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* The petrogenesis of mafic/ultramafic layered intrusions
and their mineralization remains a huge challenge

 Genetic models not always consistent with field
observations

e Scarcity of studies that link macroscopic and
microscopic observations

 The mismatch affects:

- local geological confidence and geological modeling,

- |later on in the mine value chain during mineral
processing

Examples from the Merensky Reef, Bushveld Complex




The Merensky Reef (MR)
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* One of the world’s largest repositories of
platinum-group elements (PGE)

* Discovered in 1924 by Hans Merensky and
mined since 1926

* Shallow dipping tabular layer with 5 to 8 g/t
PGE (Pt,Pd,Rh) +Au, with Ni and Cu benefits

* The reef presents a challenge to
understanding how igneous processes lead
to the extreme concentration of metals in a
magmatic ore deposit

* The origin is still highly debated =
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The Bushveld Complex

Southern Africa

Rustenburg Layered Suite

South Africa
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largest layered mafic-ultramafic intrusive
suite on Earth, area of ca. 95,000 km?

intruded between 2060 and 2054 Ma into an
Archean basement

world’s largest reserves of Cr and PGE’s
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Subdivided in Lobes/Limbs as partially oD
exposed ;\@



The Bushveld Complex and the Rustenburg Layered Suite

* Lobes/Limbs are connected in saucer-shaped and sill-like, dipping inward 9-27°

* stratiform reefs that can be traced along strike for several 100 kms in the different limbs

° The UItramaflc/m af|C <South 350 Kilometers North>
rocks succession Remnants of Upper ™ML Waterb
Transvaal Sequence & aterberg Sequence

forms the 7 km Sediments T—— : . Subsidiary Faults

aqaliesbur Rooiberg Felsites R A — PRRRCIE
Rustenburg layered  aioie Fro 7 ’ '
Suite, which is

overlaid by about 3

km granite suite g

(Rashoop/Lebowa §+ i / i

suites, which hosts i oty A A

tin mineralization) v Granite & Gneiss Lower Zone
Western and Eastern Limbs i Northern Limb A\

Figure courtesy Ivanhoe, 2012; modified after Kruger, 2005. Figure is schematic and not to scale. Section line illustrated is shown on Figure 7. ",
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Feldspathic Pyroxenite = consists of 70-90%
orthocumulate (framework of cumulus) bronzite
(opx) crystals, typically 10-20 mm in diameter,
<30% interstitial plagioclase, large accessory cpx,
phlogopite mica + olivine

Reef may be of pyroxenite type or pegmatoid
type, characterized by very large and
heterogeneous orthopyroxene crystals

large variations in reef thickness, reef
composition, and the position of the
mineralization.

Mines define different facies, with variable
thickness of the reef and different footwall
lithologies




Bleaching
or mottling
of norite/
anorthosite

Naldrett, 2007
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* Normal Merensky Reef from Atok in the Eastern
Limb of Bushveld Complex

* The arrows indicate the reef width, scale = 25cm

* Note the medium-crystalline texture of the reef

layer and the pegmatoidal texture of its 2D
Photos Prof Kinnaird immediate footwall 3:' ;,



* Basal contact of Normal-type
Merensky Reef at Northam, Western
Limb

* Pegmatoidal texture of the reef

* Ondulating basal chromite stringer

* Footwall represented by anorthosite
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a) Normal MR pegmatitic orthopyroxenite with
lower and upper chromitite seams (Thembelani
Mine) with up to 4—6 chromitite seams

b) Only the bottom chromitite seam at Eastern
Platinum Mine. Reef discordant to layering in the
footwall norite and anorthosite.

c) Brakspruit Shaft, Rustenburg Platinum Mine, MR
drapes over the side of a mound and truncates
the layering in the underlying norite and
anorthosite.
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a) Magma mixin b} Lateral mixing model
{C)amp%ell et al.,qBBB; Naldrett et al., 1987) Scoon & Teigler, 1934; Naldrett et al., 2011)

. Resident melt | Mag]{ggﬂrgggng

» Magma mixing - AR, /O chromite/sulphide

= induced : e | _
sulphide VAN e | A crystallization

| saturation
7~ PGE reef

1t 7 Cumulate pile , _><Cumulate pile
— Pulse of magma Pulse of magma

GI2 Roof magma mixing E':E:I?aPressure -induced crystallization of sulphide/chromite
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Two (or more) magmas were involved in the formation of the MR




Two competing hypotheses to explain the concentration of PGE in thin reefs

“Upper” Hypothesis

"Downer” Hypothesis

Zone of crystallization,
sulfide immiscibilit
and PGE enrichment

y ~L

Magma in Chamber

B .
¥

Clibrinec?
released on
consolidation — |
of cumulates,
ascen,dm%], .
and dissalving
sulfides, PGE, Ni
and Cu

Magma in Chamber

Mixing of new and
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in turbulent plume£)« «°
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Introduction of PGE by interstitial
fluids migrating upward from the

underlying cumulates

Ballhaus et al., 1988; Mathez, 1995; Mathez et al., 1997;
Boudreau & McCallum, 1992; Boudreau, 1995, 2008;

Boudreau & Meurer, 1999

Immiscible

sulfides

settle along with

pyroxene to
roduce
GE-enriched

pyroxene

cumulates

Settling of dense immiscible sulphide
melt from the overlying magma

Campbell et al., 1983; Naldrett et al., 1987;
Naldrett, 1989; Barnes & Maier, 2002; Naldrett et

al., 2009, 2011, 2012
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Alkaline Intrusions

Lebowa Granite Suite
Rashoop Granophyre Suite
Rustenburg Layered Suite

Rooiberg Group
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Transvaal Supergroup

Southeastern lobe
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What are pothole structures in the
Bushveld Complex?

> Disturbance in the magmatic layered
sequence ascribed to erosion of the footwall
by hotter magma

> Formation related to magma chamber
replenishment and magma mixing influence
reef formation (Smith et al., 2025) and
Magmatic erosion and chemical dissolution
of cumulates (Latypov et al., 2022)

> Problematic for mining
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Anorthosite/leuconorite.~. % W e
W T e

Anorthosite/leuconorite

COVERED

Latypov et al., 2022



nderground mapping and sampling at Modikwa Mine




Merensky Reef pothole structure at Modikwa Mine

Merensky Reef

Feldspathic
Mottled Anorthosite ~ R R e T T Pyroxenite

truncating MR pyroxenite

Footwall with
Sulphides Late vertical magmatic layering

—— Chromitite stri pegmatite dykes truncated by MR




Underground sampling




Contact between Merensky felspathic pyroxenite and mottled anorthosite




Contact between Merensky
felspathic pyroxenite and mottled
anorthosite

* Anorthosite interfingering into the Merensky
feldspathic pyroxenite

* Anorthosite show internal magmatic
layering




Contact between Merensky felspathic pyroxenite and mottled anorthosite

Mottled Anorthosite

Feldspathic
pyroxenite MR




Contact between Merensky felspathic pyroxenite and mottled anorthosite

Hybrid norite
mixed
feldspatic
pyroxenite +
anorthosite

Feldspathic
pyroxenite MR




Magmatic layering within mottled anorthosite




Feldspatic
pyroxenite
Sharp top
contact,
rolling
bottom
contact

Mottled
Anorthosite

_ ‘ Chromitite stringer with
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Sharp contacts between magmatic rocks

Pyroxene
oikocrysts/mottles
subparallel to layering

N

Chromitite stringer with
drooping pyroxene/sulfides
aggregates

Sulphides
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Magmatic layering within mottled anorthosite
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The magmatic layering within
the anorthosite is
characterised by:

* sharp and diffuse contacts

 Alternation of different
magmatic rocks with
variable grain sizes

* Sulphides associated with
chromite stringers and
reaction zone between
pyroxenite/anorthosite
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» Four lithologies: Mottled anorthosite (Man), feldspathic pyroxenite
(FPX), chromitite stringer and hybrid melanonorite (Nor)
» Disseminated sulphides
» Alignment of Plagioclase crystals show flow =
» Two generations of plag: sub-rounded and elongated crystals “@’




| OPX (Mg,Fe)SiO;
' CPX (Ca,Mg,Fe,Na)(Mg,Fe,Al)(Si,Al),O,

Oikocrysts: larger mineral
that hosts different smaller
mineral crystals

.....

» Mottled anorthosite dominated by clinopyroxene oikocrysts ‘@
» Cpx rimming opx grains =

/
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Bowen’s Reaction Series

first silicate minerals to crystallize

last to crystallize
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> Chromitite cloth at the contact between anorthosite and
pyroxenite
» Sulphides disseminated within cpx
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Merensky felspathic pyroxenite boulder within mottled anorthosite




 Diffuse contacts

* Magmatic reaction and
assimilation of pyroxenite into
mottled anorthosite

* Sulphidesin magmatic

reaction/assimilation haloes
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Behaviour of late vertical pegmatitic dykes within Merensky felspathic
yroxenite




Dyke stops its progression upward creating
a mushroom-like top

Before stopping dyke deviates from its
vertical path, forming jogs




Behaviour of late vertical pegmatitic dykes within Merensky felspathic
pyroxenite
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Phlogopite-rich pegmatoidal dyke intrusion

M0D25-05 7

s
' ﬁg » Contact between the
3
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Py Pbegmatoidal dyke intrusion
4% and the Merensky Reef
feldspathic pyroxenite is not
sharp

~ »Fragmented feldspathic
pyroxenite within dyke

,\%*L ﬂ » Dyke consists of phlogopite-

,-:, opx e

o ; ‘H; rich + plagioclase
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Magmatic layering at the footwall of the Merensky felspathic pyroxenite




Magmatic layering at the footwall Feldspatic pyroxenite

Merensky Reef

Chromitite
stringer

Mottled
Anorthosite

Pegmatoidal
oxenite

Anorthosite

Leuco
norite




Magmatic layering at the footwall
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MR Feldspathic
pyroxenite

Chromitite stringer




M025-04

1

Sharp ondulating contact between the FPX and MAN
Chromite stringers consist of rounded grains
Disseminated fine-grained chromite grains within
intracumulus plag in FPX

No chromite grains in MAN

Plag slaths parallel to contact and chromitite strinn %

N -



aging

* Cpx halo around subhedral
cumulus opx

* Disseminated Cpx lamella within
opx grains

* Chromitite stringer mostly hosted
by plagioclase

* Disseminated fine-grained
chromite grains in FPX with
plagioclase and at the margin
between opx

* MAN is after the Chromitite
stringer formation

 MAN intruded along chromitite
stinger unconformity

e QOikocrysts = Mottles in MAN
consist of both opx and cpx

* Mottles subparallel to contaié)
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Merensky felspathic pyroxenite

orthocumulate (framework of
cumulus) opx crystals with
interstitial plagioclase and
large accessory cpx green

phenocrysts

.




Sample MO25-16 — Sulphide-bearing Merensky feldspathic
pyroxenite

» Sample heavily corroded/altered

» Inhomogeneous, fractured orthopyroxenes

» Disseminated sulphides, mostly pentlandite with rims of chalcopyrite

» clinopyroxene exsolution lamellae and discontinuous rims around the cumulus
orthopyroxene



Sample MO25-02 — Sulphide-devoid Merensky feldspathic
pyroxenite

a) MO25 -02
: V‘s"ﬁ}

MO25-02

» No sulphides
> cumulate texture G Sm™m |
» Dominated by subhedral cumulus orthopyroxenes

» Interstitial intracumulus plagioclase

& » Accessory chromitite grains within interstitial plag N
O . > Large accessory clinopyroxene subhedral crystals in° 7




TIMA Results: Comparisons of the Merensky Reef feldspathic pyroxenites

Sulfide-devoid sample Sulphide-rich sample

> Corrosion due to alteration
: MQO25-16

and replacement of primary
magmatic opx and plag by
CpX

» Biotite, sulphides and minor
accessory minerals appear as
interstitial as substituting the
intercumulus plagioclase
possibly due to fluids/rock
interaction

Sulphide-rich pyroxenite has

Leend

M Enstatite M Plagioclase Diopside Very I|tt|e dlssemlnated

M Others M Quartz I Biotite M Pentlandite M Pyrite : ‘Q
Calcite M Chalcopyrite ~ B Chromite Albite Chrom|te ~~
Pyrrhotite limenite Titanite W,

M [Unclassified]




Maia Mapper Micro-XRF imaging pegmatoidal pyroxenite — Rustenburg

e Sulphides
associated with
phlogopite and
interstitial
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Association of sulfides with hydrous silicates is typical of MR

base metal sulfide grain (opaque) interstitial to
cumulus opx, containing a biotite inclusion
intense hydrous alteration of orthopyroxene to
actinolite and talc around the sulfide grain and
along cracks.

Biotite not due to alteration

Biotite crystallisation precedes sulfides
solidification

Biotite often has rutile (dark) and zircon (Zr)
inclusions and associated with quartz
Plagioclase, the main intercumulus silicate of
the Reef, undergoes specific alteration stages
in the presence of sulfides and hydrosilicates

4




= PGMs minerals (bright phases in the SEM
images) occur mostly at the contact between
silicates and sulphide aggregates

= typical PGM has grain size of 10 um or
less!
= average grade is 6 g/t PGE +Au, prill split:
= 4.82ppm Pt
= 2.04 ppm Pd
= (0.66 ppm Ru
= 0.24 ppm Rh
= 0.8 ppmir
= 0.26 ppm Au
= dominated by Pt-Pd-Ru sulphides (40% )

= 11% Pt tellurides, 6% Pt arsenides
= 40% PGE-Fe alloys, 3% Au-Ag alloy (electrum)

2/4/2011 HvV WD HFW
10:02:21 AM | 24.98 kV|11.0 mm| 373 um

—
|

mag ———100 pm=——

800 x label

2/2/2011
10:08:13 AM

2

HV mag | spot

, Maslovite
o

™
. 5

P
98 kV|400 x 1 mm 1l




Observations record a complex magmatic evolution :

1. Sill-like Intrusion and crystallisation of mafic melt into magma chamber with fractionated (plag-
rich) resident melt

2. Formation of chromitite stringers as reactions

3. Reheating of the feldspathic orthopyroxenite and formation of cpx exsolution lamellae and haloes
in opx

4. Crystallisation led to the concentration of incompatible and fluids/vapor which triggered alteration
of plag and sulphides precipitation

5. Intrusion of pegmatoidal pyroxenite as hangingwall and footwall
6. Injection of mottled anorthosite as a melt-slurry and turbulent disturbance of the reef

7. Formation of hybrid melanonorite, as assimilation of feldspathic pyroxenite into anorthosite

“Q

8. Intrusion of vertical phlogopite-rich pegmatoidal dykes



Observations record a complex magmatic evolution :

1. Sill-like Intrusion and crystallisation of mafic melt into magma chamber with fractionated (plag-
rich) resident melt

2. Formation of chromitite stringers as rea
Can these observations

3. Reheating of the feldspathic orthop .

in opx from one location be

d haloes

4. Crystallisation led to the concel applied to EXplain the teration
of plag and sulphides precipitatio formation of the Merensky

Reef across the whole
Bushveld Complex?

5. Intrusion of pegmatoidal pyroxe



Thank you!

Join exciting GOLD27 International
Symposium in Johannesburg April 2027!
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