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Abstract
This work tackles a lonrgtanding problem in petrology, the formation of orbicular granitoids. These
bodies occur as entire facies or as areas enriched in orbicules avitimat 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 topicsuc h as 06 gr a n-iexaggeraioniobnmetasoraaticdeffedtiere, r
poorly studied outcrops of orbicular rocks from Mi@topos granitb at hol i t h i n t he Di a
Zimbabwe and thKoperberg SuiteSouth Africaare tackeldEnzman (195Bard Garvie (1969; 1971
studiedt he Koperberg Suite and the Diemploged dieldP o o |
observations and petrography to examine @ratacterizehe genesisf theserocks. Howeverthere
is little evidence presented to confitheirtheories on how these rocks formaiprevious work lacks
detailed geochemical, mineral chemistry and i so
on the genesis of these rocks. Furthermtirere is no connection between the metallogemésise
sulphidemineralizationand the origin of orbicular rocks, which is a unique characteristic of particular
orbicule sitesn the Koperberg Suite

This study focuses on four different orbicular bodies (Orbicule Koppie, Henderson South, Henderson
North and Hoogkraal Lease) from the Koperb8tgte hosted in lithologies ranging froutiorite to
pyroxenitecompositionsThe orbicules from different orbicular share similar characterisfioarse

grained felsic cores, fingrained and alternating ferromagnesian and feldspathic shells, and- coarse
grained to pegmatitic matrices characterize th€he orbicules are generally spherical to ellipsoidal

in shapehowever, some appear to be abraded and deformed (e.g., Orbicule Kbippig)mpositions

and grain sizes of cores and the matrix are comparable in all localities. Both the matrix and the cores
are mediumto coarsggrained and dominated by plagioclasiee(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-freined and exhibit polygonal textures. In addition to

this, the shells are dominated by biotite and orthopyroxene.

Plagioclase in the Hendersblorth andHenderson South orbiculesmore calcic than plagioclase in
HoogkraalLease andrbicule Koppie orbiculesBiotite in the Henderson North and the Orbicule
Koppie orbiculess more magnesian than those at Henderson South and Hoogkraal Lease orbicules.
Plagioclase in the Henderson North orbicules clr@racterizd by elevated and radiogenic initial
87SrPeSrratios tharthe other orbiculéocalities There is also a variation #Sr£°Sr ratios within the
individual orbicular structures (coreshells and matrices) in individual lodédis. The orbicules at
Henderson South, Orbicule Koppie and the Jubilee Pit host a bdomitmated sulphide assemblage
where disseminated chalcopyrite and bornite grainschezacterizé by granular textures and
chalcopyrite is replaced by magnetite and bormismuth, Ni and Se in these sulphides appear to

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

Di a nPadd abicularsamplesxhibit closely packedrbicules in a granitic matrigharacterized by
different types of orbicules containing coamgained felsic cores, fingrained and alternating

ferromagnesian and feldspathic shells, and a capeseed to pegmatitic matrix. The orbicules are



generally spherical to ellipsoidal in shape, however, some appear to be abraded and d&femed.
compositions and grain sizes of cores and the matrix are comparable. Both the matrix and the cores
are mediumto coarseggrained and dominated by plagioclasiee(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, shellgyeaeédeand

exhibit pdygonal textures. In addition to this, the shells are dominated by biotite and magnetite;
however, they do not contain hornblenBéagioclasen cores, shells and matricesowsan almost
comgete overlap of An contentBiotite composition in the shells is sifjcantly less magnesiahan

in coreand matrix whose compositions overlalpitial 8’Srf®Sr ratos from plagioclase in shele

slightly more radiogenic than in timeatrix and cores

Formation obotht he Koper ber g S wibituées hanbeen Btirikautecht@@somate o |
processes. However, modelliafithe Koperberg Suite orbiculasing the Magma Chamber Simulator

and avariety of textural and geochemical constraints rules out a metasomatic oFfggnquartz +
biotite-dominated diorite (Orbicule Koppie) and the pyroxeieites (Hoogkraal Lease, Henderson

South, Henderson North), together with more felsic anorthosite and the more mafic pyroxenites, are
all produced by progressive AFC + rechargecpsses, where the magmaswaost likely anatectic

melts of the country rocks that were at granulitegrade b ot h Di anaédés Pool and
cores are autoliths, which are plagiockasté, cumulate, or rim fragments reworked by new magma
inputs or injectionsHeterogeneous nucleation leading to the formation of orbicular shells around the
cores is attributed tadiabatic decompression of magma pulses ascending in dykes leading to
superheating and resorption of early solids, and volatile exsolution, inducing undeycoolin
supersaturation, and shell crystallizatigm. alternative process that triggered superheating is magma
mixing (e.g., Henderson South and Henderson Noifth¢. coarsayrained matrix crystallized later,

after the orbicules formed, creating tiggoundmassand lockirg the orbicules in place. The

def ormation of shells and cores (e.g., Or bi cul e
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 sulphideehavior. Thebornitechalcopyrite assemblags atypical of the intermediate

solid solution is9 assemblage (chalcopyrite and pyrrhotite) observed in mod\liGnagmatic
sulphide deposits. The high concentrations of trace elements that are incompatible with monosulphide
solid solution andthe depletion ofNi and Co in the sulphides are consistent with the derivation of
sulphides from a Cuich sulphide melt that separated from aridh sulphide melt prior to magma
emplacement and orbicule formatidre oxidation and Genrichment 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 linklmetvicade

genesis and sulphide metallogenesis
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in shells and cores of different samples. The highest An contents are exhibited by plagioclase in

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 pegmatitims/@olack 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-arbicnlar diorite to an
orbiculehosting diorite. (e) Biotiterich diorite (mica diorite) at the contact point between the
Nababeep Gneisses and massive diorite. (d) A less brathigock 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.

................................................................................................................................... 55
Figure 28 The rhombieshaped Orbicule Koppie orbicule outcrop and the surrounding country
10T 2P 56

Figure 29: Pictures of Orbicule Koppie orbicular outcrops showing: (a) Orbicules with no
preferred orientation characterized by felsic cores and shells hosted in agraamed and felsic
matrix. Some of these orbicules do not have distinct corehagddsemble 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 (eastvest trending, eddotted lines) orbicule boulder near the Orbicule Koppie
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Figure 30: The Hoogkraal Lease orbicule outcrop and the surrounding diorite, anorthosite and
(@d0] g [T ] (o [F= W €] = 101 (=7 58

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 toltkcular shells.

(d) An outcrop showing different shapes of orbicules, both elongated (black arrow) and spherical.

Figure 32: Sketch map (not to scale) of the Henderson North orbicular body and the surrounding
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Figure 33: Boulders from the Henderson North orbicular outcrop: (a) A boulder showing spherical
orbicules hosted in a coargeained pyroxendearing diorite. (b) A more coarggained
pyroxenebearing diorite characterized by aligned and cegraemed plagioclas€c) Orbicule
showng 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.............ccccoooveeiiinn, 61

Figure 34: Geological sketch map of the Henderson South orbicular body and surrounding
regional roCKS (NOt 10 SCAIE)........cciiiiiiii e 62

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 shellsk (lalaows). (d)
Elongated orbicules characterized my felsic cores and matrix. Shells are more mafic and
dominated by Diotite and PYrOXEIE.........cciveiiiiiee ettt e e 63

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 Gréwite
Hoogkraal Lease showing subhedral grains of quartz occurring adjacent to biotite and microcline.
Microcline contains poikilitic inclusions of biotite, opaque minerals and quartz.............. 65

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 Halobkese
(@d0] g [T ] (o[- W €] = 101 (=7 SRR 66

Figure 38Photomicrographs 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 plagis#aare enclosed by arstitial

guartz 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 ta@ns 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
Hendersn North comprising inclusions of rounded quartz grains in plagioclase. Locally,

plagioclase is altered t0 Clay..........c.uveviiiiii e 67



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 adjatesmaller 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 HendersSON NOIN........ouu e e et e e eannas 68

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 elong#&@e#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 smallgrains 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. |Ré&giocally 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 magnetiQuartz occurs as anhedral grains that occur adjacent to biotite
and plagioclase. Locally, quartz occurs as inclusions in biotite...............cccceeveeeeviineeennnn. 70

Figure 41: Photomicrographs showing the sulphide mineralization and magnetite in diorites from
the Koperberg Suite: (a) Disseminated and anhedral to subhedral grains of magnetite in Henderson
South diorite. (b) Subhedral grains of magnetite in the Orbicule Kopgmigkedadjacent to smaller

and disseminated grains of chalcopyrite. Locally, magnetite replaces chalcopyrite. (c) Small and
anhedral magnetite in Hoogkraal Lease diorite concentrated in plagioclase. (d) Large magnetite
grains adjacent to small and locallpncentrated chalcopyrite grains in the Henderson North
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Figure 42 Element maps of Orbicule Koppie sample-8B6C: (a) A mosaic showing the
mapped area in a white rectangle. (b) A composite of selected element showing elements detected
via the normal map spectrum showing the distribution of Al (orange), Ca (light)gkeépink),

Si (blue) and: Fe (purple) in the sample. (c) Individual element map showing a uniform distribution
of Al throughout the sample. (d) Element map showing the highest distributions and intensities of

Si in the cores and the matrix. (e) Elemempnshowing the highest distribution and intensity of



Fe in shells, matrix and some parts of cores. (f) Individual element map showing the distribution
of Ca in different parts of the orbicules. (g) Element map showing the highest distribution and
intensities of K in the matrix and some parts of the con@€lément map showing the distribution

of Cu in different parts of the orbicules. Cu is highly concentrated and yields high intensities in
L8 1 4= LD PSPPSR 12

Figure 43: Full thin section photomicrographs of Orbicule Koppie orbicule sampié®6A and
corresponding TIMA image: (a) Plan@olarized (left) and crogsolarized light (right) full thin
section images of sample SIIFGA. ... ...coouuuii e 73

Figure 44: Full thin section photomicrographs of Orbicule Koppie orbicular core and
corresponding TIMA image: (a) Plain@larized (left) and crogsolarized light (right) full thin
section images of sample SID-6B. (b) TIMA image of sample SID0-6B characterized bfine

to mediumgrained core predominated by plagioclase, quartz, microcline, chlorite and titdnite.
Figure 45: Photomicrographs showing mineral phases and textures in orbicular cores from
Orbicule Koppie: (a, b) Altered plagioclase grains (sericite) containing small inclusions of
anhedral biotite and muscovite. (c, d) Small subhedral quartz grains that edogtugions in
sericite. Quartz also occurs adjacent to anhedral biotite and epidote inclusions. (e, f) Subhedral
plagioclase grains containing magnetite inclusions enclosed in interstitial microcline. (g, h) Large
microcline grain exhibiting exsolutioextures and containing small inclusions of euhedral apatite
and anhedral to subhedral grains of bIQtite..............cooiiiii e 75

Figure 46: Small and disseminated chalcopyrite grains in Orbicule Koppie orbicular.carés

Figure 47: A photomicrograph of a zoomed image with the red dotted line showing a sharp
contact between the highly altered core and a tmenediumgrained shell. The blue dotted line
marks the sharp contact between the meeljuamned shells to a coargeained matrix(a) and (b)

show the location of image c in the full orbicule samplel®EBA. ...........cccoeeeviiiiiiiiieeeeeens 77

Figure 48: Photomicrographs showing mineral phases and textures in the orbicular shells from
Orbicule Koppie orbicules: (a, b) Plagioclase containing small and disseminated biotite and
magnetite grains. Biotite occurs both adjacent to and as inclusions in fdagiothe inclusions

of biotite are associated with small muscovite, epidote and chlorite. (c, d) Poikilitic biotite
inclusions in plagioclase that grows adjacent to wormy and vermicular small quartz forming
myrmekite textures. (e, f) Altered shell comprgsaltered plagioclase (sericite) in contact with a

coarsegrained matrix. The red dotted line shows the sharp contact from-grameed shell to a



more coars@rained matrix. Epidote is common in contacts between the shells and the matrix. (g,
h) Disseminated quartz grains adjacent to biotite, muscovite and magnetite. Quartz occurs as small
and rounded inclusions in altered plagioClase. ..o 78

Figure 49: Small and disseminated chalcopyrite grains in the orbicular shells from Orbicule

Figure 50: Full thin section photomicrographs of Orbicule Koppie matrix and corresponding
TIMA image: (a) Planipolarized (left) and crogsolarized light (right) full thin section images

of the matrix sample SI20-6C. (b) TIMA image of sample SIDO-6C showing a caaeqgrained

matrix composed gblagioclase, microcline, quartz, biotite, chlorite, albite and titanite....80

Figure 51: Photomicrographs showing mineral phases and textures in Orbicule Koppie matrix: (a,
b) Large plagioclase grains containing inclusions of microcline lamellae that follows the
orientation of the albite twinning (antiperthite). (c, d) Plagioclase alteresrioite occurring
adjacent to microcline and orthoclase. Orthoclase contains small inclusions of apatite and it is
altered to clay. Biotite occurs adjacent to epidote and they both occur as small inclusions in altered
plagioclase. (e, f) Anhedral quarteagns occurring adjacent to plagioclase. Locally, quartz occurs

as vermicular intergrowths in plagioclase (myrmekite texture). Small muscovite grains occur
adjacent to quartz and the altered to plagioclase. (g, h) Anhedral to subhedral quartz grains
contahing biotite inclusions. Quartz grains occur next to biotite and altered plagioclase. Locally,
biotite is altered t0 ChIOIEE...........uii e 81

Figure 52: Photomicrographs showing sulphide mineralization and oxides in the matrix from the
Orbicule Koppie orbicules: (a) Massive chalcopyrite grain replaced by magnetite occurring
adjacent to smaller and disseminated chalcopyrite grains. (b) Massive chalcgamitesplaced

by magnetite occurring adjacent to smaller and disseminated chalcopyrite grains. (b) Massive
chalcopyrite grains adjacent to smaller and disseminated chalcopyrite grains. (¢) Small and
disseminated chalcopyrite grains occurring as poikilitcdusions in magnetite. (d) Chalcopyrite
replaced by magnetite and adjacent to massive magnetite...............cccoveeeeviiiiieviiineeeennn. 82

Figure 53: Element maps of Hoogkraal Lease sample22f11: (a) A mosaic showing the
mapped area in a white rectangle. (b) A composite of selected element showing elements detected
via the normal map spectrum showing the distribution of Al (green), Si (bluepife), (Ti (red)

and Ca (green) in the SAMLE.........coooiiiii e 83



Figure 54: Full thin section photomicrographs of Hoogkraal Lease orbicular rock sample and
corresponding TIMA image:(a) Plain@olarized (left) and crogsolarized light (right) full thi®4

Figure 55: Full thin section photomicrographs of the Hoogkraal Lease orbicular core sample and
corresponding TIMA image: (a) Plaip®larized and crogsolarized light full thin section image

of the Hoogkraal Lease orbicular core. (b) TIMA image of the orbiculautexshowing a
mediumgrained core comprising plagioclase, hypersthene, quartz and biotite. Sharp cortact (red
dotted line) marks the transition from the core to the shells............cccoooviiieiiiin e, 85

Figure 56: Small chalcopyrite grains within radiating hypersthene grains in Hoogkraal Lease
(0T o] o 0| [ o 0] g == PR 36

Figure 57: Photomicrographs of the orbicular cores from Hoogkraal Lease: (a, b) Large and highly
fractured phenocrysts of hypersthene occurring as inclusions in microcline and plagioclase.
Hypersthene contains inclusions of elongated biotite. (c, d) Large hypergirens with small
inclusions of subhedral quartz and elongated biotite grains. (e, f) Plagioclase exhibiting
discontinuous twinning containing small and subhedral hypersthene inclusions. Hypersthene
grows into plagioclase and microcline as elongated and subhedral grdiffisreft birefringence.

(g, h) Small and subhedral equigranular grains of quartz adjacent to feldspars and occurring as
small inclusions in interstitial biotite. Biotite occurs adjacent to and as inclusions in feld8pars.
Figure 58: A zoomed image of sample SI¥-14 showing shells from Hoogkraal Lease. These

are alternating biotite and intermediate (plagioclase with hypersthene and minor biotite) shells.
They are also characterized by radiating hypersthene grains. The radiating texture (yellow arrows)
is cut perpendiular by the concentric biotite shellssert aare fullthin section photomicrographs

of the Hoogkraal Lease orbicular sample-8B14 in planépolarized (left) and crogsolarized

light (right) light showing the location of IMage.C.........ccovvviiiiiiiiii e, 38

Figure 59: Photomicrographs of orbicular shells from Hoogkraal Lease orbicules: (a, b)
Plagioclase grains adjacent to the radiating hypersthene grains.-s8aiall alteration of
plagioclase is observed. Biotite occurs as continuous grains that crosscut the hypesthnes.

(c, d) Radiating hypersthene grains are cut perpendicular by the continuous biotite shells. (e, f)
small quartz grains that occur as poikilitic inclusions in biotite and adjacent to hypersthene and
172 o L0 T3 =TT PPN 89

Figure 60: Disseminated, small and anhedral chalcopyrite adjacent to subhedral to euhedral
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Figure 61: Full thin section photomicrographs of the Hoogkraal Lease matrix and corresponding
TIMA image: (a) Planigpolarized (left) and crogsolarized light (right) full thin section images

of the matrix sample SR2-11C. (b) TIMA image of sample SP2-11C showinga medium to
coarsegrained matrix comprising feldspars, biotite, magnetite, quartz and accessory apatite and
(03 01 (o] 4 (= PR 91

Figure 62: Photomicrographs of a matrix from the Hoogkraal Lease orbicules: (a, b) Plagioclase
adjacent to smaller and subhedral quartz grains. Quartz also occurs adjacent to interstitial biotite
surrounding microcline. (c, d) Large and anhedral biotite graitis quartz inclusions growing

into microcline adjacent to plagioclase. Microcline contains inclusions of quartz and magnetite.
(e, f) Large and touching grains of subhedral quartz inclusions in plagioclase. Quartz occurs
adjacent to biotite containing srtel quartz inclusions. Plagioclase is altered to clay. (g, h) Large
and elongated biotite crosscutting large quartz grains, creating reaction rims. Biotite also occurs
as an interstitial phase enclosing smaller quartz grains.............c.oooevveeeeeiiineeeeeeiiineeeee, 92

Figure 63: Photomicrographs showing mineral phases and textures in the Hoogkraal Lease matrix:
(a, b) Large and euhedral microcline grains adjacent to large and subhedral quartz grains.
Microcline contains poikilitic inclusions of plagioclase following the samedti@nthe twinning
creating perthite textures. (c, d) Small and subhedral grains of quartz adjacent to biotite and
feldspars. Quartz occurs as inclusions enclosed in interstitial biotite that is adjacent to feldspar. (e,
f) Plagioclase contains inclusionssubhedral hypersthene that contains inclusions of quagz.

Figure 64: Small, anhedral and disseminated chalcopyrite grain in a matrix from the Hoogkraal
LEASE OFDICUIBS. ...ttt e et eeeaab s 94

Figure 65: Element maps of the Henderson North sample489: (a) A mosaic showing the
mapped area in the white rectangle. (b) A composite of selected element showing elements
detected via the normal map spectrum showing Al (green), Ca (pink), K (bright bl{ejaRege)

and Si (dark blue) . (c) Individual element map showing a uniform concentration of Al throughout
the orbicule sample. (d) Individual element map showing the highest concentrations and intensities
of Si in cores and the matrix. (e)Element map shgwhe highest concentrations and intensities

of Fe in shells, matrix and some parts of the cdfg&lement map showing the distribution and
concentrations of K in different parts of the orbicules. (g) Individual element map showing uniform

Ca concentrations in the orbicule sample. (h) Individual element map showing the distribution and



concentrations of Cu in different parts of the orbicules. Cu is highly concentrated in the matrix.

Figure 66: Full thin section photomicrographs of the Henderson North orbicule sampl€&-SD

36A and corresponding TIMA image: (a) Plapelarized (left) and crogsolarized light (right)

full thin section images of sample SID-36A. (b) TIMA image of sample SID0-36A. (b) TIMA

image of sample SI0-36A showing a mediungrained core dominated by plagioclase,
microcline, and magnetite. Sharp contact (red dotted line) marks the transition from the core to the
shell. The shell is predominated by magnetite and plagioclHse. mediuragrained matrix
comprises plagioclase, microcline chlorite and biotte.............ccoovvviiiieeeii i 96

Figure 67: Full thin section photomicrographs of the Henderson North orbicule samp86-SD

18C and corresponding TIMA image: (a) Plapelarized (left) and crogsolarized light (right)

full thin section images of sample S3B-18C. (b) TIMA image of sample SB6-18C. (b) TIMA

image of sample SI36-18C showing a mediuno coarsegrained core composed of plagioclase,
hypersthene, microcline and magnetite. Thedetied line marks the gradational contact between
the core and the shell. There is a visible increaseagnetite and a decrease in microcline modal
abundance iIN the ShEll....... ..o e 97

Figure 68: Photomicrographs showing mineral phases and textures in the orbicular cores from the
Henderson North orbicules: (a, b) Large phenocrysts of hypersthene containing small and rounded
inclusions of quartz. (c, d) Microcline adjacent to plagioclase thatiosrpaikilitic inclusions of
magnetite. (e, f) Larger hypersthene phenocrysts in plagioclase.........c.ccocovvieeeeeninnd 98

Figure 69: Full thin section photomicrographs of the Henderson North orbicule sampf®-SD

19B and corresponding TIMA image: (a) Plapelarized (left) and crogsolarized light (right)

full thin section images of sample S-19B. (b) TIMA image of the sample shawj alternating

felsic (predominated by plagioclase and minor biotite) and mafic (predominated by biotite and
minor plagioclase) shells. Sharp contacts {@etted lines) are observed between the core, shells
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Figure 70: Locally clustered magnetite grains adjacent to smaller chalcopyrite grains in the
Henderson North orbicular ShellS. ... 100

Figure 71: Photomicrographs showing mineral phases and textures in the Henderson North
orbicular shells: (a, b) Microcline adjacent to plagioclase grains that contain poikilitic inclusions

of magnetite. Adjacent to microcline is anhedral and interstitial biotitelepwg feldspars. (c, d)



Biotite is altered to chlorite and grows adjacent to plagioclase and magnetite. (e, f) Interstitial
biotite surrounding euhedral grains of plagioclase. (g, h) Interstitial biotite surrounding plagioclase

Figure 72: Full thin section photomicrographs of the Henderson North orbicule matrix and
corresponding TIMA image: (a) Plan@olarized (left) and crogsolarized light (right) full thin
section images of sample SM-19D. (b) TIMA image of the sample showing the rsegrained

matrix comprising plagioclase, biotite, microcline, chlorite and magnetite as the predominant

Figure 73 Photomicrographs showing mineral phases and texturesktetigierson North matrix:

(a, b) Interstitial biotite surrounding plagioclase and quartz. Biotite also occurs as small grains
adjacent to plagioclase. (c, d) Poikilitic inclusions of euhedral biotite and magnetite in plagioclase.
(e, f) Biotite containing pgioclase inclusions that occur adjacent to plagioclase. (g, h) Microcline

and plagioclase surrounded by interstitial biotite. Biotite also occur as inclusions in plagioclase

Figure 74: Massive chalcopyrite grain replaced by magnetite. The massive chalcopyrite grain
occur adjacent to smaller (<0.1 mm) and disseminated chalcopyrite grains................ 104

Figure 75 Element maps of Henderson South sample5524: (a) A mosaic showing the
mapped area in a white rectangle. (b) A composite of selected element showing elements detected
via the normal map spectrum showing Al (purple), Si (blue), Ca (pink), Fe (redX dight

green). (c) Element map showing uniform distribution of Al throughout the orbicule sample.
(d)Element map showing the highest distribution and intensities of Si in the cores and the matrix.
(e) Element map showing the highest distribution andsities of Fe in shells and matrix. Cores

are less ferroan(f)Element map showing the distribution acdncentrations of K in different

parts of the orbicules. (g) Uniform Ca distribution throughout the orbicule sample. However, the
radiating grains aréess sodic (h) Element map showing the distribution and of Cu in different
parts of the orbicules. The shells and some parts of the matrix are rich in Cu, and Cu yields the
highest intensities iN the MatriX...............oii i 105

Figure 76: Full thin section photomicrographs of the Henderson South orbicule samg@é-SD

24B and the corresponding TIMA images: (a) Pignoéarized full thin section images of sample
SD-55-24B. (b) TIMA image of the sample showing a medigrained core that is cqmsed of

plagioclase, quartz and unclassified radiating grains (black). (c)TIMA image of the selected area



(red box in image b) showing that the radiating grains have high silica than the surrounding
feldspars. (d) TIMA image of the selected area showing that the radiating grains have no calcium
and the calcium content in the grains is lower than in the sudirogifeldspars. (e, f) TIMA images

of the selected area showing that the radiating grains are enriched in iron and magnesium relative
to the surrounding CalCiC PlagIOCIASE..........ovi i e 106

Figure 77: Full thin section photomicrographs of the Henderson South orbicule core sample SD
55-24C and corresponding TIMA image: (a) Plapelarized (left) and crogsolarized light (right)

full thin section images of the sample. (b) TIMA image of the sample sigeavimediurgrained

core composed of plagioclase, unclassified grains, quartz, biotite, chlorite and accessory
RAE=To | a1 1 =P UPPPPPIN 107

Figure 78: Photomicrographs showing mineral phases and textures in the Henderson South
orbicular cores: (a, b) Poikilitic inclusions of biotite and altered hypersthene in plagioclase.
Plagioclase is highly fractured and grains of quartz intergrown with alteredstiypee fill in the
fractures. (c, d) interstitial biotite occurring around plagioclase and containing elongated grains of
muscovite. (e, f) Small plagioclase grains adjacent to quartz. Plagioclase is altered to sericite and
contains inclusions of magneté®d smaller euhedral apatite...............ccccoevevieeiieeeennnnne. 108

Figure 79: Locally concentrated chalcopyrite grains adjacent to magnetite in radiating altered
014 01T 5511 41T 4T | = 1o P 109

Figure 80: Photomicrographs showing mineral phases and textures of Henderson South orbicular
shells: (a, b) Radiating and elongated grains of altered hypersthene and quartz that are restricted
to the shells. (c, d) Poikilitic inclusion of rounded and altered hypemst and magnetite in
plagioclase. Plagioclase is altered to clay, and it is highly fractured locally and altered hypersthene
fills in these fractures. (e, f) Smaller and subhedral grains of quartz and plagioclase occurring
adjacent to bigger plagioclaseaghs containing poikilitic inclusions of magnetite. (g, h) Biotite
adjacent to plagioclase containing quartz inclusions. Plagioclase occurs adjacent to altered
hypersthene that grows both as inclusions and as fractures in plagioclase. Locally, smaller
plagioclase grains form granoblastic and equigranular textures, where smaller and equal grains
grow adjacent to €aCh Other.............coooiii i 110

Figure 81: Full thin section photomicrographs of the Henderson South orbicule matrix sample

SD-55-24D and corresponding TIMA image: (a) Plapelarized (left) and crogsolarized light



(right) full thin section images of sample §5-24D. (b) TIMA image of the sample showing a
mediumgrained matrix predominated by plagioclase, quartz, chlorite, biotite and maghéfite.
Figure 82 Photomicrographs of the Henderson South matrix: (a) Large chalcopyrite grains that
are replaced by bornite. These are adjacent to smaller chalcopyrite and bornite grains. (b) Smaller
chalcopyrite replaced DY DOMMILE..........cooiiiii e 112

Figure 83: Photomicrographs showing mineral phases and textures in the matrix from the
Henderson South orbicules: (a, b) Altered biotite grains and chlorite adjacent to smaller and altered
plagioclase grains. (c, d) Biotite containing inclusions of quartz adjacesthaller plagioclase

grains. (e, f) Hjunctions (12C°) angles forming where quartz and plagioclase equigranular grains
form polygonal textures (blue arrow). Biotite occurs as subhedral grains adjacent to quartz and
plagioclase. Locally, plagioclase is altered to sericite. (g, h) Equigranular grains otlalsgiand

guartz, where plagioclase contains inclusions of magnetite...............ccccoeviveeveiiieevennnnnn. 113

Figure 84: A classification of feldspars from the Koperberg Suite massive rocks and the orbicules
on a ternary albit@anorthiteorthoclase diagram: (a) The Massive Koperberg Suite rocks plotted

on the feldspar classification diagram. They range from andesine tmltettbe in composition.

(b) Plagioclase in the Koperberg Suite orbicules plotted on the feldspar classification diagram.
Similar to the massive Koperberg Suite rocks, plagioclase in the orbicules ranges between andesite
and labradorite iN COMPOSILION..........uuiiiiii e e 116

Figure 85: The graph showing the An content in plagioclase from the Koperberg Suite orbicular
cores, shells and matrices and the surrounding Namaqualand Metamorphic Complex (NMC) and
the massive Koperberg Suite rocks. The massive Koperberg 8ditaeaNMC An content were
adapted from Van Zwieten et al. (1996) and Brandriss and Cawthorn (1996). The graph shows
little variation in An contents in the orbicules and the surrounding massive ararliounlar
Koperberg Suite rockBhe two signa represent the minimum and maximum values, the box
represents the interquartile range, x represents the mean, and the middle straight line represents
TNE MEAIAN. ... et e e ettt e e e e e e e e e eareas 117

Figure 86: The graph of Mg# (Mg/Mg + Fe) in biotite showing the variation in Mg# in the
Koperberg Suite orbicules. The Henderson North orbicules are the most magnesian whilst the
Henderson South orbicules are the least magnesian of the Koperberg Suite orbicuserHow

there is no variation in Mg# within the different orbicular domains in individual orbicular
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localities. The two signa represent the minimum and maximum values, the box represents the
interquartile range, x represents the mean, and the middle straight line represents thel&dian.

Figure 87: Koperberg Suite biotite plotted on compositional classification diagrams: (a) Fe/ (Fe +

Mg) versus Si (apfu) after Makutu et al. (2004). (b) Fe/ (Fe + Mg) verstisafiér Deer et al.

(1992). (c) Chemical composition of biotite using the (FeO+ Ma@PTIO G-MgO ternary

di agram after Natchit et al. (22:6FOCBVIYO terfady) Pl o't
biotite discrimination diagram after AbdBlahman (1994)...........ccooviiiiiiiiiiiiniiii s 119

Figure 88: Chemical variation diagrams showing the variation of different oxides in plagioclase

from Orbicular Koppie orbicular cores, shells, matrix, diorite, and anorthosite plotted agamst SiO

Figure 89: The graph of An content showing a variation in An content in the Orbicule Koppie
orbicular core, shells, matrix and the surrounding anorthosite and diorite. Plagioclase in the matrix
are more calcic and thus high An contents than plagioclase in the stwailés, diorite and
anorthositeThe two signa represent the minimum and maximum values, the box represents the
interquartile range, x represents the mean, and the middle straight line represents thel@fedian.
Figure 90: Chemical variation diagrams showing a variation of the different oxides in biotite from
Orbicule Koppie orbicular core, shell and matrix plotted against GO %)...................... 122

Figure 91: The graph of Mg# in biotite showing little to no variation in the Mg# in Orbicule
Koppie orbicular core, shell and matrix sampl€be two signa represent the minimum and
maximum values, the box represents the interquartile range, x represents the mean, and the middle
straight line represents the Median...............oveviiii e e 123

Figure 92 In-situ chemical variation diagrams showing the variation of different oxides in
plagioclase from Hoogkraal Lease orbicular cores, shells, diorite, anorthosite and the matrix
plotted againSt SIO2 (WL, Q0).......uuiieiii e e e e e e e e e e e e e e e et e e e eaa s 125

Figure 93 The graph of An content showing a variation in An content in the Hoogkraal Lease
orbicular cores, shells, matrix and the surrounding anorthosite and diorite. The matrix comprises
plagioclase that are more sodic and have low An contents than plagiwcths cores, the shells,

diorite and anorthosite. Sample €314 core comprises plagioclase with a high An content than
plagioclase in the core sample 2R2-11C.The two signa represent the minimum and maximum
values, the box represents the interquartile range, x represents the mean, and the middle straight

line represents the Medi@n...........coo i e 126
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Figure 94:In-situ chemical variation diagrams showing the variation of different oxides in biotite
from Hoogkraal Lease orbicular cores, shells, and matrix plotted against MgO (wt.. %)127

Figure 95: The graph of Mg# in biotite showing homogeneous Mg# in Hoogkraal Lease orbicular
domains.The two signa represent the minimum and maximum values,bthe represents the
interquartile range, x represents the mean, and the middle straight line represents thel@&dian.
Figure 96: Chemical variation diagrams showing variation of different oxides in plagioclase from
the Henderson North orbicular domains, diorite, and anorthosite plotted againévsi®).129

Figure 97: The graph of An content showing a variation in the An content in plagioclase in the
Henderson North orbiculatomains and the surrounding anorthosite and didrle. two signa
represent the minimum and maximum values, the box represents the interquartile range, x
represents the mean, and the middle straight line represents the median.................... 131

Figure 98: Chemical variation diagrams showing variation of different oxides in biotite from
Henderson North orbicular cores, shells, and matrix plotted against MgO (wt..%)....... 132

Figure 99: The graph of Mg# in biotite showing homogeneous Mg# in Henderson North orbicular
domains.The two signa represent the minimum and maximum values, the box represents the
interquartile range, x represents the mean, and the middle straight line represents thelB&dian.
Figure 100: Chemical variation diagrams showing variation of different oxides in plagioclase

from the Henderson South orbicular domains, anorthosite and diorite plotted agair{sitSie).

Figure 101 The graph of An content showing a variation in An content in Henderson South
orbicular domains and thsurrounding anorthosite and diorif€he two signa represent the
minimum and maximum values, the box represents the interquartile range, X represents the mean,
and the middle straight line represents the median...............ccccoooveeeiii e, 135

Figure 102: Chemical variation diagrams showing variation of different oxides in biotite from
Henderson South orbicular cores, shells, and matrix plotted against MgO (wit. %)......136

Figure 103: The graph of Mg# showing a variation in Mg# in Henderson South orbicular domains.
The cores are more magnesian than the shells and nidtexwo signa represent the minimum

and maximum values, the box represents the interquartile range, x represents the mean, and the
middle straight line represents the median..............cc.cooiiieeeiii i 137

Figure 104 Graph showing a variation in the initi&Srf°Sr ratios in plagioclase from the

Koperberg Suite orbicules and the surrounding Koperberg Suite massive diorites and anorthosite,



and the Namaqualand basement rocks. The iAl&af°Sr isotopic ratios in orbicules are within
range with the initiaP’Srf°Sr ratios (adapted from Van Zwieten et al. (1996) of the massive
Koperberg Suite and the Namaqualand basement rdblestwo signa represent the minimum

and maximum values, the box represents the interquartile range, x represents the mean, and the
middle straight line represents the median. ... 138

Figure 105 Graphs of An content plotted against thigial 8’Srf°Sr ratios: (a) Graph of than

content plotted againstitial 8’Srf°Sr of plagioclase from Orbicule Koppie showing homogeneous
initial 8’Srf°Sr ratios in orbicules and the surrounding anorthosite and diorite. However, the An
content varies and it is higher in the more calcic matrix than in the sodic cores and shells. (b) Graph
of An content plotted againatitial 8’Srf®Sr on plagioclase from Hoogkraal Lease showing more
radiogenic and sodic matrices together with calcic and less radiogenic cores, shells, diorite and
anorthosite. (c) Graph & content pltted againsinitial 8’Sr£°Sr on plagioclase from Henderson
North showing a large variation in initi8Sr£°Sr ratios in the more radiogenic orbicules and
anorthosite and the less radiogenic diorite. A variation is observed in both An content and in initial
87SrPeSr ratios in plagioclase from different samples. (d) Graginafontent plotted againstitial

87SrPeSr ratios on plagioclase from Henderson South showing homogeneous An content and
homogeneous initid’SrfeSr ratios in orbicules. Anorthite, however, is less radiogenic and more
sodic than orbicules. Diorite is less radiogenic than orbicules and anorthosite and the An content
is within range with orbicules. Green and yellow Shaded circles, triangles, diamonds and hexagons
represent diorit@d anorthosite, reSPeCtiVelY..........coevi i e 140

Figure 106:Initial Sr isotope compositions of units from the Koperberg Suite orbicules, Namaqua
Natal (Eglington et al., 1989), Bushveld Complex (Hayes et al., 2018; Scoon et al., 2020; Bourdeau
et al., 2022), Ritchersveld Subprovince (Reid, 1977; 1979; 1991; 19ad)the Kaapvaal Craton
(Donnelly et al., 2012) relative to the model depleted mantle Eglington, 2006)............ 141

Figure 107: Cathodoluminescence (CL) images of representative zircon grains from the
Koperberg Suite and Diana's Pool orbicules. Red circles represent the spot analysdétbfor U
dating. (a, b, ¢) Zircon grains from the Orbicule Koppie matrix are characterized togdigk and

dark mantles and rims surrounded by quartz (Qtz), plagioclase (PI), biotite (Bi) and epidote (Ep).

(d) Resorbedand stbngul ar zircon from the Dinads Pool
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Figure 108 Representatved b geochr onol ogy results of zirecec

U-Pb concordia diagram for zircon from Orbicule Koppie matrix sampld@6C. Rejected data

are shown in white (outliers and >10% discordance). (b) Weighted mearardiagirowing
207PpPO%Ph age of zircon from sample SID-6C (<10% discordance)............ccccccvveenveene.. 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 dkaragtdes

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 tlaintain 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 ovengpwths. 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 SUIPNIAES.............oi i 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................cccvvveeeeennn. 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 variati8g. (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. §h 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. () Ge vs Ga diagram showing the
Koperberg Suitechalcopyrite 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 (helalstection

limit) are exhibited by the Jubilee Pit bornite. OK= Orbicule Koppie, HS=Henderson South,
HN=Henderson North, HL=Hoogkraal Lease and Jp= Jubilee.Pit......................ccccoo... 152
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Figure 112: Graph showing a variation in the initf{BrfeSr ratios in plagioclase plotted against

Sr (ppm) from the Koperberg Suite orbicules and the whaidk data from thesurrounding
Koperberg Suite massive rocks, taken from Van Zwieten et al. (1996). -Bite uwata from this
study is within range with the wheteck data from Van Zwieten et al. (1996)................. 166

Figure 113: An energy constrained MCS model simulating Fractional Crystallization (FC),
Rechargerractional Crystallization (RFC), Assimilatidfractional Crystallization (AFC) with

both the Nababeep Gneiss and the Concordia Granite, and RegkangdationFractianal
Crystallization (RAFC) using depleted mantlerived MORB composition taken from Salters and
Stracke (2004) run at 1.5 kbars. WR = whiadek and JP = Jubilee Pit...................coounn... 167

Figure 114: An energy constrained MCS model simulating FC, RFC, AFC with both the
Nababeep Gneiss and the Concordia Granite and RAFC using depleteddaendd Karoo
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Figure 115: An energy constrained MCS model simulating FC at 1.5 kbar using the Cascade arc
basalt magma COMPOSITION........cuuiiieeie e e e 169

Figure 116: An energy constrained MCS model simulating RFC at 1.5 kbar using the Cascade arc
basalt Magma COMPOSITION. ... ..ciuu it e e e e e e et e e e e e e e eaa e eaeenns 169

Figure 117: An energy constrained MCS model simulating AFC using the Cascade arc basalt
composition, the Nababeep Gneiss and the Concordia Granite wallrock at.1.kbar......171

Figure 118: An energy constrained MCS model simulating AFC using the Cascade arc basalt
composition, the Nababeep Gneiss and the Concordia Granite wallrock at 1.5.kbar....171

Figure 119: An energy constrained MCS model simulating AFC using the Cascade arc basalt
composition, the Nababeep Gneiss and the Concordia Granite wallrock at.2.kbar......172

Figure 120: An energy constrained MCS model simulating AFC using the Cascade arc basalt
composition, the Nababeep Gneiss and the Concordia Granite wallrock at.6.kbar......173

Figure 121 An energy constrained MCS model simulating RAFC using the Cascade arc basalt
composition, the Nababeep Gneiss and the Concordia Granite wallrock at 1.5.kbar....174

Figure 122 A schematic hornblendeplagioclase binary phase diagram showing how
disequilibrium crystallization (undercooling) can cause oscillatory banding in the orbicules
adapted from Zhang and Lee (2021)..........ouieiiiiii e 181
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1. Introduction

Orbicular rocks Figure 1) have beemecognizedas rocks of geologat curiosity since their earliest
mention in 1804von Buch, 1802)To date, moreéhanthreehundred occurrences of orbicular rocks
have been described with examples from every contieégtie 2; Barbey, pers. comm., 20P3nd
hosted in rocks with variable compositiogf®derholm, 1928Ray, 1952Leveson, 1966Palmer et
al., 1967 Garvie, 1969;Barriere et al., 197X Garvie, 1971Couturié, 1973Enz et al., 1979ernon,
1985;Symes et al., 198D0rt et al., 1992Monod et al., 19955millie and Turnbull, 2013yicCarthy

et al., 2016 McCarthy and Muntener, 201&arbey et al., 2021Zhang and Lee, 2021prbicular
rocksare rocks of typically magmatic, metamorphic and/or metasomatic chigracterizd by shells

of contrasting mineral abundances and textures about a centraLevesdn, 1966Palmer et al.,
1967 Leveson, 1973Vionod et al., 199%7hang and Lee, 2021)

Figure 1. Photographs showing different orbicular textures: (aheterogeneousrbicular sample

from Finland (Lahti et al., 2005]b) A sample showing orbiculeharacterizel by multiple shells
hosted in a granitic matrix taken from cule Koppie, Koperberg Suitéc) A sample showing
combined radial and concentric orbicular textur@sahti 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 they are observed on a variety of surfaces, suggesting that

they are 3D as opposed to 2D.

These rockdhave a wide range of compositions and textures; however, they typical exhibit both
chemical and mineralogical compositions of granites (Elliston, 198).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 petrogéegsison, 1966;
Symes et al., 198Decitre et al., 20023 millie and Turnbull, 2013’ hang and Lee, 2021)



Rocks showing typical characteristics and typical rhythmic banding features of the classical Finnish
orbicular granites described Wyederholm (1928)utcrop at the Proterozoic Koperberg Suite
(Northern Cape, South Africa) and the Archean D

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 Koperbieg ISowever, there is little data

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

Koperberg Suite
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Figure 2: World map showing some of the orbicule localities (black cireed)the studied Koperberg
Site and Dianads PopaftdrLexesob(l9%66) | es (red circl es)

In addition, one unusual feature afome of the orbicule localitieis that theycontain sulphide
mineralization (e.g., Orbicut Koppie and the Jubilee pit) and no link made between the

metallogenesis ahe sulphidesandthe genesis of orbicular rocks.

The Archean Dianaébés Pool or bi cu)lam), athmuwgk ot ive r e ¢
detail. Garvie (19691971)describée these rocks as outcropping in the Matdtiths area, within the
Matoposgranite, south of Bulawayo in Zimbabwe. Similar to Enzman, Garvie (1969, 1971) ddscribe

t h e DFPoalorkictlesandonly limited petrological and geochemical work has been published as

far as carbeascertaird

Previous work lacks detailed geochemical, mineral chemetny isotope data tesupporttheir

conclusions on the genesis of these rocks. Hence, the purpose of thisTkisdtudy documents a
selection of orbicules from the Koperberg Suite
contributing to the understanding of the genesis of the orbicules in both the Koperberg Suite and
Dianads Pool a r the compartsan ©f these Irdcks ® assist linedetermining those

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



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 silicend both undersaturated and oversaturated igneous
and metamorphicocks (Leveson, 1966)The compositions and mineralogy of the host rocks are
typically different from the composition and mineralogy of the orbic($gsnes et al., 198 Decitre

et al., 2002Zhang and Lee, 202Barbey et al., 2091 Orbicules vary in shape, size, and mineral
assemblages and can be subdivided into, coamtle, shells and the host matrix, although not all of
these features are always preséigire3; Leveson, 1966Palmer et al., 196 Barriére et al., 1971;
Couturié, 1973Leveson, 1973Vionod et al., 1995\ cCarthy et al., 2018yicCarthy and Mintener,
2016; Zhang and Lee, 202Barbey et al., 2021
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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 takeomfrthe Henderson North outcrop,

Namaqualand.

Cores are generally igneous rocks (granites, diorites, and gabbros; metamorphic rocks (amphibolites),
or crystals (feldsparg;igure3). The orbicuar mantle lies between the shell/s and q@ecitre et al.,

2002) Common major minerals in therbicular mantle include plagioclase,-#€ldspar, quartz,
amphiboles, pyroxenes, micas, olivine, sphene, epidote, sillimanite, cordierite, chromite, ilmenite,
magnetite and tourmalirn&eveson, 1973Ray, 1952) Orbicule cores and shells argaracterize by

radial concentriand tangential textures.

Shells generally comprise-t€ldspar or plagioclase, which are radially oriented alst contain
guartz and biotitéDecitre et al., 2002)lhese textures can be attributed to aligned minerals (feldspars,
amphiboles, micas, pyroxenes) or an aggregate of oriented mi(lezaéson, 1966)Cores, shells,
matrices, and host rocks differ both the nature and quantitiesminerals preser{fSederholm, 1928;

Ray, 1952;Palmer et al.,, 1967&nz et al., 1979)There is no consensus or one single hypothesis
explaining how these rocks fortheveson, 19735Symes et al., 198 Decitre et al., 2002¥icCarthy

et al., 2016McCarthy and Muntener, 2016Zhang and Lee, 202Barbey et al., 2021 Instead,
different petrologisgt have put various models forwartb explain their genesiand thesanclude

magmatic, metamorptimetasomatienodels, antbr combinations of these
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1.1.1. Magmatic models

Throughout the late 190@sto the 21st century, the growing consensus has emphasized the magmatic
origin of orbicular rockgSederholm, 1928almer et al., 196 Enz et al., 1979%ernon, 1985Symes

et al., 1987Ray, 19520rt, 1992;Monod et al., 1995Smillie and Turnbull, 2013McCarthy et al.,
2016;McCarthy and Mintener, 201&hang and Lee, 202Barbey et al., 2021 et al., 202). The
magmatic models include assimilation or incorporation of new materied magma, liquid
immiscibility, superheating and subsequent undercopimgpmplete mixing and mingling between
magmas of different compositionspscillatory crystallization proceses through rhythmic
supersaturation of excessieeystallizationof 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 paftshe magma with different compositions and emplacement

in melt extraction zones associated with decompression of mafic melts-uolsabic conduits or
subvertical dykes(Leveson, 1966;Leveson, 1973)In recent years and iaddition to liquid
immiscibility and devitrification modeldywo main magmatic models were proposed: (1) a model of
outward crystallization from a core within dykes (McCarthy dhdaineer, 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 incorporateidto a cooler granitic magma.

Several occurrences of orbicules occuplaton margins anthis, together with Bernating layers of
contrasting mineralogyandradiating texture or comb layeringhave been put forwards evidence

that undercooling near pluton margins, followed by rise in temperatures from latent heat of
crystallizationcauses orbicule formatidheveson, 1973yloore and Lockwood, 1973Radial growth

is also presented avidence for a magmatic origimecause it occammainly near contactdue to
upward migration of aqueous fluids along gma and wall rock contac{®oore and Lockwood,
1973. Alternating compositional layers are also attributed to, and used as evidence for rhythmic
supersaturation duringystallizationof a magma saturated with more than one min&wyines et al.,

1987) Orbiculestypically exhibit alternating shells and thasternationis attributed to syamagmatic
processes involving late aqueous fluidswhich the periodicity of shell formation results from

fluctuations in0 (Leveson, 1966)Some orbicular rocks exhibit shells that earacterizd by

sharp outer boundariemd these shells are indicative of changes in the phydiemical environment

in the magm4&Symes et al., 1987)

There may be a connection between spheroidal inclusions and orbicules in mineral assemblages,
textures and alteratiofiNockolds, 1931)Spheroids result frorarystallizationof 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 orbicolag have beederived 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
magmas;hence it is presented as evidence for this mechanism of orbicular formation. Howraser

model is not adequate as a general explanation but is valid in some in§t&vessn, 1966)



Leveson (1966)claimed thatorbicules are not restricted to limited or particumagmarock
compositions suggestinghat liquid immiscibility is unlikely to be significant in their formation.
However Lapin and Vartiainen (1983ttribute differences in matrix and core composition together
with orbicular and norbicular rocks having the same compositions to segregation of the initial melt
and that the differences in viscosity of the melts and limited solubility promotes fratabio. They
present this as evidengesupport ofliquid immiscibility being the mechanism behind the formation
of orbicules in orbicular and spherulitic carbonatites from Solki and Vuorijarvi.

Morse (1980), Grove et al. (199R®)cCarthy and Miuntener (2016) and Barbey et al. (28gdtedhat
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 orbiculesldwade. In addition to this, some crystals in the
ferromagnesian shells are fine, branched, and daydyed (radiatingextures), indicating
disequilibrium conditions during orbicule crystallisation and rapid growth in aflaidenvironment
(e.g.,Lofgren and Donaldson, 1975millie and Turnbull (2013)Barbey et al. (2021), Li et al. (2021)
andZhang and Lee (202T)aimed that this indicates a fast and unimpeded crystal growth in a highly
undercooled magma under requilibrium conditions. A sudden and important temperature variation

is not conceivable in a plutonic environment; hence, the most likely procespidisupersaturation

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

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 empligsiaad, 1938;
Leveson, 1966ieveson, 1973Moore and Lockwood, 1973Fhompson and Giles, 1974Jwo
metamorphic models have been put forward to explain orbicular fornzattbhese includg(a) origin

by active diffusion and graniision and, (b) the influx of N&ions and outward diffusion of €a
Mg?*, and Fé" ions during sodium metasomatism of mafacks, which creates conditions under
which orbiculesmay form.Evidence put forward for these models incls@leeveson, 1996; Decitre
et al., 2002)

1.1.2.1. Origin by active diffusion and granitization

Evidenceof 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 @ystallizationand alteration of the primary mineral assemblages as evidence and
attribute this to fluctuationsm 0 . Leveson (1973yonsidered it equally valid to use radial growth

or comb layeringMoore and Lockwood, 1972 evidence for orbicules forming by active diffusion.
This is because radial growth develops through metamorpdrigstallizatiorfreplacement and that it

also results sequential to magmatic activity (dueatstatic metasomatic process). The static
metasomatic processes are common under conditions of active diffasiwwaterrich and high
temperature metamorphic environmer@hanges like a decrease in An content of plagioclase from

the core outwards and an increase inQNen feldspathic parts of thelmcule from the core outwards



is used as evidence of albitization and active diffusitwwever, granitation is now an etdatedand
largely discounted procegisicBirney, 1963)

1.1.2.2. Influx of Na*tions and outward diffusion of C&*, Mg?*, and Fe¢*

This model proposes that tfeddspathic parts of orbicules arensistent wittdiffusion fronts resulting

from C&* ions migrating from orbiculecenters This occurs simultaneously with Na and*$ons
migrating to thecenter,and this implies active feldspar growth. The feldspicatature of the cores is
evidence that Mg, and Fé" are diffusing out from the orbiculeBlowever, theséwo metamorphic
models are only valid in certain cases but lack or do not provide a general explanation of orbicular

formation(Leveson, 1966)

Late magmatiaqueousluids (metamorphic and metasomatic processegs; Eskola, 193&;eveson,

1966; Leveson, 1973Moore and Lockwood, 1973 hompson and Giles, 1974gertainly have an
important effect on the final orbicular rock. Even Garvie (1969, 1971) and Enzman (1953), who studied
the Di a nRodl and the Koperberg Suite rocks, respectively, attribute orbicular formation to
metasomaticand metamorphic processes. However, recent work (BlgGarthy et al., 2016;
McCarthy and Mintener, 201&hang and Lee, 202Barbey et al., 2021 et al., 2021) have shown

that magmatic processes awsentiafor the production of characteristics observedribicules. 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 orbiculgnanitoidsand 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 assowidkidhe main

aim of contributing to the understanding of the genesis of the rocksramdtigateif 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, genesi s,
and the Koperberg Suite and the metallogenesis of theidalmineralization in the éperberg Suite,

the reader is introduced to the subject by the followasparchguestionslf these questions can be
answered, parameters will have been fixed, which will establish all the broader geological principles
relating to orbicules in the Koperbe®ju i t e and t h e THe bhjeatisedithisPhess Wwill ar e a

be to answer the following six key research questions, and to elati@atavith some further detail.

(DAr e Di anads Pool and Koperberdg Suite or bi ct
occurrences?
Do Dianabds Pool and Koper ber g dsaurirenced Aeithetwo ul e s

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

global occurrences.



(2)Ar e Dianaébés Pool and Koper b &Wigata® the imgicatoms® i ¢ u |
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 geologicaltiols. The author proposes that these rocks

formed by similar processes.

(3) Are the orbicules in both localities ofagmaticor 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, veiticlr will agree with or
disproved the work of these authors. The author here proposes a magmatiofahgin i a s\Pad

and the Koperberg Suite orbicules.

(4) How do orbicules commence to form and how are thestroyedPhysical 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 bowhtdcopyritemagnetite

assemblage primary or secondary?

The bornite problem? Why is the sulphides assemblage (bornite +chalcopyrite + magnetite)
controversial? Why is the mineralization only prevalent in the nhafties 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

orbiculargenesis.

1.4. Objectives

The objectives of the project are:

1 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
detailed field mapping and sample collections of orbicules from the Koperberg\8uite
achieve thisPlease notéetailed field mapping was achieved only for Koperberg Suite
orbicul ar bodi e gecausentrestriaions ilDdcaesshgihabwePaod |

cost reasons.

1 Using petrographic techniques d¢tassify comparedifferent 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 -fegolution, ahead of detailed textural

analysis using a Tescan Integrated Mineral Analyzer (TIMA) to analyze the mineral
assemblages and textures in the cores, matsbefis,and mantle of the orbicules from

both the Koperber g Suln-sgite magrnetemebDtianalysedlsy P o o |
Electron Probe Microanalysis (EPMA) at Wits University will reveal ithentity of

mineral phases within the orbicules and may help in the understanding of the magma
processes operating during orbicule formation. ifasitu 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 ofin-situ Sr isotopes using MOCP-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 ofin-situtrace element compositions of various textural divisions of the orbicule
structures (e.g. coreshells, and the matrices) using a HEP-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 se if they are behind the formation of sulphides. They will also be useful

in testing fluid alteration or fluid mobility and in adidin mixing, assimilation, liquid
immiscibility and metamorphismTlrace elements to test for fluid alteration or fluid

mobility.

Investigating the age relationship between orbicular rocks and the surrounding host rocks
i n both Dianabds Pool ar ea dOPMSUPRezirddmper be

methods at the University of Johannesburg.



2. Geological Settings)

2.1. Regional Namaqualand Metamorphic Complex

The 1100 to 1000 Ma Namaqua Metamorphic Complex (NF@ure4) forms the western part of

the NamagqudN a t a | orogenic belt, which is exposed in
Natal provinces, forming a continuous arcuate orogenic belt éktends beneath the Karoo
Supergroup Geringer, 1988 Cornell et al., 2006Sithole, 2018). It comprises metamorphic and
igneous rocks that are believed to have formed and been metamorphosed at approximaf€lpa.300

Ma during the Namaqua Oroge(eringer et al., 19865eringer, 1988Macey et al., 2018)

The rocks of Namaqualand formed during @inealgamatiomf Rodinig whichwas assembled a2@0

to 1000 Ma (Sithole, 201&ornell et al., 2006 It extends from an area nonest of Vanrhynsdorp

to the Orange River and eastwards to Prieska and Upiibto@arthy, 1976)and contains a well
exposed zone of loywressure granulitéacies rocks that are a product of the Namaqua tectonothermal
event(Cornell et al., 2006Thomas et al., 1996)

The NMC contains SWdirected stacks of thin, laterally extensive, trHustinded sheets, which form
tectonostratigraphic domains that are distinguished based on their lithostratigraphy, tectonic and
metamorphic historyMacey et al., 2018)'hese domains afEigureda; Macey et al., 2018

1 The low to mediumgradeRitchersveldSubprovince (Paleoproterozoic), which contains the

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

1 The Bushmanland Subprovince (BSP), which forms the southernmost domain of the Namaqua
sector. It is composed of ~1850 Ma gneisses and migmatites nottievesterrpart while
pre- and postectonic Mesoproterozoic granites dominate the rest. Mafic rocks are minor
components of the intrusions in the western BSP, represented-tgcfmeic amphibolites,

granulites and noritic bodies of the ptsttonic Koperberg Sta.

1 The Areachap Domain, which comprises 1-A@20 Ma aregenerated amphibolite facies

grade supracrustal rock intruded by granitoids (12200 Ma).

The Kakamas Domain that tectonically overlies the Ritchersveld Subprovince. It comprises
rafts of granulite facies metedimentary rocks (~ 122200 Ma) that are intruded by igneous
rocks (12161080 Ma).

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

and granites (1120085 Ma) and subordinate migmatitic supracrustal gneisses.
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1 The Kaaien Domain, which forms a tectonic transition zone betwedatippzaal Craton and

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

870 Ma bimodal volcansedimentary rocks and 1100 Ma granitic Intrusions.

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

represents a Mesoproterozoic tskinned 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 (TablgAjeKibaran), D
and I (SynKibaran) and @ (Late Kibaran).

Tablel: Rel ati on between intrusive, met amor phi c
District after Raith andHarley (1998) Ages are given according tbClifford et al. (1995FReid et
al. (1991)° Nicolaysen and Burger (1965Reid (1979f Robb et al. 1997.

Age Deformation Metamorphism Intrusions / Mineralization

1 My Low-T alteration
¢. 500550 High-grade Remobilization of Ctdeposits
78 +7° Mafic dykes
950-1000° Pegmatites, syenite dykes

i Koperberg Suite
1(.)29 + 10(U-Pb Ds -Cu deposits
Zircon) Stee Ms Spektakel Suite
1022 + 42 (Sm P High-grade P : .
Nd) Strugtures cooling -Kyveekfonteln _Granlte
(SynKibaran) -Rietberg Granite
-Concordia Granite
1064 + 31°(U-Pb D
Zircon) (SyrKibaran) M2b W-Mo Deposits
1223 + 48 (RkSr)? D Little Namagqualand
1997 + 15 (UPb (S bKizgaran) M2a -Modderfontein Granite Gneiss
zircon) y -Nababeep Granite Gneiss
Gladkop Suite
4

¢. 8062000 D1 -Noeomaasberg Granite Gneiss
1822 + 365 PreKib M1 Brand b Granite Gnei
(U-Pb Zircon) (PreKibaran) -Brandewysbang Granite Gneiss

Joubert (1986%tated thain the Bushmanland Subprovince, iBdescribed as the earliest deformation
event and is recorded as tight intrafolial folds) (lR older gneissic units. The second deformation
phase (B) of Clifford et al. (2004) and Dof Cornell et al. (2006 described as the main and major
deformation event in the Namaqua seckisters et al., 1996Raith and Harley, 1998nd normally
occurs as a penetrative shbrizontal foliation of metamorphic layering combined with the formation
of isoclinal to recumbentHolds. Kisters et al. (19963uggested that this was due to lasgale
southwards thrusting. ThexBvent in Bushmanland Subprovince has been subdividithbgy et al.
(2018)into three stages. These include the ~1200 Meeilent characterized by syleformation
magmatism and metamorphism in all the Namaqua sector domainsptbeeldt characterized by
sediment deposition and extension prevalent in most parts of the Namaqua sector; ancettenD2c
characterizedby reshuffling and thrusting of the crust, producing tR&/Etriking S (subhorizontal

gneissosity) at ~1110 Ma. The:@vent produced the pervasive subhorizontal gneissosity (well
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observed in the Nababeep and Modderfontein Granite Gneisses and the Concordia Gsasitieg. D
third deformation phase and it refolded €ructures. This resulted in the formation of open upright

Fs folds and subvertical, EW trending steep structures that are major control of thni@eralization

in the Koperberg Suitgisters et al., 1996 The emplacement of the Koperberg Suite occurred during
this localized ductile deformation event that formed the steep structures in the hostgyraisses
(Benedict et al.1964). Many of the Koperberg Suite intrusions were emplaced along the fliweks of
steep structures (Benedict et al., 1964; Lombaard et al., 188&Ers et al. (1994]1996)stated that

the Dz 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 zongKisters et al., 199&isters et al., 2003epresent the Dstructures. The granie
gneiss terrane in the OO6okiep Copper District
(Kisters et al., 1996

2.1.2. Metamorphism

The Bushmanland Domain has undergone at least two major cycles of metamorphismd(Ms)

after the M event related to the event (Cornel et al., 2006Raith and Harley (199&ndClifford

and Barton (2012have 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 andhspaittseof the
domain; Waters, 1986)leading to the proposition of anticlockwise and clockwise pressure
temperature pathfaith and Harley (1998)escribed the clockwise path as a-Bgranulite facies
metamorphism (7587% C, 56 kbar) related to magmatism (~1200 Ma), followed by subsequent
upper amphibolite facies metamorphism (88D °C, 5.8 kbar). The Koperberg Suite was then
emplaced during this event (~1030 Ma) into hot4eridstal rocks at upper amphibolite or granulite
facies temperaturd€lifford et al., 2004 Clifford and Barton, 2012)

2.2. Koperberg Suite

The lithostratigraphy of the 3000 KnD6 o ki e p  Co p Bigure 4b)Dwitkin thé NMC (
(Bushmanland Subprovince) has been didithto two broad subdivisiorf¥an Zwieten et al., 1996)
Theseare metavolcanesedimentary sequene&nown asKhurisberg Subgroup and Lammershoek
Subgroup and several phases of intrusive graniteadkop, Little Namaqualand, Spektakel Suites
and the Kperberg SuitdFigure 4b) that intrudethe NMC granites and gneisséscated in the
Obokiep Copper District (Bushmanl and SuWprovin
trending ad < 1 km in strike length dykediapir- and siltlike bodies of the Koperberg Suite. These
dykes diapirsand sills intrudd the Namaquaaged granitic gneisses and granites under amphibolite
or granulite facies conditiong-igure 4b; Cawthorn and Meyer, 1993/clver et al., 1983Gadd
Claxton, 1981Kisters et al., 1996Raith and Harley, 199®/ouri et al., 2003)The Koperberg Suite

also cut other country rock units including the Rietberg Granite (External examiner 1, pers. comm.,
2023).The Koperberg 8ite has been dated #940to 1020Ma by Duschenet al. (2007) and at

1100 Mafrom the U-Pbzircon geochronologyStumpfl et al., 1976)Zircon U-Pb geochronology by
(Clifford et al., 1995, 2004Bailie et al., 201pPindicatesthat the Koperberg Suite was emplaced



bet ween 1057 N 8hede aockd ar@ Bolleblively Orefekied. to @b a DodeDd
(Lombaard and Schreuder, 1978) or noritgidsnedict et al., 1964)

2.2.1. Petrography and mineral compositions

The Koperberg Suite dykediapirs and sills are dominantly anorthosite and diorite, but also include
syenite, quartz anorthosite, quartz diorite, biotite diorite, hypersthene diorite, and glimmerite (Gadd
Claxton, 1981Conradie and Schoch, 1988he early intrusions are felsic anorthosites through-mica
diorite, with pyroxene leucodiorite and pyroxene diogteracterizingthe lastmagmatic pulses
(Cawthorn and Meyer, 19%3The main silicate phases includethopyrox@e (Ensgss), plagioclase,

and biotite, with accessory chalcopyrite, bornite, apatite, and subordinatetitaoium oxides
(Clifford et al., 1981;Schoch and Conradie, 199(plagioclase is predomindytandesitic in
composition (AB1-39) ranging up to labradorite (A#) (Clifford and Barton, 2012Apatiteis abundant

and occurs as rounded and tabular grains in the mafic r@@teradie and Schoch, 1988)
Clinopyroxene, zircon and hornblende are ramd monazite occurs as a common accessory phase
(Stumpfl et al., 1976)

2.2.2. Sulphide mineralization

The Koperberg Suiteontains coppemineralizationthat has been exploited since before the Dutch
colonists arrived in Southern Afriga 1652 (Marais et al., 2001J.he sulphidemineralizations more
common in ultramafic to mafic rocks of the Koperberg Suite, forminGiNt PGE deposits (Clifford

and Barton, 2012)In addition, rare orbiculabearing intrusions of the Koperberg Suite (edyhicule

Koppie and the Jubilee pit) contain sulphmeeralization which is unusuasince he more mafic
members of the Koperberg Suite (pyroxenite and leucodiorite) are commonly the host rocks to
economic Cumineralzation Sudies noted thatthe mineralization style ranges fromfine

disseminations, ve-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 oxidéSawthorn and Meyer, 1993Yhe principal sulphide ore
paragenesemclude bornite and chalcopyrite, together with chalcocite as an alteration product of
bornite (Stumpfl et al., 1976Clifford and Barton, 2012Magnetite is pervasive and in some places
contains exsolution lamellae of iimenit€onradie and Schoch, 198&Jematite, rutile and ilmenite

form as alteration products of magneti&umpfl et al., 1976)Pyrrhotite and pentlandite are less
common assemblages and they are restricted to
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 sifltembaard et al., 1986)Cawthorn and Meyer (1993ased on the

main sulphide assembl ages at speci fi cubdnidades and

the Koperberg Suite ore into the following three groups:

(1) The Narraptype (chalcopyrite + pyrrhotite pentlanditepre exhibiting low Cu/S (036.97),
low S/Se ratios (13892 1 0 0 0 )  &“8 whluds cogpared to the Carolusberg type.
(2) The Carolusbergype ore (bornitenagnetitex chalcopyriterharacterizd by low S/Se ratios,

high Cu/S (1.68.93) and lowr*S values{l . 5 t dCawthorh @nd Meyer, 199Bper et
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al., 1994) The Carolusbergype ore exhibit values of Cu/S and S/Se ratios i#fs values
atypical of mantlederived rocks. Hence the ore is interpreted to be a product of oxidation and
sulphur devolitization of the primary Narréype ore during granulite facies metamorphism
(Cawthorn and Meyer, 1993)

(3) Intermediate Hoistype orecharacterizd by a bornite + chalcopyrite assemblg@éifford et
al., 1975).

Granular textures between sulphides and pyroxenes with polyhedral angles between them have been
observed in the Koperberg Suite (Cawthorn and Mey®93. This has been described as
uncharacteristic of sulphides formed from the segregation of an immiscible sulphide liquid (Cawthorn
and Meyer, 1993). Hengdifferentmechanisms 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 inethiKoperberg Suiterystallized from a sulphide melt that segregated

from a basaltic magma upon intrusion and emplacement along the steep strivitlwersdt 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 fronmthéc magma and the different Koperberg Suite
lithologies would have resulted from gravitational segregation of the mafic phases and various degrees
of contamination Naier, 200Q. However, it is impossible torystallize bornite from the model
sulphide magma by a primary magmatic procét&si€r and Barnes, 1999Bornite formation would

only be possibly if the parental silicateelt wasunusually enriched i€u (~ 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 mdgieasiid Barnes,

1999. In addition, this model fails to explain the unusual bornite + magnetite assemblage (e.g.,
Cawthorn and Meyer, 199Blaier and Barnes, 1998aier, 2000 Maier et al., 201Rand the textures
between the silicates and the sulphides (Cawthorriveeyer, 1993). In addition, the Cu/Ni ratios in
sulphides thatrystallized in a basaltic magma are ~3 with few magmatic deposits having higher ratios
(>3, e.g., Norwegian stormyrplutten ores w@&b/Ni = 8; Maier and Barnes, 1999The Cu/Ni ratios

in the Koperberg orbicules are relatively high and are not regarded as primary malytaeicapd

Barnes, 199p

A hydrothermal model has also been put forward to explain the unusual assemblage in the Koperberg
Suite rocks. According thlaier et al. (201p anin-situ hydrothermal or metamorphiemobilization

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 mobilaydrothermal fluids and because bornite requires
higher Cu/Fe ratios, it is usually found in hydrothermal deposits (e.g., porphyry copper d&fasits;

and Barnes, 1999Sulphidemineralizationin the Koperberg Suite is exclusively hosted in the more
mafic rocks (orthopyroxenites and norites) within a high temperature granulite facies environment
(Waters, 198pWaters, 1989Clifford et al., 1995) This may be because percolating fluids precipitated
copper on prexisting magmatic sulphides hosted in the mineedlirocks due to locaked processes

and changes in the intensive parameters (daer and Barnes, 199%However, the Koperberg Suite

country rocks are generally anhydrobdaler and Barnes, 1999suggesting a primary magmatic
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feature for the hydration of the €hearing rocks rather than hydrothermal alteratMaier et al.
(2012 stated thathis model is considereahlikely, and it is discrediteds apossiblemechanismn

the formation of sulphides in the Koperberg Suite.

Crustal asimilation of a Ctrich 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
thein-situ hydrothermal introduction of metals as the@uneralizationn the Koperberg Suite is only

hosted in mafic rockgMaier, 2000) Instead, according tdlaier (2000) as a result of partial
assimilation of deegeated Cibearing country rocks (e.g., porphyry copper deposits in the nearby
Eburnianraged basement rocks nor t hMinoitf, 1986httee asoendingi ep C
Koperberg Suite magma may have become enriched in Cu. The raditi§efiSr isotope signatures

that are exhibited by the Koperberg Suite rocks are consistent with significant crustal contamination
(Van Zwieten et al., 1996However this model cannot be directly constrain@daier et al., 2012)

Maier (2000)proposed that the Carolusberg orthopyroxenite containing bornite, chalcopyrite and
magnetite in the Koperberg Suite is a restite of a lamgstalprotolithintruded as pyroxend crystal

slurry, enriched in Cesulphides and magnetitRead (1951 )Mclver et al.(1983) andClifford et al.
(1975)have previously considered a residual origin for the Koperberg Suite pyrox@éhigspropose

a model whereby the Koperberg Suite underwent anatexisepggdacement into the present setting.
However, these authors did not attempt to explain the refrab&mgviorof the granitiegneisses

during the melting ever{Maier, 2000) The restic model for the Koperberg Suite consistent with

the highgr ade met amor phi ¢ s e,tincludngthe aésulphitiaion @ddel.k i e p ¢
Petrographic descriptits of the Koperberg Suite include references to the abundance of apatite, where
it is occasionally described as a majock forming mineral(Mclver, 1983) The resistic model
provides a solution to the problewh crystallizng a pyroxenite from a highly differentiated magma

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

on the silica activity and the water content of the mafifarison and Watson, 1984; Maier, 2000)
Crustal anatexis of a gabbroic to dioritic protolith typicgbsoducesdry melts and those melts
generally do not dissolve much@®, Zr or Fé" (Maier, 2000) During segregation, these residual
phases, upon ascent and intrusiomay yield atypical ultramafic assemblages (orthopyroxene,
magnetite and apatite) o(Masee 200® A resistic otighm eof tHed6 o k i e |
pyroxenites of the Koperberg Suite would address many of the observed compositional features of the
ores (bornite, magnetite and chalcopyrite assemblage) and theigraidgn metamorphic setting
(Maier et al., 2000) However, this model would demand ascent and emplacement of a pyroxene
crystal mush enriched in apatite, magnetite @agulphides whether this is geologically realistic is

guestionable and remains to be modelled quantitat{ixdyer, 2000)

An Iron-Oxide-CopperGold (OCG) model is another possibility that has been proposed to explain

the sulphide assemblages in the Koperberg $elite, Maier et al., 2012)Andreoli et al. (2006and

Maier et al. (2012¥tatedthat n a gl obal extent, t BwacdOBlekdue p, P
deposits may be rare magmatic enembers of the IOCG class of deposits. This array of unusual and
distinctive deposits suggest that the SCLM (&dantinental Lithospheric Mantle) undsouthern

Africa was anomalously fertile and raises the possibility of magmatic IOCG depositgerr dmeof
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Africa (Maier et al., 2012Maier et al. (2012pbservedthat he OO6 oki ep deposi ts ex
ratios, similar to those of the subcontinental lithospheric mantle (SCLM). Similar to the Caraiba and
Phal aborwa deposits, O6oki ep r oleadirg todheoposedt hi g
melting of a fertile metasomatised mardled production of alkaline and volatigch melts for these

deposits. Although they are not hydrothermal, these deposits exhibit characteristics of IOCG deposits.
These characteristics include the occurrence of @loadu as major economic mineragdpng with

enrichment in LREETh, U, P, and abundance of-Feoxides.Thereforet he OO0 o ki ep depos

been proposed to be magmatic-enembers of IOCG deposits.

In the context of the IOCG model, theagmasn 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 depthvlouri et al., 2003) This resulted in the SCLM producing magmas enriched in
volatiles, CQ, Cu, LILE, HFS and Mg@Maier et al., 2012)ypical 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 mégonagall 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 Sas a contaminant woulthen trigger sulphide
saturation and the magmas would ascend rapidly into the crust throughthraggheric 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 tgiCéifferd et al., 1975Thomaset al.,
1994)similar to other Curich deposits hosted by orthopyroxenites, norites and diorites like Serrote de
Laje Complex in Brazil and the Angmagssalike area in east Greeier @nd Barnes, 1999The
occurrence of these rocks in metamorphic terranes suggest a metamorphic control on the origin of
these ores (e.gGawthorn and Meyer, 199Blaier and Barnes, 199Maier, 2000 Maier et al., 2012

Hence, the metamorphic model has been proposed to explain the unusual Koperberg Suite ores.
Cawthorn and Meyer (1998)voked a metawrphic oxidation and desulphiditon model to explain

the unusual bornite dominated ores of the Koperberg Suite. They proposed a metamorpiin oxida
and desulphidiation of a primary magmatic ore (pyrrhotite, chalcopyrite and pentlandite) to an
assemblage consisting of chalcopyrite, bornite and pure magejitation 1; Cawthorn and Meyer,

1993, Maier andBarnes 1996)

Equation 1: 5CuFeS (chalcopyrite) + 5FeS (pyrrhotite) + 68 +8Q = CuFe$ (bornite) + 3
FesO4 (magnetite) +6 BB + 5SQ

Maier and Barnes (199@xplainal thisunusual assemblage by the relationship of phases in the Cu
FeS system. Cypoor mssis the firstphaseto crystallizein a CuFe-S melt and as a result, the
fractionating melt will be enriched in Cu, however, the Cu enrichment will end witeshppearance

on the liquidus (Cu content ~30 wt. ¥daier and Barnes, 1999This also supported yallhaus et

al. (2001) who states that a-1i¥h sulphide melt willcrystallizein theiss stability field, producing
chalcopyrite and pyrrhotite. However, if such a sulphide meixidized oxidation will result ina S
poor melt with metal/S >1, resulting in fractionation pastiskstability field (owing to liquidus and

solidus temperatures).
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Ballhaus et al. (20019tated thathe oxidation of a sulphide meitould result in an increase in both

Cu and Ni contents of the melt and subsequgydtallizationof bornitedigeniteissassemblage or a
bornitedigenite assemblage with ms. Cawthorn and Meyer (199andBoer et al. (1994proposed

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 substantiateMémggetite constitutes
approximately 50% of the opaque phases; however, typicalNCsulphide deposits contain 2 and
15% oxideqMaier and Barnes, 1999 addition, the annealed polygonal textures of magnetite and
the sulphide observed petrographiican the Koperberg Suite rocksuggest that oxidation occurred
during hightemperature metamorphigi@awthorn and Meyer, 19930ne of the main arguments put
forward byCawthorn and Meyer (1998) support of the metaonphic oxidation and desulphidition

model was the relatively high S/Se ratios of the are$S/Se ratios are generalitilized to evaluate
S-loss of magmatic sulphidéMaier, 2000)

Howard Il (1977)stated thaSe is a chalcophile element and is relatively immobile during low
temperature alteration and insoluble in oxidizing kigHuids. Hence, S/Se ratios of sulphide ores
would increase in the event of metamorphito& Peck and Keays, 1990)'he high modal
abundances of magnetite in the orbicules also preclude the magmatic origin. Magnetite may have
formed by oxidation of pyrrhotitéCawthorn and Meyer, 1993Fawthorn and Meyer (1993)Iso

noted a variation in Cu/S ratios in different samples and suggested that the variationagmattic,

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 mxisizedand ttosehaving the lowesCu/S ratios as
lessoxidized They attribute this overall trend through the entire source to vanaldélizationof S.

The origin and the timing of the fluid thakidizedthe Koperberg Suite ores is difficult to constrain
(Cawthorn and Meyer, 1993However, based on the textures of bornite, magnetite and pyroxene
(textures suggest that they equilibrated under-ggiglale metamorphism) it mostly likely originated at
greater depths during this event and were higiiglizing. Cawthorn and Meyer (1993ttribute
variations in the degree of oxidation of the different ore bodies to metamorphic fluids focused in steep
structures. HoweveMaier and Barnes (1996\laier and Barnes (1999Maier (2000) andViaier et

al. (2012)stated thathe modebf desulphidiation 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 KoperbesiliSaiits

and sulphide The mostecent workwasby Boer et al. (1994andBrandriss and Cawthorf1996)
Silicate phaseare enriched iffO  {Q@piagiociae= 6.29.68 , B@omopyroxene= 6.27.48  a N'oci
59-834) r el at i v derived basidrecksif@valtesoe5.7 + 0.34 ; Boer et al., 1994)

This enrichment is becauk®perberg Suite magmas from the mantle were subjected to contamination
by the granitegneiss country rocké ¢fO values of7.8-8.7 & ) and low temperature alteration of

sulphidegBoer et al., 1994)Sulphur isotope studies have also been carried out on dadenorite

hosted sulphidegroviding range® f **Shacopyritel . 5 t 0 3 *#*Romiddl,. 9antdo U4 &. The

ore samples aharacterizdby a sy st e ma*sSvatuesdvithincreasing) €u/S rati@aer
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et al., 1994)These ratios are light relative to mantle values and thgenetic mineral pairs show a

lack of temperature concordan®oer et al. (19943lescribed this as being diagnostic of an oxidation
process and degassing of &@h vaporphase because of granulite facies metamorphism that was
followed by an alteration evenfractionalcrystallizationprocesses and assimilation modified the
original magma that formed the Koperberg Suite and later modification occurred at the level of
emplacement through differentiation and metamorphiBoer et al., 1994)Cawthorn and Meyer
(1993)described high initiat’Srf°Sr 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 intrusio® Hence, these intrusions have been described as separate intrusive pulses and
cannot bdrom thedifferentiation of one single pulg€awthorn and Meyer, 1993Jhe origin of the
enriched Gisotope values, high levadf incompatible trace elements and high in&f&rfeSr ratio is

attributed to crustal contamination.

2.2.4. The genesi®of the Koperberg Suite

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

(1) Sulphidesilicate texturesreatypical of magmatic deposits (i.e., granular textu@bson et
al., 1996)

(2) The An and En compositions of coexisting plagioclase and orthopyroxene are different from
other magmatic deposi{¥an Zwieten et al., 1996)

(3) Unusual occurrences of Cu mineralion in the felsic anorthosite bearing complexes
(Conradie and Schoch, 1988)

(4) High U, Th, K, P and REE concentrations atypical of mafic r¢ékslreoli et al., 2006)

(5) Atypical sulphide assemblage (chalcopyrite and bor@iteythorn and Meyer, 1993).

(6) Atypical geochemical characteristics of sulphides (high Cu/Ni ratios, highsead TiQ
ratios and low S/Se ratio€awthorn and Meyer, 1993)

The abovenentioned are some of theconsistencies that have spatldebateandcontrastingriews
on the Koperberg Suite petrogenesis (source of magmas) and the related sulphidezatioerali

Hence, different models have been put forward:

2.2.4.1. Field relationships and emplacement models

Based on distribution and field relationships, the early intrusiotseirKoperberg Suitare felsic
anorthosites through miadorite, with pyroxene leucodiorite and pyroxene diorite as the last phase
(Conradie and Schoch, 1988awthorn and Meyer, 199¥an Zwieten et al., 19965harp contacts

with no discernible chilled margins, consistent with intrusion at granulite facies metamorphic
conditions are generally observed in the Koperberg Sudenbaard and Schreuder, 1978pre
existing anisotropies in the grani@eiss country rocks (e.g., stratigraphic contacts@nahd S
gneissosity and cusgike folds were the major controls during the emplacement of the Koperberg
Suite magmagKisters et al., 1994; 1996 ach of the geometries (sill, dykand diapir like) are

related to emplacement at specific stratigraphic levels in the country (Bcters 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 adabgorizontal gneissosity in the
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gneissegKisters et al., 1994)The mafic dykes exploited the subverticafdiation, which crosscuts
the stratigraphic contac{Kisters et al., 1994)Felsic phases (e.g., anorthosites) occur as dikpir
bodies that have been emplaced at higher stratigraphic levels indicating higher viscosity relative to

country rockqKisters et al., 1994)

2.2.4.2. Petrogenic models of the Koperberg Suite

Different petrologists have put forward various contrasting viewherKoe r ber g Sui t ed s
Thepetrogenic models that have been put forward include differentigign Latsky, 1942Boer et

al., 1994 Lombaard et al., 1986¢rustal melting Clifford et al., 1981)anlron Oxide Copper Gold
occurrenc€lOCG, e.g., Maier et al., 2013nd contaminatiofe.g., Schoch and Conradie, 19B0gr

et al., 1994Brandriss and Cawthorn, 199Bgringer, 1988jnodels.

9 Differentiation models

Differentiation is one of the earliest proposed models of the Koperberg Suite by Lombaard et al.
(1986). The Koperberg Suite bodies lack postusive differentiation. In addition, the felsic members
were emplaced firsand were later followed by the more mafic phases, and this is indicative of
extensive differentiation in a despated magma chamber prior to emplacement (Latsky, 1942;
Lombaard et al., 1986).

The intrusive nature of the noritoids was recognizedy Zyl (1967) who attributed the formation

of the Koperberg Suite to magmatic differentiation in a démsgied magma chamber, where the
magma emplacement took places in successive pulses of different compositions. Hence, the Koperberg
Suite has been described as bamplaced 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.
U Contamination model

The contamination modg@roposeghe crustal contamination of basaltic mantlerived magmas in
the mid to lower crust at upper amphibolite to granulite facies condiems, Schoch and Conradie,
1990;Boer et al., 1994Brandriss and Cawthorn, 1996gringer, 1988)They propose the following

as evidence for contamination:

(1) The discordance of orthopyroxene ggnand plagioclase (Aw) which are normallymore
similar in mafic intrusions. This is interpretedaaesuliof assimilation of granitic contamina
(possibly the Nababeep Granite Gneiss), which lowered the Ca/Na ratios, which then lowered
the An content of plagioclasevhile En values in orthopyroxene remained unaffe€témh
Zwieten et al., 1996)

(2) Presence of granigneiss 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 thickexlcrust that has been subjected to contaming@amvthorn and
Meyer, 1993)

AEnri DGO U6 a) ratios rel ati ¥e OBogprenah h994) e der |
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(5) High initial 8’Sr£°Sr 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) intrusiongCawthorn and Meyer, 1993Brandriss and Cawthorn (199@&oposed that
this implieshybridizaion of two genetically distinct components, a radiogenic (irfit@t/&Sr
ratios 0f0.7220.727) and LILErich felsic component from granitic crust and a less radiogenic
(initial 8’SrPeSr ratios less or equal to 0.710) and dioritic mafic component derived from the
mantle.

(6) The sulphide minerals acharacterizdby 13w (1.5 t o 4. 1a-derivecel ati v
r oc k s . Roer @taal) (1994) attributed this to crustal assimilation, sulphur devolitization

and an increase in oxygen.

1 Crustal melting

This modebproposes a gabbronoritic lower crustal mafic granulite as the source of the Koperberg Suite
magmas Duchesne et al., 200RRadiogenic isotope work on country rocks and the Koperberg Suite
has been done prwvaiues atg forgheGomcordiayGraaitendyle initial Strontium

ratios (0.7061) ahe ratiosof9 1 0. 1, waivalubs (9) fovihe operberg Suite at 1030 Ma.
Hence, the pesence of an ancient lower crustaburceat 1030 Main the lithosphere of the
Bushmanlandomainhas been proposé@lifford et al., 1995Clifford et al., 2004)

Conradie and Schoch (1986, 1988) andd8bhand Conradie (199@mphasizedhe similarities

between the Koperberg Suite noritoids and magp# anorthosite complexes and suggest that the
Koperberg Suite represents the deeper levels of such anorthosite complexes. This was supported by
experimental work done iyuchesne et al. (2008 jotunites of the Koperberg Suite. The experiment
showed that parental melts of jotunites are produced by melting of plagioclase + two pyroxene rocks
at granulite conditiondHdence,Duchesne et al. (2007) proposed that the jotunites of the Koperberg
Suite are likelyto beparental magmas to anorthosites; hence, the suite is classified as atypassif

anorthosite complex.

Based on tnh(e torld)gtte variatien indRb/Sr ratios and Asrf8Sr ratios at 1030 Ma
observed in the Koperberg Suit2uchesne 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 L-BREhed
oceanic crust.
(2) Hydrothermal alteration of the oceanic crust, yielding variations in Rié8owed by
formation of TransAtlantic-Geotraverse TAG) hydrothermal moundype massive Gire
sulphide deposits.
(3) Subduction and incorporation of the oceanic cmt the lower crust, and granulite facies
metamorphism yielding mafic granulite.
(4) Meltinginapostc ol | i si onal setting (during the OO6o0oki

of voluminous granitic material.
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(5) Melting of the lower crustal mafic granulttéggeringthe emplacement of the Koperberg Suite,
accompanied byemobilizationof CuFe sulphidemineralizationforming the Koperberg
deposits.

1 Iron Oxide Copper-Gold (I0OCG) deposit model

The IOCG model was proposed bhaier et al. (2012pased on his study on the copper c h O6 ok i e
deposits (e.g., &ekfontein and HondekloafMaier et al. (20123tatedthat he OO6 o ki ep Cu d
share certain similarities with the Brazilian Caraiba copper deposits. These include high Cu/Ni and
Se/S ratios, dominagt magnetite and borniten the main ore assemblages and high apatite and

phl ogophite contents. The O6oki ep, t henus@br ai ba
magmatic enamembers of IOCG deposits.

Maier et al. (2012)states thatheO6 o ki ep deposits exhibit high Aul/
subcontinental lithospheric mantle@SM). Si mi | ar t o Car ai ba and Phal a
rocks also exhibit high REE, U and Th contents and because of Mhaser et al. (2012proposed

melting of a fertile metasoatised mantle to have led tbe production of alkaline and volatHech

source melts for these deposits. Although they are not hydrothermal, deessits exhibit
characteristics of IOCG deposits

These characteristics inclutteeoccurrence of Cu and /or Au as major economic minerals, enrichment
in LREE. Th, U, P, andnabundance of F& i oxi des. From this, t he OFG

proposed to be magmatic emembers of IOCG deposits.
In supportof the IOCG modelMaier et al. (2012proposed the following:

(1) Crustal extension in response to orogenic colldpseauseof extreme radiogenic
heating of midto lower crustal depth.

(2) Subsequent smatlegree partial melting of the SCLM producing magmas enriched in
volatiles, CO,, LILE, HFS, Au, Cu, P, Low PGE contents, and other compatible
elements.

(3) Rapid magma ascent to crustcause ohigh 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
dnga n d*S alues.

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

(6) Deposition of relatively Nrich oreqe.g.,Hondekloof) and progressively more-@ah
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 stualy understanding ttgenesis of orbicular texturestime Koperberg

Suite He describedbout63 orbicular bodies in the Koperberg Suite and seven of thel@tail He
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observed that orbicular bodies in the Koperberg Suieall emplaced in steepructures Figureb),

described as discordant anticlines.

Koperberg Suite

Figure 5. An example of a steep structure from the Kloné&starea showing a Koperberg Suite

dyke (red dottetine) intrudedin the central part of the steep structure (black dotted line) from Marima
(2021.

Initial fieldwork was able to locate some of the orbidolelitiesdescribed by Enzman and some that
Enzman did not describe in det@tigure6). 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 conclddbat the orbicules commence forming in a mafic nucleus.
Enzman described the shape of the orbicular bodies as rhombic or "modified rhomkbattriante

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

Orbicule Loacalities in the Koperberg Suite
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Figure 6: A Google Earth image showing the location of some of the orbiculalities mapped by
Enzman (1953)
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2.3. Matoposgranteand t he Dianads Pool area

TheDi anads Pool (BiguteV)dasdrided by gsaraen(L96% 197a¢cur 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 3108, kfrwhich 424 kriis a national parkGarson, 1995)

The geology at the Mapms area is mainly thiglatopos granitdatholith, vhich iscomposedf the
Matopos graniteThe Matopos granitdatholith representgart of the 2600 Ma ChilimanzGranite
Suite(Smith and Fripp, 1978roderick and Hubbard, 2018he batholith is bounby the Bulawayo
Greenstone 8t (in the north), the Gwanda and Anteldpats (in the south) and the Filab@lt (in

the east)Smith and Fripp, 1973Broderick and Hubbard (2016jated thathe ChilimanziGranite

Suite intudesinto the older Archean granite greenstone terrane making wirttimbwean Craton.

The Matopos granitéatholith (2.65 Ga) is an irregular oval body (100 km-gaestt dimension ah

30 km northsouth dimension andvery little work has been done ats geology. e first scientific

work done was bivennell (1902whodescribed the Matopos batholith as a microebiwtite granite

and he remarked upon its gneissic margin near Bulawayo and attributed the foliation to movement
before consolidationMennell (1904)later described the batholith in detahd referred to it as
featuringthe incorporation of basic material from the schists and mentions that hornblende is the
dominant mafic mineraSmith and Fripp, 1973)Amm (1940), who mapped the Bulawayo
Greenstondelt, briefly described thatopos granitéatholith and described it as intrusive to the
basement schists and into the older gneissic gravitegregor (19513lescribe the Matopos granite
batholith as being intrusive into the older gneisses in his synthesis of published information on
Rhodesian granites. According ktacgregor (1951)the Matopos granitdo at hol i t h A s eems

reconstruction of older rocks with some additio
2.3.1. Petrography and mineral compositions of theMatopos granite Porphyry

TheMatopos granites typically greypink and contains megacrysts of microcline and oligoclase
in a fine to mediurgrained groundmass of biotite, feldspars and quartz with accessory epidote,
apatite, magnetite and zircg@arson, 1995)The Matopos granitéatholith ismassiveand its
porphyritic character is evident in thin secti¢g8mith and Fripp, 1973)It is granitic in
composition, with KO/N&O values of 1.41.5 with an average of 1.43 calculated from known
localities within the batholitffGarson, 1995)Using Harpum's (1963klassification of granites
based on alkali ratios, a study Byith and Fripp (1973shows that it is highly heterogeneous.
Basedo n H a rclassificatisn, the compositidalls within theadamellite range. However, all
the chemicahnalyss available to date now shows a wide compmsatl variation of thévlatopos
graniteporphyry (Smith and Fripp, 1973)The samples range from true granites to tonalities to
granodiorites, andhis suggests that thMatopos granitebatholith cannot be regarded as

homogeneous

An interesting variation within the Matopos gr
Pool areafigure7b) 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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The interaction of the granite and the greenstone belt produced a contact facies zone Bigaeks (

7b), which are regarded as older gneisses (Smith and Fripp, 1973). Associated with these contact
facies, are orbicular graniteBigure7b) known from two orbicular | oc
(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) . Di a
which is about 58 km SE of Bulawayo in Zimbabwe (Garvie, 198%. orbicular outcrop is located
approxi mately 366 m downstream from Dianabs Poc¢
within the Matopos Porphyritic Granite (Garvie, 1969). Limited work has been done on these orbicules

and only basic petrologicand geochemical work has been published as far as can be ascertained.
Garvie (1969, 1971) has done most of the basic
outcrop as being small (-64n long and ~ 30 m wide) and characterized by more orbiculed)66)

to the rock volume or matrix. He describes the outcrop as characterized by orbicules that differ in size,
ranging from 520 cm. He describes the orbicules as not having a preferred shape and ranging from
spherical to ellipsoidal in shape. The orbiculescdweely 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 andesin&oj7&hd anhedral microcline (10

%). Garvie describes a lastagecrystallizationof 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 graimize outwards (towards the rims) and forming radial textures towardstthe duterd s

layers (Garson, 1995)Shells consisting of mafic and felsic layers of plagioclase, magnetite,
microcline, quartz,and accessory chloriteharacterizeéhese orbiculegGarvie, 1969) Plagioclase

shows mimr compositional changes throughout the layers of various shells (Garvie, 1969; Garson,
1995). The matrixs described atypically granitic in composition and comprising fine to medium
grainedMatopos granitevith slightly more abundant biotite than the typibtopos granitéGarvie,

1969; Garvie, 1971Garson 1995). GarvieX969) carried out chemical analysis on some parts (cores,
shells,and matri ces) of t he analysd showthatthe whalearock hhag & . Ga
tonalitic composition,and the matrix has a compositionasf alkali-feldspar granite. He considered

t hat Di anads Pool granitigaiionofl mhadicsinclosionsgTihia iavioleed passiye
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 (Gavie, 1969, 1971)Di ana6és Pool s or bi culBel488Gampd)wese ( s a mj
coll ected by an unknown person in the | ast cent
Bleloch Museum, at the University of the Witwatersrand. As the locality is within the Matopos Hills
World Heritage Site (Broderick & Hibard, 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

coll ected from the

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

2019.Severas amp |l es wer e Concordi a,

brought to Wits for detailednalyss . Paul Nex provided sampl

chemicalanalyss.

3.1.2. Micro- XRF

Two hand

sampl es

from

t he Di

anaos

Pool

ar e

orbicule localities were taken to MinTek in Johannesburg, South Africa for MiBife analyss to

produce element maps. This was done to investigate the elemental distribution in the samy

allow for the identification of specific phases and areas of interest by providing complime

information at a larger scale of observation and thewiollg parameters were usethple2).

Table 2: Table of parameters used for MierERF analyses.

Sample Name

Mapping Parameters | BM14780B BM14780A | SD-22-11 SD-5524 | SD40-19 | 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 pm 100 um 100 um 100 um 100 um 100 um
Total number of pixel 1809226 505600 2137500 1525200 | 825000 1540000
Acquisition parameters

10 10 10

Pixel time 10 ms/pixel 10 ms/pixel | 10 ms/pixel | ms/pixel ms/pixel ms/pixel
Tube parameter
High voltage 50 kV 50 kV 50 kV 50 kV 50 kV 50 kV
Anode current 599 pA 599 pA 599 pA 599 pA 599uA 599 pA
Filter Empty Empty Empty Empty Empty Empty
Optic Lens Lens Lens Lens Lens Lens
Spot Size 20 um 20 um 20 um 20 um 20 um 20 um
Chamber at Air 2 mbar Air 2 mbar | Air 2 mbar Air 2 mbar | Air 2 mbar 'r?qllr)ar ’
Anode current Rh Rh Rh Rh Rh Rh

3.1.3. Petrographic analyses

Samples were cut into polished thin sections for petrograpfatyss. 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 abasgdye

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

at high resolution using a full thin section microscope ahead of detaileotaieahalysis using the
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TIMA. The highresolution 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 modakeptage 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
analyss.

3.1.4. Tescan Integrated Mineral Analyzer(TIMA ) Analyses

Twenty representative orbiauil thin section from the fiv@rbicular localities wereanalyzedfor

detailed texturaanalyss using the TIMA. Phase and element maps of minerals seenequantified

by energydispersive Xray spectroscopy (EDS) using the VEGA3 SEM instrunaet VEGA3 X64
TESCAN TIMA 1.7.0software. The beam conditions during quantitasimalyss on the VEGA3 X64
TESCAN SEMwere?25 kV accelerating voltage, 43 pA 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 dietiiftment live

time was at 431 hours and the gun pressure was at &d &hile the column pressure was at 5.5
x10° Pa. The system is also designed to perform -hégblution mapping (liberation and modal
analysis), concurrently with imaging withre@solution of up to 2 um per pixel with a working distance

of 15 mm. Modal abundances were obtained and were later compared to the modal abundances that
were obtained manuallfpreparations 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-SXE electron probe equipped with five WDS
spectrometers at the University of the Witwatersrand. The chemical compositions of plagioclase and
biotite weredetermined The analytical conditions for botimalyse 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 omgik 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. SrisotopeAnalyses

In-situ 8’Srf°Sr isotopeanalyse were conducted using a laser ablation system connected to a Nu
Plasma Il multicollector (MG)CP-MS system at the University of Johannesburg, South Africa.
87SrPoSr isotopes in plagioclase were measured on representative thin sections using a spot ablation
met hod and a spot si.taserenérgywlsB@et at GmJfwihra fréqlency ef €0o n d s
Hz and an attenuator value of 50 %, resulting in aisample fluence of approximately 3.5 Jcm

Detector seup was as follow: H5 £8Sr (+ 176ypb2*); H3 =8'Sr +8'Rb (+ 174Yb?"); H1 =8Sr (+

17224y L1 = 8Rb (+ 170ER* + 170y p2Y); L3 = 84Sy + 84Ky (+ 16852+ 4+ 168yp2H) and |C1 =82%Kr (+

164221, 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 processiggapravas 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 appf88effSr ratio of 01194 was

used in the calculations for the Sr mass bias adjustment’Rhecontribution was calculated from
the®Rb signal using the standdRbF°Rb ratio of 03858The secondary standard used to evaluate
accuracy was an ihouse plagioclase glass standard; reference glass BHYBIRBGrg et al., 2005)

and a calcite reference material VIG?°°PbP38U age: 254.64 + 6.4 Ma; Roberts et al., 2Rasbury

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 act&pfé8r value of 0.70347.

3.1.7. Geochronology

Micro-XRF element maps were fingtilizedto target areas with high zirconium concentrations in hand
samples prior to cutting thin sections. Sixteen representative orbicule samples from-thbidivke
localities wereanalyzedor detailed texturahnalyss 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 characterizethe internal features of zircons such as growth zones and inclusions and to
provide a base mdpr recording laser spot locations. ThePh analyss were conducted using a Nu
Plasma [l Multi Collectodnductively Coupled Plasmilass Spectrometry (MOCP-MS) at the
University of Johannesburg employing an Australian Scientific Instruments (ASI) Resolution 193 nm
ArF excimer system. The-Uh-Pb data wes acquired by single spot analysis (88), using a laser

repetition rate of 2 Hz and a fluence of 1.2 I&m

Total signal acquisition time was 40 seconds, comprising 15 seconds @indreosiablation (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
(?°PbPU age: 1842.0+3.1 Ma Black et al., 2003)was used to evaluate accuracy, and OGC1
(*°PbPPb age: 3465.4 + 0.6 MaStern et al., 2009)91500(>°’PbF°Pb age: 1065.4 + 0.3 Ma;
Wiedenbeck et al., 19955J1(ca. 609 MajJackson et al., 2004nd A382(*°’PbP%Pb age: 1882.4 +

3 Ma ;Huhma, 2012kircon 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 approximatehatetyss of unknowns were followed tanalyss of the
secondary standards for quality control purposes. The following masses were measured (six samples
per peak)2®4Pb + Hg),2°%Pb,2°’Pb,%°%Pb,232Th and?*8U and the NuAge2 progra(Andersen et al.,

2009;Andersen et al., 2018)as used to calculate corrected ratios and ages.

3.1.8. Trace Elementanalyses 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 eaSrlutule Koppig(Figure6), were collected

from Miss B.A Jogeepers.comm., unpublished Honors projeahd analyzedto understand the
sulphide metallogeneses in the Koperberg Suite orbici#lger to trace element analysis, nine
representative thin sections ##&n sections from the mafic Jubilee pit orbicules and 7 thin sections

from the felsic orbicules) were first examined by optical microscopg.thin sections wer@nalyzed
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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 CAMEQA®ERtobe (equipped

with four spectrometers) at the University of Johannesburg. artadytical conditions for both
chalcopyrite and bornite spahalyss (1nm) 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 nt@l standards for each analysis type for quality control.

The samples were then taken to Stellenbddnlversity, and they wereanalyzedusing by Laser
Ablation Inductively Coupled Mass Spectrometry (L@AP-MS). A Resolution 193 nm Excimer laser
from Applied Spectra connected to an Agilent 8800 QQQM3IPwas used in the analysis of trace
elements in sulfide grains. Ablation took placainelium (He) filled sample cell, the ablated material

is then mixed with argon and a small amount of nitrogen before being transported to M&.ICP
Initially laser gas flow att ICP-MS settings were optimized for best sensitivity and low oxide ratios
(< 04 %) 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 @hiftags(analyte mass + 16),
depending on the sensitivity or possible interferences terbeved.

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 ¥@s. Since sulfide material ablates completely
different from the NIST silicate glasses typically used for-IC®-MS quantification, a matrix
matched standard MASS- produced by the US Geological Survey, was used. After deciding the
appropriate spot sizeletermined to be 20 and 30umatrix optimiged ablation parameters such as
laser @ergy and frequencoyereoptimizedduring spot ablation of MAS&. Parameters were set at 3
Jicn? energy and 6 Hz frequency to produce a stable signal with good sensitivity and introducing
minimal lasefinduced element fractionatio@ata processing was done using thellC®-MS data
reduction software package LADR from Norris Scientffiorris and Danyushevsky, 2018h order

to correct for variations in ablation yield between standards and samples, an internal standard element
(°'Fe) is usedLongerich et al., 1996)

Final concentrations were calculated fromormalizingthe total element components to 100%, with
this summed signal proportional to the material abléitedch and Hieftje, 2000Reference values
for MASS-1 sulphide from the GEOREM data ba@®chum et al., 2005Jochum et al., 2016)

Detection limit (LOD) for each element is calculated using the equation(frongerich et al., 1996)

3.1.9. Modelling using the Magma Chamber Simulator (MCS)

The Koperberg Suite's isotopic composititlyebeen shown to be affected by contamination by
severakesearchers, although they do not identify the spemifitaminant; 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 Suiteagmas andrbiculescan be simulated with reasonable
assimilation of either the Concordia Granite or thababeep GneissA develop a Recharge
AssimilationFractionalCrystallization(RAFC; Bohrson et al., 202Q4einonen et al., 2022nodel

utilizing the Magma Chamber Simulator (MCS)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 wakrstopingof wallrock, and/or magma

mixing by recharge during cooling and concurrent fractiengdtallization(Bohrson et al., 2020). The
resident magma, wallrock, and various (0 to 30) recharge magma reservaitsppedblock
compositions are only f@aw of the various subystems that make up the composite system. Bohrson

et al. (2020) andHeinonen et al. (2022)escribed the MCS as a forward modelling tool that may be
used inseveralways to clarify how magmatic systems evolFerward 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 @sd 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 theggest impact in magmatic evolution.

Forward modelling is helpful when trying to simulate a certain natural system. Bittlagon, input
parameters can be changed to best replicate petrological and geochemical data from a specific
collection of igneous rocks (Bohrson et al., 2020)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 systeméBohrson et al., 2020 Among the questions that can be addressed by MCS, are
how does théalance 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 diisatxonditiongavorlarge versus

small magma bodies? And what processes and/or conditiodglledby MCS influence magma

bodies to erupt? The MCS tracks and reports phase equilibria and major element, trace element, and
isotope concentrations withinlaub-systems using one of four MELTS phase equilibria engines
coupled to a usetefined executive (IGOR) based on equilibrium thermodynamics (Bohrson et al.,
2020).

Bohrson et al. (2020) andeinonen et al., (2022tated thatmany options are provided by the
adaptable user interface and carcbstomizedo simulate certain natural systems or model analogs.
A diabatic and serfpermeable boundaiy the MCS couples the resident Magma subsystem (M),
which is originally a finite massf melt in a clearly defined thermodynamic state, to its host Wallrock
(WR) (Bohrson et al., 2020AFC processesause wallrock to heat up and maybe partially melt as
sensible (melt cooling) and latent heat (creation of cumulates byofrabtrystallization FC) flow

over the MWR boundaryBohrson et al., 2020)n the event that partial melt forms and the wallrock
melt fractionrises above a rheologically established, 1spercified critical thresholdf(nO or fmZero),

this anatectic melt thoroughly combines and equilibrates with melt in the M subsystem (referred to as
M melt for simplicity). Crystals that fornin response to AFC join a reservoir of cumulate that is
chemically isolated from, bahermally connected thl melt. Key variables related to the surrounding
geological conditions and initial bulk composits control how much matter transfers between WR
and M(Bohrson et al., 202®ieinonen et al., 2022 addition to partial wallrock melt contamination

of M melt, stoping(S) can also cause contaminat{@ohrson et al., 202MHeinonen et al., 2022The
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contaminated system achieves a new equilibrium state at a new thermodynamically controlled
temperature in MCS whestoopedwallrock is added in large quantities to M m@bphrson et al.,
2020;Heinonen et al., 2022)

The stopirg event may result in the precipitation afystallized solids or a fluid, and naturally, the
contaminated M melt changes in bulk compositiBohrson et al., 20204einonen 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 d&if®&phrson et al., 202¢4einonen et

al., 2022) Thestopingoperation and this operation are computationdiytical. Aspecified M melt
temperature or a temperature decrease from the most recent S or R event isdagngesbcondition

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 3QBohrson et al., 2020)

There are two steps involved in the MCS calculations: (1) M&tseEQ: the computation of the

major element and phase equilibria for the evolution of the RASFC; and (2)TvHESs: the trace
element and isotopic (Sr, Nd, Hf, Pb, Os, and O) consequerncie fBASFC scenario derived from

the output of MCShaseEQBohrson 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 phassbundances, compositions, and tempera{idelsrson et al., 202®einonen

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
mineratmelt, mineraifluid partition coefficientsdr M, WR, S, and RBohrson et al., 202®einonen

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 néBedsann et al.,
2020;Heinonen et al., 2022T he 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-fit¢snodel (Bohrson et al.,
2020;Heinonen et al., 2022MCS-PhaseEQ is the result of the merger of an executive brain and a

computational thermodynamic engifgohrson et al., 2020)

The Visual Basic programming language from Microsoft is used to create the executivel beain.
brain is in charge of carrying out the specific RnASnFC scenario that the user has specified by (1)
sending instructions to the selected rhyelde pMELTS engine, (2) performing additional internal
calculations based on vas returned from rhyolit®r pMELTS, (3) making the necessary conditional

and complex sequential executive decisions, and (4) producing a variety-tiineeand archived
graphical and numerical daf@ohrson et al., 202®jeinonen et al., 2022pne of the existing rhyolite

or pMELTS codes is the thermodynamic engine used in the-NtG&seE(Bohrson et al., 2020)
Ghiorso and Sack (1995Asimow and Ghiorso (1998¥hiorso et al. (2002 Gualda et al. (2012

and Ghiorso and Gualda (2015)ated thathese are designated as pMELTS and rhyMELTS
versions 1.0.2, 1.1.0, or 1.2.0.
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A key component of rhyoliteor pMELTS is a thermodynamic model for the relationship between the
Gibbs free energy of silicate liquids and melt composition, temperature (about20000K), and
pressure (approximatelyi 8 GPa). The thermodynamic rules &slled in rhyolite and pMELTS are
insufficient for numerical computations and must be coupled with the thermodynamic characteristics

of the materials making up the composite systBohrson et al., 2020)

In the studied orbiculestrontiumanalyse was carried outin-situ in plagioclase and during the
analyss, the strontium concentrations (ppm) were not measured sin¢B1@)eCP-MS is a poor
quantitative method. However, these were recalculated by compariffgtrsignal of the orbicules

to the88Sr for the reference material (BHVO2G and WIC The Sr concentration of the BHVO2G
(Elburg et al., 2005and WG1 (Rasbury et al., 2021are 396 and 1500 ppm, respectively. A
calibration using th&8Sr signal against the standards was created and ultimately, the Sr (ppm) in the

orbicules was qualitatively determined.
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4. Di anads Pool Orbicules
4.1. Hand sample descriptions

The orbicularsamples used in this study ariearacterizeé by closely packed orbicules (70%) in a
granitic intermatrix (30% rock volumekigure8a, c). The orbicules range from spherical to ellipsoidal

in shapehoweversome orbicules appear to have been abraded, where the cores seem to be intact but
large parts of the shells have been remd¥aglure8c, d). Some orbicules have been deformed where
layers in the shells are bemtigure8e), 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 tickening or pocket. The orbicules range in $ipen 6 to 14 cm in diameter and

from 5 to 3 cm in width igure 8a). Different types of orbicules characterize the hand samples:
orbicules characterized by felsic cores with dark ferromagnesian skalisrg 8a); orbicules
characterized byfelsic cores with dark and felsic shellsigure 8b); more complex orbicules
characterized by cores with abundant cogrsened hornblende and biotiteigure8e).

Felsic and mediumto coarsegrained cores contain locally concentrated and irregular biotite and
hornblende, whiclsharacterize the orbiculesKigure8a; 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 hornblefideré 8a), however,

irregular masses of hornblende are not present in all orbicular €agesg(8).

Sharp contacts mark the transitions from cores to shatlisie 8a, b). Alternating mafic and felsic

shells characterizethe orbicules Kigure 8a, b). Mafic shells are predominantly biotite and minor
guartz, 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 coarsegrained matrix Figure8b).

The matrix composition i€omparableto the coresand it composed of quartz, plagioclase, K
feldsparsbiotite, and hornblendeNigure8d, c). In places, the matrix is pegmatitiiqure8b). Some

orbicules appear to have beers havedo or truncated along one or
granite occurs between the shelgglre 8a). Orbicule shells also incorporate and build up over
remobilizedmatrix material which has moved into one segment of the shell, creating a thickening or
pocket(yellow arrow;Figure8e). Locally, the samples amdaracterize by joining of the coreshell,

and the matrixKigure8d).
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Figure 8 Or bi cul ar granite samples from the Dianads
appearance of Dianads Pool orbicules. These sph
70% of the rock volume and acharacterizel by felsic and mediurgrained 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 dtted lines show the alp 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 bpluear r ow) i n mafic shells creating a fAsad
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4.2.  Petrography

Petrographic techniques combined with mi#ieF were used to classiffgtompare,and contrast

di fferent orbicule types and sul phide occurrenc

Samples BM14780BHigure9) and BM14780A Figure 10) were scanned at high resolution using
gualitativemicro-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 higt@mnd@atrations

than the shellsRigure 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 orbi€iges=0h; Figure 10h).

Siis present in all minerals and so shows high abundances in cores, core to shell boundaries and in the
host matrix Figure9d; Figure10d). Conversely, the shells are less siliceous due to proportionally less
quartz Figurel0d; Figure9d)

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 cdfagife 9g; Figure 10g). Low K concentrations are
observed in the felsic shellBigure10g). However, the mafic and the intermediate shéligure9g)

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 th&igore9¢;
Figure10e). The granitic matrix material between shells and cores exhibits rieideeg9e; Figure

10).The element maps show high concentrations of Zr in the matrix and in core to shells boundaries

(Figure9f; Figure10f). However, some cores have very low or noig(re9f; Figurel0f).

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:El ement maps of the Dianabés Pool sampl e BM
area in white rectangle. (b) A composite of selected elementia(RIblue, Sigreen, Capink, Fe

yellow and Klight blue) and their distribution shown in a full orbicuample. (c) Element map

showing uniform distribution of Al throughout the sample. Howeherdark patches in central cores

and some places in shells and matrices do not contain(dhlElement map showing uniform
distribution of Si in cores and the miathowever, high intensities of Si are observed in the pegmatitic
matrix. (€) 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 highesterrations and intensities of K in the matrix,
thegranitic matrix between the she(l®d-dotted area), and some parts of the cores. (h) Element map

showing thalistribution and concentrations of Ca in different parts of the orbicules.

33



Si

BM 14780 A

BM 14780 A

BM 14780 A

Figure 10 El ement maps of the Dianads Pool sample BM
area in white rectangle. (b) A composite of selected elementgdéh, Sidark blue, Caorange, Ti

light blue, and Kneon) and their distribution shown in a full orbicidample. (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 hightensities of Fe in shells, matrix and in the dark patches in the core.
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Figure 10 Continued (f) Elementmap showing the distribution amtncentrations of Zr in different

parts of the orbicules. The highest intensities of Zr are observed in the core and (gatElement

map showing the distribution and intensities of K in the matrixgthaitic 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 coarsegrained cores comprising plagioclase, quartz, biotite, hornblende, magnetite,
orthoclasemicrocline,and other accessory phas€g(re 11) characterizddi anads Pool or k
Cores to shells and shells to matrix boundaries are masksithrp contactéigurel11).In addition to

this, there is an abrupt change in grain size and distribution of mineral phases between shells on one
hand (finedgrained, homogeneous distribution), and cores and matrix on the other {g@ansel,

heterogeneous distributioRijgure11).
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Figure 11. Full thin section photomicrographs of the orbicule samples and corresponding TIMA
image: (a) Planépolarized (left) and crospolarized light (right) full thin section images of sample
BM14780F. (b) TIMA image of orbicule sample BM14780F showing a megtaimed core
predominated by feldspars, quartz and hornblende:drraned and alternating mafic and felsic shells
predominated by feldsparsiotite, magnetiteand a pegmatitic matrix predominated by feldspars and

hornblende.

35



1 Cores

Cores are typically composed of plagioclase (75%), quartz (10%), microcline, (x&@¥)lend€5%),
biotite (~3%), chlorite (~3%), magnetite (3%) and other accessory plragas(12).
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Figurel2Ful | thin section photomicrographs and
(a) Plané polarized (left) and crospolarized light (right) full thin section images of sample
BM14780D. (b) TIMA image of orbicule sample BM14780D showing a meghaimed core

comprising feldspars, quartz, biotite and chlorite.

Plagioclase occurs as the predominant mineral in cores occurring as subhedtatrff). yrains
adjacent to quartzmicrocline, and biotite Figure 12). Locally, plagioclase contains poikilitic
inclusions of quartanicrocline,and magnetiteHigure13d, f). Smaltscale alteration of plagioclase to
sericite is observed in some of the plagioclase grains lockiyure 13c). Surrounding large
plagioclase grains is interstitial microcliféigurel3e, f). Microcline contains inclusions of unaltered
plagioclase, quartdiotite, and magnetite. Granophyric textures are observed where microcline and
guartz are intergrown. Microcline also occurs as small and subhedrd).20mhim) grains that are
inclusions in plagioclase. Quartz occurs as small to medium graind (@rh) that arexdjacent to
feldspars. Locally, it occurs as poikilitic inclusions in plagioclase and microéligare13d). Quartz

is also inan interstitial position in coredigure13c, d, €). Biotite occurs as large and anhedral to

subhedral (046 mm) grains that grow into plagioclase and microcliigyre13a, b).
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Figure 13 Photomicrographs showing mineral phases and textures in orbicular cores taken from

Di anabs Pool orbicules: (a, b) Subhedral pl agi o
(c, d) Subhedral plagioclase grains occurring adjacent to quartz.i®téase 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 phaaeound large plagioclase grains and as poikilitic
inclusions in plagioclase and microclirfeigure13a, b). Hornblende occurs as a minor mineral in the
orbicules. It occurs as large (66Imm) grains that grow adjacent to plagioclaSgre13g, h) and

microcline. Locally, it contains smaller inclusions of magnetite and biotite.
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1 Shells

Gradational contacts between cores and shéligufe 11) characterizeDi anaés Pool or k
although some orbicules acbaracterizé by sharp contacts. Transitions from cores to shells are also
characterizéd by changes in mineral assemblages and textigsire 14). Alternating felsic and

intermediate shellsharacterizéhese orbicules.
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Figure 14: Reflected light image showing radiating grains of magnetite (yellow arrows) within a shell
of sample BM1478Ka) 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 coarsgrained coresharacterizd by phaneritic textures, shells are more {fgrained and
characterizé by polygonal textures and by an increase in magnetite and biotite modal abundances
(Figure 14).The orbicules areharacterize by alternating felsic and intermediate shells that contain
grains of roughly the same size, forming polygonal textufegife 14). Contacts between mafic and
felsic shells are gradationaifure14), 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 (€015 mm) laths that are adjacent to plagioclase and quiragzré16c,

d).

Locally, biotite occurs as an interstitial phase where it surrounds feldspars and quartz. Biotite also
occurs as poikilitic inclusions in plagiocladgedure 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 quartEigurel4, Figurelb). Plagioclase (45%), quartz (15%), magnetite (30%), biotite
(10%) and accessory microcline predominate in the felsic shells. The plagioclase is subhe@r@al (0.1

mm), with smaller plagioclase and quartz grains closely packed and forming granoblagtangbly
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textures (red arrowkigure16h). 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 gs&e outwards (towards the rims) afatm radial
textures towards the shells outer layers (yellow arréiggjre14; Figure15b). These radial grains of
magnetite are restricted to shellbn additional interesting point is visible iRigure 16, where
magnetite grains show a homogeneous distribufibese radial grains of magnetite are restricted to
shells.

Granitic material that has the same composition as the host matrix crosscuts some of tikeghrells (

15). This differs in composition to thghells,and it is more coarsgrained Figure15). 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 texfugesg15).

Ml Piagioclse [l Microcline [l Biotite [] Magnetite [l Quarz [l Hornblende [T] Albite [] Holes

Figure 15 Fu | | thin section photomicrographs of Di a
Pland polarized (left) and crospolarized light (right) full thin section images of sample BM14780H.
(b) TIMA image of orbicule sample BM14780H showing-fingined shells crosscut by a pegmatitic

and granitic matrix.
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Figurel6 Phot omi crographs showing mineral phases
(a, b) Equigranular grains of feldspars, quartz and magnetite occurring close to each other and
forming granoblastic textures. (c, d) Mafic shells comprising biotiteaining poikilitic inclusions of
guartz and magnetite adjacent to smaller plagioclase and qugndins. €, f) Felsic shells
characterizel by less biotite and more quartz and feldspars with poikilitic inclusions of magnetite. (g,
h) Equigranular grains bplagioclase and quartz forming junctions (120; red arrow). Plagioclase

contains poikilitic inclusions of magnetite and elongate biotite.
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9 Matrix characteristics

The contacts from shells to the matrix are sharp. The matrix compositioosnaparabléo the core
compositions. However, the slight differences are in modal abundances and the degree of mineral
alteration.The matrixis distinctly richer in Kfeldspar than the coresd containsgnicrocline (30%),
plagioclase (20%), quartz (30%), orthoclase (5%), biotite (5%), chlorite (5%) and other accessory
phasesKigurel?).
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Figurel72Ful | thin section phot ommiri (a)dlangpoahzed (lefff t he
and crosspolarized light (right) full thin section images of sample BM14780A. (b) TIMA image of the
Di a nPad abicule sample BM14780A showing a coaysined 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-igure 14; Figure 11). Similar to cores, the matrix is coagained and more

felsic than the fingrained and intermediate to mafic shells. Microcline occurs as a dominant phase in
the matrix, and it occurs as subhedral (@1mm) 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 sudunded and subngular (0.11 mm)

grains of quartz. The quartz grains also grow as poikilitic inclusions in plagioclase and microcline
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(Figure 18e, f). Granophyric textured=(gure 18b) are observed where microcline and quartz grow
together. Plagioclase occurs as large and subhedra? (@rh) grains that grow adjacent to quartz,
microcline,and biotite Figure 18e, f). It contains small quartz inclusiorfagure18f) and locally, it

is altered to sericite. Biotite occurs as anhedral to subhedrad ®rhm) grains that grow adjacent to
microcline,quartz,and plagioclaseHigure 18e). Locally, biotite contains small poikilitic inclusions

of quartz and magnetite. Orthoclagéglre 18d) occurs as the least abundant phase imnidueix. It

occurs as subhedral grains that grow adjacent to microcline and plagioclase. Biotite, microcline,
plagioclasequartz,and orthoclase also occur as cumulus crystals locally, where they are surrounded
by interstitial hornblendeHigure 18d). Hornblende also occurs as large {B.@&im) grains that grow

adjacent to feldsparguartz,and biotite Figure18a).

Figure 18 Phot omi crographs showing miner almatpxh(@s e s
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 obsdrvehere microcline and quartz grow together. (c)
Sharp contact between a coaig@ined matrix and a medium to fingrained shell. (d) Interstitial
hornblende enveloping tobimg grains of feldspars. (e) Poikilitic inclusions of quartz in feldspars. (f)

Granoblastic textures where touching quartz grains forjunctions (white arrows).
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4.3. Geochemistry

4.3.1. In-situ compositions of mineral phases

Plagioclase and biotite mineral compositions together imiitu 8’Srf°Sr were determined in the

Di anads Pool
magma (s) and the processes that were operating in the magma (sgoistaltjzation Theanalyzed

samples are shown ifable 3, showing what minerals in what orbicukstructure werenalyzedin

each sample.
Table 3: Table showing different samples that waralyzedfor EPMA andirs i t u S . A X
what wasanalyzedn each sample.
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
87SrfS Sr X X X X
43.1.1. Plagioclase
Unaltered plagioclase grains wengalyzedor major elements in cores, shells and matrices of diffel
orbicule samplesTable4).
Table 4. Table showing the ranges of major elements (in wairepjagioclase from cores, shells an
matrices of differed Dianab6s Pool orbicule
Structure Cores Shells Matrices
Sample# | BM14780D | BM14780F | BM14780E | BM14780G BM14780F | BM14780F BM14780A
CaO 4.915.80 4.905.73 5.685.97 5.165.35 5.005.52 4.61-6.00 2.787.50
NaO 8.709.36 7.439.08 6.769.43 8.538.89 8.289.27 7.669.08 7.759.95
K20 0.160.24 0.090.35 0.160.35 0.520.36 0.11-0.29 0.121.15 0.07-0.46
Al;,03 24.0524.68 | 26.7827.79 | 22.7224.33 | 26.4527.45 | 36.3427.34 | 26.4827.90 21.0529.24
SiO, 59.4661.18 | 56.7858.12 | 60.0561.67 | 57.2758.05 | 57.0457.95 | 56.3759.08 53.8464.08
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The ranges of Si§) CaO, KO, Al,Oz and NaO in (wt. %) in cores, shells and matrices of different
samples are shown able4 and the rest of themajorelements inTable20; Appendix A).

The datavereplotted on major element variation diagrargy(ire 19) which show the variation of
selected oxides between different orbicule samples plotted againdtrSi0@ the variation diagrams,

it is clear that there are two groups or clusters of cores, shellmatites Figure 19; Table 4)
characterized by varying major element compositiosving to data dispersion there is no
interpretable differences in iNa (Figure19c) and KO (Figure 19d) contents between the samples.
Samples BM14780F and BM1478080G form a specific cluster (core, shell and matrix) with silica
around 57 %Kigurel9), rather high alumina (~27 %jgure19a) and low CaO (~5 %Figure19).
Samples BM1478080E and 80D show higher silica contents (aroufid & Figure 19) and low
alumina content (~24 %;igure19a). Sample BM1478080A show two groups of matrix plagioclase,
one with low silica (around 55 %) and high alumina ( around 2Bigtre19a), and the other with
high silica (~ 61 % and low alumina (around 24 %igure 19a) close to compositions of samples
BM1478080E and BM1478080D.
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Figure 19: Chemical variation diagrams showing the variation of different oxides in plagioclase from

t he Dianabés Pool orbicular cor dw%). shell s and ma

A similar variation is seen in CaO, where plagioclase from sample BM14780F is slightly more calcic
than plagioclase from sample BM14780Eigure19b; Table4). Similarly, there is minor variation in
NaO betveen the two sample&igure19c; Table4). Conversely, little variation is observed inX
between these sampldadure 19d; Table4). Sample BM14780D cores are slightly more sodic than
BM14780F coresKigurel9c; Table4).
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Plagioclase from three shells samples varalyzed BM14780F, BM14780E and BM14780G) and
there is variation in the composition of plagioclase between titégurg 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 plagioclasenpositions between them. However, plagioclase

in samples BM14780F and BM14780G shells are more alumikogsré 19a), more calcicKigure

19%), less sodicKHigure 19c) and less siliceoug-igure 19) than in sample BM147E. Similar to the
cores and shells, a variation in plagioclase in the matrices of different samples is obbSguured 9).
However, this variation is not only between plagioclase of different saniples)so observed in
plagioclase grains of the same sampliggire19). Plagioclase in the two matrix samples (BM14780A
and BM14780F) waanalyzedand there is a distinct compositional variation between théguie

19). Sample BM14780A comprises plagioclase with varying compositieigsire 19). Some of the
plagioclase grains in sample BM14780A are more aluminous and some are less aluminous than
plagioclase in sample BM14780F matribidure19a). Some plagioclase grains in sample BM14780A
matrix grains are also more cal¢tgure19) and less sodids{gure19c) than plagioclase in sample
BM1470F. Similar to plagioclase in cores and shells, there little variatiopGrirkplagioclase grain

from the matrices of the same or different samegufe19d).

Pl agioclase from t he Di a#&iguse20Pandall plagioclasaeralyzede s ar e
in the cores, the shells, and thatrices plotn the oligoclase field on the feldspar ternary classification

diagram Figure20).
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Samples BM14780F (AB27) and BM14780G (Asx.2s) shells are composed of plagioclase that are
less calcic than in sample BM14789E shells £A1) shells. SampldBM14780F (Ans29) cores
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contain plagioclase that are more calcic than in sample BM14780D caredABample BM14780F
matrix (Arnp22g) comprise plagioclase that are slightly more sodic than in sample BM14780A matrix
(An2230). 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 sidefla ancrease from shells to

the matrix Figure 21). The coreX Anze) and the matrixX Anzs) have slightly overlapping
compositions, showing little variation in the An contefig(ire21). However, the shells are slightly
sodic and evolvedx( Anz4 Figurel9; Figure21). The Ancontent in the innegfX  Anzs) to middle

(X Anzg) to outer(X Anzg) shellshomogeneous and shows little to no variation.
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Figure2: The graph showing the An content in plagio
and matrix from orbicule sample BM1478Q#€resentative 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 content$ie two signa 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 matriceanedyzed Theanalyzed
samples include samples BM14780F, BM14780G, BM14780A, and BM147B4lide3) and(Table
5).

Table 5: Table showing the ranges of major elements (wt. %) in biotite from cores, shells and matrices

of differed Dianads Pool orbicular sampl es.

Structure Core Shells Matrix

Sample# BM14780D BM14780G BM14780F BM14780A

TiO2 2.11-2.83 2.044.04 1.62-3.68 1.784.00

MgO 4.365.72 2.67-3.56 1.793.89 4.11-5.86

FeO 21.4825.00 4.6027.31 23.70627.15 22.3832.19

SiO, 36.8443.93 36.9938.72 36.0142.89 36.5443.97

Al20s3 13.6218.03 14.8315.48 14.8916.18 12.8718.26

The ranges between the major elements Mg@DAISIO, and TiG are shown in Table 4 and the rest

of the elements are shown in Tables 8, 9, and abl€21; Appendix A).

Unlike plagioclase, unaltered biotite in these samples is scarce, hence only a few samples were
analyzed Similar to plagioclase, bioti@nalyzedn shell samples BM14780F and BM15780G exhibit
similar compositions and show little to no variatiéiglre22). The core anthe shells contain biotite

that is more aluminous than in the matrikigure 22a), although some biotite in the core is less
aluminous. The biotites are more magnesian in the core and matrbiaditein the shells are less
magnesian and rich in FeQrable5; Figure22b).The core and matrix contain biotite that are slightly
more siliceous than the shells, although there is a large variation innSi@ core Table5; Figure

22c). The TiQ content shows little variation in the core, shells and the mdtigxife22d). However,

it is slightly higher in some biotite from the shells and matrix.

Using the MgOFeOAI2Os ternary diagram afteAbdelRahman (1994and Nachit et al. (2005)

biotite in Dianabs Pool orbicul ar -type)grantesgitbtel | s
(Figure 24d) and they are all considered primary magmatic compositieiggire 24c). Unaltered

biotite compositions were plotted in biotite classification diagrams and following the nomenclature
after Makutu et al. (2004) arideer et al. (1992) t h e

in the annite fieldFigure24a, b).

Di anabés Pool cores,
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Biotite shows a systematic variation in Mg# from cores to shells to the miaigixré 23). Biotite in
the orbicule core samp(®&Ig# = 27)and the matrix sampl@Mg# = 25)are more magnesian ahdve

higher Mg# than in the ferroan shellsFigure 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 andr28hell sampleBM14780F and BM14780Qespectively

Mg#

357
30
25
20

151

10+

Il Cores
[ shells

|:| Matrices

- N-N-]

Figure 23. Graph of Mg# (Mg/Mg + Fe) showing a variation in Mg#theDi ana 6 s

Pool or k

core, shells and matrix from samples BM14780D, BM14780F and BM14780A, respectivetg. A

andmatrix exhibiting high Mg#and shellc ont ai ni ng

biotite

wi t h

| ow M

Pool orbicules.The two signa 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 Di anabs
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4.3.2. Initial 8’Sr/®® Sr isotopes ratios in plagioclase

Initial 8’SrP®Sr isotopic compositions were determined in plagioclase from the cores, shells and matrix

of differert Di a n sdmples Ruadloel ranges are shown rable 6. Strontium isotopes were

analyzedas geochemical tracers to trace and test the processes behind orbicular formation (e.g.,

assimilation) The initial 8’Srf®Sr ratios Table22;, Appendix A were calculated using the model age

of 2650 Ma of théMatopos granit¢éBroderick and Hubbard, 2016)n general, there is little variation

in the initial 8’Srf®Sr ratios in cores, shells and matricgalfle6) and t he

Di anads P

comprise plagioclase that exhibit radiogef®rfeSr isotopic compositions that plot away from the

depleted mantleHigure25).

0.712
.Cores
0.710 - Crust [IShells
|:|Matr|x
0.708 -
o 0706 -
0.704 -
B
0.702 - E
0.700 . . L D(?pleted mantlfe
2600 2620 2640 2660 2680 2700
Age (Ma)
Figure 25 Initial Srf°Sr i sot opi c compositions of

relative to the model depletedantle taken from Eglington (2006).

pl agi ocl

Plagioclase in the cores and the shells samples have slightly more radiogenie’8if8r ratios

than the less radiogenic ratios in plagioclase in the ma&tpue26; Table6). Similar to the major

elements in plagioclase and biotite, a variatiof/81£°Sr is observed in cores and shells of different

samples Table6: Figure26). Plagioclase in the core sample BM14780F are more radiogenic than in

core sample BM147800rable6). Plagioclase in shell sample BM14780E are less radiogenic than in
shell sample BM14780FT@ble6).

A comparison of the An content and initf{Srf®Sr ratios in plagioclase shows little variation in

87SrP8Sr ratios and a variation in An content in the core, the shells amdatnix (Figure26). There

is very little variation irf’Srf®Sr ratios in cores of different sampl&gure26), and thecalcic sample

BM14780F comprise plagioclase that are more radiogenic than the less radiogenic and sodic
plagioclase in sample BM14780D coiieable6; Figure26).
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Table 6: Table showing the ranges of initf{5rf°Sr in plagioclase from cores, shells and matrices
of di ff er e drbidDlargampléss P o ol

Structure Cores Shells Matrix

Sample# | BM14780D BM14780F BM14780E BM14780F BM14780A

0.700477 4 0.701229 4 0.701547 4 0.7001642 # 0.700701 H
Initial 0.000198 tg 0.000163 tg 0.000184 tg 0.000013 tg 0.000231 to
87Srpesr 0.702407 4 0.705350 4 0.702758 4 0.703423 4 0.703188 H

0.000163 0.000169 0.000182 0.000171 0.000274

The calcic plagioclase in shell sample BM14780E are slightly less radiogenic than the slightly more

radiogenic and sodic plagioclase in sample BM147&0gu¢e26).
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Figure 26. Graph showinghe initial®’Srf°Sr r ati os i n the Dianads Pool

matrix plotted against the An content. There is a little variation in irfit®/°Sr ratios in plagioclase

from cores to shells to the matrix and a large vaaatis 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.
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Summary of Dianad6s Pool orbicules

The studied orbicular samples are characterized by closely packed orbicules in a granitic matrix. They
have felsic and coarsgrained cores, fingrained and alternating mafic and felsic shells, and a coarse
grained to pegmatitic intenatrix. These orbidas range from spherical to ellipsoidal in shape and

they range from 6 to 14 cm in diameter and 5 to 13 cm in w&time orbicules appear to have been
deformed where the granitic matrix occurs between the shells, crosscutting some shells and cores. At
microscale, mediurto coarsegrained 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 sheldternating finegrained ferromagnesian and feldspathic shells
characterize the Dianads Pool orbicul es. The me
with minor feldspar and quartz. Conversely, feldspar, quartz and minor biotite and magnetite
predominate the felsishells. 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 decreasegtitenagncentration mark this

transition from the outer shell to the coaggained to pegmatitic matrix. The matrix composition and

grainsize are comparable to that of the cores.

Pl agi oclase from the Di anpahdal fagioclase analpzeddnucbress ar e
shells, and the matrix are oligoclasEhe 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 prichary an

plots in the annite field on the biotite classification diagrams. Biotite from the cores and the matrix are
moremagnesian than the ferroan shells. There is little variation observed in théiBitf5r ratios

in the cores, thehells,and the matrix. Howeve?/SrfSr 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

l ni ti al fieldwork was undertaken in the Norther

for a period of one week, where spatial relationships between country rocks, suotjpiedalization

and orlicular rocks were investigatéfligure6). 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, samplingwasndertaken from isitu
outcropin OrbiculeKoppie,as it is a National MonumerBoulders found around the orbicule outcrop

were used as samples for this projast 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 sestioined the

spatial relationships between orbicules and the surrounding regionalmablesKoperberg 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 meejuaned ad characterizd by a prominent foliation
(Figure27a, b) with a general strike of 288nd dip of 4in the NE direction. The gneiss also contains
2.55 cm mafic veins that trend in the NBE direction which displace the foliatipRigure27a). The
melanocratic mafic veins comprise mostly biotite with minor plagioclase and (uytze27b). The
gneissalso comprise 7-12 cm pegmatitic veind={gure 27b) striking at 198and dipping at 2east

The veinscontain plagioclase, quartz, H#eldspars,and biotite Figure 27b). Henderson South,
HendersorNorth, 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 isgraarsd

and contains pegmatitic and mafic ve{Rsgure 27g). It is in contactwith diorite comprising sub
horizontal and vertical (1 m) thick quartz veiriSgure 27h). The Concordia Granite outcrops in
contact with Hoogkraal Lease and Henderson North orbicules share similar characteristics. They are
typical coarseggrained granites comprising-#€ldspars, quartz, plagioclasmica, 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 contacatiwsite, whichhas proteorbicules

(less developed orbicules). The diorite is composed of medmramed 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 lebgotite rich diorite that hosts prot@rbicules

(Figure 27f). Southof the orbicuar rockshosting Koppie is an anorthosite Koppleidure 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 tineassive Koperberg Suite rocks associated with the orl@icautcrops in different orbicak localities: (a, b) Nababeep
Gneisses in contact wittrbicules from Orbicule Koppieontaining 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 gnelss dindte grading from a neorbicular diorite to an orbiculénosting diorite. (e) Biotiterich diorite

(mica diorite) at the contact point between the Nababeep Gneissesamsd/aliorite. (d) A lesdiotite- rich rock away fronthe contact between diorite and gneiss grading to the
orbicule host rock. (g) The Concordia Granite outcrop in contact with the Henderson South orbicular rocks comprisingipaguhatéfic veins. (h) Quartz veins associated with

a quartz diorite compriag copper staining (yellow arrow) in Henderson South.
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The contact between anorthosite and diorite is not easily obdmuvgdjrades into the less biotite

rich diorite Figure27d) which grades into an orbicul®sting rock Eigure 27c). Diorite from
Henderson South differs from the other thielities as it comprisesrthopyroxend<5%). It is
mediumgrained and comprises plagioclase {B.thm), biotite (0.10.2 mm) and orthopyroxene

(0.2- 0.2 mm). Anorthosite in Henderson North occurs as lenses in diorite and is dominated by
mediumgrained plagioclase (0.2 mm), biotite (0.40.2 mm), magnetite, and accessory

orthopyroxene (0-0.3 mm).

5.1.3. Orbicules in the Koperberg Suite

The studied orbicules are hostedacks ranging between felsic to the more mafic and orthopyrexene
bearing diorite{more evidence from the geochemistry data in sedi8n Hence, they cannot be
easily classified using modal abundances on the Streckeisen diagadition, all the geochemical
analyss in the orbicules wer@-situ and the data could not be used to classify the host rocks in other

classificati oANORdDiammamsams (e. g., QO

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 thats intrusive tothe Nababeep Gneiskigure28). The orbicules are hosted quartz

diorite and rest directly abowtbe steepeningpliation in the Nababeep Gneiss€&sgure28).
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Figure 28: The rhombieshaped Orbicule Koppie orbicule outcrop and the surrounding country rocks.

The orbicule outcrop is90% orbicules to 10% host matrix or rock volume and the orbicldasot

exhibit a general trenlout are elongated randomlyigure29a, c) andareall similar in size and shape.

The cores are leucocratic and are composed of plagioclasdddpar, 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 shislsharp macroscopically{gure 29a). The
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orbicules are singlshelled Figure29a, c) and the shells are melanocratic and composed of quartz,
plagioclase and minor biotite. Theundaries between the shells amakrix are sharpRigure29a, c).

The matrix iscomparablen composition tdhecores, but it is more coarggained and pegmatitic in
places Figure 29a). The matrix is leucocratic and has roughly equal amounts of plagioclase, K
feldspar, quartdiotite,and smakldisseminated accessory epiddi@(re29a, c). Some boulders next

to the outcrop comprise weathered and deformed orbidtigsré29d). These are closely packed and
have a preferred easfest orientationKigure29d). In places, thenatrixappears to deforsome parts

of the shells (white arrowssigure 29). Thee is also evidence dfulphidemineralization(Figure

29%), which ismainly bornite and chalcopyrite hosted in the cogrsenedinter-orbicular hosmatrix

and only associated with the mafic mineral phaB&gufe29b). Copper staining is observed in the
matrix associated with chalcopyrite and borniggre29Db).
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Mineralization and copper st

Figure 29: Pictures of Orbicule Koppie orbicular outcrephowing: (a) Orbicules with no preferred
orientationcharacterizel by felsic cores and shells hosted in a coagened and felsic matrix. Some

of these orbicules do not have distinct cores dray tresemble enclaves (radow). (b) Sulphide
mineralizationand copper staining hosted in a felsic matrix. (c) Epidote patches in the felsic matrix
hosting closely packed orbicules that displace and deform each other. (dijniedf (eastvest

trending, reddotted 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 figimand 30 m diameter body of
orbicules Figure30) that is approximately 4 km NW of Orbicule Koppie. Hoogkraal Lease orbicules

occurin a pyroxenebearing diorite.Unlike Orbicule Koppie orbicules, Hoogkraal Lease orbicules
intrude theConcordia GraniteHigure30).

Figure 30: The Hoogkraal Lease orbicule outcrop and the surrounding diorite, anorthosite and

Concordia Granite.

Relative volumesf 30% orbicules to 70% host matrckaracterizéhe orbicular outcropHigure31a).
However, some boulders around the outcrop are (80%) orbicules to (20%) rRajure 31b). The
orbicules have no preferred orientation and raredlomly orientedThey are mostly spherical and
elongate in some places in the outcrop and surrounding boukigusg31b, d). They differ in size,
ranging from 17 cm in diametellike theOrbicule Koppie orbicules, coresmparablén composition

to the matrixcharacterizeéhe Hoogkraal Lease orbiculdsSigure31a).

Hoogkraal Lease orbicular cores and matrix are composed of plagioclase, orthopyroxene, biotite,
guartzand accessory magnetite. There to shell boundaries are shafig(re 31a), and unlike
Orbicule Koppie orbicules, Hoogkraal Lease orbicules are ssldtilied and are composed of
alternating mafic and intermediate shelsg(re31a, b). The intermediate shells are dominated by
orthopyroxene, biotite and minor plagioclase and quartzintbenediateshells are composed mainly

of plagioclase with minor biotiteyrthopyroxeneand magnetite.
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The continuous growth of orthopyroxene and plagioclase forms a radiating textureléyemnitg;
Moore and Lockwood, 1973that is only restricted to shells (red arrowsgure 31c). At the
macroscale, there is no evidence of sulphnigeralizationin the Hoogkraal Lease orbicules.

Figure 31 Bouldersfrom 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) restrittethe 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 dngh6 m

(Figure32) andit intrudesthe Concordia Granite
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Figure 32 Sketch map (not to scale) of the Henderson North orbicular body and the surrounding

country rocks.

Orbicules in this locality are hosted ifelsic to mafic host rock thatomprises plagioclase and is
pyroxene bearingThe host rock is coarggained Figure33a) and contains plagioclase grains that
have a preferred-B/ orientation Figure33b). The outcrop is 10% orbicules to 90% host matrix and
the orbicules differ in shape. Some are elongated and they are treAdingone 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-16 cm §igure 33b, ¢). The leucocratic cores contain
plagioclase, quartz, #eldspars,orthopyroxene magnetite,and biotite. Sharp contacts mark the
transitions from ore toshells.Theshells areharacterizd by alternating mafic (dominated by biotite

and magnetite with minor plagioclase and quartz) and felsic shells (dominated by plagioclase and
guartz with minor mafic mineralgigure33c). Sharp contacts mark the transitions from shells to the
matrix. The matrix and the core compositioase comparable,and the matrix is composed of

plagioclasebiotite, quartz, kfeldsparsminor orthopyroxeneppaque minerals anéigure33c, d).
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Figure 33. Boulders from the Henderson North orbicular outcrop: (a) A boulder showing spherical
orbicules hosted in a coarggained pyroxendearing diorite. (b) A more coarsgrained pyroxene
bearing diorite characterizel by aligned and coarsgrained plagioclase. (c) Orbicule show
alternating mafic and felsic shells lacking the radiating texture. (d) An orbicule hosted in a felsic
matrix characterizel 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 arigh body of
orbicules that is approximately 4 km NE of Orbicule Kopthat intrudesthe Concordia Granite
(Figure34).
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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
characterizé by 80% orbicules to 20% matrix or rock volume. Similar to the other orbicule localities,

the Henderson South orbicules differ in shape, some are elongafec85a) and some are spherical.

Cores composed of plagioclase, quartz, biotite, minor orthopyroxgrexeme and accessory
magnetite baracterizethe orbicules Figure 35d). Alternating mafic (dominated by biotite,
orthopyroxeneplagioclaseand magnetite) and felsic shells (dominated by plagioclase, biotite and
guartz)characterizéhem Eigure35d). A radiating texture is observed in shelldgck arrow; Figure

35¢c) where orthopyroxene grevas elongaté grains from the core to shell contacts. This texture is

only restrictedo the shells. The atrix iscomparablen composition to the cores and is composed of
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plagioclase, quartz, biotiterthopyroxene@nd accessory magnetite. There is no macroscopic evidence

of sulphidemineralizationobserved in these orbicules.

Figure 35 Orbicules from the Henderson South orbicule outcrops: (a) Henderson South outcrop
characterizel 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
orbiculescharacterizel 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 orbicuke® 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 cograged than cores.his is not the case in both the
Henderson South and Hoogkraal Lease orbicules, whicbharacterizé by mediumgrained cores

and matrices.

The main difference in the four different orbicule localities is in the orbicule to matrix relative volumes,
more orbicules to matrix ratiaharacterizeOrbicule Koppie and the Henderson South orbicules, and
this is not the case in Hoogkraal Lease and Henderson North orbicules. Orbicules varying in size and
shapecharacterizalifferent orbicules from different localities.

At handspecimen scalesharpcores to shells and shells to matrices boundaries or coatactscterize
the HendersorNorth, Hoogkraal Lease, Orbicule Koppie and the Henderson South orbicules.
However, this is not always the case in efmrghell 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 dredHenderson 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

S mil ar to Di naefraggrapRio tedhniqoes togethar With snietBFpwereutilized in
order to tryto 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
occus as subhedral (0-8 mm) grains adjacent to quartaptite, and plagioclaseHigure 36a, b).

Biotite occus as subhedral and elongdi{®.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 exxbdlution texture and
poikilitic inclusions ofmagnetite. ¢, d) Photomicrographs of the Concordia Grarfitem 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 RImm) grains adjacent to microcliri@otite, and plagioclase. Locally,
guartz contains inclusions of biotite and magnetite. Plagioclase occurs as subhedral grainm{.3

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, microcliggagioclaseand biotite. Quartz (60%) ocaas rounded and
subhedral grains (0-0.5 mm). Microcline (0.2L cm) is the most predominant-fldspar in the
granite. Some of the large microcline grains contain poikilitic inclusions of quagaré 36c, d).

Biotite occurs as randomly distributed anhedral grains @3 mm) that are adjacent to microcline

and quartz. Plagioclase is the leestmmonphase and occurs as subhedral grains@®Imm) that

are adjacent to microcline and quartz. Plagioclase also occurs as inclusions in microcline. Accessory
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minerals irtlude magnetite and white micBhere is no evidence of sulphideneralizationin either
the Nababeep Gneiss thie Concordia Granite. Both the gneiss and the granit@icalisseminated
magnetite grains. In the Concordia GraniRg(re37b), magnetite occurs as disseminated-@rmm)

grains in feldspars. In the Nababeep Gneiss, magnetite occurs as anheedd (Ori) grains in

feldspars Figure37a).

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 Habdglrase Concordia
Granite.

5.2.2. The Koperberg Suite anorthosite

Anorthosite in Hoogkraal Lease is highly alteegaicontaingplagioclase and hypersthene (5%) as the
predominant phaseg&igure38e, f). Plagioclase occurs as subhedrab (hm) grains that are altered

to sericite locally Figure 38e). Locally, some plagioclase grains exhibit discontinuous twinning.
Hypersthene occurs as subhedral {®.tnm) grains that occur as small poikilitic inclusions in
plagioclase. Quartz, biotite and miclioe occur as accessophases. Similato the Hoogkraal Lease
anorthosite, anorthosite from Henderson North is composed of plagioclase (90%) with minor apatite,
guartz, biotite and chloritasaccessory phases. Plagioclase occurs as6(fhfin) grains that exhibit
discontinuous twinning and contain poikilitic inclusions of quajmatite,and magnetiteRigure38g,

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 grainef®)that locally

host poikilitic inclusions of biotite and magnetite. Accessory phases include epidote (Figure 38a),
chlorite and muscovite. The plagioclase grains are altersdricite Figure38a, b) and locally, they

are highly fractured and the fractures are filled in by biotite, epidote and minor chfogiteg38a,

b). Biotite occurs as randomly distributed elongate and nesgwipedand anhedral grains (0-Q.5

mm) which ardocally altered to chloriteQuartz, muscoviteHjgure 38a, b) and microcline occur as
accessory phases. Similar to other localities, anorthosite from Orbicule Koppie comprises mainly
plagioclase, biotite, accessory quartz and microckigufe38c, d). Plagioclase occurs as subhedral

and elongat@ (0.1- 7mm) grains adjacent to biotite and quartz.
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Figure 38:Photomicrographs of anorthosites in contact with Kaperberg 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 bystitial

guartz 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 exhibis exsolution textures and contains inclusions of magnettef)(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 grann plagioclase. Locally, plagioclase is altered to clay.

Locally, plagioclase ischaracterizé 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 alrtoedr

subhedral elongate (B2 mm) grains that occur adjacent to plagioclase, accesamgovite,and
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accessory quartz. Locally, biotite is altered to chlorite and has smal.@x2m) quartz inclusions.
Accessory meralsinclude magnetite, quartz, and muscovite. The anorthosite lenses contain sulphide
mineralization(<2%) associated mostly with the mafic minerals. Theeralizationvaries in modal
abundances from one locality to another. No sulpmdeeralizationis observed in the anorthosite in
contact with Henderson Soutkigure 39a) and Hoogkraal Leaséifure 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 K€igpre 89b)
and Henderson North orbiculdsigure39d).

Figure 39: Photomicrographs showingulphides 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 adjate 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 magnetitd=igure 39d). Magnetite (0.40.2 mm) occur as disseminated asubhedral

grains next to chalcopyrité-igure 39d). Similar to the Henderson North anorthosite, the Orbicule
Koppie anorthosite comprises chalcopyrite and magnetite. Chalcopyrite occurs as very sf@all (0.1
mm) grains that are disseminated in plagiocl&gufe 39%). Magnetite occurs as disseminated (0.1

0.4 mm) grains. Locally, magnetite replaces chalcopyfigufe39b).
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5.2.3. The Koperberg Suite dorite

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 (& mm). Some plagioclase graif3gure40d) comprise discontinuous deformation

twins. Locally, plagioclase is altered to sericite.

Biotite is the second predominant mineral phase and asuanhedral 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 subhedrall (b)) poikilitic
inclusion with no weldefined cleavage. Quartz ocs@s subhedral and rounded grains {D./hm)

that are adjacent to plagioclase and biotite. Locally, quartz occuemal roundednclusions in
plagioclase. Accessories includggnetite, whicimainly occus as inclusions in plagioclase.

Diorite in Orbicule Koppieontainglagioclase (70%), biotite (10%), magnetite (5%) and quartz (5%).
Plagioclase occurs as anhedral to subhedral grains (0-IL om) that are altered to sericite in places.
Locally, it contains inclusions of biotite and other smaller plagioclase grkigaré 40a). Some
plagioclase grains exhibit exsolution texturésg(re41b). These grains also contain biotite inclusions
(Figure40). Biotite occurs as elongate grains (Qrim) adjacent to plagioclase and as inols in

plagioclase. Accessory minerals includéerocline.

Diorite from Henderson North contains plagioclase (70%), hypersthene Eigéte40e, f), biotite

(10%), magnetite(3%) andother accessory phasédagioclase is anhedral (62lmm) and contains
magnetite and quartz inclusions. Locally, plagioclase is altered to sericite. Hypersthene occurs as
randomly distributed anhedral gains (@ Inm) adjacent to plagioclasEigure 40e, f). Accessor

minerals includenicrocline 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 {R.Inm) with some grains containing bietiand magnetite
inclusions. In places, plagioclase is altered to sericite. Adjacent to plagioclase is biotite that occurs as
randomly distributed anhedral grains 0.5 mm). In places, biotite is altered to chlorfey(re40g,

h). Accessory mineralsclude 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 grainscibratiain
poikilitic inclusions of anhedral magnetite and elongaéd-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 smallegrains 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 occuasljacent to small biotite grains. (g, h) Diorite fromehktlerson
South containing bothinaltered 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.
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