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                                                             Abstract 

This work tackles a long-standing problem in petrology, the formation of orbicular granitoids. These 

bodies occur as entire facies or as areas enriched in orbicules within distinct facies of plutons. Some 

European examples are highly prized for their decorative qualities. However, their origin is a matter 

of much debate going back to times when the origins of granitoids themselves were not obvious and 

are confused by topics such as ógranitizationô and over-exaggeration of metasomatic effects. Here, 

poorly studied outcrops of orbicular rocks from the Matopos granite batholith in the Dianaôs Pool area, 

Zimbabwe and the Koperberg Suite, South Africa are tackeld. Enzman (1953) and Garvie (1969; 1971) 

studied the Koperberg Suite and the Dianaôs Pool orbicules, respectively and employed field 

observations and petrography to examine and characterize the genesis of these rocks. However, there 

is little evidence presented to confirm their theories on how these rocks formed as previous work lacks 

detailed geochemical, mineral chemistry and isotope data to support Enzman and Gravieôs conclusions 

on the genesis of these rocks. Furthermore, there is no connection between the metallogenesis of the 

sulphide mineralization and the origin of orbicular rocks, which is a unique characteristic of particular 

orbicule sites in the Koperberg Suite.  

This study focuses on four different orbicular bodies (Orbicule Koppie, Henderson South, Henderson 

North and Hoogkraal Lease) from the Koperberg Suite, hosted in lithologies ranging from diorite to 

pyroxenite compositions. The orbicules from different orbicular share similar characteristics. Coarse-

grained felsic cores, fine-grained and alternating ferromagnesian and feldspathic shells, and coarse-

grained to pegmatitic matrices characterize them. The orbicules are generally spherical to ellipsoidal 

in shape, however, some appear to be abraded and deformed (e.g., Orbicule Koppie). The compositions 

and grain sizes of cores and the matrix are comparable in all localities. Both the matrix and the cores 

are medium- to coarse-grained and dominated by plagioclase (the matrix probably in slightly lesser 

proportions), microcline (in variable proportions, and seemingly absent in some cores), quartz, biotite, 

magnetite and orthopyroxene (in the case of Hoogkraal Lese, Henderson North and Henderson South). 

Contrary to the cores and matrix, shells are fine-grained and exhibit polygonal textures. In addition to 

this, the shells are dominated by biotite and orthopyroxene. 

Plagioclase in the Henderson North and Henderson South orbicules is more calcic than plagioclase in 

Hoogkraal Lease and Orbicule Koppie orbicules. Biotite in the Henderson North   and the Orbicule 

Koppie  orbicules is more magnesian than those at Henderson South  and Hoogkraal Lease  orbicules. 

Plagioclase in the Henderson North orbicules are characterized by elevated and radiogenic initial 

87Sr/86Sr ratios than the other orbicule localities. There is also a variation in 87Sr/86Sr ratios within the 

individual orbicular structures (cores, shells and matrices) in individual localities. The orbicules at 

Henderson South, Orbicule Koppie and the Jubilee Pit host a bornite-dominated sulphide assemblage 

where disseminated chalcopyrite and bornite grains are characterized by granular textures and 

chalcopyrite is replaced by magnetite and bornite. Bismuth, Ni and Se in these sulphides appear to 

partition into bornite while Ag, In, Cd, Sn, Mn, Ge and Co partition into chalcopyrite. 

Dianaôs Pool orbicular samples exhibit closely packed orbicules in a granitic matrix characterized by 

different types of orbicules containing coarse-grained felsic cores, fine-grained and alternating 

ferromagnesian and feldspathic shells, and a coarse-grained to pegmatitic matrix. The orbicules are 



generally spherical to ellipsoidal in shape, however, some appear to be abraded and deformed. The 

compositions and grain sizes of cores and the matrix are comparable. Both the matrix and the cores 

are medium- to coarse-grained and dominated by plagioclase (the matrix probably in slightly lesser 

proportions), microcline (in variable proportions, and seemingly absent in some cores), quartz, biotite 

and accessory hornblende and magnetite. Contrary to the cores and matrix, shells are fine-grained and 

exhibit polygonal textures. In addition to this, the shells are dominated by biotite and magnetite; 

however, they do not contain hornblende. Plagioclase in cores, shells and matrices shows an almost 

complete overlap of An contents. Biotite composition in the shells is significantly less magnesian than 

in core and matrix, whose compositions overlap. Initial 87Sr/86Sr ratios from plagioclase in shells are 

slightly more radiogenic than in the matrix and cores. 

Formation of both the Koperberg Suite and Dianaôs Pool orbicules has been attributed to metasomatic 

processes. However, modelling of the Koperberg Suite orbicules using the Magma Chamber Simulator 

and a variety of textural and geochemical constraints rules out a metasomatic origin.  The quartz +  

biotite-dominated diorite (Orbicule Koppie) and the pyroxene-diorites (Hoogkraal Lease, Henderson 

South, Henderson North), together with more felsic anorthosite and the more mafic pyroxenites, are 

all produced by progressive AFC + recharge processes, where the magma was most likely anatectic 

melts of the country rocks that were at granulite grade.  In both Dianaôs Pool and the Koperberg Suite, 

cores are autoliths, which are plagioclase-rich, cumulate, or rim fragments reworked by new magma 

inputs or injections. Heterogeneous nucleation leading to the formation of orbicular shells around the 

cores is attributed to adiabatic decompression of magma pulses ascending in dykes leading to 

superheating and resorption of early solids, and volatile exsolution, inducing undercooling, 

supersaturation, and shell crystallization. An alternative process that triggered superheating is magma 

mixing (e.g., Henderson South and Henderson North). The coarse-grained matrix crystallized later, 

after the orbicules formed, creating the groundmass, and locking the orbicules in place. The 

deformation of shells and cores (e.g., Orbicule Koppie and Dianaôs Pool) suggests that the orbicules 

continued to evolve in the presence of a melt (matrix material) until they were emplaced at their present 

setting. 

The in situ sulphide assemblages in the Koperberg Suite have been reassessed in view of recent 

research on sulphide behavior. The bornite-chalcopyrite assemblage is atypical of the intermediate 

solid solution (iss) assemblage (chalcopyrite and pyrrhotite) observed in most Cu-Ni magmatic 

sulphide deposits. The high concentrations of trace elements that are incompatible with monosulphide 

solid solution and the depletion of Ni and Co in the sulphides are consistent with the derivation of 

sulphides from a Cu-rich sulphide melt that separated from a Ni-rich sulphide melt prior to magma 

emplacement and orbicule formation. The oxidation and Cu-enrichment of a sulphide melt that formed 

the mineralization in the orbicules and Koperberg Suite more generally began prior to the emplacement 

of the silicate Koperberg Suite magmas that formed the orbicules, suggesting no link between orbicule 

genesis and sulphide metallogenesis.
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in shells and cores of different samples. The highest An contents are exhibited by plagioclase in 
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orbicule-hosting diorite. (e) Biotite- rich diorite (mica diorite) at the contact point between the 

Nababeep Gneisses and massive diorite. (d) A less biotite- rich rock away from the contact between 

diorite and gneiss grading to the orbicule host rock. (g) The Concordia Granite outcrop in contact 

with the Henderson South orbicular rocks comprising pegmatitic and mafic veins. (h) Quartz veins 

associated with a quartz diorite comprising copper staining (yellow arrow) in Henderson South.
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(b) Plagioclase in the Koperberg Suite orbicules plotted on the feldspar classification diagram. 
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cores, shells and matrices and the surrounding Namaqualand Metamorphic Complex (NMC) and 
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Figure 108: Representative U-Pb geochronology results of zircon (reported to 1ů): (a) Wetherill 

U-Pb concordia diagram for zircon from Orbicule Koppie matrix sample SD-10-6C. Rejected data 

are shown in white (outliers and >10% discordance). (b) Weighted mean diagram showing 

207Pb/206Pb age of zircon from sample SD-10-6C (<10% discordance). ................................... 146 

Figure 109: Photomicrographs of representative sulphide phases in the orbicules: (a, b) 

Photomicrographs in both transmitted and reflected light showing opaque phases occurring along 

or close to silicate grain boundaries. Smooth and rounded grain boundaries characterize oxides 

and feathered margins characterize the sulphides. (c) Independent and massive chalcopyrite grain 

in Orbicule Koppie matrix that is replaced by magnetite. (d)  Interstitial bornite and chalcopyrite 

overgrowths surrounding altered plagioclase that contain small poikilitic inclusions of 

chalcopyrite. (e) Inclusion of chalcopyrite grains along cleavage planes in biotite surrounded by 

grains of chalcopyrite and bornite overgrowths. (f) Jubilee Pit sample characterized by bornite and 

chalcopyrite overgrowths. The grains grow adjacent to magnetite and locally grow along the grain 

boundaries of magnetite. Some of the photomicrographs (d and e) show the laser spots used for 

trace element analysis of sulphides. ......................................................................................... 148 

Figure 110: Cu-Fe-S plots of weight percent composition of sulphides from Jubilee Pit, Henderson 

North, Henderson South and Orbicule Koppie orbicular matrices. ........................................... 149 

Figure 111: Trace element (ppm) variation diagrams of chalcopyrite (ccp) and bornite (bn) from 

the Koperberg Suite orbicules: (a) Bi vs Ag diagram showing bornite from different localities 

enriched in Bi relative to chalcopyrite. Chalcopyrite shows a large variation in Ag. (b) In vs Cd 

diagram showing that chalcopyrite in the Koperberg Suite is enriched in Cd and depleted in In 

relative to bornite. (c) Sn vs Se showing that the Koperberg Suite bornite is enriched in Se and 

depleted in Sn relative to chalcopyrite. (d) Mn vs Pb plot showing high concentrations of Pb and 

low concentrations of Mn (below detection limit) in the Koperberg Suite bornite. The highest Mn 

and lowest Pb concentrations are observed in chalcopyrite. (e) Ge vs Ga diagram showing the 

Koperberg Suite chalcopyrite enriched in Ge relative to bornite. Ga in bornite is below the 

detection limit (plotted at 0 ppm). (f) Ni in chalcopyrite is below detection limit (plotted at 0); 

however, the highest concentrations of Ni and lowest concentrations of Co (below the detection 

limit) are exhibited by the Jubilee Pit bornite. OK= Orbicule Koppie, HS=Henderson South, 

HN=Henderson North, HL=Hoogkraal Lease and Jp= Jubilee Pit. ........................................... 152 
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Figure 112: Graph showing a variation in the initial 87Sr/86Sr ratios in plagioclase plotted against 

Sr (ppm) from the Koperberg Suite orbicules and the whole-rock data from the surrounding 

Koperberg Suite massive rocks, taken from Van Zwieten et al. (1996). The in-situ data from this 

study is within range with the whole-rock data from Van Zwieten et al. (1996). ...................... 166 
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both the Nababeep Gneiss and the Concordia Granite, and Recharge-Assimilation-Fractional 

Crystallization (RAFC) using depleted mantle-derived MORB composition taken from Salters and 
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1. Introduction  

Orbicular rocks (Figure 1) have been recognized as rocks of geological curiosity since their earliest 

mention in 1802 (von Buch, 1802). To date, more than three hundred occurrences of orbicular rocks 

have been described with examples from every continent (Figure 2; Barbey, pers. comm., 2023) and 

hosted in rocks with variable compositions (Sederholm, 1928; Ray, 1952; Leveson, 1966; Palmer et 

al., 1967; Garvie, 1969;  Barrière et al., 1971; Garvie, 1971; Couturié, 1973; Enz et al., 1979; Vernon, 

1985; Symes et al., 1987; Ort et al., 1992; Monod et al., 1995; Smillie and Turnbull, 2013; McCarthy 

et al., 2016; McCarthy and Müntener, 2016; Barbey et al., 2021; Zhang and Lee, 2021). Orbicular 

rocks are rocks of typically magmatic, metamorphic and/or metasomatic origin characterized by shells 

of contrasting mineral abundances and textures about a central core (Leveson, 1966; Palmer et al., 

1967; Leveson, 1973; Monod et al., 1995; Zhang and Lee, 2021). 

 

Figure 1: Photographs showing different orbicular textures: (a) a heterogeneous orbicular sample 

from Finland (Lahti et al., 2005).(b) A sample showing orbicules characterized by multiple shells 

hosted in a granitic matrix taken from Orbicule Koppie, Koperberg Suite. (c) A sample showing 

combined radial and concentric orbicular textures (Lahti et al., 2005). In general, orbicules are 

spherical to ellipsoidal in shape; however, some orbicules are deformed, possibly resulting from 

indentation on interaction with other orbicules. In addition, the shapes observed in 2D with respect to 

the cores, are not erosional surfaces but they are observed on a variety of surfaces, suggesting that 

they are 3D as opposed to 2D. 

These rocks have a wide range of compositions and textures; however, they typical exhibit both 

chemical and mineralogical compositions of granites (Elliston, 1984). The diversity of geological 

settings (Figure 2) in which these rocks occur and the wide variety of mineralogical, textural, and 

chemical characteristics that they display compound their problematic petrogenesis (Leveson, 1966; 

Symes et al., 1987; Decitre et al., 2002; Smillie and Turnbull, 2013; Zhang and Lee, 2021).  
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Rocks showing typical characteristics and typical rhythmic banding features of the classical Finnish 

orbicular granites described by Sederholm (1928) outcrop at the Proterozoic Koperberg Suite 

(Northern Cape, South Africa) and the Archean Dianaôs Pool area (Matopo Hills, Zimbabwe).   

The Koperberg Suite contains orbicules at ~63 known occurrences that were described by Enzman 

(1953). In his study, Enzman (1953) used field observations and petrography to investigate and 

describe the genesis of these orbicular textures in the Koperberg Suite. However, there is little data 

presented to support his conclusions on the genesis of these rocks. 

    

Figure 2: World map showing some of the orbicule localities (black circles) and the studied Koperberg 

Site and Dianaôs Pool orbicules (red circles), after Leveson (1966). 

In addition, one unusual feature of some of the orbicule localities is that they contain sulphide 

mineralization (e.g., Orbicule Koppie and the Jubilee pit) and no link is made between the 

metallogenesis of the sulphides and the genesis of orbicular rocks.  

The Archean Dianaôs Pool orbicular rocks were described by Garvie (1969, 1971), although not in 

detail. Garvie (1969, 1971) described these rocks as outcropping in the Matobo Hills area, within the 

Matopos granite, south of Bulawayo in Zimbabwe. Similar to Enzman, Garvie (1969, 1971) described 

the Dianaôs Pool orbicules and only limited petrological and geochemical work has been published as 

far as can be ascertained.  

Previous work lacks detailed geochemical, mineral chemistry and isotope data to support their 

conclusions on the genesis of these rocks. Hence, the purpose of this study. This study documents a 

selection of orbicules from the Koperberg Suite and the Dianaôs Pool area, with the main aim of the 

contributing to the understanding of the genesis of the orbicules in both the Koperberg Suite and 

Dianaôs Pool area. This will enable the comparison of these rocks to assist in determining those 

processes which are similar and therefore fundamental to the genesis of orbicules and those that are 
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dissimilar and presumably subject to local geological controls. The project will also investigate the 

link between orbicule formation and sulphide mineralization in the Koperberg Suite orbicules.  

1.1. Petrology of Orbicular rocks 

Orbicular textures occur in ultramafic to silicic, and both undersaturated and oversaturated igneous 

and metamorphic rocks (Leveson, 1966). The compositions and mineralogy of the host rocks are 

typically different from the composition and mineralogy of the orbicules (Symes et al., 1987; Decitre 

et al., 2002; Zhang and Lee, 2021; Barbey et al., 2021). Orbicules vary in shape, size, and mineral 

assemblages and can be subdivided into core, mantle, shells and the host matrix, although not all of 

these features are always present (Figure 3; Leveson, 1966; Palmer et al., 1967; Barrière et al., 1971; 

Couturié, 1973; Leveson, 1973; Monod et al., 1995; McCarthy et al., 2016; McCarthy and Müntener, 

2016;  Zhang and Lee, 2021; Barbey et al., 2021). 

 

Figure 3: Images showing a classification of the internal structure of orbicules: (a) schematic diagram 

showing the core, mantle, shell and matrix classification (Enzman, 1953). (b) Field photograph of an 

orbicule showing the different parts of an orbicule taken from the Henderson North outcrop, 

Namaqualand. 

Cores are generally igneous rocks (granites, diorites, and gabbros; metamorphic rocks (amphibolites), 

or crystals (feldspars, Figure 3). The orbicular mantle lies between the shell/s and core (Decitre et al., 

2002). Common major minerals in the orbicular mantle include plagioclase, K-feldspar, quartz, 

amphiboles, pyroxenes, micas, olivine, sphene, epidote, sillimanite, cordierite, chromite, ilmenite, 

magnetite and tourmaline (Leveson, 1973; Ray, 1952). Orbicule cores and shells are characterized by 

radial, concentric and tangential textures.   

Shells generally comprise K-feldspar or plagioclase, which are radially oriented and also contain 

quartz and biotite (Decitre et al., 2002). These textures can be attributed to aligned minerals (feldspars, 

amphiboles, micas, pyroxenes) or an aggregate of oriented minerals (Leveson, 1966). Cores, shells, 

matrices, and host rocks differ in both the nature and quantities of minerals present (Sederholm, 1928; 

Ray, 1952; Palmer et al., 1967; Enz et al., 1979). There is no consensus or one single hypothesis 

explaining how these rocks form (Leveson, 1973; Symes et al., 1987; Decitre et al., 2002; McCarthy 

et al., 2016; McCarthy and Müntener, 2016;  Zhang and Lee, 2021; Barbey et al., 2021). Instead, 

different petrologists have put various models forward to explain their genesis and these include 

magmatic, metamorphic, metasomatic models, and/or combinations of these. 
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1.1.1. Magmatic models 

Throughout the late 1900s into the 21st century, the growing consensus has emphasized the magmatic 

origin of orbicular rocks (Sederholm, 1928; Palmer et al., 1967; Enz et al., 1979; Vernon, 1985; Symes 

et al., 1987; Ray, 1952; Ort, 1992; Monod et al., 1995; Smillie and Turnbull, 2013;  McCarthy et al., 

2016; McCarthy and Müntener, 2016;  Zhang and Lee, 2021; Barbey et al., 2021; Li et al., 2021). The 

magmatic models include assimilation or incorporation of new material in a magma, liquid 

immiscibility, superheating and subsequent undercooling, incomplete mixing and mingling between 

magmas of different compositions, oscillatory crystallization processes through rhythmic 

supersaturation of excessive crystallization of feldspar and mafic components, fluctuations of melt 

about a eutectic due to temperature and pressure variations, magma reactions with xenoliths, 

movements of the nucleus through parts of the magma with different compositions and emplacement 

in melt extraction zones associated with decompression of mafic melts in sub-volcanic conduits or 

sub-vertical dykes (Leveson, 1966; Leveson, 1973). In recent years and in addition to liquid 

immiscibility and devitrification models, two main magmatic models were proposed: (1) a model of 

outward crystallization from a core within dykes (McCarthy and Mutineer, 2016 and Barbey et al., 

2021), but following to some extent previous researchers such as Vernon (1985) among others; and 

(2) a model of magma interaction proposed by Zhang and Lee (2021), which considers slow quenching 

of hot dioritic blobs incorporated into a cooler granitic magma. 

Several occurrences of orbicules occur at pluton margins and this, together with alternating layers of 

contrasting mineralogy, and radiating textures or comb layering have been put forward as evidence 

that undercooling near pluton margins, followed by rise in temperatures from latent heat of 

crystallization causes orbicule formation (Leveson, 1973; Moore and Lockwood, 1973). Radial growth 

is also presented as evidence for a magmatic origin because it occurs mainly near contacts due to 

upward migration of aqueous fluids along magma and wall rock contacts (Moore and Lockwood, 

1973). Alternating compositional layers are also attributed to, and used as evidence for rhythmic 

supersaturation during crystallization of a magma saturated with more than one mineral (Symes et al., 

1987). Orbicules typically exhibit alternating shells and this alternation is attributed to syn-magmatic 

processes involving late aqueous fluids in which the periodicity of shell formation results from 

fluctuations in  ὖ   (Leveson, 1966). Some orbicular rocks exhibit shells that are characterized by 

sharp outer boundaries  and  these shells are indicative of changes in the physico-chemical environment 

in the magma (Symes et al., 1987).  

There may be a connection between spheroidal inclusions and orbicules in mineral assemblages, 

textures and alteration (Nockolds, 1931). Spheroids result from crystallization of a magma around a 

nucleus that is not necessarily a rock fragment or an alteration product. If remnants of spheroidal 

inclusions are contained in orbicules, then the orbicules may have been derived from the material 

similar to that of spheroidal inclusions. If the inclusions and the orbicules exhibit similar feature (shape 

and size), then it seems reasonable that the spheroidal inclusions may have been transformed into 

orbicules (Nockolds, 1931). This is only possible if there is a reaction between xenoliths and the 

magma; hence, it is presented as evidence for this mechanism of orbicular formation. However, this 

model is not adequate as a general explanation but is valid in some instances (Leveson, 1966).  
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Leveson (1966) claimed that orbicules are not restricted to limited or particular magma-rock 

compositions, suggesting that liquid immiscibility is unlikely to be significant in their formation. 

However, Lapin and Vartiainen (1983) attribute differences in matrix and core composition together 

with orbicular and non-orbicular rocks having the same compositions to segregation of the initial melt 

and that the differences in viscosity of the melts and limited solubility promotes fractionation. They 

present this as evidence in support of liquid immiscibility being the mechanism behind the formation 

of orbicules in orbicular and spherulitic carbonatites from Solki and Vuorijarvi. 

Morse (1980), Grove et al. (1992), McCarthy and Müntener (2016) and Barbey et al. (2021) stated that 

variations in pressure during decompression of magma pulses in dykes play a significant role on the 

stability of minerals. This would account for the change in the nature of ferromagnesian phases from 

the cores to the shells observed in orbicules worldwide. In addition to this, some crystals in the 

ferromagnesian shells are fine, branched, and comb-layered (radiating-textures), indicating 

disequilibrium conditions during orbicule crystallisation and rapid growth in a fluid-rich environment 

(e.g., Lofgren and Donaldson, 1975). Smillie and Turnbull (2013), Barbey et al. (2021), Li et al. (2021) 

and Zhang and Lee (2021) claimed that this indicates a fast and unimpeded crystal growth in a highly 

undercooled magma under non-equilibrium conditions. A sudden and important temperature variation 

is not conceivable in a plutonic environment; hence, the most likely process for rapid supersaturation 

is volatile exsolution on decompression, displacing liquidus temperature (McCarthy and Müntener, 

2016; Barbey et al., (2021), which is consistent with a magmatic origin. 

1.1.2. Metamorphic and metasomatic models 

Metamorphic and metasomatic origins of orbicular rocks have also been emphasized (Eskola, 1938; 

Leveson, 1966; Leveson, 1973; Moore and Lockwood, 1973; Thompson and Giles, 1974). Two 

metamorphic models have been put forward to explain orbicular formation and these include: (a) origin 

by active diffusion and granitisation and, (b) the influx of Na1+ ions and outward diffusion of Ca2+, 

Mg2+, and Fe2+ ions during sodium metasomatism of mafic rocks, which creates conditions under 

which orbicules may form. Evidence put forward for these models includes (Leveson, 1996; Decitre 

et al., 2002): 

1.1.2.1. Origin by active diffusion and granitization 

Evidence of granitization includes: orbicules hosted in granitic rocks, orbicules showing progressive 

growth of feldspars and deformation of orbicules. Petrologists in support of the active diffusion model 

present the recrystallization and alteration of the primary mineral assemblages as evidence and 

attribute this to fluctuations in ὖ . Leveson (1973) considered it equally valid to use radial growth 

or comb layering (Moore and Lockwood, 1973) as evidence for orbicules forming by active diffusion. 

This is because radial growth develops through metamorphic recrystallization/replacement and that it 

also results sequential to magmatic activity (due to a static metasomatic process). The static 

metasomatic processes are common under conditions of active diffusion in water-rich and high 

temperature metamorphic environments. Changes like a decrease in An content of plagioclase from 

the core outwards and an increase in Na2O in feldspathic parts of the orbicule from the core outwards 
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is used as evidence of albitization and active diffusion. However, granitization is now an outdated and 

largely discounted process (McBirney, 1963). 

1.1.2.2. Influx of Na+1 ions and outward diffusion of Ca2+, Mg2+, and Fe2+  

This model proposes that the feldspathic parts of orbicules are consistent with diffusion fronts resulting 

from Ca2+ ions migrating from orbicule centers. This occurs simultaneously with Na and Si4+ ions 

migrating to the center, and this implies active feldspar growth. The feldsphathic nature of the cores is 

evidence that Mg2+, and Fe2+ are diffusing out from the orbicules. However, these two metamorphic 

models are only valid in certain cases but lack or do not provide a general explanation of orbicular 

formation (Leveson, 1966). 

 

Late magmatic aqueous fluids (metamorphic and metasomatic processes; e.g., Eskola, 1938; Leveson, 

1966; Leveson, 1973; Moore and Lockwood, 1973; Thompson and Giles, 1974)  certainly have an 

important effect on the final orbicular rock. Even Garvie (1969, 1971) and Enzman (1953), who studied 

the Dianaôs Pool and the Koperberg Suite rocks, respectively, attribute orbicular formation to 

metasomatic and metamorphic processes. However, recent work (e.g., McCarthy et al., 2016; 

McCarthy and Müntener, 2016;  Zhang and Lee, 2021; Barbey et al., 2021; Li et al., 2021)  have shown 

that magmatic processes are essential for the production of characteristics observed in orbicules. The 

data presented in this work will also show that metamorphic processes play little to no role in the 

formation of orbicular rocks and magmatic processes are behind orbicular rock formation. 

 

1.2. Aims (s) 

To constrain the genesis of orbicular granitoids and to demonstrate whether there is a genetic link 

between orbicular formation and ore genesis, This study focuses on two localities in southern Africa 

where orbicules are found in rocks of different ages and tectonomagmatic associations with the main 

aim of contributing to the understanding of the genesis of the rocks and  investigate if there is any 

possible link with the metallogenesis of the mineralization, in the case of the Koperberg Suite.  

1.3. Key research questions 

In order to indicate lines of thoughts which the author imagines to be the most significant to 

understanding the mode of occurrence, genesis, destruction of orbicular textured rocks in Dianaôs Pool 

and the Koperberg Suite and the metallogenesis of the sulphide mineralization in the Koperberg Suite, 

the reader is introduced to the subject by the following research questions. If these questions can be 

answered, parameters will have been fixed, which will establish all the broader geological principles 

relating to orbicules in the Koperberg Suite and the Dianaôs Pool area. The objective of this thesis will 

be to answer the following six key research questions, and to elaborate them with some further detail. 

(1) Are Dianaôs Pool and Koperberg Suite orbicules different from other global orbicular 

occurrences? 

Do Dianaôs Pool and Koperberg Suite orbicules differ from other global occurrences? Are the two 

localities also distinct from each other? The author proposes that these orbicules are similar to other 

global occurrences. 
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(2) Are Dianaôs Pool and Koperberg Suite orbicules similar or different? What are the implications? 

Comparing these localities will enable the comparison of these rocks to assist in determining those 

processes which are similar and therefore fundamental to the genesis of orbicules and those that are 

dissimilar and presumably subject to local geological controls. The author proposes that these rocks 

formed by similar processes. 

(3) Are the orbicules in both localities of magmatic or metamorphic/metamorphic origin? 

Although Garvie (1969) and Enzman (1953) proposed a metasomatic origin, the magmatic origin is 

seldom question recently and this work will provide lines of evidence, which either will agree with or 

disproved the work of these authors. The author here proposes a magmatic origin of the Dianaôs Pool 

and the Koperberg Suite orbicules. 

(4) How do orbicules commence to form and how are they destroyed? Physical orbicular forming 

processes 

How may the shape of orbicular bodies be explained? Is there any reason for variation in types and 

sizes within one body? Is there any variation in mineral chemistry and isotopic data? The author 

proposes that the formation of orbicular bodies is not dependent on the magma composition, is 

dependent of physical processes. 

(5) What is the origin of the sulphide mineralization? Is the bornite-chalcopyrite-magnetite 

assemblage primary or secondary? 

The bornite problem? Why is the sulphides assemblage (bornite +chalcopyrite + magnetite) 

controversial? Why is the mineralization only prevalent in the mafic bodies and only in the matrices? 

The author proposes that the sulphides are not primary but secondary mineralization. 

 

(6) Is there any link between orbicular rock genesis and sulphides metallogenesis in the Koperberg 

Suite? 

Are the physical processes that formed the orbicules in the Koperberg Suite behind the metallogenesis 

of the sulphides? The author proposes that there is no link between sulphides metallogenesis and 

orbicular genesis. 

 

1.4. Objectives  

The objectives of the project are: 

¶ Documenting and understanding the occurrences and variability of orbicules and sulphide 

mineralization.to understand the spatial relationship between orbicular rocks, sulphide 

mineralization, structures and the surrounding rocks in both the Koperberg Suite. A 

detailed field mapping and sample collections of orbicules from the Koperberg Suite will 

achieve this. Please note detailed field mapping was achieved only for Koperberg Suite 

orbicular bodies, not for Dianaôs Pool because of restrictions in accessing Zimbabwe and 

cost reasons. 

¶ Using petrographic techniques to classify compare different orbicule types and sulphide 

occurrences/ assemblages. This will be done by using a full section microscope in the 
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Wits Petrology Lab to scan the thin sections at high-resolution, ahead of detailed textural 

analysis using a Tescan Integrated Mineral Analyzer (TIMA) to analyze the mineral 

assemblages and textures in the cores, matrices, shells, and mantle of the orbicules from 

both the Koperberg Suite and Dianaôs Pool area. In-situ major element analyses by 

Electron Probe Microanalysis (EPMA) at Wits University will reveal the identity of 

mineral phases within the orbicules and may help in the understanding of the magma 

processes operating during orbicule formation. The in-situ mineral data from the cores, 

shells and the matrices will help reveal how the major elements vary from the cores to the 

matrices, especially for elements like Ca, Mg and Fe. In this way, different hypotheses 

will be tested.  

¶  Analysis of in-situ Sr isotopes using MC-ICP-MS at the University of Johannesburg, to 

be used as a geochemical tracer to test and trace the processes that occurred to form these 

rocks e.g., assimilation and magma mixing. 

¶ Analysis of in-situ trace element compositions of various textural divisions of the orbicule 

structures (e.g. cores, shells, and the matrices) using a LA-ICP-MS at Stellenbosch 

University, to characterize the trace element constituents of the sulphides. Trace element 

analyses will be useful to trace the source of sulphides by tracking processes such as liquid 

immiscibility to see if they are behind the formation of sulphides. They will also be useful 

in testing fluid alteration or fluid mobility and in addition mixing, assimilation, liquid 

immiscibility and metamorphism. Trace elements to test for fluid alteration or fluid 

mobility. 

¶ Investigating the age relationship between orbicular rocks and the surrounding host rocks 

in both Dianaôs Pool area and the Koperberg Suite using the LA-ICP-MS U-Pb zircon, 

methods at the University of Johannesburg.  
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2.  Geological Setting(s) 

2.1. Regional Namaqualand Metamorphic Complex 

The 1100 to 1000 Ma Namaqua Metamorphic Complex (NMC; Figure 4) forms the western part of 

the Namaqua-Natal orogenic belt, which is exposed in South Africaôs Northern Cape and KwaZulu-

Natal provinces, forming a continuous arcuate orogenic belt that extends beneath the Karoo 

Supergroup (Geringer, 1988; Cornell et al., 2006; Sithole, 2018). It comprises metamorphic and 

igneous rocks that are believed to have formed and been metamorphosed at approximately 1300-1000 

Ma during the Namaqua Orogeny (Geringer et al., 1986; Geringer, 1988; Macey et al., 2018).  

The rocks of Namaqualand formed during the amalgamation of Rodinia, which was assembled at 1200 

to 1000 Ma (Sithole, 2018; Cornell et al., 2006). It extends from an area north-west of Vanrhynsdorp 

to the Orange River and eastwards to Prieska and Upington (McCarthy, 1976) and contains a well-

exposed zone of low-pressure granulite-facies rocks that are a product of the Namaqua tectonothermal 

event (Cornell et al., 2006; Thomas et al., 1996). 

The NMC contains SW-directed stacks of thin, laterally extensive, thrust-bounded sheets, which form 

tectonostratigraphic domains that are distinguished based on their lithostratigraphy, tectonic and 

metamorphic history (Macey et al., 2018). These domains are (Figure 4a; Macey et al., 2018): 

¶ The low- to medium-grade Ritchersveld Subprovince (Paleoproterozoic), which contains the 

oldest crustal material (1900 Ma) in the Namaqua sector. 

¶ The Bushmanland Subprovince (BSP), which forms the southernmost domain of the Namaqua 

sector. It is composed of ~1850 Ma gneisses and migmatites in the northwestern part while 

pre- and post-tectonic Mesoproterozoic granites dominate the rest. Mafic rocks are minor 

components of the intrusions in the western BSP, represented by pre-tectonic amphibolites, 

granulites and noritic bodies of the post-tectonic Koperberg Suite. 

¶ The Areachap Domain, which comprises 1300-1220 Ma arc-generated amphibolite facies 

grade supracrustal rock intruded by granitoids (1220-1100 Ma). 

The Kakamas Domain that tectonically overlies the Ritchersveld Subprovince. It comprises 

rafts of granulite facies meta-sedimentary rocks (~ 1220-1200 Ma) that are intruded by igneous 

rocks (1210-1080 Ma). 

¶ The granulite Aus Domain located NW of the Kakamas Domain. It contains granitoid gneisses 

and granites (1120-1085 Ma) and subordinate migmatitic supracrustal gneisses. 
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Figure 4: Simplified geological map showing the regional tectonic setting of the Namaqua-Natal Province: (a) A map of Namaqualand showing different domains, sub provinces 

and the study area (red rectangle) modified after Cornell et al. (2006). (b) Geological map of the Oôokiep Copper District modified after Lombaard et al. (1986). 
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¶ The Kaaien Domain, which forms a tectonic transition zone between the Kaapvaal Craton and 

Kheis Province and the Namaqua sector. It comprises ~ 870 Ma metaquartzites, ~ 1370 and 

870 Ma bimodal volcano-sedimentary rocks and 1100 Ma granitic Intrusions. 

¶ The Kheis Province, which forms the eastern most tectonic domain of the Namaqua sector. It 

represents a Mesoproterozoic thin-skinned fold and thrust belt deformed during the early stage 

of the Namaquan orogeny. 

2.1.1. Structure  

A sequence of deformation events has been established in the NMC (Table 1): D1 (Pre-Kibaran), D2 

and D3 (Syn-Kibaran) and D4 (Late Kibaran).  

Table 1: Relation between intrusive, metamorphic and deformational events in the Oôokiep Copper 

District after Raith and Harley (1998). Ages are given according to: 1 Clifford  et al. (1995),2Reid et 

al. (1991),3 Nicolaysen and Burger  (1965), 4Reid (1979),5  Robb et al. 1997. 

Age Deformation Metamorphism Intrusions / Mineralization 

c. 500-550 1  
M4 

High-grade 

Low-T alteration 

Remobilization of Cu-deposits 

78 ± 7 2 

950-1000 3 
  

Mafic dykes 

Pegmatites, syenite dykes 

1029 ±  10 1 (U-Pb 

Zircon) 

1022 ±  42 (Sm-

Nd) 

 

D3 

Steep 

Structures 

(Syn-Kibaran) 

M3 

High-grade 

cooling 

Koperberg Suite  

    -Cu deposits 

Spektakel Suite 

    -Kweekfontein Granite 

    -Rietberg Granite 

    -Concordia Granite 

1064 ± 31 5 (U-Pb 

Zircon) 

 

D2b 

(Syn-Kibaran) 
M2b W-Mo Deposits 

1223 ± 48 (Rb-Sr) 1 

1997 ± 15 (U-Pb 

zircon) 

D2a 

(Syb-Kibaran) 
M2a 

Little Namaqualand 

    -Modderfontein Granite Gneiss 

    -Nababeep Granite Gneiss 

c. 800-2000 4 

1822 ± 365 5 

(U-Pb Zircon) 

D1  

(Pre-Kibaran) 
M1 

Gladkop Suite 

    -Noeomaasberg Granite Gneiss 

    -Brandewysbang Granite Gneiss 

 

 

Joubert (1986) stated that in the Bushmanland Subprovince, D1 is described as the earliest deformation 

event and is recorded as tight intrafolial folds (F1) in older gneissic units. The second deformation 

phase (D2)  of Clifford et al. (2004) and D1 of  Cornell et al. (2006) is described as the main and major 

deformation event in the Namaqua sector (Kisters et al., 1996; Raith and Harley, 1998) and normally 

occurs as a penetrative sub-horizontal foliation of metamorphic layering combined with the formation 

of isoclinal to recumbent F2 folds. Kisters et al. (1996) suggested that this was due to large-scale 

southwards thrusting. The D2 event in Bushmanland Subprovince has been subdivided by Macey et al. 

(2018) into three stages. These include the ~1200 Ma D2a event characterized by syn-deformation 

magmatism and metamorphism in all the Namaqua sector domains, the D2b event characterized by 

sediment deposition and extension prevalent in most parts of the Namaqua sector; and the D2c event 

characterized by reshuffling and thrusting of the crust, producing the E-W striking S2 (subhorizontal 

gneissosity) at ~1110 Ma. The D2 event produced the pervasive subhorizontal gneissosity (well 
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observed in the Nababeep and Modderfontein Granite Gneisses and the Concordia Granite). D3 is the 

third deformation phase and it refolded D2 structures. This resulted in the formation of open upright 

F3 folds and sub-vertical, E-W trending steep structures that are major control of the Cu-mineralization 

in the Koperberg Suite (Kisters et al., 1996). The emplacement of the Koperberg Suite occurred during 

this localized ductile deformation event that formed the steep structures in the host granite-gneisses 

(Benedict et al.1964). Many of the Koperberg Suite intrusions were emplaced along the flanks of the 

steep structures (Benedict et al., 1964; Lombaard et al., 1986).  Kisters et al. (1994; 1996) stated that 

the D3 event also resulted in the reactivation of the Skelmfontein thrust and this even resulted in 

regional open folds (Springbok Dome  and Springbok synform). Minor N to NW orientated sub-

vertical shear zones (Kisters et al., 1996; Kisters et al., 2003) represent the D4 structures. The granite-

gneiss terrane in the Oôokiep Copper District is characterized by a granulite facies metamorphism 

(Kisters et al., 1996).  

2.1.2. Metamorphism 

The Bushmanland Domain has undergone at least two major cycles of metamorphism (M2 and M3) 

after the M1 event related to the D1 event (Cornel et al., 2006). Raith and Harley (1998) and Clifford 

and Barton (2012) have interpreted the metamorphic events in two ways. This is because the 

Bushmanland domain is characterized by asymmetric metamorphic zonation (upper granulite facies 

zone in the central parts of the domain and amphibolite zone in the northern and southern parts of the 

domain; Waters, 1986) leading to the proposition of anticlockwise and clockwise pressure- 

temperature paths. Raith and Harley (1998) described the clockwise path as a syn-D2 granulite facies 

metamorphism (750-870o C, 5-6 kbar) related to magmatism (~1200 Ma), followed by subsequent 

upper amphibolite facies metamorphism (580-660 oC, 5.8 kbar). The Koperberg Suite was then 

emplaced during this event (~1030 Ma) into hot mid-crustal rocks at upper amphibolite or granulite 

facies temperatures (Clifford et al., 2004; Clifford and Barton, 2012). 

2.2. Koperberg Suite 

The lithostratigraphy of the 3000 km2 Oôokiep Copper District (Figure 4b) within the NMC 

(Bushmanland Subprovince) has been divided into two broad subdivisions (Van Zwieten et al., 1996). 

These are meta-volcano-sedimentary sequences known as Khurisberg Subgroup and Lammershoek 

Subgroup, and several phases of intrusive granites; Gladkop, Little Namaqualand, Spektakel Suites 

and the Koperberg Suite (Figure 4b) that intrude the NMC granites and gneisses. Located in the 

Oôokiep Copper District (Bushmanland Subprovince, NMC) are numerous, predominantly E-W 

trending and < 1 km in strike length dyke-, diapir- and sill-like bodies of the Koperberg Suite. These 

dykes, diapirs and sills intruded the Namaqua-aged granitic gneisses and granites under amphibolite 

or granulite facies conditions (Figure 4b; Cawthorn and Meyer, 1993; Mclver et al., 1983; Gadd-

Claxton, 1981; Kisters et al., 1996; Raith and Harley, 1998; Mouri et al., 2003). The Koperberg Suite 

also cut other country rock units including the Rietberg Granite (External examiner 1, pers. comm., 

2023). The Koperberg Suite has been dated at 1040 to 1020 Ma by Duschene et al.  (2007)  and at 

1100 Ma from the U-Pb zircon geochronology (Stumpfl et al., 1976).  Zircon U-Pb geochronology by 

(Clifford et al., 1995, 2004; Bailie et al., 2019) indicates that the Koperberg Suite was emplaced 
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between 1057 Ñ 8 to 1029 Ñ 10 Ma. These rocks are collectively referred to as óbasicô bodies  

(Lombaard and Schreuder, 1978) or noritoids (Benedict et al., 1964).  

2.2.1. Petrography and mineral compositions  

The Koperberg Suite dykes, diapirs and sills are dominantly anorthosite and diorite, but also include 

syenite, quartz anorthosite, quartz diorite, biotite diorite, hypersthene diorite,  and glimmerite (Gadd-

Claxton, 1981; Conradie and Schoch, 1988). The early intrusions are felsic anorthosites through mica-

diorite, with pyroxene leucodiorite and pyroxene diorite characterizing the last magmatic pulses 

(Cawthorn and Meyer, 1993). The main silicate phases include orthopyroxene (En58-68), plagioclase, 

and biotite, with accessory chalcopyrite, bornite, apatite, and subordinate iron-titanium oxides 

(Clifford et al., 1981; Schoch and Conradie, 1990). Plagioclase is predominantly andesitic in 

composition (An31-39) ranging up to labradorite (An52) (Clifford and Barton, 2012). Apatite is abundant 

and occurs as rounded and tabular grains in the mafic rocks (Conradie and Schoch, 1988). 

Clinopyroxene, zircon and hornblende are rare and monazite occurs as a common accessory phase 

(Stumpfl et al., 1976). 

2.2.2. Sulphide mineralization  

The Koperberg Suite contains copper mineralization that has been exploited since before the Dutch 

colonists arrived in Southern Africa in 1652 (Marais et al., 2001). The sulphide mineralization is more 

common in ultramafic to mafic rocks of the Koperberg Suite, forming Ni-Cu ± PGE deposits (Clifford 

and Barton, 2012).  In addition, rare orbicular-bearing intrusions of the Koperberg Suite (e.g., Orbicule 

Koppie and the Jubilee pit) contain sulphide mineralization, which is unusual since the more mafic 

members of the Koperberg Suite (pyroxenite and leucodiorite) are commonly the host rocks to 

economic Cu mineralization. Studies noted that the mineralization style ranges from fine 

disseminations, vein-like aggregates and massive concentrations (Gibson et al., 1996).  

Sulphides occur as interstitial phases around silicates, in association with oxide phases, along planes 

of biotite cleavage or replacing oxides (Cawthorn and Meyer, 1993). The principal sulphide ore 

parageneses include bornite and chalcopyrite, together with chalcocite as an alteration product of 

bornite (Stumpfl et al., 1976; Clifford and Barton, 2012). Magnetite is pervasive and in some places 

contains exsolution lamellae of ilmenite (Conradie and Schoch, 1988). Hematite, rutile and ilmenite 

form as alteration products of magnetite (Stumpfl et al., 1976). Pyrrhotite and pentlandite are less 

common assemblages and they are restricted to Narrap, Wheal Heath and the East Oôokiep mines. 

Pyrite is a minor phase and galena and sphalerite have been documented in the suite, with no economic 

significance (Stumplf et al., 1976). Valleriite, native copper, sylvanite, niccolite and molybdenite are 

other common phases in the suite (Lombaard et al., 1986).  Cawthorn and Meyer (1993), based on the 

main sulphide assemblages at specific mines and localities in the Oôokiep Copper District, subdivided 

the Koperberg Suite ore into the following three groups: 

(1)  The Narrap-type (chalcopyrite + pyrrhotite ± pentlandite) ore exhibiting low Cu/S (036-0.97), 

low S/Se ratios (13899-21000) and high ŭ34S values compared to the Carolusberg type. 

(2) The Carolusberg-type ore  (bornite-magnetite  ±  chalcopyrite) characterized by low S/Se ratios, 

high Cu/S (1.68-3.93) and low ŭ34S values (-1.5 to 4.1ă; Cawthorn and Meyer, 1993; Boer et 
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al., 1994). The Carolusberg-type ore exhibit values of Cu/S and S/Se ratios and ŭ34S values 

atypical of mantle-derived rocks. Hence the ore is interpreted to be a product of oxidation and 

sulphur devolitization of the primary Narrap-type ore during granulite facies metamorphism 

(Cawthorn and Meyer, 1993). 

(3)  Intermediate Hoist-type ore characterized by a bornite + chalcopyrite assemblage (Clifford et 

al., 1975).  

Granular textures between sulphides and pyroxenes with polyhedral angles between them have been 

observed in the Koperberg Suite (Cawthorn and Meyer, 1993). This has been described as 

uncharacteristic of sulphides formed from the segregation of an immiscible sulphide liquid (Cawthorn 

and Meyer, 1993). Hence, different mechanisms for the genesis of the Koperberg Suite magmas and 

the metallogenesis of the related sulphide mechanism have been put forward. According to the primary 

magmatic model, sulphides in the Koperberg Suite crystallized from a sulphide melt that segregated 

from a basaltic magma upon intrusion and emplacement along the steep structures (Mclver et al., 1983; 

Boer et al., 1994; Van Zwieten et al., 1996). Upon intrusion, the sulphide melt was subjected to 

contamination by a granitic partial melt derived from the country rocks (Van Zwieten et al., 1996). 

The metal content would have been derived from the mafic magma and the different Koperberg Suite 

lithologies would have  resulted from gravitational segregation of the mafic phases and various degrees 

of contamination (Maier, 2000). However, it is impossible to crystallize bornite from the model 

sulphide magma by a primary magmatic process (Maier and Barnes, 1999). Bornite formation would 

only be possibly if the parental silicate melt was unusually enriched in Cu (~ 400 ppm) and in this case 

the segregating melt would have a higher Cu content (~40 wt.%), potentially forming primary bornite. 

However, such high contents of Cu has never been reported from basaltic magmas (Maier and Barnes, 

1999). In addition, this model fails to explain the unusual bornite + magnetite assemblage (e.g., 

Cawthorn and Meyer, 1993; Maier and Barnes, 1999; Maier, 2000; Maier et al., 2012) and the textures 

between the silicates and the sulphides (Cawthorn and Meyer, 1993). In addition, the Cu/Ni ratios in 

sulphides that crystallized in a basaltic magma are ~3 with few magmatic deposits having higher ratios 

(>3, e.g., Norwegian stormyrplutten ores with Cu/Ni = 8; Maier and Barnes, 1999). The Cu/Ni ratios 

in the Koperberg orbicules are relatively high and are not regarded as primary magmatic (Maier and 

Barnes, 1999). 

A hydrothermal model has also been put forward to explain the unusual assemblage in the Koperberg 

Suite rocks. According to Maier et al. (2012), an in-situ hydrothermal or metamorphic remobilization 

could well explain the high Cu/Ni ratios in the sulphides, since the primary magmatic model cannot, 

and can well explain the high modal abundances of mica and saussurisation of plagioclase observed in 

the Koperberg Suite rocks. Cu is relatively mobile in hydrothermal fluids and because bornite requires 

higher Cu/Fe ratios, it is usually found in hydrothermal deposits (e.g., porphyry copper deposits; Maier 

and Barnes, 1999). Sulphide mineralization in the Koperberg Suite is exclusively hosted in the more 

mafic rocks (orthopyroxenites and norites) within a high temperature granulite facies environment 

(Waters, 1986; Waters, 1989; Clifford et al., 1995). This may be because percolating fluids precipitated 

copper on pre-existing magmatic sulphides hosted in the mineralized rocks due to localized processes 

and changes in the intensive parameters (e.g., Maier and Barnes, 1999). However, the Koperberg Suite 

country rocks are generally anhydrous (Maier and Barnes, 1999), suggesting a primary magmatic 
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feature for the hydration of the Cu-bearing rocks rather than hydrothermal alteration. Maier et al. 

(2012) stated that this model is considered unlikely, and it is discredited as a possible mechanism in 

the formation of sulphides in the Koperberg Suite. 

Crustal assimilation of a Cu-rich contaminant at depth has also been proposed as a possible mechanism 

to explain the metallogenesis of the sulphides in Koperberg Suite. In general, most authors discredit 

the in-situ hydrothermal introduction of metals as the Cu-mineralization in the Koperberg Suite is only 

hosted in mafic rocks (Maier, 2000). Instead, according to Maier (2000), as a result of partial 

assimilation of deep-seated Cu-bearing country rocks (e.g., porphyry copper deposits in the nearby 

Eburnian-aged basement rocks north of the Oôokiep Copper District, Minnitt, 1986) the ascending 

Koperberg Suite magma may have become enriched in Cu. The radiogenic 87Sr/86Sr isotope signatures 

that are exhibited by the Koperberg Suite rocks are consistent with significant crustal contamination 

(Van Zwieten et al., 1996). However, this model cannot be directly constrained (Maier et al., 2012).  

Maier (2000) proposed that the Carolusberg orthopyroxenite containing bornite, chalcopyrite and 

magnetite in the Koperberg Suite is a restite of a lower-crustal protolith intruded as pyroxenitic crystal 

slurry, enriched in Cu-sulphides and magnetite. Read (1951), Mclver et al. (1983), and Clifford et al. 

(1975) have previously considered a residual origin for the Koperberg Suite pyroxenites. They propose 

a model whereby the Koperberg Suite underwent anatexis post-emplacement into the present setting. 

However, these authors did not attempt to explain the refractory behavior of the granitic-gneisses 

during the melting event (Maier, 2000). The restitic model for the Koperberg Suite is consistent with 

the high-grade metamorphic setting of the Oôokiep ores, including the desulphidization model. 

Petrographic descriptions of the Koperberg Suite include references to the abundance of apatite, where 

it is occasionally described as a major-rock forming mineral (Mclver, 1983). The resistic model 

provides a solution to the problem of crystallizing a pyroxenite from a highly differentiated magma 

with apatite and zircon on the liquidus (Maier, 2000; Maier et al., 2012).  Apatite refractivity depends 

on the silica activity and the water content of the magma (Harrison and Watson, 1984; Maier, 2000). 

Crustal anatexis of a gabbroic to dioritic protolith typically produces dry melts and those melts 

generally do not dissolve much P2O5, Zr or Fe3+ (Maier, 2000). During segregation, these residual 

phases, upon ascent and intrusion, may yield atypical ultramafic assemblages (orthopyroxene, 

magnetite and apatite) observed in the Oôokiep District (Maier, 2000). A resistic origin of the 

pyroxenites of the Koperberg Suite would address many of the observed compositional features of the 

ores (bornite, magnetite and chalcopyrite assemblage) and their high-grade metamorphic setting 

(Maier et al., 2000).  However, this model would demand ascent and emplacement of a pyroxene 

crystal mush enriched in apatite, magnetite and Cu-sulphides - whether this is geologically realistic is 

questionable and remains to be modelled quantitatively (Maier, 2000).  

An Iron-Oxide-Copper-Gold (IOCG) model is another possibility that has been proposed to explain 

the sulphide assemblages in the  Koperberg Suite (e.g., Maier et al., 2012). Andreoli et al. (2006) and  

Maier et al. (2012) stated that in a global extent, the Oôokiep, Phalaborwa and the Curaçá Valley Cu 

deposits may be rare  magmatic end-members of the IOCG class of deposits. This array of unusual and 

distinctive deposits suggest that the SCLM (Sub-Continental Lithospheric Mantle) under southern 

Africa was anomalously fertile and raises the possibility of magmatic IOCG deposits in the terranes of 
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Africa (Maier et al., 2012). Maier et al. (2012) observed that the Oôokiep deposits exhibit high Au/PGE 

ratios, similar to those of the subcontinental lithospheric mantle (SCLM). Similar to the Caraiba and 

Phalaborwa deposits, Oôokiep rocks exhibit high REE, U and Th contents leading to the proposed 

melting of a fertile metasomatised mantle and production of alkaline and volatile-rich melts for these 

deposits. Although they are not hydrothermal, these deposits exhibit characteristics of IOCG deposits. 

These characteristics include the occurrence of Cu and/or Au as major economic minerals, along with 

enrichment in LREE, Th, U, P, and abundance of Fe-Ti oxides. Therefore, the Oôokiep deposits have 

been proposed to be magmatic end-members of IOCG deposits.  

In the context of the IOCG model, the magmas in the Koperberg Suite would have been triggered by 

crustal extension (e.g., in response to orogenic collapse caused by extreme radiogenic heating at mid-

to lower crustal depth; Mouri et al., 2003). This resulted in the SCLM producing magmas enriched in 

volatiles, CO2, Cu, LILE, HFS and MgO (Maier et al., 2012) typical of the Koperberg Suite magma. 

Due to high volatile content, the magmas would ascend rapidly into the crust and sulphur would have 

been stable as a sulphate in the oxygenated magma (Mungall et al., 2006), preventing early sulphide 

saturation and allowing Cu to be concentrated in the magma until the advanced stages of differentiation 

(Campbell et al., 1998). An addition of external S as a contaminant would then trigger sulphide 

saturation and the magmas would ascend rapidly into the crust through trans-lithospheric structures, 

delaying sulphide saturation until the advanced stages of differentiation, causing advanced enrichment 

in copper (Maier et al., 2012).  

The Koperberg Suite occurs in a high grade metamorphic terrane (Clifford et al., 1975; Thomas et al.,, 

1994) similar to other Cu-rich deposits hosted by orthopyroxenites, norites and diorites like Serrote de 

Laje Complex in Brazil and the Angmagssalike area in east Greenland (Maier and Barnes, 1999). The 

occurrence of these rocks in metamorphic terranes suggest a metamorphic control on the origin of 

these ores (e.g., Cawthorn and Meyer, 1993; Maier and Barnes, 1999; Maier, 2000; Maier et al., 2012). 

Hence, the metamorphic model has been proposed to explain the unusual Koperberg Suite ores. 

Cawthorn and Meyer (1993) invoked a metamorphic oxidation and desulphidization model to explain 

the unusual bornite dominated ores of the Koperberg Suite. They proposed a metamorphic oxidation 

and desulphidization of a primary magmatic ore (pyrrhotite, chalcopyrite and pentlandite) to an 

assemblage consisting of chalcopyrite, bornite and pure magnetite (Equation 1; Cawthorn and Meyer, 

1993, Maier and Barnes, 1996). 

Equation 1: 5CuFeS2 (chalcopyrite) + 5FeS (pyrrhotite) + 6H2O +8O2 = CuFeS4 (bornite) + 3 

Fe3O4 (magnetite) +6 H2S + 5SO2 

Maier and Barnes (1999) explained this unusual assemblage by the relationship of phases in the Cu-

Fe-S system. Cu-poor mss is the first phase to crystallize in a Cu-Fe-S melt and as a result, the 

fractionating melt will be enriched in Cu, however, the Cu enrichment will end with the iss appearance 

on the liquidus (Cu content ~30 wt. %; Maier and Barnes, 1999). This also supported by Ballhaus et 

al. (2001), who states that a S-rich sulphide melt will crystallize in the iss stability field, producing 

chalcopyrite and pyrrhotite. However, if such a sulphide melt is oxidized, oxidation will result in a S- 

poor melt with metal/S >1, resulting in fractionation past the iss stability field (owing to liquidus and 

solidus temperatures).  
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Ballhaus et al. (2001) stated that the oxidation of a sulphide melt would result in an increase in both 

Cu and Ni contents of the melt and subsequent crystallization of bornite-digenite-iss assemblage or a 

bornite-digenite assemblage with no iss. Cawthorn and Meyer (1993) and Boer et al. (1994) proposed 

that the dehydration of country rocks during prograde metamorphism would have provided the 

chemically bound oxygen for the oxidation of the primary ores and the relatively high S/Se and the 

abundance of magnetite in Koperberg Suite sulphides substantiate this. Magnetite constitutes 

approximately 50 % of the opaque phases; however, typical Cu-Ni sulphide deposits contain 2 and 

15% oxides (Maier and Barnes, 1999). In addition, the annealed polygonal textures of magnetite and 

the sulphide observed petrographically in the Koperberg Suite rocks suggest that oxidation occurred 

during high-temperature metamorphism (Cawthorn and Meyer, 1993). One of the main arguments put 

forward by Cawthorn and Meyer (1993) in support of the metamorphic oxidation and desulphidization 

model was the relatively high S/Se ratios of the ores and S/Se ratios are generally utilized to evaluate 

S-loss of magmatic sulphides (Maier, 2000).  

Howard III (1977) stated that Se is a chalcophile element and is relatively immobile during low- 

temperature alteration and insoluble in oxidizing high-T fluids. Hence, S/Se ratios of sulphide ores 

would increase in the event of metamorphic S-loss (Peck and Keays, 1990). The high modal 

abundances of magnetite in the orbicules also preclude the magmatic origin. Magnetite may have 

formed by oxidation of pyrrhotite (Cawthorn and Meyer, 1993). Cawthorn and Meyer (1993) also 

noted a variation in Cu/S ratios in different samples and suggested that the variation is not magmatic, 

but it is attributed to oxidation, where S and not Se is lost during the process. They interpreted the 

sulphides with the highest Cu/S ratios as the most oxidized and those having the lowest Cu/S ratios as 

less oxidized. They attribute this overall trend through the entire source to variable volatilization of S. 

The origin and the timing of the fluid that oxidized the Koperberg Suite ores is difficult to constrain 

(Cawthorn and Meyer, 1993). However, based on the textures of bornite, magnetite and pyroxene 

(textures suggest that they equilibrated under high-grade metamorphism) it mostly likely originated at 

greater depths during this event and were highly oxidizing. Cawthorn and Meyer (1993) attribute 

variations in the degree of oxidation of the different ore bodies to metamorphic fluids focused in steep 

structures. However, Maier and Barnes (1996), Maier and Barnes (1999), Maier (2000) and Maier et 

al. (2012) stated that the model of desulphidization provides no explanation for low Ni concentrations 

and the high Cu/Ni ratios (up to 80) in the Koperberg Suite sulphides. 

2.2.3. Isotope studies 

Limited work has been done on both radiogenic and stable isotopes in the Koperberg Suite silicates 

and sulphides. The most recent work was by Boer et al. (1994) and Brandriss and Cawthorn (1996).  

Silicate phases are enriched in 18O (ŭ 18Oplagioclae. = 6.2-9.6 ă, ŭ 18Oorhopyroxene = 6.2-7.4 ă and ŭ 18Orock= 

5.9 - 8.3 ă) relative to the mantle-derived basic rocks (ŭ 18O values of 5.7  ±  0.3 ă; Boer et al., 1994). 

This enrichment is because Koperberg Suite magmas from the mantle were subjected to contamination 

by the granite-gneiss country rocks (ŭ 18O values of 7.8-8.7 ă) and low temperature alteration of 

sulphides (Boer et al., 1994). Sulphur isotope studies have also been carried out on diorite- and norite-

hosted sulphides, providing ranges of ŭ 34Schalcopyrite 1.5 to 3.8 ă, and ŭ 
34Sbornite  1.9 to 4 ă. The bulk 

ore samples are characterized by a systematic decrease in ŭ34S values with increasing Cu/S ratios (Boer 
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et al., 1994). These ratios are light relative to mantle values and the co-genetic mineral pairs show a 

lack of temperature concordancy. Boer et al. (1994) described this as being diagnostic of an oxidation 

process and degassing of SO2-rich vapor phase because of granulite facies metamorphism that was 

followed by an alteration event. Fractional crystallization processes and assimilation modified the 

original magma that formed the Koperberg Suite and later modification occurred at the level of 

emplacement through differentiation and metamorphism (Boer et al., 1994). Cawthorn and Meyer 

(1993) described high initial 87Sr/86Sr ratios in the basic bodies and a decrease in the initial Sr ratio 

with an increase in En content in pyroxene and An content in plagioclase from the oldest to the 

youngest intrusions. Hence, these intrusions have been described as separate intrusive pulses and 

cannot be from the differentiation of one single pulse (Cawthorn and Meyer, 1993). The origin of the 

enriched O-isotope values, high levels of incompatible trace elements and high initial 87Sr/86Sr ratio is 

attributed to crustal contamination. 

2.2.4. The genesis of the Koperberg Suite 

 Different petrologists have described the Koperberg Suite as unique because of the following: 

(1) Sulphide-silicate textures are atypical of magmatic deposits (i.e., granular textures; Gibson et 

al., 1996). 

(2) The An and En compositions of  coexisting plagioclase and orthopyroxene are different from 

other magmatic deposits (Van Zwieten et al., 1996). 

(3)  Unusual occurrences of Cu mineralization in the felsic anorthosite bearing complexes 

(Conradie and Schoch, 1988). 

(4) High U, Th, K, P and REE concentrations atypical of mafic rocks (Andreoli et al., 2006). 

(5) Atypical sulphide assemblage (chalcopyrite and bornite; Cawthorn and Meyer, 1993).  

(6) Atypical geochemical characteristics of sulphides (high Cu/Ni ratios, high Fe2O3 and TiO2 

ratios and low S/Se ratios; Cawthorn and Meyer, 1993)  

The above-mentioned are some of the inconsistencies that have sparked debates and contrasting views 

on the Koperberg Suite petrogenesis (source of magmas) and the related sulphide mineralization. 

Hence, different models have been put forward: 

2.2.4.1. Field relationships and emplacement models 

Based on distribution and field relationships, the early intrusions in the Koperberg Suite are felsic 

anorthosites through mica-diorite, with pyroxene leucodiorite and pyroxene diorite as the last phase 

(Conradie and Schoch, 1988; Cawthorn and Meyer, 1993; Van Zwieten et al., 1996). Sharp contacts 

with no discernible chilled margins, consistent with intrusion at granulite facies metamorphic 

conditions are generally observed in the Koperberg Suite (Lombaard and Schreuder, 1978). -Pre-

existing anisotropies in the granite-gneiss country rocks (e.g., stratigraphic contacts and S2 and S3 

gneissosity) and cusp-like folds were the major controls during the emplacement of the Koperberg 

Suite magmas (Kisters et al., 1994; 1996). Each of the geometries (sill, dyke- and diapir- like) are 

related to emplacement at specific stratigraphic levels in the country rocks (Kisters et al., 1994). The 

sill-like bodies were the first to be emplaced earlier in the deformation history. This is based on the 

development of sills mainly along stratigraphic contacts and along subhorizontal gneissosity in the 
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gneisses (Kisters et al., 1994). The mafic dykes exploited the subvertical S3 foliation, which crosscuts  

the stratigraphic contacts (Kisters et al., 1994). Felsic phases (e.g., anorthosites) occur as diapir-like 

bodies that have been emplaced at higher stratigraphic levels indicating higher viscosity relative to 

country rocks (Kisters et al., 1994). 

2.2.4.2. Petrogenic models of the Koperberg Suite 

Different petrologists have put forward various contrasting views on the Koperberg Suiteôs genesis. 

The petrogenic models that have been put forward include differentiation (e.g., Latsky, 1942; Boer et 

al., 1994; Lombaard et al., 1986), crustal melting (Clifford et al., 1981), an Iron Oxide Copper Gold 

occurrence (IOCG, e.g., Maier et al., 2012), and contamination (e.g., Schoch and Conradie, 1990; Boer 

et al., 1994; Brandriss and Cawthorn, 1996; Geringer, 1988) models. 

¶ Differentiation models 

Differentiation is one of the earliest proposed models of the Koperberg Suite by Lombaard et al. 

(1986). The Koperberg Suite bodies lack post-intrusive differentiation. In addition, the felsic members 

were emplaced first and were later followed by the more mafic phases, and this is indicative of 

extensive differentiation in a deep-seated magma chamber prior to emplacement (Latsky, 1942; 

Lombaard et al., 1986). 

 The intrusive nature of the noritoids was recognized by Van Zyl (1967), who attributed the formation 

of the Koperberg Suite to magmatic differentiation in a deep-seated magma chamber, where the 

magma emplacement took places in successive pulses of different compositions. Hence, the Koperberg 

Suite has been described as being emplaced by tapping off the top of a differentiated magma reservoir 

and sequential emplacement of progressively more basic fractions. The contamination model is also 

one of the differentiation models that were proposed to explain the Koperberg Suite. 

ü Contamination model 

The contamination model proposes the crustal contamination of basaltic mantle-derived magmas in 

the mid- to lower crust at upper amphibolite to granulite facies conditions (e.g., Schoch and Conradie, 

1990; Boer et al., 1994; Brandriss and Cawthorn, 1996; Geringer, 1988). They propose the following 

as evidence for contamination: 

(1) The discordance of orthopyroxene (En60) and plagioclase (An40) which are normally more 

similar in mafic intrusions. This is interpreted as a result of assimilation of granitic contaminant 

(possibly the Nababeep Granite Gneiss), which lowered the Ca/Na ratios, which then lowered 

the An content of plagioclase, while En values in orthopyroxene remained unaffected (Van 

Zwieten et al., 1996). 

(2) Presence of granite-gneiss country rock xenoliths in the Koperberg Suite (Lombaard and 

Schreuder, 1978). 

(3) The presence of abundant orthopyroxene, which is common in anorthosite complexes produced 

from the mantle below thickened crust that has been subjected to contamination (Cawthorn and 

Meyer, 1993). 

(4) Enriched ŭ18O (5.9-9.6ă)  ratios relative to mantle derived ratios (5.3-6.0ă; Boer et al., 1994). 
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(5) High initial 87Sr/86Sr ratios in the basic bodies and a decrease in initial Sr ratio with an increase 

in En content in pyroxene and An content in plagioclase from the oldest (felsic) to the youngest 

(mafic) intrusions (Cawthorn and Meyer, 1993).  Brandriss and Cawthorn (1996) proposed that 

this implies hybridization of two genetically distinct components, a radiogenic (initial 87Sr/86Sr 

ratios of 0.722-0.727) and LILE-rich felsic component from granitic crust and a less radiogenic 

(initial 87Sr/86Sr ratios less or equal to 0.710) and dioritic mafic component derived from the 

mantle. 

(6) The sulphide minerals are characterized by low ŭ34S (1.5 to 4.1ă) relative to mantle-derived 

rocks (~0ă). Boer et al. (1994) attributed this to crustal assimilation, sulphur devolitization 

and an increase in oxygen. 

 

¶ Crustal melting 

This model proposes a gabbronoritic lower crustal mafic granulite as the source of the Koperberg Suite 

magmas (Duchesne et al., 2007). Radiogenic isotope work on country rocks and the Koperberg Suite 

has been done previously and yielded ắNd  values of -7 for the Concordia Granite, high initial strontium 

ratios (0.7061) and ɛ ratios of 910.1, with low ắNd values (-9) for the Koperberg Suite at 1030 Ma. 

Hence, the presence of an ancient lower crustal source at 1030 Ma in the lithosphere of the 

Bushmanland Domain has been proposed (Clifford et al., 1995; Clifford et al., 2004).  

Conradie and Schoch (1986, 1988) and Schoch and Conradie (1990) emphasized the similarities 

between the Koperberg Suite noritoids and massif-type anorthosite complexes and suggest that the 

Koperberg Suite represents the deeper levels of such anorthosite complexes. This was supported by 

experimental work done by Duchesne et al. (2007) on jotunites of the Koperberg Suite. The experiment 

showed that parental melts of jotunites are produced by melting of plagioclase + two pyroxene rocks 

at granulite conditions. Hence, Duchesne et al. (2007) proposed that the jotunites of the Koperberg 

Suite are likely to be parental magmas to anorthosites; hence, the suite is classified as a massif-type 

anorthosite complex. 

Based on the negative ắNd (-5 to -11), the variation in Rb/Sr ratios and the 87Sr/86Sr ratios at 1030 Ma 

observed in the Koperberg Suite, Duchesne et al. (2007) proposed the following sequence of events 

leading to the formation of the Koperberg Suite: 

(1) Magma extraction from the mantle (~1900 Ma) followed by the formation of LRRE-enriched 

oceanic crust. 

(2) Hydrothermal alteration of the oceanic crust, yielding variations in Rb/Sr, followed by 

formation of Trans-Atlantic-Geotraverse (TAG) hydrothermal mound-type massive Cu-Fe 

sulphide deposits. 

(3) Subduction and incorporation of the oceanic crust into the lower crust, and granulite facies 

metamorphism yielding mafic granulite. 

(4) Melting in a post-collisional setting (during the Oôokiepian episode) causing the emplacement 

of voluminous granitic material. 
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(5) Melting of the lower crustal mafic granulite triggering the emplacement of the Koperberg Suite, 

accompanied by remobilization of Cu-Fe sulphide mineralization forming the Koperberg 

deposits. 

¶ Iron Oxide Copper-Gold (IOCG) deposit model 

The IOCG model was proposed by Maier et al. (2012) based on his study on the copper-rich Oôokiep 

deposits (e.g., Eezelsfontein and Hondekloof). Maier et al. (2012) stated that the Oôokiep Cu deposits 

share certain similarities with the Brazilian Caraiba copper deposits. These include high Cu/Ni and 

Se/S ratios, dominantly magnetite and bornite in the main ore assemblages and high apatite and 

phlogophite contents. The Oôokiep, the Caraiba and the Phalaborwa Cu deposits may be unusual 

magmatic end-members of IOCG deposits.  

Maier et al. (2012)  states that the Oôokiep deposits exhibit high Au/PGE ratios, similar to those of the 

subcontinental lithospheric mantle (SCLM). Similar to Caraiba and Phalaborwa deposits, Oôokiep 

rocks also exhibit high REE, U and Th contents and because of this, Maier et al. (2012) proposed 

melting of a fertile metasomatised mantle to have led to the production of alkaline and volatile-rich 

source melts for these deposits. Although they are not hydrothermal, these deposits exhibit 

characteristics of IOCG deposits. 

These characteristics include the occurrence of Cu and /or Au as major economic minerals, enrichment 

in LREE. Th, U, P, and an abundance of Fe-Ti oxides. From this, the Oôokiep deposits have been 

proposed to be magmatic end-members of IOCG deposits. 

In support of the IOCG model, Maier et al. (2012) proposed the following: 

(1) Crustal extension in response to orogenic collapse because of extreme radiogenic 

heating of mid- to lower crustal depth. 

(2)  Subsequent small-degree partial melting of the SCLM producing magmas enriched in 

volatiles, CO2, LILE, HFS, Au, Cu, P, Low PGE contents, and other compatible 

elements. 

(3) Rapid magma ascent to crust because of high volatile content. In the oxygenated 

magma, S (sulphate) was stable, preventing early saturation of sulphide and allowing 

concentration of Cu and Au in the magma with advanced stages of differentiation. 

(4)  Addition of external S and contamination triggered sulphide saturation resulting in low 

ắNd and ŭ
34S values. 

(5) Continental magma ascent resulted in extensive sulphide fractionation in dynamic 

magma conduits (favored by oxidation). 

(6) Deposition of relatively Ni-rich ores (e.g., Hondekloof) and progressively more Cu-rich 

ores with decreasing emplacement depth. 

(7)  The relatively high Au/PGE ratios of the ores mirror those of the SCLM 

2.2.5.  Orbicular Rocks in the Koperberg Suite 

Enzman (1953) carried out a study on understanding the genesis of orbicular textures in the Koperberg 

Suite. He described about 63 orbicular bodies in the Koperberg Suite and seven of them in detail. He 
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observed that orbicular bodies in the Koperberg Suite are all emplaced in steep-structures (Figure 5), 

described as discordant anticlines. 

 

Figure 5: An example of a steep structure from the Klondike east area showing a Koperberg Suite 

dyke (red dotted line) intruded in the central part of the steep structure (black dotted line) from Marima 

(2021). 

Initial fieldwork was able to locate some of the orbicule localities described by Enzman and some that 

Enzman did not describe in detail (Figure 6). He concluded that the orbicule textures in the Koperberg 

Suite resulted from structural control of migrating (metasomatic) ions and ionic complexes fluxed in 

an aqueous medium. He also concluded that the orbicules commence forming in a mafic nucleus. 

Enzman described the shape of the orbicular bodies as rhombic or "modified rhombic" and attribute 

the shape as a direct result of their formation on the flanks or above discordant anticlines.  

      

                         

Figure 6: A Google Earth image showing the location of some of the orbicular localities mapped by 

Enzman (1953).      
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2.3.  Matopos granite and the Dianaôs Pool area 

The Dianaôs Pool orbicular granite (Figure 7) described by Garvie (1969, 1971) occur within the 

Matobo Hills World Heritage site in Zimbabwe. The Matobo Hills area lies at ~ 30 km south of 

Bulawayo and covers an area of about 3100 km2, of which 424 km2 is a national park (Garson, 1995). 

The geology at the Matopos area is mainly the Matopos granite batholith, which is composed of the 

Matopos granite. The Matopos granite batholith represents part of the ~2600 Ma Chilimanzi Granite 

Suite (Smith and Fripp, 1973; Broderick and Hubbard, 2016).The batholith is bound by the Bulawayo 

Greenstone Belt (in the north), the Gwanda and Antelope Belts (in the south) and the Filabusi Belt (in 

the east) (Smith and Fripp, 1973). Broderick and Hubbard (2016) stated that the Chilimanzi Granite 

Suite intrudes into the older Archean granite greenstone terrane making up the Zimbabwean Craton. 

The Matopos granite batholith (2.65 Ga) is an irregular oval body (100 km east-west dimension and 

30 km north-south dimension), and very little work has been done on its geology. The first scientific 

work done was by Mennell (1902) who described the Matopos batholith as a microcline-biotite granite 

and he remarked upon its gneissic margin near Bulawayo and attributed the foliation to movement 

before consolidation. Mennell (1904) later described the batholith in detail and  referred to it as 

featuring the incorporation of basic material from the schists and mentions that hornblende is the 

dominant mafic mineral (Smith and Fripp, 1973). Amm (1940), who mapped the Bulawayo 

Greenstone Belt, briefly described the Matopos granite batholith and described it as intrusive to the 

basement schists and into the older gneissic granite. Macgregor (1951) described the Matopos granite 

batholith as being intrusive into the older gneisses in his synthesis of published information on 

Rhodesian granites. According to Macgregor (1951), the Matopos granite batholith ñseems to be a 

reconstruction of older rocks with some addition of potash and other constituentsò. 

2.3.1.  Petrography and mineral compositions of the Matopos granite Porphyry  

The Matopos granite  is typically grey-pink and contains megacrysts of microcline and oligoclase 

in a fine to medium-grained groundmass of biotite, feldspars and quartz with accessory epidote, 

apatite, magnetite and zircon (Garson, 1995). The Matopos granite batholith is massive, and its 

porphyritic character is evident in thin section (Smith and Fripp, 1973). It is granitic in 

composition, with K2O/Na2O values of 1.0-1.5 with an average of 1.43 calculated from known 

localities within the batholith (Garson, 1995). Using Harpum's (1963) classification of granites 

based on alkali ratios, a study by Smith and Fripp (1973), shows that it is highly heterogeneous. 

Based on Harpumôs classification, the composition falls within the adamellite range. However, all 

the chemical analyses available to date now shows a wide compositional variation of the Matopos 

granite porphyry (Smith and Fripp, 1973). The samples range from true granites to tonalities to 

granodiorites, and this suggests that the Matopos granite batholith cannot be regarded as 

homogeneous. 

An interesting variation within the Matopos granite is orbicule development outcropping at Dianaôs 

Pool area (Figure 7b) in the western Matopos National Park (Garvie, 1967; Garson, 1995; Smith and 

Fripp, 1973). Smith and Fripp (1973) and Smith (1986) described the nature of contact between the 

Matopos granite and the Bulawayo greenstone belt.
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Figure 7: Geological map of Zimbabwe and Dianaôs Pool area: (a) Geological map of Zimbabwe modified after Broderick and Hubbard (2016) and the red square shows where 

Dianaôs Pool is located.  (b) Simplified geological sketch map of the orbicular granite outcropping 400 m downstream of Dianaôs Pool modified after Garson (1995). The Matopos 

granite porphyry to the north, east and south and a 13 m wide NW trending dolerite dyke to the west surround the orbicular granite.
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The interaction of the granite and the greenstone belt produced a contact facies zone of rocks (Figure 

7b), which are regarded as older gneisses (Smith and Fripp, 1973). Associated with these contact 

facies, are orbicular granites (Figure 7b) known from two orbicular localities: one near Dianaôs Pool 

(8 km from the greenstone contact) and the other 5 km SSE of the Mpopoma dam (25 km from the 

greenstone contact; Smith and Fripp, 1973). Dianaôs Pool orbicules outcrop at the Dianaôs Pool area, 

which is about 58 km SE of Bulawayo in Zimbabwe (Garvie, 1969). The orbicular outcrop is located 

approximately 366 m downstream from Dianaôs Pool waterfall (Garvie, 1969). The orbicules occur 

within the Matopos Porphyritic Granite (Garvie, 1969). Limited work has been done on these orbicules 

and only basic petrological and geochemical work has been published as far as can be ascertained. 

Garvie (1969, 1971) has done most of the basic work on them and he describes the Dianaôs Pool 

outcrop as being small (~ 46 m long and ~ 30 m wide) and characterized by more orbicules (60-70 %) 

to the rock volume or matrix. He describes the outcrop as characterized by orbicules that differ in size, 

ranging from 5-20 cm. He describes the orbicules as not having a preferred shape and ranging from 

spherical to ellipsoidal in shape. The orbicules are closely packed and surrounded by a matrix that is 

granitic in composition and exhibiting a pegmatitic character locally (Garvie, 1969).  

 

Felsic cores comprising hornblende and biotite forming radial textures characterize these orbicules 

(Garvie, 1969). The cores are dominated by subhedral andesine (70 %) and anhedral microcline (10 

%). Garvie describes a late-stage crystallization of strained quartz as being present between feldspars. 

Magnetite and biotite occur as large irregular masses that are concentrated in the cores and they 

decrease in grain-size outwards (towards the rims) and forming radial textures towards the shellôs outer 

layers (Garson, 1995). Shells consisting of mafic and felsic layers of plagioclase, magnetite, 

microcline, quartz, and accessory chlorite characterize these orbicules (Garvie, 1969). Plagioclase 

shows minor compositional changes throughout the layers of various shells (Garvie, 1969; Garson, 

1995). The matrix is described as typically granitic in composition and comprising fine to medium-

grained Matopos granite with slightly more abundant biotite than the typical Matopos granite (Garvie, 

1969; Garvie, 1971; Garson, 1995). Garvie (1969) carried out chemical analysis on some parts (cores, 

shells, and matrices) of the orbicular granites. Garvieôs analyses show that the whole rock has a 

tonalitic composition, and the matrix has a composition of an alkali-feldspar granite. He considered 

that Dianaôs Pool orbicules originated by granitisation of mafic inclusions. This involved passive 

rearrangement of ferromagnesian minerals in the diffusion front by Si, Ca, and Na ions towards the 

centre of orbicules to produce felsic cores and outwards migration of Mg and Fe ions to form the mafic 

shells (Garvie, 1969, 1971). Dianaôs Pools orbicule samples (samples number: BM14780a, b, c) were 

collected by an unknown person in the last century and were deposited at the School of Geoscienceôs 

Bleloch Museum, at the University of the Witwatersrand. As the locality is within the Matopos Hills 

World Heritage Site (Broderick & Hubbard, 2016) samples used in this study are from the historical 

collections housed in the Bleloch Museum collection of the School of Geosciences at the University 

of the Witwatersrand.
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3.  Methodology 

3.1.1. Sample collection and preparation 

Detailed field mapping in the Koperberg Suite was undertaken for a period of two weeks in March 

2019. Several samples were collected from the Concordia, Oôokiep and Nababeep towns and they were 

brought to Wits for detailed analyses. Prof. Paul Nex provided samples from the Dianaôs Pool area, 

since no fieldwork was carried out in this area. The samples were then prepared for petrographic and 

chemical analyses. 

3.1.2. Micro - XRF  

 

3.1.3.  Petrographic analyses 

Samples were cut into polished thin sections for petrographic analyses. The thin sections were first 

examined using optical microscopy at the School of Geosciences (University of the Witwatersrand). 

Both transmitted and reflected light were used to identify and describe silicate, carbonate, sulphate, 

oxide, and sulphide minerals present in the samples. Petrography was undertaken to classify, compare 

different orbicule types and sulphide occurrences/ assemblages. The thin sections were then scanned 

at high resolution using a full thin section microscope ahead of detailed textural analysis using the 

Two hand samples from the Dianaôs Pool area and one hand sample from each of the Koperberg Suite 

orbicule localities were taken to MinTek in Johannesburg, South Africa for Micro-XRF analyses to 

produce element maps. This was done to investigate the elemental distribution in the samples and 

allow for the identification of specific phases and areas of interest by providing complimentary 

information at a larger scale of observation and the following parameters were used (Table 2). 

 

Table 2: Table of parameters used for Micro- XRF analyses. 

Sample Name 

Mapping   Parameters BM14780B 

 

BM14780A 

 

SD-22-11 

 

SD-55-24 

 

SD-40-19 

 

SD-10-6 

Width  170 mm  79 mm  171 186 mm  150 mm  14 mm  

Height 106 mm 64 mm  125 mm  82 mm  55 mm  110 mm  

Pixel Size  100 µm  100 µm  100 µm  100 µm  100 µm  100 µm  

Total number of pixel 1809226  505600  2137500  1525200 825000  1540000  

Acquisition parameters              

Pixel time  10 ms/pixel  10 ms/pixel  10 ms/pixel  

10 

ms/pixel  

10 

ms/pixel  

10 

ms/pixel  

Tube parameter              

High voltage  50 kV 50 kV 50 kV 50 kV 50 kV 50 kV 

Anode current 599 µA 599 µA 599 µA 599 µA 599 µA 599 µA 

Filter Empty Empty Empty Empty Empty Empty 

Optic  Lens Lens Lens Lens Lens Lens 

Spot Size 20 µm 20 µm 20 µm 20 µm 20 µm 20 µm 

Chamber at Air 2 mbar Air 2 mbar Air 2 mbar Air 2 mbar Air 2 mbar 

Air 2 

mbar 

       

Anode current Rh Rh Rh Rh Rh Rh 
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TIMA. The high-resolution images were then used for point counting to obtain modal abundances for 

each rock type, and the point counting was done using tracing paper. A grid was constructed on a 

tracing paper with points that were 1 cm apart. The modal percentage was then obtained by dividing 

the total number of minerals observed by the sum of the points on the tracing paper. After petrography 

was completed, the thin sections were then carbon coated at the Wits TIMA lab for detailed textural 

analyses. 

3.1.4. Tescan Integrated Mineral Analyzer (TIMA ) Analyses 

Twenty representative orbicular thin section from the five-orbicular localities were analyzed for 

detailed textural analyses using the TIMA. Phase and element maps of minerals were semi-quantified 

by energy-dispersive X-ray spectroscopy (EDS) using the VEGA3 SEM instrument and VEGA3 X64 

TESCAN TIMA 1.7.0 software. The beam conditions during quantitative analyses on the VEGA3 X64 

TESCAN SEM were 25 kV accelerating voltage, 43 µA emission current, with a working distance of 

21.33 mm, a specimen beam current of 17.68 nA and a spot size of 590.00 nm with an absorption 

current of <1pA. The scanning mode was set at resolution mode, the heating at 47%, the filament live 

time was at 431 hours and the gun pressure was at 1.6x10-3 Pa while the column pressure was at 5.5 

x10-3 Pa. The system is also designed to perform high-resolution mapping (liberation and modal 

analysis), concurrently with imaging with a resolution of up to 2 µm per pixel with a working distance 

of 15 mm. Modal abundances were obtained and were later compared to the modal abundances that 

were obtained manually. Preparations for Zr geochronology were also done using the TIMA and BSE 

and CL images.  

3.1.5. Electron Probe Micro Analyses (EPMA) 

EPMA analysis was conducted using a CAMECA SX-5 FE electron probe equipped with five WDS 

spectrometers at the University of the Witwatersrand. The chemical compositions of plagioclase and 

biotite were determined. The analytical conditions for both analyses were relatively similar with an 

accelerating potential of 15 keV and a beam current of 20 nA. These analytical measurements were 

accompanied by standards for each analysis type, which produced accepted values. Recorded counting 

times were 10 seconds on peak and 5 seconds on the background. The data was collected using 

CAMECA software and an automated XPHI matrix algorithm was used for matrix effect correction.  

3.1.6. Sr isotope Analyses 

In-situ 87Sr/86Sr isotope analyses were conducted using a laser ablation system connected to a Nu 

Plasma II multicollector (MC)-ICP-MS system at the University of Johannesburg, South Africa. 

87Sr/86Sr isotopes in plagioclase were measured on representative thin sections using a spot ablation 

method and a spot size of 100 ɛm for 60 seconds. Laser energy was set at 6 mJ with a frequency of 10 

Hz and an attenuator value of 50 %, resulting in an on-sample fluence of approximately 3.5 J cm2. 

Detector set-up was as follow: H5 = 88Sr (+ 176Yb2+); H3 = 87Sr + 87Rb (+ 174Yb2+); H1 = 86Sr (+ 

172Yb2+); L1 = 85Rb (+ 170Er2+ + 170Yb2+); L3 = 84Sr + 84Kr (+ 168Er2+ + 168Yb2+) and IC1 = 82Kr (+ 

164Er2+). The background was subtracted from the ablation signal. Krypton was monitored on mass 83, 

but no corrections were necessary for its interference on the masses of interest other than the initial 

background subtraction. The Nu Plasma NICE data processing program was used to do background 
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subtraction and all other computations. This tool also estimates 1 SE for reported values, taking into 

account the individual points and the integration period. The approved 86Sr/88Sr ratio of 01194 was 

used in the calculations for the Sr mass bias adjustment. The 87Rb contribution was calculated from 

the 85Rb signal using the standard 87Rb/85Rb ratio of 0.3858.The secondary standard used to evaluate 

accuracy was an in-house plagioclase glass standard; reference glass BHVO2G (Elburg et al., 2005) 

and a calcite reference material WC-1 (206Pb/238U age: 254.64 ± 6.4 Ma; Roberts et al., 2017; Rasbury 

et al., 2021). The Sr mass bias correction factor was adjusted through analysis of the BHVO2G 

reference glass to effectively correct for Rb mass bias to obtain the accepted 87Sr/86Sr value of 0.70347. 

3.1.7. Geochronology 

Micro-XRF element maps were first utilized to target areas with high zirconium concentrations in hand 

samples prior to cutting thin sections. Sixteen representative orbicule samples from the five-orbicule 

localities were analyzed for detailed textural analyses using the Wits TIMA. The TIMA was then used 

to look for zircons, which were imaged using cathodoluminescence (CL) and back scattered electrons 

(BSE) to characterize the internal features of zircons such as growth zones and inclusions and to 

provide a base map for recording laser spot locations. The U-Pb analyses were conducted using a Nu 

Plasma II Multi Collector-Inductively Coupled Plasma-Mass Spectrometry (MC-ICP-MS) at the 

University of Johannesburg employing an Australian Scientific Instruments (ASI) Resolution 193 nm 

ArF excimer system. The U-Th-Pb data were acquired by single spot analysis (30 mm), using a laser 

repetition rate of 2 Hz and a fluence of 1.2 Jcm-2.  

Total signal acquisition time was 40 seconds, comprising 15 seconds of pre- and post-ablation (gas 

blank) and 30 seconds of ablation measurements. The following gas flows were applied: coolant (13.0 

L/min), auxiliary (0.80 L/min), Nebulizer (0.9 L/min) and He (0.31 L/min). Zircon standard CDQGNG 

(206Pb/238U age: 1842.0±3.1 Ma ; Black et al., 2003) was used to evaluate accuracy, and OGC1 

(207Pb/206Pb age: 3465.4 ± 0.6 Ma ; Stern et al., 2009), 91500 (207Pb/206Pb age: 1065.4 ± 0.3 Ma; 

Wiedenbeck et al., 1995), GJ1 (ca. 609 Ma; Jackson et al., 2004) and A382 (207Pb/206Pb age: 1882.4 ± 

3 Ma ; Huhma, 2012) zircon primary standards were used to correct for instrumental mass bias and 

elemental fractionation. Data from the primary calibration standards were obtained at the beginning 

and end of a sequence, and approximately ten analyses of unknowns were followed by analyses of the 

secondary standards for quality control purposes. The following masses were measured (six samples 

per peak): 204(Pb + Hg), 206Pb, 207Pb, 208Pb, 232Th and 238U and the NuAge2 program (Andersen et al., 

2009; Andersen et al., 2018) was used to calculate corrected ratios and ages. 

3.1.8. Trace Element analyses in sulphides 

The selected orbicule localities are felsic in composition; hence, there is a low concentration of 

sulphides in them. Because of this, thin sections from the more mafic Jubilee pit orbicules, which are 

579 m southwest of Henderson North and 5.5 km east of Orbicule Koppie (Figure 6), were collected 

from Miss B.A Jogee (pers.comm., unpublished Honors project) and analyzed to understand the 

sulphide metallogeneses in the Koperberg Suite orbicules. Prior to trace element analysis, nine 

representative thin sections (2 thin sections from the mafic Jubilee pit orbicules and 7 thin sections 

from the felsic orbicules) were first examined by optical microscopy. The thin sections were analyzed 
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in reflected light and were used to identify the sulphide minerals present in the samples. EPMA 

analysis was then conducted on bornite and chalcopyrite using the CAMECA SX-100 probe (equipped 

with four spectrometers) at the University of Johannesburg. The analytical conditions for both 

chalcopyrite and bornite spot analyses (1 mm) were relatively similar with an accelerating potential of 

20 kV and a beam current of 40 nA. These analytical measurements were accompanied by the analysis 

of pyrite and copper metal standards for each analysis type for quality control.   

The samples were then taken to Stellenbosch University, and they were analyzed using by Laser 

Ablation Inductively Coupled Mass Spectrometry (LA-ICP-MS). A Resolution 193 nm Excimer laser 

from Applied Spectra connected to an Agilent 8800 QQQ ICP-MS was used in the analysis of trace 

elements in sulfide grains. Ablation took place in a helium (He) filled sample cell, the ablated material 

is then mixed with argon and a small amount of nitrogen before being transported to the ICP-MS. 

Initially laser gas flow and ICP-MS settings were optimized for best sensitivity and low oxide ratios 

(< 0.4 %) while ablating on NIST612. A method using oxygen as reactive cell gas, at a flow of 0.68 

ml/min, was then used to measure all the analytes, either on mass or mass-shifted (analyte mass + 16), 

depending on the sensitivity or possible interferences to be removed.  

The helium ablation gas was set at a flow rate of 0.5 L/min, argon at 1 L/min and nitrogen at 0.004 

L/min. The internal standard element (ISTD used was 57Fe. Since sulfide material ablates completely 

different from the NIST silicate glasses typically used for LA-ICP-MS quantification, a matrix-

matched standard MASS-1 - produced by the US Geological Survey, was used. After deciding the 

appropriate spot size, determined to be 20 and 30µm, matrix optimised ablation parameters such as 

laser energy and frequency were optimized during spot ablation of MASS-1. Parameters were set at 3 

J/cm2 energy and 6 Hz frequency to produce a stable signal with good sensitivity and introducing 

minimal laser-induced element fractionation. Data processing was done using the LA-ICP-MS data 

reduction software package LADR from Norris Scientific (Norris and Danyushevsky, 2018). In order 

to correct for variations in ablation yield between standards and samples, an internal standard element 

(57Fe) is used (Longerich et al., 1996).  

Final concentrations were calculated from normalizing the total element components to 100%, with 

this summed signal proportional to the material ablated (Leach and Hieftje, 2000). Reference values 

for MASS-1 sulphide from the GEOREM data base (Jochum et al., 2005; Jochum et al., 2016). 

Detection limit (LOD) for each element is calculated using the equation from (Longerich et al., 1996). 

3.1.9. Modelling using the Magma Chamber Simulator (MCS) 

The Koperberg Suite's isotopic compositions have been shown to be affected by contamination by 

several researchers, although they do not identify the specific contaminant; instead, they assume it the 

Nababeep Gneiss (e.g., Van Zwieten et al., 1996). In order to demonstrate that the variable isotopic 

compositions of the Koperberg Suite magmas and orbicules can be simulated with reasonable 

assimilation of either the Concordia Granite or the Nababeep Gneiss, A develop a Recharge-

Assimilation-Fractional Crystallization (RAFC; Bohrson et al., 2020; Heinonen et al., 2022) model 

utilizing the Magma Chamber Simulator (MCS) is developed here. 
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What is the Magma Chamber Simulator (MCS)? The MCS is an open system thermodynamic model 

that simulates how a magma body evolves as it thermally and reactively interacts with the surrounding 

country rock through the assimilation of partial melts of wallrock, stoping of wallrock, and/or magma 

mixing by recharge during cooling and concurrent fractional crystallization (Bohrson et al., 2020). The 

resident magma, wallrock, and various (0 to 30) recharge magma reservoirs or stopped block 

compositions are only a few of the various sub-systems that make up the composite system. Bohrson 

et al. (2020) and Heinonen et al. (2022) described the MCS as a forward modelling tool that may be 

used in several ways to clarify how magmatic systems evolve. Forward modelling allows better 

understanding of how changes in the values of particular parameters (such as pressure, parental magma 

composition, the initial temperature of the wallrock, and the quantity and mass of recharge episodes) 

affect the evolution of magmatic systems (Bohrsonn et al., 2020). With the help of this method, one 

can develop an intuitive grasp of open system magmatic processes as well as a foundation for 

determining which factors have the biggest impact in magmatic evolution. 

Forward modelling is helpful when trying to simulate a certain natural system. In this situation, input 

parameters can be changed to best replicate petrological and geochemical data from a specific 

collection of igneous rocks (Bohrson et al., 2020). In order to achieve a variety of objectives in the 

study of igneous rocks, MCS is used to both develop intuition and model data from specific volcanic 

or plutonic systems (Bohrson et al., 2020). Among the questions that can be addressed by MCS, are 

how does the balance of mantle and crust change over time in a specific magmatic system? Are there 

systematic differences in mantle versus crustal input in different tectonic settings? What factors affect 

where magma storage zones form (shallow, middle, or deep crust)? What conditions favor large versus 

small magma bodies? And what processes and/or conditions modelled by MCS influence magma 

bodies to erupt? The MCS tracks and reports phase equilibria and major element, trace element, and 

isotope concentrations within all sub-systems using one of four MELTS phase equilibria engines 

coupled to a user-defined executive (IGOR) based on equilibrium thermodynamics (Bohrson et al., 

2020).  

Bohrson et al. (2020) and Heinonen et al., (2022) stated that many options are provided by the 

adaptable user interface and can be customized to simulate certain natural systems or model analogs. 

A diabatic and semi-permeable boundary in the MCS couples the resident Magma subsystem (M), 

which is originally a finite mass of melt in a clearly defined thermodynamic state, to its host Wallrock 

(WR) (Bohrson et al., 2020). AFC processes cause wallrock to heat up and maybe partially melt as 

sensible (melt cooling) and latent heat (creation of cumulates by fractional crystallization, FC) flow 

over the M-WR boundary (Bohrson et al., 2020). In the event that partial melt forms and the wallrock 

melt fraction rises above a rheologically established, user-specified critical threshold ( fm
0 or fmZero), 

this anatectic melt thoroughly combines and equilibrates with melt in the M subsystem (referred to as 

M melt for simplicity). Crystals that form in response to AFC join a reservoir of cumulate that is 

chemically isolated from, but thermally connected to M melt. Key variables related to the surrounding 

geological conditions and initial bulk compositions control how much matter transfers between WR 

and M (Bohrson et al., 2020; Heinonen et al., 2022). In addition to partial wallrock melt contamination 

of M melt, stoping (S) can also cause contamination (Bohrson et al., 2020; Heinonen et al., 2022). The 
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contaminated system achieves a new equilibrium state at a new thermodynamically controlled 

temperature in MCS when stooped wallrock is added in large quantities to M melt (Bohrson et al., 

2020; Heinonen et al., 2022).  

The stoping event may result in the precipitation of crystallized solids or a fluid, and naturally, the 

contaminated M melt changes in bulk composition (Bohrson et al., 2020; Heinonen et al., 2022). 

Magma mixing by recharge (R) is the final process taken into account by MCS. The new mixture 

reaches chemical potential equilibrium when a finite mass of thermodynamically stable, internally 

equilibrated recharge magma is introduced to the M melt during R (Bohrson et al., 2020; Heinonen et 

al., 2022). The stoping operation and this operation are computationally identical. A specified M melt 

temperature or a temperature decrease from the most recent S or R event is the user-defined condition 

that sets off an R or S event. The maximum number of different S or R events allowed by the present 

version of MCS is 30 (Bohrson et al., 2020).  

There are two steps involved in the MCS calculations: (1) MCS- PhaseEQ: the computation of the 

major element and phase equilibria for the evolution of the RASFC; and (2) MCS-Traces: the trace 

element and isotopic (Sr, Nd, Hf, Pb, Os, and O) consequences for the RASFC scenario derived from 

the output of MCS-PhaseEQ (Bohrson et al., 2020). This bipartite structure takes into account that 

reliable calculations of trace elements and isotopes must be based on major element solutions that 

precisely quantify phase abundances, compositions, and temperatures (Bohrson et al., 2020; Heinonen 

et al., 2022). Prior to exerting effort into trace element and isotopic modelling, a researcher may iterate 

in step 1 by comparing observables with projected outcomes.  

In contrast, a researcher can use the same part (1) RASFC solution to perform multiple trace element 

and isotopic ratio calculations using, for instance, various initial trace element compositions and/or 

mineral-melt, mineral-fluid partition coefficients for M, WR, S, and R (Bohrson et al., 2020; Heinonen 

et al., 2022). Since major phase stability is typically not trace element sensitive, feedback to MCS-

PhaseEQ for various trace element concentrations and isotopic ratios is not necessary (Bohrson et al., 

2020; Heinonen et al., 2022). The bipartite technique aids in comprehending the sensitivity of a whole 

solution (phase equilibria, trace elements, and isotopes) to the beginning conditions and parameters 

while maintaining the greatest amount of flexibility in the quest of a "best-fit " model (Bohrson et al., 

2020; Heinonen et al., 2022). MCS-PhaseEQ is the result of the merger of an executive brain and a 

computational thermodynamic engine (Bohrson et al., 2020).  

The Visual Basic programming language from Microsoft is used to create the executive brain. The 

brain is in charge of carrying out the specific RnASnFC scenario that the user has specified by (1) 

sending instructions to the selected rhyolite- or pMELTS engine, (2) performing additional internal 

calculations based on values returned from rhyolite- or pMELTS, (3) making the necessary conditional 

and complex sequential executive decisions, and (4) producing a variety of real-time and archived 

graphical and numerical data (Bohrson et al., 2020; Heinonen et al., 2022). One of the existing rhyolite 

or pMELTS codes is the thermodynamic engine used in the MCS- PhaseEQ (Bohrson et al., 2020). 

Ghiorso and Sack (1995), Asimow and Ghiorso (1998), Ghiorso et al. (2002), Gualda et al. (2012), 

and Ghiorso and Gualda (2015) stated that these are designated as pMELTS and rhyolite-MELTS 

versions 1.0.2, 1.1.0, or 1.2.0. 



29 

 

A key component of rhyolite- or pMELTS is a thermodynamic model for the relationship between the 

Gibbs free energy of silicate liquids and melt composition, temperature (about 1000ï2000 K), and 

pressure (approximately 0ï3 GPa). The thermodynamic rules followed in rhyolite- and pMELTS are 

insufficient for numerical computations and must be coupled with the thermodynamic characteristics 

of the materials making up the composite system (Bohrson et al., 2020).  

In the studied orbicules, strontium analyses was carried out  in-situ in plagioclase and during the 

analyses, the strontium concentrations (ppm) were not measured since the (MC)-ICP-MS is a poor 

quantitative method. However, these were recalculated by comparing the 88Sr signal of the orbicules 

to the 88Sr for the reference material (BHVO2G and WC-1). The Sr concentration of the BHVO2G 

(Elburg et al., 2005) and WC-1 (Rasbury et al., 2021) are 396 and 1500 ppm, respectively. A 

calibration using the 88Sr signal against the standards was created and ultimately, the Sr (ppm) in the 

orbicules was qualitatively determined. 
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4. Dianaôs Pool Orbicules 

4.1. Hand sample descriptions 

The orbicular samples used in this study are characterized by closely packed orbicules (70%) in a 

granitic inter-matrix (30% rock volume; Figure 8a, c). The orbicules range from spherical to ellipsoidal 

in shape, however, some orbicules appear to have been abraded, where the cores seem to be intact but 

large parts of the shells have been removed (Figure 8c, d). Some orbicules have been deformed where 

layers in the shells are bent (Figure 8e), possibly resulting from indentation on interaction with other 

orbicules. Shells that incorporate and surround matrix material, which has moved into one segment of 

the shell, creating a thickening or pocket. The orbicules range in size from 6 to 14 cm in diameter and 

from 5 to 3 cm in width (Figure 8a). Different types of orbicules characterize the hand samples: 

orbicules characterized by felsic cores with dark ferromagnesian shells (Figure 8a); orbicules 

characterized by felsic cores with dark and felsic shells (Figure 8b); more complex orbicules 

characterized by cores with abundant coarse-grained hornblende and biotite (Figure 8e). 

Felsic and medium- to coarse-grained cores contain locally concentrated and irregular biotite and 

hornblende, which characterizes the orbicules (Figure 8a; c); however, the modal abundances of biotite 

and hornblende vary from one orbicule to another. Cores comprise subhedral and plagioclase (60%), 

K-feldspars (10%), quartz (10%) and (20%) mafic biotite and hornblende (Figure 8a), however, 

irregular masses of hornblende are not present in all orbicular cores (Figure 8).  

Sharp contacts mark the transitions from cores to shells (Figure 8a, b). Alternating mafic and felsic 

shells characterize the orbicules (Figure 8a, b). Mafic shells are predominantly biotite and minor 

quartz, magnetite, and feldspar, while the felsic cores are comprised principally of feldspar and 

magnetite with minor quartz and biotite. Sharp contacts are observed between shells and the medium- 

to coarse- grained matrix (Figure 8b).  

The matrix composition is comparable to the cores, and it composed of quartz, plagioclase, K-

feldspars, biotite, and hornblende (Figure 8d, c). In places, the matrix is pegmatitic (Figure 8b). Some 

orbicules appear to have been ñshavedò or truncated along one or more margins where the matrix 

granite occurs between the shells (Figure 8a). Orbicule shells also incorporate and build up over 

remobilized matrix material which has moved into one segment of the shell, creating a thickening or 

pocket (yellow arrow; Figure 8e). Locally, the samples are characterized by joining of the core, shell, 

and the matrix (Figure 8d). 
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Figure 8: Orbicular granite samples from the Dianaôs Pool area: (a) A sample showing the general 

appearance of Dianaôs Pool orbicules. These spherical to ellipsoidal orbicules make up approximately 

70% of the rock volume and are characterized by felsic and medium-grained cores dominated by 

feldspars and patches of dark hornblende surrounded by alternating mafic and felsic shells in a 

pegmatitic and granitic host matrix. (b) Closely packed orbicules surrounded by a pegmatitic matrix. 

The red dotted lines show the sharp contacts between orbicules and the host matrix. (c, d) Pegmatitic 

matrix crosscutting the mafic orbicular shells and the felsic cores. (e) Inclusions of the granitic host 

matrix material (blue arrow) in mafic shells creating a ñsaddle reefò. The coin is 23 mm in diameter. 
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4.2.  Petrography 

Petrographic techniques combined with micro-XRF were used to classify, compare, and contrast 

different orbicule types and sulphide occurrences in Dianaôs Pool orbicules. 

Samples BM14780B (Figure 9) and BM14780A (Figure 10) were scanned at high resolution using 

qualitative micro-XRF to produce element maps showing elemental distribution in cores, shells and 

matrices of the orbicules. The matrix and cores are more calcic and exhibit higher Ca concentrations 

than the shells (Figure 9h). The presence of hornblende in some of the cores and in the matrix is 

indicated by lower Si and Al and increased Ca than the rest of the orbicules (Figure 9h; Figure 10h). 

Si is present in all minerals and so shows high abundances in cores, core to shell boundaries and in the 

host matrix (Figure 9d; Figure 10d). Conversely, the shells are less siliceous due to proportionally less 

quartz (Figure 10d; Figure 9d) 

Potassium is abundant in the matrix, the granitic material that is incorporated in shells, and the darker 

mafic shells as well as some places in the cores (Figure 9g; Figure 10g). Low K concentrations are 

observed in the felsic shells (Figure 10g). However, the mafic and the intermediate shells (Figure 9g) 

have a slightly higher K concentration and the highest K intensities are observed in core to shells 

contacts (Figure 9g; Figure 10g). Iron (Fe) is highly concentrated in shells and yields the highest 

intensities in mafic shells, the matrices and in the dark patches of hornblende in the cores (Figure 9e; 

Figure 10e). The granitic matrix material between shells and cores exhibits no Fe (Figure 9e; Figure 

10).The element maps show high concentrations of Zr in the matrix and in core to shells boundaries 

(Figure 9f; Figure 10f). However, some cores have very low or no Zr (Figure 9f; Figure 10f).  

This variation in element concentrations in the orbicules reflects the mineralogical variation in the 

core, shells, and matrix of the orbicules and the relative proportions of the different minerals.  
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Figure 9: Element maps of the Dianaôs Pool sample BM 14780B: (a) A mosaic showing the mapped 

area in white rectangle. (b) A composite of selected elements (Al-dark blue, Si-green, Ca-pink, Fe- 

yellow and K-light blue) and their distribution shown in a full orbicule sample. (c) Element map 

showing uniform distribution of Al throughout the sample. However, the dark patches in central cores 

and some places in shells and matrices do not contain Al. (d) Element map showing uniform 

distribution of Si in cores and the matrix however, high intensities of Si are observed in the pegmatitic 

matrix. (e) Element map showing high distribution and intensities of Fe in shells, matrix and some 

parts of the cores. (f) Element map showing the distribution and concentrations of Zr in different parts 

of the orbicules. (g) Element map showing the highest concentrations and intensities of K in the matrix, 

the granitic matrix between the shells (red-dotted area), and some parts of the cores. (h) Element map 

showing the distribution and concentrations of Ca in different parts of the orbicules. 
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Figure 10: Element maps of the Dianaôs Pool sample BM 14780A: (a) A mosaic showing the mapped 

area in white rectangle. (b) A composite of selected elements (Al-green, Si-dark blue, Ca-orange, Ti-

light blue, and K-neon) and their distribution shown in a full orbicule sample. (c) Element map 

showing uniform distribution of Al in sample with dark patches containing no Al. (d) Element map 

showing the highest distribution and intensities of Si in the core and the matrix. (e) Element map 

showing the distribution and high intensities of Fe in shells, matrix and in the dark patches in the core. 
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Figure 10 Continued: (f) Element map showing the distribution and concentrations of Zr in different 

parts of the orbicules. The highest intensities of Zr are observed in the core and matrix. (g) Element 

map showing the distribution and intensities of K in the matrix, the granitic matrix material between 

shells, and some parts of the core. (h) Element map showing the distribution and concentrations of Ca 

in different parts of the orbicules. 

Medium- to coarse-grained cores comprising plagioclase, quartz, biotite, hornblende, magnetite, 

orthoclase, microcline, and other accessory phases (Figure 11) characterize Dianaôs Pool orbicules. 

Cores to shells and shells to matrix boundaries are marked by sharp contacts (Figure 11).In addition to 

this, there is an abrupt change in grain size and distribution of mineral phases between shells on one 

hand (fined-grained, homogeneous distribution), and cores and matrix on the other (coarse-grained, 

heterogeneous distribution; Figure 11). 

  

Figure 11: Full thin section photomicrographs of the orbicule samples and corresponding TIMA 

image: (a) Planeïpolarized (left) and cross-polarized light (right) full thin section images of sample 

BM14780F. (b) TIMA image of orbicule sample BM14780F showing a medium-grained core 

predominated by feldspars, quartz and hornblende; fine-grained and alternating mafic and felsic shells 

predominated by feldspars, biotite, magnetite, and a pegmatitic matrix predominated by feldspars and 

hornblende. 
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¶ Cores 

Cores are typically composed of plagioclase (75%), quartz (10%), microcline (~5%), hornblende (5%), 

biotite (~3%), chlorite (~3%), magnetite (3%) and other accessory phases (Figure 12). 

  

Figure 12: Full thin section photomicrographs and TIMA image of the Dianaôs Pool orbicular core: 

(a) Planeïpolarized (left) and cross-polarized light (right) full thin section images of sample 

BM14780D. (b) TIMA image of orbicule sample BM14780D showing a medium-grained core 

comprising feldspars, quartz, biotite and chlorite. 

Plagioclase occurs as the predominant mineral in cores occurring as subhedral (0.1-1 cm) grains 

adjacent to quartz, microcline, and biotite (Figure 12). Locally, plagioclase contains poikilitic 

inclusions of quartz, microcline, and magnetite (Figure 13d, f). Small-scale alteration of plagioclase to 

sericite is observed in some of the plagioclase grains locally (Figure 13c). Surrounding large 

plagioclase grains is interstitial microcline (Figure 13e, f). Microcline contains inclusions of unaltered 

plagioclase, quartz, biotite, and magnetite. Granophyric textures are observed where microcline and 

quartz are intergrown. Microcline also occurs as small and subhedral (0.1-0.2 mm) grains that are 

inclusions in plagioclase. Quartz occurs as small to medium grains (0.1-1 mm) that are adjacent to 

feldspars. Locally, it occurs as poikilitic inclusions in plagioclase and microcline (Figure 13d). Quartz 

is also in an interstitial position in cores (Figure 13c, d, e). Biotite occurs as large and anhedral to 

subhedral (0.1- 6 mm) grains that grow into plagioclase and microcline (Figure 13a, b).  
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Figure 13: Photomicrographs showing mineral phases and textures in orbicular cores taken from 

Dianaôs Pool orbicules: (a, b) Subhedral plagioclase grains occurring adjacent to quartz and biotite. 

(c, d) Subhedral plagioclase grains occurring adjacent to quartz. Plagioclase is altered to sericite. (e, 

f) Interstitial microcline enveloping large plagioclase grains that occur adjacent to hornblende. (g, h) 

Large hornblende grains adjacent to plagioclase and quartz. 

Locally, biotite grows as an interstitial phase around large plagioclase grains and as poikilitic 

inclusions in plagioclase and microcline (Figure 13a, b). Hornblende occurs as a minor mineral in the 

orbicules. It occurs as large (0.1-6 mm) grains that grow adjacent to plagioclase (Figure 13g, h) and 

microcline. Locally, it contains smaller inclusions of magnetite and biotite. 
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¶ Shells 

Gradational contacts between cores and shells (Figure 11) characterize Dianaôs Pool orbicules, 

although some orbicules are characterized by sharp contacts. Transitions from cores to shells are also 

characterized by changes in mineral assemblages and textures (Figure 14). Alternating felsic and 

intermediate shells characterize these orbicules. 

 

Figure 14:  Reflected light image showing radiating grains of magnetite (yellow arrows) within a shell 

of sample BM1478F. (a) and (b) are the full thin section photomicrographs of the orbicule sample and 

corresponding TIMA image of sample BM14780F showing the location of the reflected light image. 

Unlike the coarse-grained cores characterized by phaneritic textures, shells are more fine-grained and 

characterized by polygonal textures and by an increase in magnetite and biotite modal abundances 

(Figure 14).The orbicules are characterized by alternating felsic and intermediate shells that contain 

grains of roughly the same size, forming polygonal textures (Figure 14). Contacts between mafic and 

felsic shells are gradational (Figure 14), however, sharp contacts are observed in some of the samples. 

Mafic shells are dominantly biotite (40%), plagioclase (30%), quartz (10%) and magnetite (20%). 

Biotite occurs as subhedral (0.1-0.5 mm) laths that are adjacent to plagioclase and quartz (Figure 16c, 

d).  

Locally, biotite occurs as an interstitial phase where it surrounds feldspars and quartz. Biotite also 

occurs as poikilitic inclusions in plagioclase (Figure 16g, h). Some mafic shells comprise more than 

90% biotite and this is where shells are made entirely of concentric biotite with small inclusions of 

magnetite and quartz (Figure 14, Figure 15). Plagioclase (45%), quartz (15%), magnetite (30%), biotite 

(10%) and accessory microcline predominate in the felsic shells. The plagioclase is subhedral (0.1-0.5 

mm), with smaller plagioclase and quartz grains closely packed and forming granoblastic polygonal 
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textures (red arrow; Figure 16h). Magnetite occurring as poikilitic inclusions in both plagioclase and 

quartz also predominates within the felsic shells. Magnetite also grows as large irregular masses 

concentrated in shells, which decrease in grain-size outwards (towards the rims) and form radial 

textures towards the shells outer layers (yellow arrows, Figure 14; Figure 15b). These radial grains of 

magnetite are restricted to shells. An additional interesting point is visible in Figure 16, where 

magnetite grains show a homogeneous distribution. These radial grains of magnetite are restricted to 

shells.  

Granitic material that has the same composition as the host matrix crosscuts some of the shells (Figure 

15). This differs in composition to the shells, and it is more coarse-grained (Figure 15). The contact 

where this matrix material intrudes the shells is sharp and the transition from the shells to this material 

is marked by changes in mineral assemblages and textures (Figure 15). 

 

Figure 15: Full thin section photomicrographs of Dianaôs Pool orbicule sample BM14780H: (a) 

Planeïpolarized (left) and cross-polarized light (right) full thin section images of sample BM14780H. 

(b) TIMA image of orbicule sample BM14780H showing fine-grained shells crosscut by a pegmatitic 

and granitic matrix. 
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Figure 16: Photomicrographs showing mineral phases and textures in Dianaôs Pool orbicular shells: 

(a, b) Equigranular grains of feldspars, quartz and magnetite occurring close to each other and 

forming granoblastic textures. (c, d) Mafic shells comprising biotite containing poikilitic inclusions of 

quartz and magnetite adjacent to smaller plagioclase and quartz grains. (e, f) Felsic shells 

characterized by less biotite and more quartz and feldspars with poikilitic inclusions of magnetite. (g, 

h) Equigranular grains of plagioclase and quartz forming T- junctions (120 o; red arrow).  Plagioclase 

contains poikilitic inclusions of magnetite and elongate biotite. 
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¶ Matrix characteristics 

The contacts from shells to the matrix are sharp. The matrix compositions are comparable to the core 

compositions. However, the slight differences are in modal abundances and the degree of mineral 

alteration. The matrix is distinctly richer in K-feldspar than the cores and contains microcline (30%), 

plagioclase (20%), quartz (30%), orthoclase (5%), biotite (5%), chlorite (5%) and other accessory 

phases (Figure 17). 

 

Figure 17: Full thin section photomicrographs of the Dianaôs Pool matrix: (a) Planeïpolarized (left) 

and cross-polarized light (right) full thin section images of sample BM14780A. (b) TIMA image of the 

Dianaôs Pool orbicule sample BM14780A showing a coarse-grained to pegmatitic and granitic matrix 

comprising feldspars, quartz, biotite and chlorite as predominant phases. 

The transition from the shells to the matrix is marked by a decrease in magnetite concentration and 

changes in textures (Figure 14; Figure 11). Similar to cores, the matrix is coarse-grained and more 

felsic than the fine-grained and intermediate to mafic shells. Microcline occurs as a dominant phase in 

the matrix, and it occurs as subhedral (0.1-2 mm) grains that are adjacent to quartz, biotite and 

plagioclase (Figure 18b, f, e). Locally, microcline contains small poikilitic inclusions of quartz and 

magnetite (Figure 18f). Growing adjacent to microcline are sub-rounded and sub-angular (0.1-1 mm) 

grains of quartz. The quartz grains also grow as poikilitic inclusions in plagioclase and microcline 
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(Figure 18e, f). Granophyric textures (Figure 18b) are observed where microcline and quartz grow 

together. Plagioclase occurs as large and subhedral (0.1-2 mm) grains that grow adjacent to quartz, 

microcline, and biotite (Figure 18e, f). It contains small quartz inclusions (Figure 18f) and locally, it 

is altered to sericite. Biotite occurs as anhedral to subhedral (0.1-0.5 mm) grains that grow adjacent to 

microcline, quartz, and plagioclase (Figure 18e). Locally, biotite contains small poikilitic inclusions 

of quartz and magnetite. Orthoclase (Figure 18d) occurs as the least abundant phase in the matrix. It 

occurs as subhedral grains that grow adjacent to microcline and plagioclase. Biotite, microcline, 

plagioclase, quartz, and orthoclase also occur as cumulus crystals locally, where they are surrounded 

by interstitial hornblende (Figure 18d). Hornblende also occurs as large (0.2-2 mm) grains that grow 

adjacent to feldspars, quartz, and biotite (Figure 18a). 

 

Figure 18: Photomicrographs showing mineral phases and textures in the Dianaôs Pool matrix: (a) 

large grain of anhedral hornblende that grows into feldspars and quartz. Hornblende contains small 

poikilitic inclusions of quartz and grows adjacent to biotite (b) Microcline and quartz grains adjacent 

to each other. Granophyric textures are observed where microcline and quartz grow together. (c) 

Sharp contact between a coarse-grained matrix and a medium to fine- grained shell. (d) Interstitial 

hornblende enveloping touching grains of feldspars. (e) Poikilitic inclusions of quartz in feldspars. (f) 

Granoblastic textures where touching quartz grains form T-junctions (white arrows). 
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4.3. Geochemistry 

4.3.1. In -situ compositions of mineral phases 

Plagioclase and biotite mineral compositions together with in-situ 87Sr/86Sr were determined in the 

Dianaôs Pool orbicular cores, shells and matrix with an aim of understanding the evolution of the 

magma (s) and the processes that were operating in the magma (s) during crystallization. The analyzed 

samples are shown in Table 3, showing what minerals in what orbicular structure were analyzed in 

each sample. 

Table 3: Table showing different samples that were analyzed for EPMA and in-situ Sr. ñXò shows 

what was analyzed in each sample. 

 

4.3.1.1. Plagioclase 

Sample   BM14780A     BM14780D   BM14780E  BM14780F BM14780G 

Core           X          X  

Shells            X         X         X 

Matrix         X           X  

Plagioclase         X          X          X         X         X 

Biotite         X          X          X  

87Sr/86 Sr         X          X          X         X  

Unaltered plagioclase grains were analyzed for major elements in cores, shells and matrices of different 

orbicule samples (Table 4).  

Table 4:  Table showing the ranges of major elements (in wt. %)-in plagioclase from cores, shells and 

matrices of differed Dianaôs Pool orbicular samples. 

 

 Structure 

                  

                     Cores 

                        

                            Shells 

            

                  Matrices 

 

   

Sample# 

 

 

BM14780D 

 

 

BM14780F 

 

 

BM14780E 

 

 

 

BM14780G 

 

 

 

BM14780F 

 

 

BM14780F 

 

 

BM14780A 

CaO       4.91-5.80    4.90-5.73    5.68-5.97     5.16-5.35    5.00-5.52   4.61-6.00   2.78-7.50 

Na2O      8.70-9.36    7.43-9.08    6.76-9.43     8.53-8.89    8.28-9.27   7.66-9.08   7.75-9.95 

K2O       0.10-0.24    0.09-0.35    0.16-0.35     0.52-0.36    0.11-0.29   0.12-1.15   0.07-0.46 

Al 2O3    24.05-24.68  26.78-27.79  22.72-24.33   26.45-27.45  36.34-27.34 26.48-27.90  21.05-29.24 

SiO2      59.46-61.18  56.78-58.12  60.05-61.67   57.27-58.05  57.04-57.95 56.37-59.08  53.84-64.08 
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The ranges of SiO2, CaO, K2O, Al2O3 and Na2O in (wt. %) in cores, shells and matrices of different 

samples are shown in Table 4 and the rest of the major elements in (Table 20; Appendix A). 

The data were plotted on major element variation diagrams (Figure 19) which show the variation of 

selected oxides between different orbicule samples plotted against SiO2.From the variation diagrams, 

it is clear that  there are two groups or clusters of cores, shells and matrices (Figure 19; Table 4) 

characterized by varying major element compositions. Owing to data dispersion there is no 

interpretable differences in Na2O (Figure 19c) and K2O (Figure 19d) contents between the samples. 

Samples BM14780F and BM1478080G form a specific cluster (core, shell and matrix) with silica 

around 57 % (Figure 19), rather high alumina (~27 %; Figure 19a) and low CaO (~5 %; Figure 19b). 

Samples BM1478080E and 80D show higher silica contents (around 60-62 %; Figure 19) and low 

alumina content (~24 %; Figure 19a). Sample BM1478080A show two groups of matrix plagioclase, 

one with low silica (around 55 %)  and high alumina ( around 28 %; Figure 19a ), and the other with 

high silica (~ 61 % and low alumina (around 24 % ; Figure 19a) close to compositions of samples 

BM1478080E and BM1478080D. 

 

Figure 19: Chemical variation diagrams showing the variation of different oxides in plagioclase from 

the Dianaôs Pool orbicular cores, shells and matrices plotted against SiO2 (wt.%). 

A similar variation is seen in CaO, where plagioclase from sample BM14780F is slightly more calcic 

than plagioclase from sample BM14780D (Figure 19b; Table 4). Similarly, there is minor variation in 

Na2O between the two samples (Figure 19c; Table 4). Conversely, little variation is observed in K2O 

between these samples (Figure 19d; Table 4). Sample BM14780D cores are slightly more sodic than 

BM14780F cores (Figure 19c; Table 4).  
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Plagioclase from three shells samples were analyzed (BM14780F, BM14780E and BM14780G) and 

there is variation in the composition of plagioclase between them (Figure 19d; Table 4). Samples 

BM14780F and Sample BM14780G shells contain plagioclase with the slightly similar compositions 

and there is little to no variation in the plagioclase compositions between them. However, plagioclase 

in samples BM14780F and BM14780G shells are more aluminous (Figure 19a), more calcic (Figure 

19b), less sodic (Figure 19c) and less siliceous (Figure 19) than in sample BM147E. Similar to the 

cores and shells, a variation in plagioclase in the matrices of different samples is observed (Figure 19). 

However, this variation is not only between plagioclase of different samples, but also observed in 

plagioclase grains of the same samples Figure 19). Plagioclase in the two matrix samples (BM14780A 

and BM14780F) was analyzed and there is a distinct compositional variation between them (Figure 

19). Sample BM14780A comprises plagioclase with varying compositions (Figure 19). Some of the 

plagioclase grains in sample BM14780A are more aluminous and some are less aluminous than 

plagioclase in sample BM14780F matrix (Figure 19a).  Some plagioclase grains in sample BM14780A 

matrix grains are also more calcic Figure 19) and less sodic (Figure 19c) than plagioclase in sample 

BM1470F. Similar to plagioclase in cores and shells, there little variation in K2O in plagioclase grain 

from the matrices of the same or different samples (Figure 19d).  

Plagioclase from the Dianaôs Pool orbicules are sodic (An20-31; Figure 20) and all plagioclase analyzed 

in the cores, the shells, and the matrices plot in the oligoclase field on the feldspar ternary classification 

diagram (Figure 20).  

     

Figure 20: A classification of feldspars from Dianaôs Pool orbicules on a ternary albite-anorthite-

orthoclase diagram. 

Samples BM14780F (An23-27) and BM14780G (An24-25) shells are composed of plagioclase that are 

less calcic than in sample BM14789E shells (An24-31) shells. Sample BM14780F (An23-29) cores 



46 

 

contain plagioclase that are more calcic than in sample BM14780D core (An22-26). Sample BM14780F 

matrix (An22-28) comprise plagioclase that are slightly more sodic than in sample BM14780A matrix 

(An22-30). In summary, there is little variation observed in cores, shells and matrix plagioclase 

compositions from different orbicule samples. In sample BM14780F which shows a full orbicule, 

plagioclase shows a decrease in the An content from the core to shells and an increase from shells to 

the matrix (Figure 21). The core (x  An26) and the matrix (x  An25) have slightly overlapping 

compositions, showing little variation in the An content (Figure 21). However, the shells are slightly 

sodic and evolved (x An24; Figure 19; Figure 21). The An content in the inner (x  An24) to middle 

(x  An24) to outer (x  An24) shells homogeneous and shows little to no variation.  

   

   

Figure 21: The graph showing the An content in plagioclase from Dianaôs Pool orbicular core, shells 

and matrix from orbicule sample BM14780F (representative of a full orbicule with a core, shells and 

a matrix). The graph shows little variation in the An contents in the core and matrix, however, the 

shells have slightly low An contents. The two sigma represent the minimum and maximum values, the 

box represents the interquartile range, x represents the mean, and the middle straight line represents 

the median. 
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4.3.1.2. Biotite 

Chemical compositions of unaltered biotite in cores, shells, and matrices were analyzed. The analyzed 

samples include samples BM14780F, BM14780G, BM14780A, and BM14780D (Table 3) and (Table 

5).   

Table 5: Table showing the ranges of major elements (wt. %) in biotite from cores, shells and matrices 

of differed Dianaôs Pool orbicular samples. 

 

The ranges between the major elements MgO, Al2O3, SiO2 and TiO2 are shown in Table 4 and the rest 

of the elements are shown in Tables 8, 9, and 10 (Table 21; Appendix A).  

Unlike plagioclase, unaltered biotite in these samples is scarce, hence only a few samples were 

analyzed. Similar to plagioclase, biotite analyzed in shell samples BM14780F and BM15780G exhibit 

similar compositions and show little to no variation (Figure 22). The core and the shells contain biotite 

that is more aluminous than in the matrix (Figure 22a), although some biotite in the core is less 

aluminous. The biotites are more magnesian in the core and matrix and biotite in the shells are less 

magnesian and rich in FeO2 (Table 5; Figure 22b).The core and matrix contain biotite that are slightly 

more siliceous than the shells, although there is a large variation in SiO2 in the core (Table 5; Figure 

22c). The TiO2 content shows little variation in the core, shells and the matrix (Figure 22d). However, 

it is slightly higher in some biotite from the shells and matrix. 

Using the MgO-FeO-Al 2O3 ternary diagram after Abdel-Rahman (1994) and Nachit et al. (2005), 

biotite in Dianaôs Pool orbicular core, shells and matrix plot in the peraluminous (S-type) granite suite 

(Figure 24d) and they are all considered primary magmatic compositions (Figure 24c). Unaltered 

biotite compositions were plotted in biotite classification diagrams and following the nomenclature 

after Makutu et al. (2004) and Deer et al. (1992), the Dianaôs Pool cores, shells and matrices all plot  

in the annite field (Figure 24a, b). 

Structure         Core                         Shells        Matrix  

Sample#     BM14780D      BM14780G     BM14780F      BM14780A 

TiO2      2.11-2.83      2.04-4.04       1.62-3.68      1.78-4.00 

MgO      4.36-5.72      2.67-3.56       1.79-3.89      4.11-5.86 

FeO    21.48-25.00      4.60-27.31     23.70-27.15    22.38-32.19 

SiO2    36.84-43.93    36.99-38.72     36.01-42.89    36.54-43.97 

Al 2O3    13.62-18.03    14.83-15.48     14.89-16.18    12.87-18.26 
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Figure 22: Chemical variation diagrams showing variation of different oxides in biotite from the Dianaôs 

Pool orbicular cores, shells and matrices plotted against MgO (wt.%). 
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Biotite shows a systematic variation in Mg# from cores to shells to the matrix (Figure 23). Biotite in 

the orbicule core sample (Mg# = 27) and the matrix sample (Mg# = 25) are more magnesian and have 

higher Mg# than in the ferroan shells (Figure 23). Compared to the variation in plagioclase 

compositions, biotite seems to be homogeneous in shells of different samples, showing little variation 

in Mg#. The average Mg#s are 17 and 28 in shell samples BM14780F and BM14780G, respectively. 

 

Figure 23: Graph of Mg# (Mg/Mg + Fe) showing a variation in Mg# in the Dianaôs Pool orbicular 

core, shells and matrix from samples BM14780D, BM14780F and BM14780A, respectively. A core 

and matrix exhibiting high Mg#, and shells containing biotite with low Mg# characterize the Dianaôs 

Pool orbicules. The two sigma represent the minimum and maximum values, the box represents the 

interquartile range, x represents the mean, and the middle straight line represents the median. 
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Figure 24: Dianaôs Pool biotites plotted on compositional classification diagrams: (a) Fe/ (Fe +Mg) versus Si (apfu) after Makutu et al. (2004). (b) Fe/ (Fe+ Mg) versus AlIV after Deer et al. 

(1992). (c) Chemical composition of biotite using the (FeO+ MnO) - 10 TiO2-MgO ternary diagram after Natchit et al. (2005). (d) Plot of Dianaôs Pool biotites on Al2O3-FeO-MgO ternary biotite 

discrimination diagram after Abdel-Rahman (1994).    
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4.3.2.  Initial 87Sr/86 Sr isotopes ratios in plagioclase 

Initial 87Sr/86Sr isotopic compositions were determined in plagioclase from the cores, shells and matrix 

of different Dianaôs Pool samples and the ranges are shown in Table 6. Strontium isotopes were 

analyzed as geochemical tracers to trace and test the processes behind orbicular formation (e.g., 

assimilation). The initial 87Sr/86Sr ratios (Table 22; Appendix A) were calculated using the model age 

of 2650 Ma  of the Matopos granite (Broderick and Hubbard, 2016) . In general, there is little variation 

in the initial 87Sr/86Sr ratios in cores, shells and matrices (Table 6) and the Dianaôs Pool orbicules 

comprise plagioclase that exhibit radiogenic 87Sr/86Sr isotopic compositions that plot away from the 

depleted mantle (Figure 25).             

 

Figure 25: Initial 87Sr/86Sr isotopic compositions of plagioclase from the Dianaôs Pool orbicules 

relative to the model depleted mantle taken from Eglington (2006). 

Plagioclase in the cores and the shells samples have slightly more radiogenic initial 87Sr/86Sr ratios 

than the less radiogenic ratios in plagioclase in the matrix (Figure 26; Table 6).  Similar to the major 

elements in plagioclase and biotite, a variation in 87Sr/86Sr is observed in cores and shells of different 

samples (Table 6: Figure 26). Plagioclase in the core sample BM14780F are more radiogenic than in 

core sample BM14780D (Table 6). Plagioclase in shell sample BM14780E are less radiogenic than in 

shell sample BM14780F (Table 6). 

A comparison of the An content and initial 87Sr/86Sr ratios in plagioclase shows little variation in 

87Sr/86Sr ratios and a variation in An content in the core, the shells and the matrix (Figure 26). There 

is very little variation in 87Sr/86Sr ratios in cores of different samples (Figure 26), and the calcic sample 

BM14780F comprise plagioclase that are more radiogenic than the less radiogenic and sodic 

plagioclase in sample BM14780D core (Table 6; Figure 26). 
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Table 6:  Table showing the ranges of initial 87Sr/86Sr in plagioclase from cores, shells and matrices 

of differed Dianaôs Pool orbicular samples. 

 

The calcic plagioclase in shell sample BM14780E are slightly less radiogenic than the slightly more 

radiogenic and sodic plagioclase in sample BM14780F (Figure 26).  

 

Figure 26: Graph showing the initial 87Sr/86Sr ratios in the Dianaôs Pool orbicular cores, shells and 

matrix plotted against the An content. There is a little variation in initial 87Sr/86Sr ratios in plagioclase 

from cores to shells to the matrix and a large variation is observed in the An content in shells and 

cores of different samples. The highest An contents are exhibited by plagioclase in the matrix sample 

BM14780A. 

 

   

Structure 

                  

                    

                        Cores 

                        

                        

                           Shells 

            

                               

Matrix  

 

   Sample# 

 

 BM14780D 

 

 BM14780F 

 

  BM14780E 

 

 BM14780F 

 

 BM14780A 

 Initial 

87Sr/86Sr 

 0.700477 ± 

0.000198 to 

0.702407 ± 

0.000163  

0.701229 ± 

0.000163 to 

0.705350 ± 

0.000169 

0.701547 ± 

0.000184 to 

0.702758 ± 

0.000182 

0.7001642 ± 

0.000013 to 

0.703423 ± 

0.000171 

 0.700701 ± 

0.000231 to 

0.703188 ± 

0.000274  
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Summary of Dianaôs Pool orbicules 

 

The studied orbicular samples are characterized by closely packed orbicules in a granitic matrix. They 

have felsic and coarse-grained cores, fine-grained and alternating mafic and felsic shells, and a coarse-

grained to pegmatitic inter-matrix. These orbicules range from spherical to ellipsoidal in shape and 

they range from 6 to 14 cm in diameter and 5 to 13 cm in width. Some orbicules appear to have been 

deformed where the granitic matrix occurs between the shells, crosscutting some shells and cores. At 

microscale, medium- to coarse- grained cores are composed of plagioclase, quartz, biotite, hornblende, 

magnetite, orthoclase, and microcline.  

 

Transitions from the central cores to the inner shells are marked by sharp contacts. The modal 

abundance of felsic minerals, the grain size and the degree of plagioclase alteration all decrease from 

the cores towards the inner shells. Alternating fine-grained ferromagnesian and feldspathic shells 

characterize the Dianaôs Pool orbicules. The mafic shells are predominated by biotite and magnetite 

with minor feldspar and quartz. Conversely, feldspar, quartz and minor biotite and magnetite 

predominate the felsic shells. Polygonal, radiating and granoblastic textures characterize shells. The 

boundaries between the outer shells and the matrix are sharp. An increase in grain size, as well as an 

increase in feldspar and quartz modal abundances, and a decrease in magnetite concentration mark this 

transition from the outer shell to the coarse-grained to pegmatitic matrix. The matrix composition and 

grain-size are comparable to that of the cores. 

 

Plagioclase from the Dianaôs Pool orbicules are sodic (An20-30) and all plagioclase analyzed in cores, 

shells, and the matrix are oligoclase. The core, the shells, and the matrix have overlapping 

compositions, showing little variation in An content. The An content from the inner to middle to outer 

shells is homogeneous and shows no variation. All biotite in cores, shells and matrix is primary and 

plots in the annite field on the biotite classification diagrams. Biotite from the cores and the matrix are 

more magnesian than the ferroan shells. There is little variation observed in the initial 87Sr/86Sr ratios 

in the cores, the shells, and the matrix. However, 87Sr/86Sr ratios values from plagioclase in the shells 

and the matrix are slightly more radiogenic than in the cores.  
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5. The Koperberg Suite orbicules 

5.1. Field Observations 

Initial fieldwork was undertaken in the Northern Cape Province (Concordia, Oôokiep and Nababeep) 

for a period of one week, where spatial relationships between country rocks, sulphide mineralization, 

and orbicular rocks were investigated (Figure 6). During this period, basic mapping was carried out to 

produce basic sketch maps of some of the orbicule localities. Samples of the country rocks and 

orbicules from different localities were collected. However, sampling was not undertaken from in-situ 

outcrop in Orbicule Koppie, as it is a National Monument. Boulders found around the orbicule outcrop 

were used as samples for this project, as well as material from the School of Geosciences historical 

collections. Granites and gneisses in contact with anorthosite lenses, diorites and orbicules generally 

dominate the part of the Koperberg Suite where this study was carried out. This section describes the 

spatial relationships between orbicules and the surrounding regional rocks in the Koperberg Suite. 

5.1.1. Country Rock: Nababeep Gneiss and the Concordia Granite 

Orbicule Koppie orbicules are different from the other three Koperberg Suite orbicule localities.  They 

are the only orbicules in contact with the Nababeep Gneiss and not the Concordia Granite. The 

Nababeep Gneiss outcrop in this region is medium-grained and characterized by a prominent foliation 

(Figure 27a, b) with a general strike of 290o and dip of 4o in the NE direction.  The gneiss also contains 

2.5-5 cm mafic veins that trend in the NW-SE direction which displace the foliation (Figure 27a). The 

melanocratic mafic veins comprise mostly biotite with minor plagioclase and quartz (Figure 27b). The 

gneiss also comprises 7-12 cm pegmatitic veins (Figure 27b) striking at 198o and dipping at 2o east. 

The veins contain plagioclase, quartz, K-feldspars, and biotite (Figure 27b). Henderson South, 

Henderson North, and the Hoogkraal Lease orbicules are in contact with the Concordia Granite. The 

Concordia Granite outcropping in Henderson South is not well exposed. However, it is coarse-grained 

and contains pegmatitic and mafic veins (Figure 27g). It is in contact with diorite comprising sub-

horizontal and vertical (1 m) thick quartz veins (Figure 27h). The Concordia Granite outcrops in 

contact with Hoogkraal Lease and Henderson North orbicules share similar characteristics. They are 

typical coarse-grained granites comprising K-feldspars, quartz, plagioclase, mica, and accessory 

magnetite. 

5.1.2. Koperberg Suite host rocks to orbicular granites: Anorthosite and Diorite 

Anorthosite in contact with the Hoogkraal Lease orbicules is light green to grey and comprises altered 

plagioclase, quartz and biotite. The anorthosite is also in contact with diorite, which has proto-orbicules 

(less developed orbicules). The diorite is composed of medium-grained plagioclase, biotite and 

accessory magnetite. Similar to Hoogkraal Lease, diorite from Orbicule Koppie is composed of very 

prominent biotite (Figure 27e) and grades into a less-biotite rich diorite that hosts proto- orbicules 

(Figure 27f). South of the orbicular rocks-hosting Koppie is an anorthosite Koppie (Figure 28) in 

contact with the Nababeep Gneiss. The anorthosite does not contain orbicules and it is in contact with 

both diorite and the Nababeep Gneiss.  
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Figure 27: Photomicrographs showing outcrops of the  massive  Koperberg Suite rocks associated with the orbicular outcrops in different orbicular localities: (a, b) Nababeep 

Gneisses in contact with orbicules from Orbicule Koppie containing mafic and pegmatitic  veins (black arrows).  (c) An outcrop showing contacts between the orbicular body and 

the surrounding Nababeep Gneisses. (d) The contact between the gneiss and the diorite grading from a non-orbicular diorite to an orbicule-hosting diorite. (e) Biotite- rich diorite 

(mica diorite) at the contact point between the Nababeep Gneisses and massive diorite. (d) A less biotite- rich rock away from the contact between diorite and gneiss grading to the 

orbicule host rock. (g) The Concordia Granite outcrop in contact with the Henderson South orbicular rocks comprising pegmatitic and mafic veins. (h) Quartz veins associated with 

a quartz diorite comprising copper staining (yellow arrow) in Henderson South. 
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The contact between anorthosite and diorite is not easily observed but it grades into the less biotite-

rich diorite (Figure 27d) which grades into an orbicule-hosting rock (Figure 27c). Diorite from 

Henderson South differs from the other three localities as it comprises orthopyroxene (<5%). It is 

medium-grained and comprises plagioclase (0.1-2 mm), biotite (0.1-0.2 mm) and orthopyroxene 

(0.1- 0.2 mm). Anorthosite in Henderson North occurs as lenses in diorite and is dominated by 

medium-grained plagioclase (0.1-0.2 mm), biotite (0.1-0.2 mm), magnetite, and accessory 

orthopyroxene (0.1-0.3 mm).  

5.1.3. Orbicules in the Koperberg Suite  

The studied orbicules are hosted in rocks ranging between felsic to the more mafic and orthopyroxene-

bearing diorites (more evidence from the geochemistry data in section 5.3). Hence, they cannot be 

easily classified using modal abundances on the Streckeisen diagram. In addition, all the geochemical 

analyses in the orbicules were in-situ and the data could not be used to classify the host rocks in other 

classification diagrams (e.g., QôANOR diagrams). 

5.1.3.1. The Orbicule Koppie orbicules 

The Orbicule Koppie orbicular outcrop is an approximately 50 m wide and 35 m long rhombic body 

of orbicules that is intrusive to the Nababeep Gneiss (Figure 28). The orbicules are hosted in quartz 

diorite and rest directly above the steepening foliation in the Nababeep Gneisses (Figure 28).      

   

Figure 28: The rhombic-shaped Orbicule Koppie orbicule outcrop and the surrounding country rocks. 

The orbicule outcrop is ~90% orbicules to 10% host matrix or rock volume and the orbicules do not 

exhibit a general trend but are elongated randomly (Figure 29a, c) and are all similar in size and shape. 

The cores are leucocratic and are composed of plagioclase, K-feldspar, quartz and minor biotite and 

magnetite. Some of these orbicules do not have distinct cores but they resemble enclaves (red arrow; 

Figure 29a). The contact between cores and the shells is sharp macroscopically (Figure 29a). The 
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orbicules are single-shelled (Figure 29a, c) and the shells are melanocratic and composed of quartz, 

plagioclase and minor biotite. The boundaries between the shells and matrix are sharp (Figure 29a, c).  

The matrix is comparable in composition to the cores, but it is more coarse-grained and pegmatitic in 

places (Figure 29a). The matrix is leucocratic and has roughly equal amounts of plagioclase, K-

feldspar, quartz, biotite, and small-disseminated accessory epidote (Figure 29a, c). Some boulders next 

to the outcrop comprise weathered and deformed orbicules (Figure 29d). These are closely packed and 

have a preferred east-west orientation (Figure 29d). In places, the matrix appears to deform some parts 

of the shells (white arrows; Figure 29a). There is also evidence of sulphide mineralization (Figure 

29b), which is mainly bornite and chalcopyrite hosted in the coarse-grained inter-orbicular host matrix 

and only associated with the mafic mineral phases (Figure 29b). Copper staining is observed in the 

matrix associated with chalcopyrite and bornite (Figure 29b). 

 

Figure 29: Pictures of Orbicule Koppie orbicular outcrops showing: (a) Orbicules with no preferred 

orientation characterized by felsic cores and shells hosted in a coarse-grained and felsic matrix. Some 

of these orbicules do not have distinct cores and they resemble enclaves (red arrow). (b) Sulphide 

mineralization and copper staining hosted in a felsic matrix. (c) Epidote patches in the felsic matrix 

hosting closely packed orbicules that displace and deform each other. (d) Deformed (east-west 

trending, red-dotted lines) orbicule boulder near the Orbicule Koppie outcrop. 
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5.1.3.2. The Hoogkraal Lease orbicules 

The Hoogkraal Lease orbicule outcrop is an approximately 5 m high and 30 m diameter body of 

orbicules (Figure 30) that is approximately 4 km NW of Orbicule Koppie. Hoogkraal Lease orbicules 

occur in a pyroxene-bearing diorite. Unlike Orbicule Koppie orbicules, Hoogkraal Lease orbicules 

intrude the Concordia Granite (Figure 30). 

 

Figure 30: The Hoogkraal Lease orbicule outcrop and the surrounding diorite, anorthosite and 

Concordia Granite. 

Relative volumes of 30% orbicules to 70% host matrix characterize the orbicular outcrop (Figure 31a). 

However, some boulders around the outcrop are (80%) orbicules to (20%) matrix (Figure 31b). The 

orbicules have no preferred orientation and are randomly oriented. They are mostly spherical and 

elongate in some places in the outcrop and surrounding boulders (Figure 31b, d). They differ in size, 

ranging from 1-7 cm in diameter. Like the Orbicule Koppie orbicules, cores comparable in composition 

to the matrix characterize the Hoogkraal Lease orbicules (Figure 31a).  

Hoogkraal Lease orbicular cores and matrix are composed of plagioclase, orthopyroxene, biotite, 

quartz and accessory magnetite. The core to shell boundaries are sharp (Figure 31a), and unlike 

Orbicule Koppie orbicules, Hoogkraal Lease orbicules are multi-shelled and are composed of 

alternating mafic and intermediate shells (Figure 31a, b). The intermediate shells are dominated by 

orthopyroxene, biotite and minor plagioclase and quartz. The intermediate shells are composed mainly 

of plagioclase with minor biotite, orthopyroxene, and magnetite.  
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The continuous growth of orthopyroxene and plagioclase forms a radiating texture (comb-layering; 

Moore and Lockwood, 1973) that is only restricted to shells (red arrows, Figure 31c). At the 

macroscale, there is no evidence of sulphide mineralization in the Hoogkraal Lease orbicules.  

 

Figure 31: Boulders from the Hoogkraal Lease orbicule outcrop: (a) A boulder showing ~ 30% 

orbicules to 70% host matrix relative volumes. (b) A boulder showing more orbicules to matrix relative 

volume. (c) Radiating orthopyroxene texture (red arrow) restricted to the orbicular shells. (d) An 

outcrop showing different shapes of orbicules, both elongated (black arrow) and spherical. 
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5.1.3.3. The Henderson North orbicules 

The Henderson North orbicular body is located approximately 5 km NE of Orbicule Koppie. It is the 

largest of the Koperberg Suite orbicular bodies, and it is approximately 1 km in diameter and 6 m high 

(Figure 32) and it intrudes the Concordia Granite. 

 

Figure 32: Sketch map (not to scale) of the Henderson North orbicular body and the surrounding 

country rocks. 

Orbicules in this locality are hosted in a felsic to mafic host rock that comprises plagioclase and is 

pyroxene bearing. The host rock is coarse-grained (Figure 33a) and contains plagioclase grains that 

have a preferred E-W orientation (Figure 33b). The outcrop is 10% orbicules to 90% host matrix and 

the orbicules differ in shape. Some are elongated and they are trending E-W, some are spherical (Figure 

33c), and they do not have a preferred orientation but are randomly oriented (Figure 33a, b). 

They also differ in size ranging from 1-15 cm (Figure 33b, c). The leucocratic cores contain 

plagioclase, quartz, K-feldspars, orthopyroxene, magnetite, and biotite. Sharp contacts mark the 

transitions from core to shells. The shells are characterized by alternating mafic (dominated by biotite 

and magnetite with minor plagioclase and quartz) and felsic shells (dominated by plagioclase and 

quartz with minor mafic minerals; Figure 33c). Sharp contacts mark the transitions from shells to the 

matrix. The matrix and the core compositions are comparable, and the matrix is composed of 

plagioclase, biotite, quartz, K-feldspars, minor orthopyroxene, opaque minerals and (Figure 33c, d). 
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Figure 33: Boulders from the Henderson North orbicular outcrop: (a) A boulder showing spherical 

orbicules hosted in a coarse-grained pyroxene-bearing diorite. (b) A more coarse-grained pyroxene-

bearing diorite characterized by aligned and coarse-grained plagioclase. (c) Orbicule showing 

alternating mafic and felsic shells lacking the radiating texture. (d) An orbicule hosted in a felsic 

matrix characterized by a felsic core and mafic shells. 
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5.1.3.4. The Henderson South orbicules 

The Henderson South orbicular body is an approximately 150 m diameter and 5 m high body of 

orbicules that is approximately 4 km NE of Orbicule Koppie that intrudes the Concordia Granite 

(Figure 34). 

 

Figure 34: Geological sketch map of the Henderson South orbicular body and surrounding regional 

rocks (not to scale).                           

The Henderson South orbicules occur in a diorite dominated by pyroxene and the outcrop is 

characterized by 80% orbicules to 20% matrix or rock volume. Similar to the other orbicule localities, 

the Henderson South orbicules differ in shape, some are elongated (Figure 35a) and some are spherical.  

Cores composed of plagioclase, quartz, biotite, minor orthopyroxene pyroxene and accessory 

magnetite characterize the orbicules (Figure 35d). Alternating mafic (dominated by biotite, 

orthopyroxene, plagioclase, and magnetite) and felsic shells (dominated by plagioclase, biotite and 

quartz) characterize them (Figure 35d). A radiating texture is observed in shells (black arrow; Figure 

35c) where orthopyroxene grows as elongated grains from the core to shell contacts. This texture is 

only restricted to the shells. The matrix is comparable in composition to the cores and is composed of 
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plagioclase, quartz, biotite, orthopyroxene and accessory magnetite. There is no macroscopic evidence 

of sulphide mineralization observed in these orbicules. 

 

Figure 35: Orbicules from the Henderson South orbicule outcrops: (a) Henderson South outcrop 

characterized by elongated orbicules. (b) Spherical orbicules in a boulder next to the Henderson South 

outcrop. (c) Orbicules showing radiating orthopyroxene in shells (black arrows). (d) Elongated 

orbicules characterized my felsic cores and matrix. Shells are more mafic and dominated by biotite 

and pyroxene. 
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5.1.4. Summary of Field observations  

The rocks that host the orbicules differ in composition from one locality to another in the Koperberg 

Suite orbicules. The different Koperberg Suite orbicular bodies are all in contact with anorthosites and 

diorites. However, the Orbicule Koppie orbicules are intrusive to the Nababeep Gneiss, whilst the 

Henderson North, the Henderson South, and the Hoogkraal lease orbicule outcrops intrude the 

Concordia Granite.  

The main common feature in the Koperberg Suite orbicules is similar mineral assemblages or 

compositions in both the matrices and the cores. However, the matrices in the Orbicule Koppie and 

the Henderson North orbicules are more coarse-grained than cores. This is not the case in both the 

Henderson South and Hoogkraal Lease orbicules, which are characterized by medium-grained cores 

and matrices.  

The main difference in the four different orbicule localities is in the orbicule to matrix relative volumes, 

more orbicules to matrix ratios characterize Orbicule Koppie and the Henderson South orbicules, and 

this is not the case in Hoogkraal Lease and Henderson North orbicules. Orbicules varying in size and 

shape characterize different orbicules from different localities.  

At hand specimen scale, sharp cores to shells and shells to matrices boundaries or contacts characterize 

the Henderson North, Hoogkraal Lease, Orbicule Koppie and the Henderson South orbicules. 

However, this is not always the case in core-to-shell boundaries, e.g., the core shell boundaries are also 

gradational in Orbicule Koppie orbicules. 

Orbicule Koppie orbicules do not exhibit alternating mafic and felsic shells, this makes them different 

from the other orbicule localities that exhibit alternating mafic and felsic shells. The radiating texture 

is observed only in the Hoogkraal Lease and the Henderson South orbicular shells. Deformed orbicules 

and macroscopic sulphide mineralization are only observed in Orbicule Koppie orbicules and may be 

observed at microscale in other localities at a later stage in the project. 
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5.2. Petrographic Observations 

Similar to Dinaôs Pool orbicules, petrographic techniques together with micro-XRF were utilized in 

order to try to classify, compare and contrast different orbicule types and sulphide occurrences in the 

Koperberg Suite orbicules and the surrounding rocks. The data is presented in this section. 

5.2.1. Country Rock: Nababeep Gneiss and the Concordia Granite 

The Nababeep Gneiss in contact with Orbicule Koppie orbicules is composed of microcline (48%), 

biotite (10%), plagioclase (30%), quartz (10%), white mica (2%) and accessory magnetite. Microcline 

occurs as subhedral (0.3-6 mm) grains adjacent to quartz, biotite, and plagioclase (Figure 36a, b). 

Biotite occurs as subhedral and elongated (0.1-0.5 mm) grains adjacent to microcline and white mica, 

and as poikilitic inclusions in larger grains of microcline.  

 

Figure 36: Photomicrographs of samples from Orbicule Koppie and Hoogkraal Lease: (a, b) 

Photomicrographs of the Nababeep Gneiss showing microcline that exhibits exsolution texture and 

poikilitic inclusions of magnetite. (c, d) Photomicrographs of the Concordia Granite from Hoogkraal 

Lease showing subhedral grains of quartz occurring adjacent to biotite and microcline. Microcline 

contains poikilitic inclusions of biotite, opaque minerals and quartz. 

Quartz occurs as subhedral (0.1- 2 mm) grains adjacent to microcline, biotite, and plagioclase. Locally, 

quartz contains inclusions of biotite and magnetite. Plagioclase occurs as subhedral grains (0.3-1 mm) 

that are altered to sericite. Locally, plagioclase contains small poikilitic inclusions of biotite and quartz.  

The Concordia Granite in contact with the Hoogkraal Lease, Henderson North and Henderson South 

orbicules comprises quartz, microcline, plagioclase, and biotite. Quartz (60%) occurs as rounded and 

subhedral grains (0.1-0.5 mm). Microcline (0.2-1 cm) is the most predominant K-feldspar in the 

granite. Some of the large microcline grains contain poikilitic inclusions of quartz (Figure 36c, d). 

Biotite occurs as randomly distributed anhedral grains (0.1- 0.3 mm) that are adjacent to microcline 

and quartz. Plagioclase is the least common phase and occurs as subhedral grains (0.1-0.5 mm) that 

are adjacent to microcline and quartz. Plagioclase also occurs as inclusions in microcline. Accessory 
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minerals include magnetite and white mica. There is no evidence of sulphide mineralization in either 

the Nababeep Gneiss or the Concordia Granite. Both the gneiss and the granite contain disseminated 

magnetite grains. In the Concordia Granite (Figure 37b), magnetite occurs as disseminated (0.1-2 mm) 

grains in feldspars. In the Nababeep Gneiss, magnetite occurs as anhedral (0.1-0.5 mm) grains in 

feldspars (Figure 37a). 

 

Figure 37: Photomicrographs showing oxides in the Nababeep Gneiss and the Concordia Granite 

from the Koperberg Suite. (a) Anhedral to subhedral magnetite grains in the Nababeep Gneiss from 

Orbicule Koppie. (b) Smaller and disseminated magnetite grains in the Hoogkraal Lease Concordia 

Granite. 

5.2.2. The Koperberg Suite anorthosite  

Anorthosite in Hoogkraal Lease is highly altered and contains plagioclase and hypersthene (5%) as the 

predominant phases (Figure 38e, f). Plagioclase occurs as subhedral (1-6 mm) grains that are altered 

to sericite locally (Figure 38e). Locally, some plagioclase grains exhibit discontinuous twinning. 

Hypersthene occurs as subhedral (0.1-2 mm) grains that occur as small poikilitic inclusions in 

plagioclase. Quartz, biotite and microcline occur as accessory phases. Similar to the Hoogkraal Lease 

anorthosite, anorthosite from Henderson North is composed of plagioclase (90%) with minor apatite, 

quartz, biotite and chlorite as accessory phases. Plagioclase occurs as (0.1-6 mm) grains that exhibit 

discontinuous twinning and contain poikilitic inclusions of quartz, apatite, and magnetite (Figure 38g, 

h). Plagioclase is highly altered to sericite, and locally it contains smaller muscovite and plagioclase 

inclusions. Anorthosite from Henderson South is composed of plagioclase (90%) and biotite (5%) as 

the predominant phases. Plagioclase occurs as anhedral to subhedral grains (0.1-8 mm) that locally 

host poikilitic inclusions of biotite and magnetite. Accessory phases include epidote (Figure 38a), 

chlorite and muscovite. The plagioclase grains are altered to sericite (Figure 38a, b) and locally, they 

are highly fractured and the fractures are filled in by biotite, epidote and minor chlorite (Figure 38a, 

b). Biotite occurs as randomly distributed elongate and needle-shaped and anhedral grains (0.1-0.5 

mm) which are locally altered to chlorite. Quartz, muscovite (Figure 38a, b) and microcline occur as 

accessory phases. Similar to other localities, anorthosite from Orbicule Koppie comprises mainly 

plagioclase, biotite, accessory quartz and microcline (Figure 38c, d). Plagioclase occurs as subhedral 

and elongated (0.1- 7mm) grains adjacent to biotite and quartz. 
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Figure 38:Photomicrographs of anorthosites in contact with the Koperberg Suite orbicules: (a, b) 

Anorthosite from Henderson South comprising grains of plagioclase that are altered to sericite and 

comprising poikilitic inclusions of biotite. Microcline and plagioclase are enclosed by interstitial 

quartz that contains very small inclusions of magnetite. (c, d) Anorthosite from Orbicule Koppie 

containing grains of microcline, chlorite and plagioclase surrounded by interstitial quartz.  Microcline 

locally exhibits exsolution textures and contains inclusions of magnetite. (e, f) Anorthosite from 

Hoogkraal Lease comprising plagioclase that exhibits discontinuous twinning and locally altered to 

sericite. Chloritisation of biotite is observed. (g, h) Anorthosite from Henderson North comprising 

inclusions of rounded quartz grains in plagioclase. Locally, plagioclase is altered to clay.                   

Locally, plagioclase is characterized by discontinuous deformation twinning. Biotite and minor 

muscovite occur as inclusions in some of the plagioclase grains. Locally, plagioclase is altered to 

sericite, which also contains poikilitic biotite inclusions. Biotite occurs as disseminated anhedral to 

subhedral elongate (0.1-0.2 mm) grains that occur adjacent to plagioclase, accessory muscovite, and 
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accessory quartz. Locally, biotite is altered to chlorite and has small (0.2-0.5 mm) quartz inclusions. 

Accessory minerals include magnetite, quartz, and muscovite. The anorthosite lenses contain sulphide 

mineralization (<2%) associated mostly with the mafic minerals. The mineralization varies in modal 

abundances from one locality to another. No sulphide mineralization is observed in the anorthosite in 

contact with Henderson South (Figure 39a) and Hoogkraal Lease (Figure 39c) orbicule outcrops, 

except for the disseminated and randomly distributed magnetite. Conversely, small concentrations of 

chalcopyrite and magnetite are observed in anorthosite in contact with Orbicule Koppie (Figure 39b) 

and Henderson North orbicules (Figure 39d).  

Figure 39: Photomicrographs showing sulphides and oxides in the Koperberg Suite anorthosites: (a) 

disseminated magnetite grains in anorthosite from the Henderson South adjacent to each other in 

plagioclase. (b) Disseminated chalcopyrite occurring adjacent to smaller magnetite grains in Orbicule 

Koppie anorthosite. (c) Larger magnetite grains from Hoogkraal Lease anorthosite. (d) Magnetite 

grains adjacent to smaller (<< 0.1 mm) grains of disseminated magnetite in anorthosite from 

Henderson North. 

In Henderson North, chalcopyrite occurs as small (< 0.1 mm) grains that are locally clustered and 

adjacent to magnetite (Figure 39d). Magnetite (0.1-0.2 mm) occur as disseminated and subhedral 

grains next to chalcopyrite (Figure 39d).  Similar to the Henderson North anorthosite, the Orbicule 

Koppie anorthosite comprises chalcopyrite and magnetite. Chalcopyrite occurs as very small (0.1-0.4 

mm) grains that are disseminated in plagioclase (Figure 39b). Magnetite occurs as disseminated (0.1-

0.4 mm) grains. Locally, magnetite replaces chalcopyrite (Figure 39b). 
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5.2.3.  The Koperberg Suite diorite  

Diorite in Hoogkraal Lease is composed mainly of plagioclase (70%) and equal amounts of biotite 

(10%) and hypersthene (10%), with accessory quartz and magnetite. Plagioclase occurs as anhedral to 

subhedral grains (1-5 mm). Some plagioclase grains (Figure 40d) comprise discontinuous deformation 

twins. Locally, plagioclase is altered to sericite.  

Biotite is the second predominant mineral phase and occurs as anhedral to subhedral elongate grains, 

which locally occurs as inclusions in plagioclase. It also occurs as an interstitial phase surrounding 

plagioclase (Figure 40c, d). Hypersthene in plagioclase occurs as subhedral (0.5-1 mm) poikilitic 

inclusion with no well-defined cleavage. Quartz occurs as subhedral and rounded grains (0.1-1 mm) 

that are adjacent to plagioclase and biotite. Locally, quartz occurs as small, rounded inclusions in 

plagioclase. Accessories include magnetite, which mainly occurs as inclusions in plagioclase.  

Diorite in Orbicule Koppie contains plagioclase (70%), biotite (10%), magnetite (5%) and quartz (5%). 

Plagioclase occurs as anhedral to subhedral grains (0.1 mm -1 cm) that are altered to sericite in places. 

Locally, it contains inclusions of biotite and other smaller plagioclase grains (Figure 40a). Some 

plagioclase grains exhibit exsolution textures (Figure 41b). These grains also contain biotite inclusions 

(Figure 40). Biotite occurs as elongate grains (0.1-1mm) adjacent to plagioclase and as inclusions in 

plagioclase. Accessory minerals include microcline.  

Diorite from Henderson North contains plagioclase (70%), hypersthene (10%; Figure 40e, f), biotite 

(10%), magnetite (3%) and other accessory phases. Plagioclase is anhedral (0.1-2 mm) and contains 

magnetite and quartz inclusions. Locally, plagioclase is altered to sericite. Hypersthene occurs as 

randomly distributed anhedral gains (0.1-1 mm) adjacent to plagioclase (Figure 40e, f). Accessory 

minerals include microcline and quartz. 

Similar to the Hoogkraal Lease diorite, diorite in Henderson South comprises mainly plagioclase 

(85%) and biotite (10%) with minor quartz (5%) and magnetite (< 1%). Unaltered plagioclase occurs 

as anhedral to subhedral grains (0.1-2 mm) with some grains containing biotite and magnetite 

inclusions. In places, plagioclase is altered to sericite. Adjacent to plagioclase is biotite that occurs as 

randomly distributed anhedral grains (0.1-0.5 mm). In places, biotite is altered to chlorite (Figure 40g, 

h). Accessory minerals include hypersthene and magnetite. 
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Figure 40:Photomicrographs of diorites from Koperberg Suite illustrating quantitative textural 

analysis: (a, b) Diorite from Orbicule Koppie composed of large microcline grains that contain 

poikilitic inclusions of anhedral magnetite and elongated (0.1-0.4 mm) grains of biotite. Microcline 

displays exsolution textures and it is altered to white mica. (c, d) Diorite from Hoogkraal Lease 

comprising plagioclase, quartz and biotite grains that occur adjacent to each other. Plagioclase 

occurs as smaller grains that occur adjacent to quartz and exhibit discontinuous twinning. Locally, 

plagioclase is surrounded by interstitial biotite.  (e, f) Diorite from Henderson North containing small 

and disseminated hypersthene grains adjacent to plagioclase. Plagioclase locally exhibits 

discontinuous twinning and occurs adjacent to small biotite grains. (g, h) Diorite from Henderson 

South containing both unaltered and altered grains of plagioclase (sericite) that contain poikilitic 

inclusions of quartz and magnetite. Quartz occurs as anhedral grains that occur adjacent to biotite 

and plagioclase. Locally, quartz occurs as inclusions in biotite. 
















































































































































































































































































































































































































































































































































