 to 700 m. A few faults
that cut the major sill have dextral strike separations of 100-400 m. The Zunguni fault
and other smaller faults of subset 1a, north and south of Outwardbound School (Fig.
1.3; Grid Ref.: 498150; 7814250), have displaced thrusts in the Mozambique facies,
mostly, with sinistral strike separations of 200 to 500 m, suggesting that movement
across subset la faults post-dates the Mozambique orogeny dated at ¢.550 Ma.
Horizons of the Calcareous series (Fig. 1.3) are often truncated by subset 1a faults. A
northeast-trending fault, near the southeastern corner of the map (Fig. 1.3), has
displaced three north-northwest-trending Mutare dykes suggesting that at least some
movement on the fault postdates the emplacement of the dykes. Some subset 1a faults
are partly filled with dolerite dykes, and hence the dykes are younger than or

contemporaneous with the formation of subset 1a faults.

Most subset 1b faults are relatively short. A notable exception is the major
Umvumvumvu fault (Fig. 1.3) and has a strike length of at least 20 km and extends
beyond the map into Mozambique. A subset 1b fault with a strike length of about 1.5
km has displaced thrusts of the Mozambique facies with a dextral strike-slip
separation of about 200 m which suggests that subset 1b faults either post-date the
Mozambique orogeny or represent older faults that were reactivated during the

Mozambique orogeny. Most subset 1b faults cut the granite/dolerite sill or
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granite/Calcareous series (Watson, 1969) contacts. A subset 1b fault splays from the

subset la Zunguni fault (Fig. 1.3), just east of Chimanimani town.

7.3.2 Set 2 Faults

Set 2 faults are fairly straight, sub-vertical to vertical and relatively short, with an
average strike length of about 4.1 km, and strike between 328° and 016°. Set 2 faults
cut rocks of the Umkondo group and do not intersect the dykes. Some of the faults are
continuous with dolerite dykes and in places are partly filled with dykes. The set can
be subdivided into 4 subsets (Fig. 1a) on the basis of their orientations: subset 2a
faults striking 328° to 339°, subset 2b striking 245° to 355°, subset 2c¢ striking 001° to
005°, and subset 2d striking 009° to 016°. There is however no known geological basis
for subdividing set 2 faults. Subsets 2c¢ and 2d, comprising of 3 and 4 faults
respectively, are uncommon. The mode azimuth for set 2 faults and fault lengths and

their segments is north-northwest (Fig. 7.1a and b).

Subset 2a forms the dominant trend in set 2 faults and includes the Nyahodi fault (Fig.
1.3) that has the longest strike length of about 24 km. Evidence of displacement is
lacking in most set 2 faults. Subset 2a faults have displaced Calcareous series
horizons near the southeastern corner of the map (Fig. 1.3). The displacement shows a
dextral strike separation of 100 m and a vertical separation of about 30 m. The down-
throw is on the western side. A subset 2b fault has a sinistral strike separation of 100
m and a vertical separation of about 30 m, the down-throw being on the eastern side.

Movement across subsets 2¢ and 2d was too small to be resolved on the map.

7.4 Dolerite Dykes

Dolerite dykes and their segments are fairly straight, sub-vertical to vertical and show
two major trends (Table 2) similar to those of faults, i.e. a prevalent set 1 striking
between 037° and 095° and set 2 striking between 320° and 027° (Fig. 7.2a and c).
The widths of dykes of both sets apparently do not vary significantly along their
respective strikes. Set 1 dykes form a dominant trend in granites in the northern part
of the map, while rocks of the Umkondo Group host the majority of set 2 dykes. The
trends of dyke segments (Figs. 7.1c and d) do not vary significantly from those of
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individual dykes (Figs. 7.1a and b). The widths of dykes and their segments do not

vary significantly along strike.

Table 7.3. Summary of the results of dyke analysis. Dykes are hosted in granites (G),
the upper arkose unit (m3), metapelites (m2), dolerite sills (Dm), quartz-mica schists
(m), and quartz vein (Q).

Dyke | Dyke No. of dykes | Orientation | Length Mean Host rock

set subset in set ©) range (m) length (m)

1 la 54 037-075 200 -10900 | 1600 G, m3, m2, Dm
1b 24 077 -095 200 -20300 | 3600 G, m3, Dm, Q
2a 19 322-336 | 200—-8800 | 3500 m3, G, m, Dm

2 2b 27 340 - 355 200 - 5200 1300 m3, G, m2, Dm
2c 4 001-005 300 —400 300 m3
2d 9 013 —-027 500—-10100 | 4000 m3, G,

7.4.1 Set 1 Dolerite Dykes

Set 1 dykes can be subdivided in to two subsets: subset 1a trending between 037° and
075° and subset 1b trending between 077° and 095°. The modes azimuths for set 1
dyke lengths and their segments are due east (Fig. 7.2 b and d) and vary slightly from
that of set 1 faults (Fig. 7.1b) and fault segments (Fig. 7.1d). Set 1 dykes were mainly
intrusive into Basement Complex granites (Table 2), where one subset 1b dyke and
several subset 1a dykes appear to be possible feeder dykes to sills of unknown ages
that intrude Archean basement granites to the north of Wengezi (Fig. 1.3). However,
the age relationship between these dykes and the sills remains unclear due to lack of
exposure in places where the dykes intersect the sills. Set 1 dykes in granites do not at
any point intersect faults, but they do terminate set 2 faults and set 2 dykes. Some set
1 dykes in turn terminate against set 2 dykes. Some set 1 dykes occur along sections
of some set 1 faults, which suggest a strong control of dyke emplacement by pre-

existing faults.

7.4.2 Set 2 Dolerite Dykes

Set 2 dykes can be subdivided into four subsets: subset 2a trending 322° to 336°,
subset 2b trending 340° to 355°, subset 2c trending 001° to 005° and subset 2d
trending 013° to 027°. Set 2 dykes exhibit a pattern that mimics that of set 2 faults.
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The mode azimuth dyke for set 2 dykes lengths is north-northwest. Subsets 2a and 2b
dykes are more commonly hosted in rocks of the Zimbabwe facies and their field
relationships with Umkondo sills are not clear. Some subset 2a and 2b dykes that are
hosted in Basement granites on the northeastern corner of the map appear to be
feeders to sills of unknown ages to the north of Wengezi (Fig. 1.3). Subset 2¢ dykes
are the least common and very short, rarely exceeding 400m, and are restricted to the
upper arkose unit of the Zimbabwe facies. Subset 2d dykes intruded either granites or
the upper arkose unit and none of these dykes seem to feed any sill. Set 2 dykes,

except subset 2c, are continuous with faults.

Fg. 7.2a. Orientation of individual dolerite dykes Fg. 7.2b. Lengths of individual dolerite dykes

Values: 145 : Values: 350
Interval: 5° 2 Interval: 5°
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Fg. 7.2c.. Orentation of dolerite dyke segments Fg. 7.2d. Lengths of dolerite dyke segments
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Interval: 5° S Interval: 5°

Radius: 10% Radius: 10%

Fig. 7.2. Moving average rose diagrams showing the frequency of the orientation (a)
and lengths (b) of individual dolerite dykes and their segments (¢ and d) in the area
mapped by Watson (1969). The counting interval is 5°, but the interval is shifted in 1°-
steps to produce a moving average.
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7.5 Age Relationships between Faults and Dykes

The age relationships between faults and dykes in the Chimanimani area are
problematic because rare displacements across dykes or faults are inconsistent. Some
subset 2a dykes have been displaced by a subset 1a fault south of Chimanimani town
(Fig. 1.3), which implies that at least some faulting post-dates the dykes. Set 1 faults
and set 2 dykes mutually crosscut in places, for example north of Moodies Nek (Grid
Ref.: 479700, 7826900) and terminate against each other, for example southwest of
Camperdown (Grid Ref.: 473800, 7821100) and west of Moodies Nek (Grid Ref.:
470500, 7825700). Some subset 1a faults have displaced thrusts in the Mozambique
facies, north and south of Outwardbound School (Grid Ref.: 498150; 7814250),
suggesting that some movement on the faults post-dates the Mozambique orogeny
dated at c. 550 Ma. The younger movements on the faults may be due to reactivation

after the Pan African orogeny.

Dykes of the two sets may be contemporaneous as suggested by their mutual
crosscutting relationships and since set 1 dykes terminate against set 2 dykes and
vice-versa (Fig. 1.3). Dykes in both sets form well-defined trends that mimic the
trends of the faults in the area. The similarity in trends may reflect that either the
dykes were emplaced along pre-existing faults or that the faults were propagated
during emplacement of the dykes (Delaney et al., 1986). Dykes may be emplaced
along pre-existing fractures that provide planes for the magma to exploit (Currie and
Ferguson, 1970; Wilson, 1970; Roberts and Sanderson, 1971; Billings, 1972; Baer et
al., 1994; Jolly and Sanderson, 1995). In contrast, magma can propagate a new
fracture, which can be intruded by magma, if the magma pressure exceeds the normal
stress acting across the fracture plane (Anderson, 1938; 1951; Delaney et al. 1986).
The opening of such fractures is related to the state of stress at the time of magma
emplacement (Delaney et al., 1986). There is, however, a feedback between dyke
emplacement and propagation of dyke-parallel fractures that form to accommodate
stress resulting from the emplacement of dykes (Delaney et al., 1986; Parfitt and
Peacock, 1999).

It is unlikely that the two-dyke sets in the Chimanimani area may have propagated the

regional faults in the area. This is because propagation of fractures resulting from
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magma emplacement would be demonstrated by the occurrence of prominent dyke-
parallel fractures that are closely spaced near the dykes; while fracture-spacing would
increase and fractures diminish with distance from the dykes (Delaney et al., 1986),
which is not the case in the area. The dyke pattern (Fig. 7.2) mimics that of the faults
(Fig.7.1), e.g. the mode azimuths of east northeast and south southwest for set 1 and 2
dykes respectively correspond to those of set 1 and 2 faults (Fig. 7.3). Some set 1 and
2 dykes were emplaced along sections of some faults that cut Umkondo sills (Fig.
1.3). These observations strongly suggest that the formation of these faults was not
dependent on magma emplacement, but in fact suggests a structural control on the
emplacement of these dykes by pre-existing faults. Moreover, dykes emplaced along
faults that cut Umkondo sills clearly point to another magmatic event that post-dates

the Umkondo igneous event.
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Fig. 7.3. The azimuths of faults/dykes plotted against their frequency show that the
trends of dykes mimics that of the faults which strongly suggests that the dykes were
emplaced along pre-existing faults.
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7.6 Magma Transport Mechanisms

Magma transport is greatly facilitated by fractures (Clemens and Mawer, 1992).
Magma is transported within fractures that either become isolated from the magma
reservoir or that remain connected to the reservoir (Nakashima, 1993). Transport in
the former category is driven by buoyancy of the magma relative to surrounding
rocks, and hence the fluid can ascend to the level of neutral buoyancy, or alternatively
terminate against a sub-horizontal mechanical anisotropy (Wéertman, 1971, 1980).
Magma ascent driven by buoyancy requires that the immediate surrounding rocks be
capable of flow and are denser than the magma. Sharp contacts that are chilled and the
absence of evidence of recrystallisation in xenoliths and in the country rock near the
contact associated with most dykes in eastern Zimbabwe suggest that the mechanism
of magma ascent by buoyancy is unlikely. The process is slow due to small density
gradients and magma would lose the heat and solidify before reaching the surface
(Hogan et al., 1998). Furthermore, the Umkondo basaltic magma is denser than the
Archean basement granites, through which the basaltic magma ascended. Thus the
buoyancy mechanism does not account for transporting the Umkondo basaltic magma
as this transport mechanism would allow the ascent of buoyant felsic magmas while

preventing ascent of dense mafic magmas (Tronnes and Brandon, 1992)

Magma ascending within a fracture that remains connected to the reservoir, e.g. a
dyke, is driven by the magma driving pressure. In a homogeneous crust, magma can
ascend to the level in the crust where the magma driving pressure becomes negligible
(Baer and Reches, 1991). Baer and Reches (1991) define magma driving pressure (Pq)
as the difference between the sum of the forces that support dyke propagation and

remote compressive stress perpendicular to the dyke wall, i.e.

Pq =Py + Py —Pyis —Sp.
Py, is the hydrostatic pressure, P, is the magma chamber overpressure, Pyis is the
viscous pressure drop, and Sy, is the tectonic stress perpendicular to the dyke wall.

Compressive stresses are assumed to be positive.

Overpressure of the magma chamber refers to the difference between the pressure

within the magma chamber and the confining pressure, and is typically generated by
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the tremendous volume increase associated with the bubble nucleation for melts that
reach vapour saturation (Hogan et al., 1998). The contribution of the overpressure is
therefore negligible in magmas with low volatile contents. The viscous pressure drop
is a measure of the viscous resistance to magma flow within a dyke (Baer and Reches,
1991; Hogan et al., 1998). Hydrostatic pressure is the difference between the
lithostatic pressure on the top of the magma reservoir, at a source depth D, and the
pressure at the top of the column of magma, at some depth Z, as the magma ascends
through the crust (Hogan et al., 1998). The hydrostatic pressure can be presented as a
function of depth, i.e.
(Pn)Z = pcgD — pug(D - 2),
where p. is the integrated density of the crustal column, py, is the integrated density of

the magma and g is the acceleration due to gravity.

In a heterogeneous crust, large-scale horizontal anisotropies such as the brittle-ductile
transition zone can trap rising magma at deeper crustal levels if the magma driving
pressure exceeds the lithostatic load at the depth of anisotropy (Hogan and Gilbert,
1995). The occurrence of Fe-rich tholeiitic flood basalts suggests that dense basaltic
magmas rose through relatively less dense continental crust despite their negative
buoyancy (Hogan et al., 1998). This implies that large volumes of magma ascended
through dykes that remained connected to the magma reservoir so that the magma
pressure, to a large extent, determined the emplacement level and final shape of

Umkondo magma.

7.7 Crustal Emplacement for Ascending Magma

The final form assumed by a pluton and the emplacement level of magma, is
dependent on the magnitude of the magma driving pressure (Pg) relative to the
lithostatic stress (S,), and the availability of potential magma traps (Hogan et al.
1998). The emplacement level of magma in the crust partly depends on the magnitude
of the magma driving pressure, the presence of sub-horizontal anisotropies such as
unconformities, brittle-ductile transition zone; and the magnitude of the lithostatic

pressure during ascend. Schematic curves (Fig. 7.4) modified after Hogan et al.
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(1998) illustrate the relationship between the magma pressure, level of emplacement

and the shape of plutons, which are typical of felsic and mafic igneous rocks.
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Fig. 7.4 The level of emplacement of Umkondo and lavas and dykes was dependent
on the interaction of the magma pressure (Py,) and vertical stress (Sy). Umkondo flood
basalts show that the magma driving pressure, at least at times, maintained a positive
driving pressure to the surface of the earth. Horizontal anisotropies such as the non-
conformity and bedding have facilitated emplacement of Umkondo sills.

7.8 Emplacement Processes: Umkondo Basalts, Dolerite Dykes and Sills

During Umkondo magmatism, the magma, at least at times, maintained a positive
driving pressure to the surface of the earth resulting in the eruption of Umkondo flood
basalts. The magma pressure required for eruption of the basalts implies that the
magma was transported within dykes that maintained connectivity with the magma
reservoir (Hogan et al., 1998). Transport of magma was not driven by buoyancy since
tholeiitic Umkondo flood basalts are denser than the Archean basement granites,
through which the magma ascended. These facts point to the existence of yet

undocumented Umkondo dykes that were feeders to the sills and basalts, and it is
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possible that some of the Mutare dykes of Wilson ef al. (1987) could be in fact of
Umkondo age.

The anisotropy of the non-conformity and the bedding planes in the Umkondo group
to some extent may have facilitated the emplacement of the Umkondo sills (Fig. 7.4).
Subhorizontal sheet-like magma chambers are known to form even at low positive
driving pressure along pre-existing discontinuities (Chamberlin and Link, 1927,
Anderson, 1951; Pollard, 1973; Wéertman, 1980). The presence of Umkondo sills has
one of the following two possible implications with regards to the magma driving
pressure. Firstly, the occurrence of sills may imply that the magma pressure may have
fluctuated so that it did not maintain the positive driving pressure at all times, i.e.
when the driving pressure reduced, sills formed and eruptions occurred when the
driving pressure rose. An alternative possibility is that magma traps, in the form of
anisotropies, operated to create sills in the presence of a continuous positive driving
pressure. However, magmas may be emplaced as sills when they reach a level such

that the magma pressure is equal to the lithostatic, regardless of any anisotropy.

7.9 Conditions Favourable for Dyke Emplacement along Pre-Existing Joints

Delaney ef al. (1986) assumed a vertical joint that occupies a portion of a plane x; =0
in a 3-coordinate system x;, X, and x3. The tensile stress and extensional strain are
positive; and one regional principal stress is assumed to be vertical. Regional stresses
are denoted by o', and ¢ denotes stresses acting on a surface of a joint or dyke. The
magnitudes of the principal horizontal stresses are denoted by —6," = Sy, and —6," = Sy
(Fig. 7.5). Assuming a joint that is long in the vertical x3 direction relative to its width
in the horizontal x; direction, Delaney et al. (1986) considered the stress acting on a
joint in the plane x; = 0 before it is dilated by an invading magma. The closed joint is
assumed to behave like any plane in an unjointed rock, the normal and shear stress
components are equal to the regional components, i.e. 611" = 611, 612° = 612, and 6;3°
=013 = 0. The magma imparts a uniform pressure to the joint wall after dilation, -c,°
= P, and the shear stress is removed, 61,° = 0, assuming that pressure gradients due to

magma flow is negligible.
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For magma to open a pre-existing fracture of orientation 0, the angle between the
normal stress and maximum compressive principal stress (Fig 7.5), the magma
pressure (P,) must exceed the normal stress (c,) acting on the fracture walls (Delaney
etal., 1986), i.e.

P > on. (1)
This can be presented on a Mohr Circle, and for the condition P, > 6,; the stress on

the fracture plane must lie in the shaded area (Fig. 7.6).

The normal stress acting on a fracture can be expressed in terms of the fracture
orientation (0), the maximum (Sy) and minimum (S;) principal stresses, i.e.

on = (Su + Sh)/2 + (Su - Sn)/2 cos26. (2)
Delaney et al., 1986, derived the driving stress ratio (R) by substituting equation 2 in
equation 1 and rearranging:

R =P — [(Su + Su)/2)/[( Su - Sh)/2] = cos26 3)
Equation 3 can be expressed in terms of the mean stress (o) and the maximum shear
stress (Tmax), 1.€.

R = (Pm— 6m)/Tmax = c0s260 4)
The driving stress, R, can be derived from the Mohr circle (Fig. 7.6) by considering
the triangle AOB. Thus AO can be defined by two equations (Jolly and Sanderson,
1995), i.e.

AQO =Py, - oy, Or (5)

AO = T1axC0520, (6)
The two equations (5 and 6) can be combined to give equation 7 below.

P — Om 2= Tax €0820. (7)

The following deductions can be made from the Mohr Circle (Jolly and Sanderson,
1997):

e No fractures will open when R < -1 (P¢ < Sy), i.e. the magma pressure is less
than the magnitude of the least compressive regional stress and hence is
insufficient to dilate a joint of any orientation.

e A limited range of fracture orientations represented by the shaded area (Fig.
7.6) are able to open when —1 <R <1 (Sy < Py, < Sp). Fractures to the right of

the fluid pressure line (Py,) are unable to dilate.
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e Fractures of any orientation can open when R > 1 (P,, > Spy), i.e. the magma
pressure is greater than the magnitude of the most compressive horizontal
regional stress and hence is sufficient to dilate any vertical joint of any

orientation (Delaney et al., 1986).

The opening directions of fractures can be determined from the Mohr Circle by
considering the triangle FOC in Fig. 7.7. Thus

tanpu=  t/(Pp—oy) = sin 26/(R - c0s20), (8)
where t = FC and CO = P, — 6,. The limiting condition for opening, represented by

point B (Fig. 7.6), is u = 90°; i.e. opening is parallel to the fracture.

Su

Sh

Fig.7.5 The relationship between the normal stress (o,), acting on a fracture plane and
the fracture orientation (0), the opening direction (n) and the maximum (Sy) and
minimum (Sy) principal stresses after Jolly and Sanderson (1997).

149





F B
4
&
20 U
Sh SH GN

Fracture able Fractures
te dilate unable
to dilate

Fig. 7.6. Mohr circle construction, after Jolly and Sanderson (1997), showing the
maximum shear stress (Tmax), the opening angle of a fracture (i), and the maximum
(Sy) and minimum (Sy,) principal stresses.

7.10 Palaeostress Analysis Using Dykes

Two possibilities are considered for palaeostress analyses, firstly for the case
assuming that sets 1 and 2 dykes were emplaced during different igneous events and
secondly, for the case assuming that the two dyke sets were emplaced
contemporaneously (section 7.5). The two sets of dykes were emplaced along pre-
existing sub-vertical fractures (section 7.5). Both sets of dykes have a wide range of

orientations, which makes the estimate of the palaecostresses difficult.

The orientations of dykes within a dyke swarm are consistent both with one another
and with the regional state of stress during time of emplacement (Odé, 1957; Shaw,
1980). Set 1 and 2 dykes dip steeply and are possibly related to extensional or
compressional tectonic regimes in which the least principal stress was horizontal,
since the dykes are sub-vertical, and orthogonal or at a high angle to the trend of these
dykes. If the two dyke sets are assumed to have been emplaced at different times, it

may be tempting to use the mode azimuths for the two sets of dykes to deduce the
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stresses at the time of emplacement of the dykes. The modes of both dykes sets must
not be interpreted to mean that fracture orientations corresponding to these modes
were ideally oriented, i.e. were perpendicular to the least compressive stress. This is
because the dyke pattern is a function of the pattern of pre-existing faults, i.e. dyke
emplacement was structurally controlled (section 7.5). However, the mode azimuth of
dykes in a swarm may mean that fractures corresponding to the mode azimuth of the

dykes were suitably oriented (Delaney et al., 1986).

The mean azimuths for set 1 and 2 dykes are 70° and 165° respectively. Minimum
magma pressure is needed to open fractures that are parallel to o, i.e. the greatest
horizontal principal stress (Delaney et al., 1986). Based on the mean azimuths and
assuming that set 1 and 2 dykes are not contemporaneous, then the estimated
orientations of the least principal stresses were about north northwest-south southeast
and east northeast-west southwest during the emplacement of set 1 and set 2 dykes
respectively, assuming minimum magma pressure necessary to open each of the
fracture sets. Alternatively, it is possible that both sets of dykes are contemporaneous
and were opened under a single high magma pressure. The regional principal stresses
are not necessarily orthogonal to the pre-existing fracture planes at the time of
emplacement (Delaney et al., 1986) and hence it is possible to dilate two fracture sets.
In this case the minimum magma pressure necessary to open both sets is given by o,
bisecting the smaller angle between the two mean azimuths of the two dyke sets, i.e.
about 023°. This follows from the Jolly and Sanderson (1997) stress analysis in the
previous section, which shows that for a pair of fractures enclosing any acute angle,

the minimum R value will occur for o, in the acute angle between the fractures.

7.11 Discussion and Conclusions

The fault/dyke segments in the Chimanimani area show trends that are similar to
those of individual faults/dykes implying that the faults/dykes are made of discrete
segments whose azimuths do not vary significantly from those of the mean fault/dyke
azimuth. Faults in each of the two sets form well-defined trends, suggesting that the
faults in each set formed during a single tectonic regime. Set 1 and 2 faults terminate

against each other in places and show mutual crosscutting relationships in places.
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These facts suggest that the fault sets are contemporaneous and therefore likely to be
conjugate. However, some faults were reactivated after the Mozambique orogeny as

evidenced by some set 1 faults that transgress thrusts in the Mozambique facies.

The relative age relationships between set 1 and set 2 dykes and between dykes and
sills cannot be established in the field due to lack of exposures where the two-dyke
sets intersect or where the dyke sets intersect the sills. Age data for the dykes of both
sets is lacking since only one dyke samples yielded any baddeleyite/zircon grains.
One set 2 dyke has yielded a U-Pb baddeleyite Pan-African of 724 + 2.1 Ma (chapter
6). This raises the possibility that at least some of the set 2 dykes are presumably of
this Pan African age (724 + 2.1 Ma) and the stresses related to their emplacement
were associated with north-south contractional deformation in the Zambezi belt (Fig.
5.22; section 5.11.2). The emplacement of set 1 dykes was probably related to stresses
generated during Rodinia breakup and subsequent east-west collision along the north
trending Mozambique belt associated with assembly of Gondwana (Fig. 5.22; section
5.11.2). Alternatively, if the two dyke sets are assumed to be contemporaneous, a
north northeast-south southwest oriented maximum principal stress would be required
to propagate the two sets simultaneously and would be consistent with contractional
structures in the Zambezi belt. In view of the above facts, it is unlikely and an
oversimplification to suggest that all the dykes forming the two sets are
contemporaneous since available palaecomagnetic, geochemical and geochronological
data show that the dykes in the area belong to at least three generations, i.e.
Mashonaland, Umkondo and possibly Pan African dykes. A single date from one
dyke in eastern Zimbabwe is not sufficient to give a general age of the dykes in
eastern Zimbabwe. In fact, the term dyke sets should be used with caution since the

dykes within a set may not be contemporaneous.

It is presumed that dykes from each of the two sets were probably emplaced at
different ages along parallel fractures that propagated contemporaneously during a
single tectonic regime. The dykes in the two sets are inferred to belong to at least
three igneous events, i.e. the 1.8 Ga dykes that fed Mashonaland sills, the 1.1 Ga
dykes that fed Umkondo sills, and the 0.7 Ga dykes associated with contractional
deformation in the Zambezi belt. The assumption of three generations of dykes in

eastern Zimbabwe is consistent with geochemical data from these dykes. Ward (2002)
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identified three possible magma sources for the Mutare and Guruve dyke swarms of
Wilson et al. (1987) using major, trace and REE geochemistry and isotopic
characteristics. It is possible that dykes belonging to the three generations may have
developed craton-wide in Zimbabwe and further work is required to validate this
inference. The age relationship between the two dyke sets remains unclear and further
precise U-Pb zircon/baddeleyite dating is required. Full confidence in the palacostress
results ascertained using the azimuths of the dyke sets requires more detailed
knowledge of the age relationships of the dykes since the dykes are inferred to belong

to three magmatic events.

Emplacement of Umkondo sills was probably facilitated by the presence of horizontal
anisotropies, i.e. the Archean basement granites/Zimbabwe facies contact and bedding
planes in the Zimbabwe facies. Basaltic magma is denser than the host granites and
Umkondo Group metasedimentary rocks. Thus buoyancy was not the driving force for
magma transport. Magma pressure is the likely driving mechanism that drove the
ascent of magma and to a large extent determined the emplacement levels of the
magma. The presence of Umkondo basalts shows that the magma pressure may have
fluctuated and the magma must have, at least at times, maintained a positive magma

pressure to the earth’s surface.
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CHAPTER 8

DISCUSSION AND CONCLUSIONS

8.1 Pre-Umkondo Deformation — D; and D,

The Zimbabwe craton was affected by two major deformations prior to deposition of the
Umkondo group at ~ ¢. 1100 Ma in eastern Zimbabwe (Table 8.1). The first deformation,
D, resulted in folding of the Cronley Schist belt about an east northeast trending axis
prior to the emplacement of the Chibi granites at c¢. 2650 Ma. Chenjerai (1995) also
documented this deformation in the Mutare greenstone belt. The deformation was

possibly associated with north northwest-south southeast regional compressive stresses.

The second major deformation, D,, in eastern Zimbabwe is related to the north
northwest-south southeast directed maximum compressive stresses that were associated
with the north-directed thrusting of the North Marginal Zone of the Limpopo belt onto
the Zimbabwe craton. D, structures include dextral strike-slip, northeast to east trending
shear zones in eastern Zimbabwe. North northwest to north northeast trending faults that
cut the Zimbabwe craton are probably related to the Popoteke set of faults, which were
propagated during the Limpopo orogeny in response to the north northwest-south
southeast directed maximum compressive stresses. These faults exerted a strong
structural control on the subsequent emplacement of mafic dykes in the Zimbabwe
craton. The similarity of the orientation of the Great Dyke emplaced at 2575 + 0.7 Ma
(Oberthiir et al., 2002) and a north northwest trending dyke emplaced at 724 + 2.1 Ma
dated in this study, with the Popoteke fault set show the significance of the Popoteke set
of faults in controlling emplacement of mafic dykes at various ages of the geological time

scale.
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Table 8.1. A summary of the major metamorphic, deformation and magmatic events in
eastern Zimbabwe.

Age Metamorphism | Deformation Magmatism
>c.2.65 Ga M, D,
c.2.62-2.58 Ga M, D, Limpopo orogeny
c. 1.8 Ga Mashonaland sills/dykes
c. 1105 - 1109 Ma Umkondo sills/dykes
c. 724 Ma Pan African dykes
c. 550 Ga M; D3 Mozambique
orogeny

8.2. Evolution of the Umkondo group and its Significance

The structural and lithological similarities (section 5.9) exhibited by rocks of the
Zimbabwe and Mozambique facies probably indicate that rocks of the Mozambique
facies are the strongly deformed and highly metamorphosed equivalent of the Zimbabwe
facies. The Zimbabwe facies shales and slates are possibly equivalent to the pelitic schists
and mylonites of the Mozambique facies and the arkoses are equivalent to the
Mozambique facies psammites. Small-scale structures that occur in the Zimbabwe facies,
i.e. west-verging folds and thrusts are equivalent to the large scale folds and thrusts that
occur in the Zimbabwe facies. The Zimbabwe facies of the Umkondo group consists of
pebbly basal arkoses that are succeeded by shallow-marine stromatolitic limestones,
cherts and the cross-bedded upper arkose unit. These rocks record deposition in fluvial to
shallow-water deltaic environments with episodic input of distal bimodal pyroclastic
debris. The Umkondo group was deposited in an epicontinental basin on a flat,
peneplained surface developed on the Zimbabwe Archean craton. Lateral continuity of
the main stratigraphic units suggests a single depositional basin with a north-south

dimension of at least 400 km.
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8.3 Pan African Deformation — D;

Rocks of the Mozambique facies of the Umkondo group were intensely and penetratively
deformed and metamorphosed during the D3 Pan African Mozambique orogeny, dated at
~ 550 Ma (Munyanyiwa, 1999). The Mozambique facies is definitely allochtonous and
thrust to the west during Ds. D5 structures such as a subhorizontal lineation, west verging
folds with sub-horizontal north-south fold axes, S-C fabrics and sigma clasts are
consistent with west directed thrusting. The north trending Mozambique belt represents a
suture zone involved in Gondwana assembly and records a 500 Ma history of accretion

culminating in collision of East Africa and Antarctica at ~ ¢. 550 Ma (Dirks ef al., 1998).

In contrast to the Mozambique facies, the structural evolution of the Zimbabwe facies has
been a subject of controversy since there is evidence for some allochtoneity in some
places but autochtoneity in others. The Zimbabwe facies is interpreted to be underlain by
a thrust to the east of Chimanimani since the Zimbabwe facies overlies the Mozambique
facies, which is intensely deformed and was thrust to the west (Dirks, personal
communication, 1999). Small-scale west-verging folds and thrusts that occur in places in
the Zimbabwe facies clearly indicate that the Zimbabwe facies was locally affected by
the Mozambique orogeny. These facts permit the suggestion that the Zimbabwe facies

may be allochtonous.

However, lack of discontinuity at the Archean basement granites/Zimbabwe facies
contact in many exposures observed in Chipinge and Chimanimani districts indicates that
the contact is locally a nonconformity to the west. In one locality (Grid Ref.: 446960,
7818693), the basal pebbly arkose unit overlies a matrix of weathered granite suggesting
that the contact is at least locally a nonconformity. Moreover, some sills pass without
break from the Archean basement granites into the Zimbabwe facies. These facts clearly
suggest that the Zimbabwe facies is not wholly underlain by a thrust. The thrust that is
inferred to underlie the Zimbabwe facies (Dirks, personal communication, 1999) possibly
dies out in the east and the effects of thrusting and deformation in the Zimbabwe facies

progressively diminishes towards west. The occurrence of small-scale, west-verging
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structures on a scale of a few metres to tens of metres in the Zimbabwe facies permit an
inference that some parts of the Zimbabwe facies were locally thrust to the west, but
these structures have not accommodated movement on the scale of more than hundreds of
metres. The Zimbabwe facies of the Umkondo group is therefore autochthonous on a

large scale.

8.4. Magmatism in Eastern Zimbabwe

Pre-existing faults exerted a strong structural control on the emplacement of dykes in
eastern Zimbabwe. Faults that cut the Umkondo group were probably reactivated after
deposition and lithification of the Umkondo strata. Consequently, dykes of different ages
occur in close spatial association and share a common trend. At least three generations of
dykes occur in eastern Zimbabwe. These are of Mashonaland, Umkondo and Pan African
ages. The Mashonaland and Umkondo igneous events dated at ~ 1.8 and 1.1 Ga have
affected the Zimbabwe craton in eastern Zimbabwe. There is however, a possibility of yet
an additional Pan African igneous event at about 0.7 Ga. The probable occurrence of
three generations of dykes is consistent with geochemical results obtained from these
dykes (Mutare dykes) by Ward (2002). Ward (2002) identified three possible magma
sources for the Mutare dykes. The Mashonaland dolerites have been documented over
much of northeastern and eastern Zimbabwe (McElhinny and Opdyke, 1964). Thus, the
classification of dyke swarms on the basis of trends without precise age data for
individual dykes is an oversimplification. The dyke swarms of Wilson et al. (1987) are
strictly not swarms since a dyke swarm should comprise dykes that are contiguous,
contemporaneous and consanguineous (Ward et al., 1999, 2000). These dykes were
therefore emplaced at different tectonomagmatic regimes that were related to Rodinia

assembly and breakup, and subsequent assembly of Gondwana.

8.5. The 1.1 Ga Umkondo Igneous Event in Zimbabwe

Available precise U-Pb zircon/baddeleyite dates constrain the emplacement age of
Umbkondo sills that intrude the lower, middle and upper stratigraphy of the Zimbabwe
facies of the Umkondo group in eastern Zimbabwe to between 1105 Ma and 1109 Ma.

157





The occurrence of peperite along one well-exposed sill margin suggests that the
Umkondo sills were penecontemporaneous with or immediately followed sedimentation
in the Umkondo basin. This idea is further substantiated by the occurrence of basalts that
are conformably interbedded with Umkondo metasedimentary rocks and are
geochemically similar to the Umkondo dolerites (Munyanyiwa, 1999). Mafic tuffs that
are interbedded with the Zimbabwe facies strata record input of pyroclastic material into
the Umkondo basin and possibly reflect explosive volcanic activity related to the
Umkondo igneous event. These facts suggest the presence of a flat, peneplained
Umkondo basin located right on the eastern edge of the Kalahari Craton at c¢. 1100 Ma
(Mukwakwami et al., 2001).

Understanding the palaeogeography of the Umkondo group may therefore provide a
useful constraint on Rodinia reconstructions. If this edge of Kalahari Craton originally
was adjacent to another craton within Rodinia, then a model of Rodinia at ¢.1100 Ma
should show the Umkondo sedimentary basin on the Kalahari Craton matching with a

coeval basin on the other craton.

Disparate subgroups occur in the Mutare, Guruve and Kamativi dykes. The occurrence of
a subgroup in each of the Mutare and Guruve dykes, which have geochemical signatures
similar to Umkondo dolerites (Ward, 2002) raises the possibility that at least some of the
dykes belong to the Umkondo igneous event. However, the spatial extent of igneous
rocks associated with the Umkondo igneous event in Zimbabwe remains a subject of
speculation since the majority of the dykes did not yield any baddeleyite/zircon grains for

radiometric dating.

8.6. Implications of the Age of Umkondo Sills

Available precise U-Pb zircon/baddeleyite ages and palaecomagnetic data in the Umkondo
Province constrain the main magmatism to have occurred at c. 1111-1105 Ma across the
Kalahari Craton (Hanson et al., 2003). The Kalahari Craton is bordered by the c. 13-1.0
Ga Namaqua-Natal-Maud belt (Thomas et al., 1994; Groenewald et al., 1995; Powell et
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al., 2001). U-Pb zircon ages of 1083 = 6 Ma (Johnston et al., 2000) and 1057 £ 8 to 1029
+ 10 (Clifford et al., 1995; Robb et al., 1999) have been documented for mafic suites that
intruded the Namaqua-Natal belt. The mafic rocks in the Namaqua-Natal Belt were
emplaced in close association with peak metamorphism and widespread crustal anatexis
and may be indicators of advective heat transport to the crust via mantle-derived magmas
(Thomas et al., 1992; Gibson et al., 1996). Although the relationship of these rocks to the
Umkondo Province is not known, Hanson ef al. (2004) assert that there is a possibility
that the thermal and magmatic evolution of coeval parts of the Namaqua-Natal-Maud belt

were influenced by large-scale mantle processes recorded by the Umkondo province.

Protolith crystallization ages that fall within the range of Umkondo igneous activity have
been documented in the Pan-African Zambezi and Mozambique Belts (Hanson et al.,
2004). The Mpande orthogneiss, which intrudes the Zambezi supracrustal sequence in the
Zambezi Belt in Zambia has a U-Pb zircon age of ¢. 1106 + 19 Ma (Hanson et al. 1988).
Goscombe et al. (2000) obtained a SHRIMP U-Pb zircon age of c.1087 £ 9 for the
Chewore Inliers in northwestern Zimbabwe further east in the Zambezi Belt. Granite and
granodiorite orthogneiss in the Mozambique Belt gave SHRIMP U-Pb zircon ages of
1112 £ 18 and 1108 + 12 Ma (Manhica et al., 2001). These age data are within the
margin of errors for the age of igneous rocks in the Umkondo Province and permit a
plausible suggestion that the Mesoproterozoic magmatism recorded in the Zambezi and
Mozambique belts may be related to the Umkondo Province or vice-versa. Rb-Sr whole-
rock data yielded an age of 1119 + 27 for extensive mafic sheets intruding the Chela
Group and older basement the Congo Craton (Carvahlo et al., 1987; Carvahlo and Alves,
1993). Hanson et al. (2004) consequently speculate that the mafic sheets may be
contemporaneous with the Umkondo Province. This would suggest that the Umkondo
Province extends to the Damara Belt and into the Congo Craton (Hanson et al., 2004) and
support the supposition that the Damara Belt, the Lufilian and the Zambezi Belt were
formed by closure of a series of intracontinental rifts or narrow ocean basins (Kroner,

1993; Miller, 1983; Kampunzu ef al., 1991, 2000b; Hanson ef al., 1994; Hanson, 2003).
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Magmatism in the Umkondo Province is inferred to have occurred during culminating
phases of assembly of the Rodinia supercontinent, in contrast to many other large igneous
provinces that formed during supercontinent break-up (White and McKenzie, 1989, 1995;
Hill, 1991; Storey, 1995; Courtillot ef al. 1999; Ernst and Buchan, 2001). Emplacement
of large volumes of tholeiitic magma in the Umkondo province over a short time interval
has been interpreted by Hanson ef al. (1998b, 2004) to reflect decompressional partial
melting of anomalously hot mantle (Richards et al., 1989; White and McKenzie, 1989,
1995; Coffin and Eldholm, 1994; Hawkesworth et al., 1999; Ernst and Buchan, 2001).
Faulting driven by stresses transmitted cratonwide during collisional orogenesis along the
margin is likely to have controlled the emplacement of magma in parts of the province
(Dalziel et al., 2000). The presence of a mantle plume beneath the Kalahari Craton is not
supported by available geochemical data since plume signatures are lacking in most of
the Umkondo rocks, although the Guruve and Mutare dykes that are distinctively
enriched in trace elements may reflect a plume contribution (Hanson et al., 2004).
However, the ages of these dykes are not well constrained and can therefore not be

wholly relied upon since they may indicate different magmatic events.

Although the Umkondo Province in the Kalahari Craton shows striking similarities in age
and tectonic setting to the Keeweenawan Province in the Laurentia Craton, the genetic
relationship between the two provinces remains unclear. The similarities in
geochronological and palaeomagnetic data probably indicate that the two provinces either
represent coeval, but spatially unrelated large igneous provinces emplaced on two cratons
or they represent a single large igneous province that formed during Rodinia assembly
(Hanson et al, 1998b, 2004a). The position of the Kalahari craton in Rodinia

configuration remains uncertain.

8.7. Pan African Magmatism

An age of 724 £ 2.1 Ma for a north-northwest trending dyke that intrudes the Zimbabwe
facies raises a possibility that some of the set 2 dykes, i.e. Mutare dykes of Wilson et al

(1987) were contemporaneous with this dyke. The maximum principal stress (o;) during
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the emplacement of the dyke was north northwest-south southeast, assuming a minimum
magma pressure needed to dilate north northwest trending fractures. The orientation of ;
at the time of dyke emplacement is consistent with contractional deformation in the
Zambezi belt resulting from the collision between the Congo and the Kalahari cratons
during Gondwana assembly. Perturbations on the K-Ar system (table 2.1; Snelling et al.,
1964; Vail and Dodson, 1969) of some Umkondo sills and the U-Pb system (Wingate,
2000) of the Great Dyke around this time show that the tectonomagmatic event may have
been widespread across the Zimbabwe craton. It is further inferred that some northeast to
east trending dykes (set 1 dykes) were emplaced in response to an east-west maximum
principal stress generated during the latest stages of the Mozambique orogeny.
Alternatively, the possibility that some set 1 and set 2 dykes were contemporaneous
cannot be ruled out. Contemporaneous emplacement of the two dyke sets could occur
when o was oriented in a north northeast south southwest direction and such stresses
may have been generated during collision of the Congo and the Kalahari craton during
the Zambezi orogeny. These speculations remain to be proven after further precise

geochronological work on the dykes.

8.8 Conclusions and Recommendations

The Umkondo Group in eastern Zimbabwe was deposited nonconformably on the east
side of the Kalahari Craton and the Zimbabwe facies of the group and is autochtonous at
a large scale. The sedimentary strata of the Umkondo Group were deposited in fluvial to
shallow marine environments and record the presence of a major epicontinental basin in
this part of southern Africa. The widespread 1100 Ma Umkondo Province mafic
magmatism was penecontemporaneous with or immediately followed sedimentation in
the Umkondo basin of east Zimbabwe. The Umkondo igneous event is coeval with
widespread magmatism on the Laurentia craton. The two igneous provinces may either
imply the existence of two coeval, but spatially unrelated large igneous provinces in the
two cratons or may represent a single large igneous province that was associated with

Rodinia assembly.
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Umkondo sills that are intrusive into rocks of the Zimbabwe facies of the Umkondo
group are autochtonous since they intrude an autochtonous sedimentary strata. These sills
can provide additional primary palaeopoles that can be used to constrain the position of
the Kalahari craton in Rodinia t at c. 1100 Ma. A Pan African age of 724 £ 2.1 Ma for
one mafic dyke in eastern Zimbabwe raises the possibility of the existence of another
mafic igneous event that has not been documented across the Zimbabwe craton. The
igneous event was possibly associated with the breakup of Rodinia and subsequent
assembly of Gondwana at ~ c¢. 550 Ma. Additional geochronological work on mafic
dykes in Zimbabwe is necessary to establish the extent of the Umkondo and the probable

Pan African igneous events across the Zimbabwe craton.
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Appendix 6.1

Locations of sampling sites for the Kamativi dyke dyke,Guruve dyke dykes, Mutare
dykes and Umkondo sills. Baddeleyite grains were obtained only in samples JM0104,
JMO0109 and JMO0125, and some metamict zircons in JM0138. Samples shown in italics
were not processed due to time constraints.

Sample LOCATION: UTM Co-

No. Dyke/Sill District ordinates Grains recovered
East North

UMO0101 [Umkondo sill  [Chipinge 464922 (7737071 Nil

JM0102 |[Umkondo sill  |Chipinge 466943 7742258 Nil

JMO0103 |[Umkondo sill  |Chimanimani 464923 7787195 Nil

JM0104 Mutare dyke  |Chimanimani 490120 7794842 Baddeleyite

JM0108 Mutare dyke  |Chipinge 441193 7780169 Nil

JMO0109 [Umkondo sill |Chipinge 444620 7781753 Baddeleyite

JMO110 Mutare dyke  [Mutare dyke 436702 7800301 Nil

JMO119 Mutare dyke  Mutare dyke 454114 7849641 Nil

JM0120 Mutare dyke  [Mutare dyke 468741  [7879022 Nil

JM0121 Mutare dyke  [Mutare dyke 1485452 7890016 Nil

UMO0122 Mutare dyke  Mutare dyke 475796 7891247 Not processed

JM0123 |[Umkondo sill  [Nyanga 474007  [8056058 Nil.

UMO0125 |[Umkondo sill (Chimanimani 480387  [7832272 Baddeleyite

JMO0137 [Umkondo sill |[Nyanga 462471 (7837362 Metamict zircons

JMO0138 |[Umkondo sill |Nyanga 482155 (7997149 Nil

JMO0139 [Umkondo sill |[Nyanga 489269 8010575 Nil

JM0140 |[Umkondo sill  [Nyanga 488082 8007067 Not processed

JMO0142 [Umkondo sill |[Nyanga 475659 8009436 Not processed

JM0160 Deweras dyke |Chinhoyi 212566 8078341 No zir./bad.

JM0161 |Guruve dyke  |Chinhoyi 212933 8099187 No zir./bad.

UMO0162 |Guruve dyke  |Chinhoyi 221685 18117002 Not processed

UM0163  |Guruve dyke  |Chinhoyi 214069 8113113 Not processed

UMO0165 |Kamativi dyke |Hwange 500744 7949385 Not processed

JM0166 [Kamativi dyke [Hwange 494079 17963970 Nil

UMO0168 |Kamativi dyke |Hwange 484188 7962091 Not processed

IMO0169 [Kamativi dyke |[Hwange 461212 [7948852 No zir./bad.
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Appendix 6.2.

Umkondo igneous province and mesoproterozoic Umkondo basin in eastern
Zimbabwe: Possible relevance to Rodinia.

Venue: Hynes Convention Center, Boston, USA (Presented by Joshua Mukwakwami)
Occasion: Annual General Meeting of the Geological Society of America (2001)
Date: 06 November 2001

Mukwakwami, Joshual, Blenkinsop, Tom G.l, Hanson, Richard®, and Munyanyiwa,
Hubbert', (1) Department of Geology, Univ of Zimbabwe, P.O. Box MP 167, Mount
Pleasant, Harare, Zimbabwe, joshua@science.uz.ac.zw, (2) Geology, Texas Christian
Univ, Box 298830, Fort Worth, TX TX 76129

The Umkondo igneous province in southern Africa may record impact of a mantle plume
on the Kalahari craton during Rodinia assembly at 1.1 Ga, coinciding with widespread
intraplate magmatism in Laurentia. In the Umkondo type area, eastern Zimbabwe,
dolerite dykes and extensive sills (>=100 m thick) intrude metasedimentary rocks of the
Umkondo Group, which forms a sequence up to 800 m thick of basal arkoses,
stromatolitic  limestones, cherts, mudrocks and quartzose sandstones. The
metasedimentary rocks are locally folded about N-S axes and thrust towards the west, and
have been metamorphosed with the dolerites at low grade. This tectonism probably
occurred during Pan-African orogenesis. The age and tectonic setting of the Umkondo
basin are not well established, but it may have linked with a Mesoproterozoic continental
margin to the east.

The Umkondo strata rest non-conformably on the Archean basement. Dolerite sills are
continuous from the basement into the Umkondo Group; some sills were intruded along
the nonconformity. Probable felsic tuffs and mafic lapilli tuffs occur in the middle
Umkondo Group, which is conformably overlain by basalt lavas geochemically similar to
the dolerites. Together with the presence of peperite along one sill margin, these
observations suggest that deposition of the Umkondo Group directly preceded
widespread Umkondo mafic magmatism.

The Umkondo Group appears to have been deposited in fluvial to shallow-water
environments with episodic input of distal bimodal pyroclastic debris. Lateral continuity
of the main stratigraphic units suggests a single depositional basin with a N-S dimension
>=390 km. These preliminary observations may have paleogeographic implications for
Rodinia reconstructions.
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Appendix 6.3

Correlation of 1.1 Ga large igneous provinces on the Laurentian and Kalahari
cratons: Implications for Rodinia reconstructions

Venue: Mile High City Denver, USA (Presented by Richard Hanson)
Occasion: Annual General Meeting of the Geological Society of America (2002)
Date: 29 October 2001

Hanson, R., Pancake, J., Geol. Dept., TCU, Fort Worth, TX 76129, r.hanson@tcu.edu;
Bowring, S., RAMEZANI, J., Dept. Earth, Atmos. & Planet. Sci., MIT, Cambridge, MA
02139; Dalziel, 1., Gose, W., Geosci. Dept. & Inst. for Geophysics, Univ. of Texas,
Austin, TX 78759; Blenkinsop, T., Mukwakwami, J., Geol. Dept., Univ. Zimbabwe,
Harare.

Synchronous emplacement of large igneous provinces on the Laurentia and Kalahari
cratons at 1.1 Ga provides an important constraint on relative positions of these major
cratons within the Rodinia supercontinent. The Laurentian province is best represented by
the Midcontinent rift (MCR), where published data (including high-precision U-Pb
geochronology) indicate that 75% of the total volume of basaltic magma was emplaced at
1108-1105 Ma, during a superchron characterized by generally uniform magnetic polarity
but with sporadic, brief reversals. Workers in the MCR arbitrarily assign a reversed
polarity to this superchron, to distinguish it from a succeeding long interval of “normal”
polarity.

In southern Africa, the Umkondo igneous province on the Kalahari craton is primarily
represented by widespread mafic intrusions in eastern Botswana, Zimbabwe, and South
Africa. Eleven separate intrusions have now yielded conventional U-Pb zircon or
baddeleyite ages of 1111 +/-2 to 1105 +/-2 Ma; work is in progress on additional
samples. Bimodal magmatic rocks within the province in western Botswana and Namibia
have zircon ages of 1109-1106 Ma. Based on published paleomagnetic data and our new
work, 45 sites from Umkondo intrusions in southern Africa have yielded consistent
magnetization directions corresponding to a well-defined Umkondo pole. 38 of these sites
have identical polarity; the other sites have opposite polarity. We infer that the majority
of the Umkondo province was emplaced in a narrow time frame during the “reversed”
superchron documented from the MCR. The close similarity in timing of these major
magmatic events makes it highly unlikely that they developed on unrelated cratons.
Correlation of the Umkondo igneous event with 1108-1105 Ma magmatism in the MCR
removes the ambiguity in polarity assignment inherent in Precambrian paleomagnetic
studies and supports a Rodinia reconstruction in which Kalahari is located south of
Laurentia, aligning the two igneous provinces behind a single convergent margin defined
by the Grenville and Namaqua-Natal orogenic belts. However, this configuration does
not align the Umkondo and MCR poles, and further work is required to produce a
Rodinia model that can resolve this discrepancy.
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Appendix 6.4

Coeval Large-Scale Magmatism in the Kalahari and Laurentian Cratons During
Rodinia Assembly

Hanson, R., Crowley, J.L., Bowring, S.A., Ramezani, J., Gose, W.A., Dalziel, LW.D.,
Pancake, J., Geol. Seidel, E.K., Blenkinsop, T. and Mukwakwami, J., 2004. Science 304,
1126-1128.

See paper acrobat format
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Coeval Large-Scale Magmatism in
the Kalahari and Laurentian
Cratons During Rodinia Assembly
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We show that intraplate magmatism occurred 1106 to 1112 million years ago
over an area of two million square kilometers within the Kalahari craton of
southern Africa, during the same magnetic polarity chron as voluminous mag-
matism within the cratonic core of North America. These contemporaneous
magmatic events occurred while the Rodinia supercontinent was being assem-
bled and are inferred to be parts of a single large igneous province emplaced
across the two cratons. Widespread intraplate magmatism during Rodinia as-
sembly shows that mantle upwellings required to generate such provinces may
occur independently of the supercontinent cycle.

Formation of large igneous provinces (LIPs) in-
volves the emplacement of enormous volumes
(typically millions of cubic kilometers) of man-
tle-derived magmas in geologically short time
frames [<1 to 2 million years (My)] (Z, 2). Most
of the better known LIPs are less than 300 My
old and typically comprise flood basalts, gener-
ally less abundant felsic volcanic rocks, and
associated dike swarms, sill networks, and mafic
and ultramafic layered intrusions (3). Here we
employ paleomagnetic correlation and single-
crystal U-Pb baddeleyite and zircon dating to
show that a 1106- to 1112-My-old LIP, the
Umkondo province, can be traced over much of
the Kalahari craton and was emplaced synchro-
nously with widespread intraplate magmatism in
Laurentia, the cratonic core of North America.
Umkondo igneous province. The Um-
kondo province is named for extensive dia-
base sills, up to hundreds of meters thick, that
intrude Proterozoic strata of the Umkondo
Group in eastern Zimbabwe and adjacent
parts of Mozambique (Fig. 1) (4-7). Compa-
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rable sills are widespread within other Pro-
terozoic successions in the Kalahari craton,
including the Soutpansberg, Palapye, and
Waterberg Groups in southern Africa and the
Ritscherflya Supergroup in the Grunehogna
crustal province of East Antarctica (Fig. 1),
which is interpreted as a detached portion of
the Kalahari craton (8). The present limits of
these sedimentary successions are generally
erosional, implying that the associated dia-
base sills were originally more extensive.
Other intrusions belonging to the Umkondo
province cut older cratonic rocks and include
the Timbavati Gabbro in South Africa and the
large (up to 300 km long), subsurface Tshane
and Xade mafic and ultramafic layered com-
plexes in Botswana (Fig. 1). Erosional rem-
nants of flood basalts genetically related to
the sills cap the Umkondo Group and the
Ritscherflya Supergroup (7-9). Mafic rocks
throughout the province have compositions
typical of continental tholeiites (7, 8, 10, 11).

Pole positions from different parts of the
Umkondo province are statistically indistin-
guishable from the mean pole for the Umkondo
sills in eastern Zimbabwe (Table 1 and fig. S3),
implying that the magmatism occurred within a
narrow time interval. We determined U-Pb bad-
deleyite and zircon crystallization ages of dia-
base sills and gabbroic intrusions that cut the
Umkondo, Waterberg, and Palapye Groups and
older cratonic rocks in Zimbabwe, South Afri-
ca, and Botswana (Fig. 1, fig. S4, and table S2)
(12). The ages range between 1108 and 1112
million years ago (Ma) (/3). Thirteen samples
yield ages of 1108 to 1109 Ma, and 10 come
from intrusions that have paleomagnetic poles
statistically indistinguishable from the pole for

the Umkondo sills in eastern Zimbabwe. Pub-
lished, precise crystallization ages for other
parts of the province in Botswana are as young
as 1106.1 = 2 Ma (Fig. 1).

We interpret the paleomagnetic and geo-
chronologic data to indicate the presence of a
Mesoproterozoic LIP defined by scattered
erosional remnants traceable over an area of
~2 X 10° km? in the Kalahari craton (Fig. 1).
Our ages for the Umkondo province suggest
that a large proportion of the mafic magma-
tism occurred in less than 3 My and perhaps
in as little as 1 million years (1109.0 = 1.3 to
1109.8 = 0.8 Ma). Sedimentary cover and
extensive erosion make it difficult to estimate
the total volume of magma represented by the
Umkondo province, but its inferred areal ex-
tent is the same order of magnitude as typical
Phanerozoic LIPs, such as the Jurassic Ka-
roo-Ferrar province (3.1 X 10° km?) or the
Cretaceous Parana-Etendeka province (>2 X
10% km?) (2). On the basis of comparison
with younger LIPs where the basalts have
been partly stripped away to reveal an array
of feeder dikes and sills (3), we infer that the
shallow-level Umkondo intrusions supplied
flood lavas that were originally more wide-
spread than the limited remnants of basalt
preserved in parts of the province.

Comparison with Laurentian igneous
province. Widespread intraplate magmatism
~1100 Ma in Laurentia is represented by the
voluminous Keweenawan tholeiites and less
abundant alkaline rocks in the Midcontinent
rift, which are inferred to have originated
from a mantle plume (/4). U-Pb geochronol-
ogy from exposures of the rift in the Lake
Superior region indicates that most of the
magmatism occurred 1094 to 1108 Ma, with
minor late-stage activity as young as 1087
Ma (Fig. 2). An estimated 50 to 80% of the
magmatism (by volume) occurred 1108 = 1
Ma, with rates of magma production decay-
ing rapidly over the next 1 to 3 My (14, 15).

Most of the rocks emplaced during the
initial magmatic episode 1105 to 1108 Ma in
the Midcontinent rift record a single magnetic
polarity (with the exception of minor, short
reversals of uncertain exact age), whereas
most of the younger rocks show the opposite
polarity (Fig. 2). These two polarity chrons
have been referred to as “reversed” and “nor-
mal,” respectively, based on comparison with
the present-day field, although their true po-
larity is unknown (76).

U-Pb geochronology indicates that the bulk
of the Umkondo igneous province was emplaced
at the same time as the first main magmatic
episode in the Midcontinent rift (Fig. 2). The
polarity of 58 out of 67 Umkondo sites in south-
ern Africa is reversed with respect to the present-
day field; all Umkondo sites in Antarctica have
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reversed polarity (Table 1). Given these data and
the similarity in U-Pb ages, we infer that the
majority of the Umkondo province was em-
placed during the same reversed polarity chron
that is recorded in the Midcontinent rift. The
only Umkondo igneous units with opposite po-
larity that have been precisely dated have crys-
tallization ages of ~1108 to 1109 Ma (Fig. 2),
suggesting these intrusions were emplaced dur-
ing one of the brief intervals of normal polarity
recorded in the Midcontinent rift within the long-
er reversed polarity chron.

Mafic intrusions in Saskatchewan, ~1400
km northwest of the Midcontinent rift, have a
U-Pb baddeleyite age of 1109 = 2 Ma, in-
creasing the known geographic extent of in-
traplate magmatism comparable in age to the
main Keweenawan episode (/7). Other mem-
bers of the Laurentian intraplate igneous

province include extensive diabase sills and
locally preserved basalt lavas in the south-
western United States. U-Pb crystallization
ages for the diabases range from 1069 * 3 to
1100 = 2 Ma (1/8-20). Paleomagnetic poles
from a larger sample suite overlap with
Keweenawan poles from the Midcontinent
rift, suggesting that magmatism in the two
regions was contemporaneous (21, 22).
Implications. Precise U-Pb geochronology
and extensive paleomagnetic data show that vo-
luminous Umkondo and Laurentian intraplate
magmatism was synchronous (Fig. 2). One pos-
sible explanation for the data is that the two
provinces represent coeval but spatially unrelat-
ed LIPs emplaced on separate cratons. Given the
scale of the magmatism, this could imply a glob-
al event affecting Earth’s mantle ~1100 Ma. An
alternate, more testable model, which we prefer,
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Fig. 1. The Umkondo igneous province in southern Africa and Antarctica, restored to pre-Mesozoic
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blages in western Botswana and Namibia. Symbols for paleomagnetic sites in many cases represent
multiple sites in different intrusions or lava flows. Present-day coordinates are shown for Africa.
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is that the Laurentian and Umkondo
magmatic events were spatially linked within
a single LIP during assembly of the late
Mesoproterozoic —early Neoproterozoic Rodi-
nia supercontinent (23, 24). Evidence for Ro-
dinia assembly is provided by widespread
Mesoproterozoic orogenic belts that record ter-
minal phases of orogenesis ~1150 to 950 Ma
(supporting online text), but the configuration
of the supercontinent is uncertain (25, 26).
Correlation of the Umkondo and Laurentian
igneous provinces constrains the relative posi-
tions of Kalahari and Laurentia within Rodinia.
A previous model (6) juxtaposed the Kalahari
craton against the southwestern margin of Lau-
rentia (directions are relative to present-day
coordinates), aligning the Laurentian and
Umkondo igneous provinces behind a continu-
ous Mesoproterozoic orogen represented by the
coeval Grenville and Namaqua-Natal-Maud
belts (Fig. 3, position H). In a contrasting model
(27), the Kalahari craton faced in the opposite
direction from Laurentia (Fig. 3, position D), and
the Umkondo and Laurentian igneous provinces
were emplaced as the two cratons collided dur-
ing Rodinia assembly. The first model is incon-
sistent with paleomagnetic data that require sub-
stantial separation between the two cratons

Age (Ma)

o Magnetic polarity
1980 1 Midcontinent of dated units:

1 rift % Normal
1085 (Minor late } Reversed

1 + volcanism)

N { Unknown
1090 1

Umkondo province

Bimodal
] “ Mafic intrusions, igneous
1~ % Botswana, rocks,
1 ¢ South Africa,  western
11001y } Zimbabwe  Botswana
] —_—— —

sttt *l* }

é
H (92 out of 101 sites
in Africa and Antarctica

have reversed polarity)

1115

Fig. 2. U-Pb zircon and baddeleyite crystalliza-
tion ages (with 2o error bars, unless not given
in the original reference) for igneous rocks from
the Midcontinent rift (74, 36, 37, 46) and
Umkondo province (Fig. 1). Ages with errors of
>2 My from the Umkondo province are not
shown, except for bimodal rocks in western
Botswana. Two major polarity chrons for the
Midcontinent rift are shown at left; the main
reversal separating them occurred between
1102 = 2 and 1105 * 2 Ma (74). Exact ages
and the total number of short intervals of
opposite polarity within the main polarity
chrons are unknown and are shown schemati-
cally. The reversal time scale for the Midconti-
nent rift is based on paleomagnetic data for
many more rock units than have been dated.
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Table 1. Summary of paleomagnetic data for the Umkondo igneous province.
Latitude and longitude give the pole position as transferred to the northern
hemisphere; Antarctic poles have been rotated to Africa with the Euler pole

reversed; N, normal.

(latitude —10.18°, longitude —31.04°, and rotation angle 58.73°) of Reeves
et al. (38). A95, radius in degrees of the 95% circle of confidence; R,

Number North

East

Rock unit and sampling area of sites Polarity latitude longitude A95 Reference

Umkondo diabase sills, eastern Zimbabwe 9 9R 66.0 34.0 37 (4)
Umkondo lavas, eastern Zimbabwe 9 9R 63.4 16.4 13.7 9
Umkondo dike, north-central Zimbabwe* 1 1R 64.1 34.7 7.9 (49)
Deweras Dike, northwestern Zimbabwe* 1 N 65.1 55.6 11.6 (49)
Diabase sills, Botswana and South Africa 13 12R, 1N 65.2 50.6 45 (50)
Diabase sills, Botswana 12 11R, 1N 61.1 38.5 49 (12)
Diabase sills, South Africa 11 11R 55.4 376 10.6 (12)
Anna’s Rust Gabbro (in Vredefort dome), South Africa 6 6N 68.5 29.0 10.5 (5)
Timbavati Gabbro, South Africa 5 5R 62.6 46.8 3.6 (57)
Lavas and diabase sills, Ahlmannryggen, Antarctica 11 11R 66.1 41.7 53 (52)
Diabase sills, Ahlmannryggen, Antarctica 23 23R 62.3 28.2 3.0 (53)
Mean of all poles 63.6 36.2 338

*Not included in the mean Umkondo pole because of inadequate sampling statistics.

Mesoproterozoic Grenville belt in
Laurentia; Namagua—Natal-Maud
belt in Kalahari)

1.1 Ga Laurentian intraplate magmatic
rocks (MCR = Midcontinent rift;

P = Pecos intrusive suite; SWD =
southwestern U.S. diabases)

1.1 Ga Umkondo intraplate magmatic
|:| rocks (GP = Grunehogna crustal
province, Antarctica)
Fig. 3. Alternate proposed positions of the
Kalahari craton relative to Laurentia (shown in
present-day coordinates); other cratons within
Rodinia are not shown. Mean 1108-Ma poles
and their 95% circles of confidence for Kalahari
(Table 1) and Laurentia (47) are shown in red
and brown, respectively (upper left). Alignment
of the mean Umkondo pole with the mean pole
for coeval rocks of the Midcontinent rift per-
mits Kalahari to occupy any position on the
larger circle shown in red (about the same as
the paleoequator in this case). Our preferred
position for Kalahari is outlined in red; the bold
dashed line indicates the inferred extent of the
Umkondo-Laurentian LIP. Other proposed posi-
tions for Kalahari are labeled H (6) and D (27);
the arrow on the craton points north in each
case. An outline of the Cretaceous Ontong-Java
plateau (O-J) is shown for comparison. Lauren-
tian intraplate magmatic rocks include the ex-
amples discussed in the text and the Pecos
intrusive suite in the subsurface of west Texas
and New Mexico (48).

~1100 Ma (24, 26, 27). The second model was
viable in the absence of a constraint on the
polarity of the Umkondo pole (28). However,
because almost all the Umkondo rocks have the
same polarity in present-day coordinates as co-
eval parts of the Midcontinent rift, models that
rotate Kalahari by 180° relative to Laurentia are
now precluded. The temporal correlation be-
tween these paleomagnetically well-studied
provinces provides one of the few available con-
straints on relative polarity between the cratons
that made up Rodinia (25).

The geochronology for the Umkondo
province allows a more precise reconstruc-
tion of the relative latitudinal positions of
Kalahari and Laurentia 1108 Ma (Fig. 3).
Paleolongitude is not constrained by paleo-
magnetism, so that Kalahari can occupy any
position along a small circle drawn about its
pole. In order to maintain a spatial link be-
tween the Umkondo and Laurentian igneous
provinces, we suggest that at 1108 Ma Kala-
hari was located off eastern Laurentia, with
the Umkondo and Laurentian intraplate mag-
matism occurring at either end of a single LIP
that extended across both cratons (Fig. 3).

Our reconstruction requires that the
Umkondo-Laurentian LIP developed across the
Grenville belt during Rodinia assembly. This is
possible if the LIP was generated by a mantle
plume rising from deep levels and acting inde-
pendently of lithospheric plate motions (/, 29).
Continent-continent collision during formation
of the Grenville belt (supporting online text)
implies that at least some of the space between
Kalahari and Laurentia was occupied by a con-
tinental block. Part of the Umkondo-Laurentian
LIP could also have developed in an oceanic
setting (Fig. 3). One test of our reconstruction
would be to identify other cratons with LIPs of
an appropriate age that could occupy the gap
between Kalahari and Laurentia.

Of perhaps more general significance is the
recognition that mantle-derived LIPs similar to
those documented in the Phanerozoic were em-
placed during Rodinia assembly. In addition to

the Laurentian and Umkondo LIPs, mention
should be made of the 1070- to 1078-My-old
Warakurna LIP in Australia (30), which is locat-
ed southwest of Laurentia in some Rodinia re-
constructions (24). These Mesoproterozoic LIPs
contrast with many of the best known Phanero-
zoic LIPs, such as the Jurassic Central Atlantic
and Karoo-Ferrar provinces, the Cretaceous
Parana-Etendeka and Deccan provinces, and the
Tertiary North Atlantic province, which either
directly preceded or formed during the breakup
of parts of Pangea (2). The Phanerozoic exam-
ples have influenced the development of an array
of geophysical models that relate continental LIP
formation to a buildup of heat in the underlying
mantle after supercontinent assembly. The mod-
els predict that the insulating effects of a super-
continent and/or the isolation of that part of the
mantle from cooling by subduction will eventu-
ally lead to upwelling of hot mantle beneath the
supercontinent, possibly contributing to its
breakup (37, 32), with LIPs forming from de-
compressional melting of uprising mantle before
or as the continents rift apart (32, 33). In some
interpretations (34), there is no role for deep-
seated mantle plumes in these processes. Instead,
plate motions and changes in lithosphere thick-
ness (35) govern convection in the shallow man-
tle and formation of LIPs, which again is pre-
dicted to occur in regions undergoing extension
during episodes of plate reorganization or super-
continent breakup.

Emplacement of LIPs over wide areas
within craton interiors while Rodinia was
being assembled thus may require reevalua-
tion of the relations between mantle convec-
tion and supercontinent evolution. Available
data show that LIPs comparable to those
produced during supercontinent breakup can
also be generated during supercontinent as-
sembly. This observation is consistent with
models in which at least some LIPs record
random impingement on the lithosphere of up-
rising, deep-seated mantle instabilities indepen-
dent of surficial plate-tectonic processes or
stages in the supercontinent cycle (/, 29).
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We report interband magneto-optical spectra for single-walled carbon nanotubes
in high magnetic fields up to 45 tesla, confirming theoretical predictions that the
band structure of a single-walled carbon nanotube is dependent on the magnetic
flux ¢ threading the tube. We have observed field-induced optical anisotropy as well
as red shifts and splittings of absorption and photoluminescence peaks. The amounts
of shifts and splittings depend on the value of ¢/¢, and are quantitatively consistent
with theories based on the Aharonov-Bohm effect. These results represent evi-
dence of the influence of the Aharonov-Bohm phase on the band gap of a solid.

When a magnetic flux, ¢, passes through a
mesoscopic ring, the quantum states and dy-
namics of electrons on the ring are influenced

by the Aharonov-Bohm (AB) phase (7); that
is, 2md/db,, where &, = h/e is the magnetic
flux quantum (% is the Planck constant and e
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is the electronic charge). When the phase
coherence length exceeds the circumference,
quantum interference between loop trajecto-
ries of opposite sense induces magneto-
resistance oscillations with period ¢, (known
as AB oscillations) and ¢,/2 [known as
Altshuler-Aronov-Spivak (AAS) oscillations
(2)]. These oscillations have been observed in
various metallic rings and tubes (3), includ-
ing the recent observation of the AAS oscil-
lations in multiwalled carbon nanotubes (4).
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