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SYNOPSIS

This dissertation has investigated the links between the mineralogical characteristics
of the Normal, NP2 and P2 Merensky reefs at Northam Platinum Ltd and their
flotation performances. Flotation performance was measured in terms of the grade
and recovery of the base metal sulphides (chalcopyrite, pentlandite, pyrrhotite and

total sulphide) as well as through investigation of mass-water recoveries.

The Merensky reef shows considerable lithological variability both between and
within mines. Northam Platinum Ltd is an example showing extensive reef variability
within its own mining lease. Three common reef types were selected for investigation
in this thesis: Normal reef, representing standard elevation Merensky reef, the P2 or
pothole reef representing the full pothole reef and the NP2 reef or shallow pothole
reef which is a transitional reef development located stratigraphically between

Normal and P2 reefs.

The Merensky reef is a compound deposit consisting of two chronologically separate
packages; namely the Merensky Cyclic Unit (MCU) which is the same across the
three reefs and a pre-MCU footwall which varies between the three reef types. This
variation in footwall mineralogy resulted in different footwall silicate textures as well
as different base metal sulphide developments between the three reefs. The NP2
reef with an aluminosilicate pre-MCU footwall showed no silicate grain coarsening
and only two sulphide textures. The Normal and P2 reefs with ferromagnesian
footwalls showed silicate grain coarsening into a distinct pegmatitic texture, and
partial sulphide re-mobilisation, with four sulphide textures observed, including fine

and very fine grained sulphides.

For the NP2 reef, the presence of relatively simple sulphide textures led to optimum
sulphide liberation and recovery of chalcopyrite, pentlandite, pyrrhotite and total
sulphides. Furthermore, it was found that for a given particle size distribution the

NP2 reef reported the shortest laboratory milling time, which was probably related to
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its high plagioclase content. Coupled with this short milling time was the
achievement of optimum liberation (>90% sulphide recovery) at a standard grind. In
contrast, the Normal and P2 reefs both required a finer grind to improve recovery.
The implication of these laboratory milling times is that the expected industrial

throughput of NP2 ore relative to the Normal and P2 ore should be much higher.

The presence of greater amounts of ferromagnesian minerals (particularly
orthopyroxene) and associated alteration minerals (e.g. talc, serpentine) within the
Normal and P2 reefs has resulted in higher mass recoveries. This is due to
inadvertent flotation of gangue through mechanisms such as the association with
hydrophobic alteration minerals, as well as increased recovery through entrainment
due to the froth stabilising effect of minerals such as talc. In contrast the largely
unaltered NP2 reef was found to have much lower mass recoveries, despite being

the only reef type to show copper activation of gangue minerals.

Overall, it was found that the NP2 reef was the best reef to process, producing
optimum chalcopyrite, pentlandite, pyrrhotite and base metal sulphide recoveries and
highest grades. The Normal reef is considered the most problematic to process, due
to a more complex sulphide development, and higher degrees of alteration whereas
the performance of the P2 reef is slightly improved relative to the Normal reef,

primarily due to higher head grades.

it is recommended that further characterisation of PGM type, location and
association to ascertain the similarities or differences between the three reefs, as
well as evaluating the differences in flotation performance work be performed. The
extension of process mineralogy investigations on the Merensky reef, to look at the
differing processing performances, in terms of grinding and flotation, of the Merensky
contact reef, thin pegmatitic reef, and thick pegmatitic reef, as they are developed

within the Rustenburg facies is also likely to be of great benefit.



CONTENTS PAGE:

DECLARATION ..t iiiiitiirrerettsieeaseseseressressssnsecssssssessasasscasssssessssssssssesssssssssnsssns v
ACKN OWLED GEMENTS ..ovitiiiiierriereserereresesessssssssesssnssrsssssssesssssssassssssssssssnsans Vi
0} )10 1 280 1 Vil
LIST OF FIGURES . ... o ceieitiiieitiiiieseesnssessstasesesesesassssssssssasasessssssssssssssssnsssssasnss Xiv
LIST OF TABLES ...uovitiriiirirititieetresesssasessesssesesscsssssssnsnsasessssssssssssssasnsnsasnsasns XVl
IUGS LITHOLOGICAL CLASSIFICATION .c.ctiiceirirititiieieeenserssesessssssnsssesnessssnns XV
GLOSSARY - LIST OF ABBREVIATIONS AND ACRONYMS....c.ciiiinireirieiecscnsess XiX
1  INTRODUCGTION . ...octitiiitiriirtrarncrersstseasaseseseseesssssssassensassssssssasssssssssssssnsnsns 1
F.0 KEY QUUESTIONS ettt ittt ettt ettt e e e e e e et e et e e e eeeaeeeetaeaannns 2

2  LITERATURE REVIEW ....coiiiiiiiiiineetiririeesesrssersresssesssssresesessssssssssasssasssnsnsnss 3
2.1 GEOLOGICAL OVERVIEW. u .t iiutttiiint s teee et ettt e eteensen ettt s e eeetueeetaernnennenne 3
2.1.1 Bushveld Complex GEOIOGY. ......ouummmmmmmiiieeaeee i 3
2.1.2  Northam Platinum GEOIOGY .........ccoocuieeeriiiiiiieeeee et 6
2121 NOMIAl RO e e 8

2122 NP 2 T ..o e e 11

2123 P T e e 13

2124 TeIMUNOIOQY - .ooeitiiiii et e 15

2.1.3  Platinum Group MINEIalS............cc..oeveieiiiiieiiiite et 17
2.1.4 PGM Mode of Occurence at NOHham ..............ocoeiiiiiiiieeieeiiieiies e 19

2.2 METALLURGICAL OVERVIEW ..eueuiiniinieeeeie et tee e et etetaetaeenaeeeeeeaeenanasensnaeenns 21
2.3 MINERAL PROCESSING OVERVIEW ..euieneitieitee ettt s it e eeaeensteeeeeeeeanseneseansens 23
237 COMMMUNULION ..o e ettt 23
2.3.2  LIDOIALION. ... oo e e 23
2.3.3 Froth FIOALION ... e ettt 24
2.3.4 Flotation REAGENIES ...ttt 25
2.3.41 OB O . .o 25

2.3.42 A VO e e, 26

2.343 oo T 26

2.3.4.4  DEPIreSSANT ...oiiii i e 27

2.3.5 Flotation of Merensky Or€S ............oouuuieeieiiaaaeeeeeee e, 27
2351 Processing at NOrtham ..........oocoiiiiiiiii e e 28

2.4 PROCESS MINERALOGY . oeuriiniiiiineiteit et e et e s e et e et s et s e een e eanseteanseenaens 30
2.4.1 Quantitative Mineral Measurement SYStemS............ccccccccveeeeeveiviiiceiiiieeeieeceeen, 32
2.4.2 Representative SamPliNgG ...........ccccouuieiiiiieiiieeeeeieeeee e 33

2.5 KEY QLUESTIONS ettt ittt ettt ettt e ettt et e e te et etaeananeanaanns 34

3 EXPERIMENTAL METHODS. ...ccutiiitiiteiiiiirieeeeeecnrsssasessessssssssesssssssssnsnsnons 35
3.0 O RE PREPARATION . te ittt ettt et ettt ettt et e e et e et e e e e e e taeaaaens 35
3.2 REPRESENTATIVE SAMPLING ...ttt ettt ittt ee e et et et e e e e e eae e raaaees 36

3.3 MINERALOGICAL CHARACTERISATION .1ttt eetee et e e e e e e s ctevar e aeeeeanaens 38



X1

3.4  ELECTRON IMIICROPROBE ...eutttetnitn it eaeeatteeeaeaesaeseeeensaneaeeaeen et eeeanenesaneen 38
3.5  QUANTITATIVE EVALUATION OF MINERALS BY SCANNING ELECTRON MICROSCOPY
(QEMSCAN) ettt ettt taar e bt s b reeaerraaenes 39
357 Data Validation ............coonnome e e e e 39
3.5.2 ANalYSIS MEINOUS .......coveeeee e ni 42
3.6 WHOLE ROCK CHEMICAL ANALYSIS «.enirneeeneinteeern e et eeneeanseeeansennseneennesnnenes 43
3.7 GRINDING CURVES ..ttt ettt ettt e et e et et taee e et st eeaa et s et aenaransenas 43
3.8  LABORATORY SCALE FLOTATION TESTS «iiutuuiiniiiiieieiieieeneenienteneineeneeneeeseneranens 45
38T REAGENES ...t 45
BB.2  WWALOK ..o e 46
3.8.3  FIOtAtION PrOCEAUIE ..ottt 46
3.9  ANALYSIS OF FLOTATION PERFORMANCE ....u.eueiiiinceeiieieeieeaee e e taeeeeeaneans 47
3.9.1 Reagents and Sample Preparation for AAS...............oveeeeeieiieiicceeieeeeeeeee, 47
3.9.2 Calculation of Mineral RECOVEIY ..............ouueeieiieiieieeeeeieee e 48
4 GEOLOGICAL CHARACTERISATION ....cititiiieeertrereressesersonsecesersrssssesnsnsssnses 50
4.1  PETROLOGICAL CHARACTERISATION L evttuinintente e senteeeeneeaseneneeneeneenrenaeneennees 50
4.7 NOIMAI REET oo e e, 50
41.11 Hanging Wall Melanorite (3A)........cooiiii it 50
4.1.1.2  Merensky Chromitite (AA) ..o et 53
4113 Pegmatitic HOMZON (BA) . ..ottt 53
4.1.14  Bottom Chromitite (4X) .......ooiiiioe e e 55
4115 ANOMNOSIEE (BA) ... e 55
B2 NP2 BT .. e e e e 57
4121 Hanging Wall Melanorite (BA) . ...t 57
4.1.22  Merensky Chromitite (4A) ... 57
4123 FOOIWaIl (BA/T) .ttt 59
BT 3 P2 REOS ..o e e, 62
41.3.1 Hanging Wall Melanorite (3A).... .ot 62
4.1.3.2  Merensky Chromitite (4A) . ... e 62
4.1.3.3  Pegmatitic HOMZON (B5A) .. .o e 64
4134 P2 Chromitite (12) ..ottt 65
4.1.3.5  Harzburgite (13H) .o e 65
4.2  MINERALOGICAL CHARACTERISATION ..euuttneie et iei et e ee et eeneeeneenennerineennee 67
4.2.1 Silicate and Oxide MiNEralogGy ...............cocuieveeeeeieeeeeieee e 68
4.2.2  Nicke] DEPOMMENT..............oooooeiamiiiaieeee et e 69
4.2.3 Sulphide MINEIalOgy ...........ccoooeeiiiiiiiiieeeeeeeeee ettt 72
4231 Sulphide Deportment..... ..o 72
4.2.3.2  SUlphide Grain SiZE .......oii oo e e 75
4233 Sulphide LIDeration ... e 77
B3 SUMMARY ittt ettt ettt ettt te ettt e e ten e e et e ettt eaataaanas 80
5 PROCESSING RESULTS .oiiiiuiitiitetieiireeitrrerecasnsseserssssssssessssasessssesssseansassases 82
5.1  RESULTS OVERVIEW .iuittitiniieiniii et esieie e eae i sensaesanssnsareertesaasaaeeessnsans 82
5.2 IMASS-WATER RECOVERIES. . .tuitnienitit et eieeieereensensteetasaassetaeeeacessntanesessaees 85
5.3 MINERAL GRADE-RECOVERY CURVES ... cuuiuninintiniiteiseeeencineteeneeasnesaeuesensnenns 86
5.4 DISCUSSION OF EFFECTS tutintiiteie ittt ettt ee et ettt ee et etaraeaaaeneanees 90
5.4.1 Effect Of Copper Sulphate ADAItION ................oooiiiiiiieeeeeeeeeeeee 90
54.2 Effect OFf GHNA SIZO....ccoonoe e et 91

5.5  SUMMARY OF FLOTATION RESULTS e ettt ettt et e e e e eetaa e e vaa e enaenanaes 92



x11

B  DISCUSSION .. ittt iiiiiireriiieieieessasssssssssesrsssrasessssssssssssessssssssssssssarasssssssssnas 94
6.1  THE EFFECT OF MINERALOGY ON FLOTATION PERFORMANCE. ....cooeieiniiiiiiiiiinnnn. 94
6.7.7  MilliNG TIME ....ooveiveeeaeeeeeeeee ettt 94
6.1.2 Floatable GaNQUE.................eiiiiieeeee e 94
6.1.3  SUIPhide LIDEration...............eiiiiiiiiieiee et 96
B.7.4 HEAU GIrAdE ..o e et 98
6.2  METALLURGICAL FACTORS AFFECTING FLOTATION «eettiiiieeeeeeeieeeeeeeteee e, 99
6.2.1 Copper SUIPNALE .........ooooieiee et 99
B.2.2  GEHINA SiZO.ooeeoeeeeeeeee e e e e e 99
.3 SUMMARY ettt 101
6.3.7 INOIIAI ROEBT ... o e, 101
B.3.2 NP2 REO ... e e e 101
B.3.3 P2 RO oo e 102
7 CONCLUSIONS AND RECOMMENDATIONS....coviiiriieiiieiirerererereneeecnsasanes 103
T 1 CONCLUSIONS .ttt e ettt et e e e e e tataaanns 103
7.2 RECOMMENDATIONS «.en ettt ettt e e e reaaaes 105
REFERENCES.....ccoiiieiireritititercecsresssasesesssrasssnsesessssssssssasasasssnsassssssanssnsnsnsnsas 107
APPENDIX A - BOREHOLE AND SAMPLING LOGGING CODES AND
DESCRIPTIONS ..ceeiiiiriieterireentssresscacsserssesssssssssssossnssssssssesssssssasasssssssssssnsnes 115
AL INORMAL REEF ettt ettt e r et r e ens 115
A 2 N P 2 REEF ittt 115
A2 P2 REEF e e e e e 115
APPENDIX B - ANALYTICAL IMIETHODS ..uvereieiiiieiirisecssnsessssasasasnsasasesnns 116
B1 ZEISS PETROGRAPHIC IMHCROSCOPE et ettt e e eaaa s 116
B2 JEOL ELECTRON MICROPROBE (EMP) .....coiviiiiiiiieieeeeeecee e 116
B3 INDUCTIVELY COUPLED PLASMA - OPTICAL EMISSION SPECTROMETRY (ICP-OES) ..... 117
B4 ATOMIC ABSORPTION SPECTROMETRY (AAS) .ciiiiiiiiiiie 117
B5 SULPHUR ANALYSER ..ttt e e ettt e e e e e e e e eaeaaens 117
APPENDIX C— PETROLOGICAL DESCRIPTIONS ...cortriieieiiiiirirerererseesessesesnnnes 120
G N ORMAL REEF ittt ettt et et e e e e s et et eans 120
£ - NP 2 REEF e e e e e e e et 128
£ P 2 REEF ettt e et 136
APPENDIX D - QEMSCAN DATA ...ciitirieiieeeirirereresesiesesssssesssssessssssssssasnsnsnsans 143
D1 — NORMAL REEF . ettt ittt ettt e et ettt e aa e et eaeans 143
D17 = EIEMENE ASSQY ..ot ettt e, 143
D1.2 — Mineral Mass in SiZe FracCtion ............oov v 144
D1.3 = Grain @nd PArtiCle SiZE..........oo e e e e e, 145
D2 NP 2 REEF e e e e e e e 146
D2.1 « EleMENE ASSAY ..o oeeeeeeeeeeeeee e 146

D2.2 - Mineral Mass in Siz@ FracCtion ............oee e ee e, 147



xl1ii

D2.3 - Grain @nd PartiCle SiZE..........ou e 148

D3 m P2 R EEF ittt ettt e ettt 149
D31 EIEBMENTE ASSAY ..ottt et et ettt 149
D3.2 ~ Mineral Mass in Size Fraction ..ot 150
D3.3 — Grain and PartiCle SiZ@...........ooo oo 151
APPENDIX E — LIBERATION DATA ..o eeeiiiitetinieriesesrssesesensnssssenssrasnssssnsessans 152
APPENDIX F — ANALYSIS OF VARIANCE.......ceuiiiiiireieititerisnsatesessssesasanennes 154
FL o INORMAL REEF .ttt ittt ettt et ettt ettt te et e e e e e e anens 154

F 2 o N P 2 REEF . inie ettt ettt ettt ee et saens 156

F 3 P2 R EEF ettt ettt e ettt ettt r e 159

APPENDIX G — FLOTATION DATA......cittmiiremiiiiitiirenninii s sissssessssasssssans 162



X1V

List of Figures

FIGURE 2.1: A GEOLOGICAL MAP OF THE BUSHVELD COMPLEX, SHOWING THE FOUR EXPOSED LIMBS OF THE
COMPLEX, THE LOCATION OF NORTHAM PLATINUM AND THE POSSIBLE POSITIONING OF THE BURIED
BETHAL LIMB. ADAPTED FROM WWW.WITS.AC.ZA. w.ocvooioieeeeee et ae e et eteetessa st v asas s saae s st eeeaeeeans 3

FIGURE 2.2: A GEOLOGICAL MAP OF THE WESTERN LIMB OF THE BUSHVELD COMPLEX, SHOWING THE
PLATINUM MINES, THE POSITION OF NORTHAM PLATINUM MINE AND THE FACIES DISTRIBUTION. ADAPTED
FROM WWW . WITS.AC.ZA. oottt e e st e e e e e e s e e e aeba s s e e 5

FIGURE 2.3: A SCHEMATIC CROSS-SECTION THROUGH THE UPPER SECTION OF THE UPPER CRITICAL ZONE,
SHOWING THE HANGING WALL DRAPE’ AND FOOTWALL COMPONENTS TO THE MERENSKY REEFS AT
NORTHAM PLATINUM MINE, SOUTH AFRICA. ADAPTED FROM SMITH ETAL., (2003). ...cccocvvvverereeane. 8

FIGURE 2.4: A SCHEMATIC PROFILE THROUGH THE NORMAL REEF AT NORTHAM PLATINUM MINE. ALSO
SHOWN IS THE GRADE PROFILE, WHICH IS INDICATIVE OF THE 3PGE + AU VALUE DISTRIBUTION (VIRING
& COWELL, 1999). THE SHORT HAND NOMENCLATURE USED AT NORTHAM MINE IS SHOWN BY THE
LETTERS AND NUMBERS TO THE RIGHT HAND SIDE OF THE PROFILE. .......c.co.ovvvvveevereseessessessssses s 10

FIGURE 2.5: A SCHEMATIC PROFILE THROUGH THE NP2 REEF AT NORTHAM PLATINUM MINE, SOUTH AFRICA
SHOWING IN PARTICULAR THE TROCTOLIZED ZONE JUST BELOW THE MERENSKY CHROMITITE. THE
3PGE + AU PROFILE IS INDICATIVE OF THE VALUE DISTRIBUTION FOR THIS REEF TYPE (VIRING &
CoOWELL, 1999). THE SHORT HAND NOMENCLATURE USED AT NORTHAM MINE IS SHOWN BY THE
LETTERS AND NUMBERS TO THE RIGHT HAND SIDE OF THE PROFILE. ....cccccoummniniicietarneineninenniss e s 12

FIGURE 2.6: A SCHEMATIC PROFILE THROUGH THE P2 REEF AT NORTHAM PLATINUM MINE. THE 3PGE + AU
PROFILE IS INDICATIVE OF THE VALUE DISTRIBUTION FOR THIS REEF TYPE (VIRING & COWELL, 1999).
THE SHORT HAND NOMENCLATURE USED AT NORTHAM MINE IS SHOWN BY THE LETTERS AND NUMBERS
TO THE RIGHT HAND SIDE OF THE COLUMN. .......cocviuiiiiiiesiieeteeiete et aeeteeeteeieee e sis e eatasstsessesatseasaneasanns 14

FIGURE 2.7: THREE DIAGRAMS REPRESENTING DIFFERENT UNDERSTANDINGS OF THE TERMS ‘HANGING WALL’
AND 'FOOTWALL'. A. GEOLOGICAL, B. METALLURGICAL AND C. MINING. .......c.coeieerioearsissrsiearesieanennnannsanans 16

FIGURE 2.8: A SERIES OF PIE CHARTS SHOWING THE RELATIVE ABUNDANCES OF DIFFERENT PGM WITHIN THE
NORMAL, NP2 AND P2 REEFS (ROBERTS ET AL., UNPUBLISHED). .....c.ccooeeoeeeeeeeeie e eir v 18

FIGURE 2.9: PGM MopE OF OCCURRENCE. ALL FIGURES ARE BACK-SCATTERED ELECTRON IMAGES. SiL =
SILICATE, SULPH = SULPHIDE. (ROBERTS ET AL., UNPUBLISHED) .....cveoeeeeiii et evee s 20

FIGURE 2.10: A FLOWSHEET SHOWING THE PRINCIPLE OPERATIONS IN EXTRACTING PRECIOUS METALS FROM
THE MERENSKY AND UG 2 PLATINUM ORE, WITH FIGURES SPECIFIC TO NORTHAM PLATINUM LIMITED.
(ADAPTED FROM MERKLE & MCKENZIE, (2002), VERMAAK, (1995) AND THE NORTHAM PLATINUM
WEBSITE). 1ottt ettt tret ettt as et 451 ettt E R H et n e ne e R eR ket et ek an e ah e ARt E e et eb s ket erate s e 22

FIGURE 2.11: SUMMARY OF THE FLOTATION SYSTEM ADAPTED FROM KLIMPEL, 1984. VARIABLES SHOWN IN
RED ARE THE FOCUS OF THIS INVESTIGATION. ..o oot eee e e et eeaeanaa 24

FIGURE 2.12: METALLURGICAL FLOWSHEET FOR NORTHAM PLATINUM LIMITED, SHOWING THE MAJOR
COMMINUTION AND FLOTATION PROCESSES WITHIN THE CONCENTRATOR (ADAPTED FROM SNODGRASS
ETAL., (1994) AND COLE AND FERRON, (2002)). ....ooveevoveeeeeeieeeseeoeoeeeee et en s 29

FIGURE 2.13: SUMMARY OF THE RELATIONSHIP BETWEEN PROCESS MINERALOGY AND THE DEVELOPMENT AND
OPTIMIZATION OF A METALLURGICAL TREATMENT PLANT. (ADAPTED FROM HENLEY, 1983). .................. 31



XV

FIGURE 3.1: PHOTOS OF ORE PREPARATION: A DRYING OF BULK SAMPLES ON PLASTIC SHEETING. B GRAB
SAMPLES FROM THE BULK SAMPLE OF THE NORMAL REEF, ORGANISED HERE IN STRATIGRAPHIC ORDER
WITH THE HANGING WALL AT THE TOP. HW — HANGING WALL, P — PEGMATITE, FW — FOOTWALL. ....... 35

FIGURE 3.2: A GRAPH SHOWING A COMPARISON BETWEEN THE CALCULATED MAJOR ELEMENT OXIDE
COMPOSITIONS (RED) AND THE MEASURED MAJOR ELEMENTAL OXIDE COMPOSITIONS. THE RED LINE
REPRESENTS A TRENDLINE AND THE DASHED BLACK LINE REPRESENTS THE PERFECT 1:1LINE. ............ 37

FIGURE 3.3: GRAPH SHOWING THE CORRELATION BETWEEN THE CHEMICAL ASSAY AND THE QEMSCAN
ASSAY FOR THE MAJOR ELEMENTS. THE LINE DEMARCATES A 1:1 RELATIONSHIP. .c.ovcooveeeeeeeeeeer e, 40

FIGURE 3.4: GRAPH SHOWING THE CORRELATION BETWEEN THE CHEMICAL ASSAY AND THE QEMSCAN
ASSAY FOR TRACE ELEMENTS CU, NI AND S. FIGURE 3.4A SHOWS ALL THE DATA POINTS, INCLUDING
TWO ANOMALOQUS VALUES CIRCLED IN RED. FIGURE 3.4B FOCUSES IN ON THE LOWER LEFT CORNER WITH
THE SOLID BLUE LINE DEMARCATING A 1.1 RELATIONSHIP.......coeeevee ettt senve st e ans 41

FIGURE 3.5: IMAGE SHOWING A SECTION OF BMA ANALYSIS. EACH COLOUR REPRESENTS A DIFFERENT
MINERAL. ©oooooeeeeeee ettt ee et ettt ettt et e et et et et e ee e e e e o2t o2t ee e eeeeer e et an e e e eeea e e e et et eteneeenn 42

FIGURE 3.6: IMAGE SHOWING PMA ANALYSIS OF VARIOUS PARTICLE GRAINS. EACH COLOUR REPRESENTS A
DIFFERENT MINERAL WITH ASSOCIATIONS READILY DISCERNIBLE. .........c.oviimimiiiniiiniiiinieeisensnansaenans 43

FIGURE 3.7: A GRAPH SHOWING THE GRINDING CURVES FOR THE THREE MAIN REEF TYPES OF NORTHAM
PLATINUM LTD. WITH A TABLE SHOWING THE TIME TAKEN TO MILL TO STANDARD AND FINE GRINDS FOR
EACH OF THE THREE REEF TYPES ..ottt e e et e et e ee e e rae st e eaaeenv e s st ae e enneen 44

FIGURE 3.8: A GRAPH OF SIZE FRACTION AGAINST CUMULATIVE VOLUME % FOR THE THREE REEFS AT TWO
DIFFERENT GRIND SIZES. THE FINER GRIND IS SHOWN WITH A DASHED LINE. ...t oot 45

FIGURE 4.1: A FIGURE SHOWING THE STRATIGRAPHY OF THE NORMAL REEF AND THE RELATIVE THICKNESSES
SENT IN THE BULK SAMPLE. GRAIN SIZE AND MINERAL ABUNDANCE DATA IS ADAPTED FROM UNPUBLISHED
WORK BY ROBERTS ET AL, (2004). ..ot eeoeeeeee et 52

FIGURE 4.2: PHOTOMICROGRAPHS OF THE NORMAL REEF. A. HANGING WALL MELANORITE. B. POSSIBLE PGM
WITHIN THE MERENSKY CHROMITITE. C-G (INTER—CHROMITITE PEGMATITE) C. TALC LINING INTERNAL
FRACTURES WITHIN ORTHOPYROXENE. D. DECOSSATE BIOTITE LATHS E. SAUSSERITE WITHIN
PLAGIOCLASE F. TYPICAL COMPOSITE BMS BLEB G. FINE GRAINED SULPHIDES. H. FINE GRAINED
SULPHIDES WITHIN HEAVILY SAUSSERITIZED MOTTLED ANORTHOSITE. BT - BIOTITE, CHR - CHROMITE,
OPX — ORTHOPYROXENE, PO — PYRRHOTITE, PENT — PENTLANDITE, CCP — CHALCOPYRITE, PLAG —
PLAGIOCLASE, CB — CUBANITE, SERP — SERPENTINE, MT — MAGNETITE . ....ccvioitieereeeeeeeeeeiesteeeeeeee s snsnan 56

FIGURE 4.3: A FIGURE SHOWING THE STRATIGRAPHY OF THE NP2 REEF AND THE RELATIVE THICKNESSES
SENT IN THE BULK SAMPLE. GRAIN SIZE AND MINERAL ABUNDANCE DATA IS ADAPTED FROM UNPUBLISHED
WORK BY ROBERTS ETAL., 2004 ...ttt ettt ettt ettt aeanen e 58

FIGURE 4.4: PHOTOMICROGRAPHS OF THE NP2 REEF. A. MERENSKY CHROMITITE. B. COMPOSITE SULPHIDES
WITHIN THE MERENSKY CHROMITITE C. POSSIBLE PGM WITHIN THE MERENSKY CHROMITITE. D
PLAGIOCLASE ADCUMULATE IN FOOTWALL E. MEDIUM TO FINE GRAINED, COMPOSITE SULPHIDES WITHIN
PLAGIOCLASE ADCUMULATE F. OIKOCRYSTIC OLIVINE WITHIN THE TROCTOLITE G. MEDIUM GRAINED
COMPOSITE SULPHIDES CONTAINING EXSOLVED PYRITE. H. POIKILITIC ORTHOPYROXENE SURROUNDING
PLAGIOCLASE. NOMENCLATURE AS FOR NORMAL REEF PHOTOMICROGRAPHS. .....ccovviiceneeiiasaveiniienennnns 61

FIGURE 4.5: A FIGURE SHOWING THE STRATIGRAPHY OF THE P2 REEF AND THE RELATIVE THICKNESSES SENT
IN THE BULK SAMPLE. GRAIN SIZE AND MINERAL ABUNDANCE DATA IS ADAPTED FROM UNPUBLISHED
WORK BY ROBERTS ET AL, 2004 ....cooooeoioeeeeeeee e ettt ettt et e e e e ie e ettt aeaaeaseene s 63

FIGURE 4.6: PHOTOMICROGRAPHS OF THE P2 REEF. A. MEDIUM AND FINE GRAINED SULPHIDES IN THE
HANGING WALL MELANORITE. B. COMPOSITE SULPHIDES WITHIN THE MERENSKY CHROMITITE C.



XV1

PossIBLE PGM WITHIN THE MERENSKY CHROMITITE. D BIOTITE RIMS ON ORTHOPYROXENE E.
ALTERATION OF OLIVINE TO SERPENTINE F. BIOTITE LATHS INTERSTITIAL TO COARSE SILICATES G.
ABUNDANT FINE GRAINED SILICATES INCLUDED WITHIN COARSE ORTHOPYROXENE H. COARSE,
COMPOSITE SULPHIDE, INTERSTITIAL TO COARSE SILICATE GRAINS. CPX — CLINOPYROXENE, MACK —
MACKINAWITE, EXS. = EXSOLVED. .....coe oot i oottt ettt et ettt sat ettt eeeeneane 66

FIGURE 4.7: MODAL MINERALOGY OF THE THREE REEF TYPES. (A) BULK SILICATE AND OXIDE MINERALS, (B)
ALTERATION AND REPLACEMENT MINERALS. ....cvcvvrivmerosiosisesosesscstesvoaeessassess s sessos e sees e sasssen s nens e 68

FIGURE 4.8: GRAPH OF NIO (~NICKEL CONCENTRATION) AGAINST FORSTERITE NUMBER. FORSTERITE
NUMBER IS A MEASURE OF THE IRON TO MAGNESIUM RATIO WITHIN OLIVINE. A O VALUE REFERS TO THE
100% IRON END-MEMBER (FAYALITE) AND A 100 REFERS TO THE 100% MAGNESIUM END-MEMBER
(FORSTERITE). NORMAL REFF = ORANGE, NP2 REEF = BLUE, P2 REEF = GREEN. ......c.ccooveereeerceeenn, 70

FIGURE 4.9: BAR CHART SHOWING NICKEL DEPORTMENT WITHIN THE MINERALS ORTHOPYROXENE, OLIVINE,
PENTLANDITE AND PYRRHOTITE FOR EACH OF THE THREE REEF TYPES. ..oiviiiiiiiiiititetiecncaeicnns i veneanene 71

FIGURE 4.10: SULPHIDE MODAL MINERALOGY OF THE THREE REEF TYPES. w..ococoveviioviieieees e ie e es e 72

FIGURE 4.11. SULPHIDE DEPORTMENT BY SIZE FRACTION. (A) CHALCOPYRITE, (B) PENTLANDITE AND (C)
PYRRHOTITE FOR THE THREE REEF TYPES. THE VALUE FOR CHALCOPYRITE CIRCLED IN RED IN (A) IS
ANOMALOUS AS POINTED OUT IN SECTION 3.5. 7.ttt e, 75

FIGURE 4.12: GRAIN SIZE VALUES FOR THE THREE MAIN SULPHIDES. (A) CHALCOPYRITE, (B) PENTLANDITE AND
(C) PENTLANDITE WITHIN THE THREE DIFFERENT SIZE FRACTIONS FOR THE THREE REEF TYPES............. 77

FIGURE 4.13: LIBERATION OF THE THREE MAIN SULPHIDES AND COMPOSITE SULPHIDES. (A) CHALCOPYRITE,
(B) PENTLANDITE, (C) PYRRHOTITE, (D) BASE METAL SULPHIDE FOR THE THREE REEF TYPES. ................ 79

FIGURE 5.1: GRAPH SHOWING MASS-WATER RECOVERIES FOR THE STANDARD AND FINE GRINDS, WITH AND
WITHOUT COPPER SULPHATE FOR THE THREE REEF TYPES. C.S. REFERS TO COPPER SULPHATE. ......... 85

FIGURE 5.2: MINERAL GRADE-RECOVERY CURVES. A.CHALCOPYRITE, B. PENTLANDITE, C. PYRRHOTITE, D.
TOTAL BMS. NOTE THAT THE VERTICAL SCALES ARE DIFFERENT IN EACH CASE. THE KEY FOR ALL FOUR
GRAPHS IS AS DISPLAYED ON GRAPH (A). C.S. REFERS TO COPPER SULPHATE. .....ocvovveeeeeeeeereeieeeeian 88

FIGURE 6.1: ORTHOPYROXENE (DARK GREEN} AND TALC (RED) PARTICLES FROM THE P2 REEF. TALC IS
CLEARLY ASSOCIATED WITH THE RIMS OF THE PARTICLES. ..c.cvttitiitireeeteeneereteieeeasisssssasssasesesesesesnasaisssnss 95

FIGURE 6.2: SULPHIDE TEXTURES. A. COMPOSITE SULPHIDE ABOUT 2MM ACROSS. B. FINE GRAINED
SULPHIDES LOCKED IN AN ORTHOPYROXENE MEGACRYST. C. SULPHIDE VEIN WITHIN PLAGIOCLASE
GRAIN. D. VERY FINE GRAINED SULPHIDES ENCLOSED IN SERPENTINE . .....cccveiioieiereeevreasanveiensenees e 97



XVil

List of Tables

TABLE 2.1: A TABLE SHOWING THE COMMON PGM FOUND AT NORTHAM PLATINUM LIMITED BASED ON
KINLOCH & PEYERL, (1982); SCHOUWSTRA ET AL., (2000); VIRING AND COWELL, (1999) AND
SNODGRASS ET AL (TOA). .ottt ettt s s et as s et nt e ne s s 17

TABLE 3.1: TABLE SHOWING THE COMPARISON BETWEEN THE MEASURED MAJOR ELEMENT PROPORTIONS OF
THE REEF AND THE LINEAR REGRESSION MODEL FROM THIS WORK. ..ccooiiiiiiiiiiniii i iiiinineseinncreseeenenans 38

TABLE 3.2: A TABLE SHOWING THE CONCENTRATION OF IONS PRESENT WITHIN THE SYNTHETIC PLANT WATER
(WIESE ET AL., 2005). ..ottt ettt a1ttt ettt ettt en et sttt as et erea 46

TABLE 4.1: PERCENTAGE ABUNDANCE OF MINERALS IN WEIGHT% WITHIN EACH REEF AS CALCULATED BY
QEMSCAN. TOTAL ALTERATION IS THE SUMMATIVE VALUE OF AMPHIBOLE, SERPENTINE, TALC,
CHLORITE, OTHER SILICATES AND MAGNETITE. . oo tcue it etieeeeee et ettt sttt eeea et aatsete e iaeanee et e e eeeeeneaeaeanenn 67

TABLE 4.2: TABLE SHOWING WT% NIO WITHIN SILICATE GANGUE MINERALS AND PYRRHOTITE. wcoccovieveevveeeenn. 70

TABLE 4.3: TABLE OF MEAN SULPHIDE MINERAL VALUES AND THEIR 95% CONFIDENCE LIMITS, AS CALCULATED
FROM THE CHEMICAL ASSAYS OF THE BATCH FLOTATION TESTS OF THE THREE DIFFERENT REEF TYPES73

TABLE 5.1: SUMMARY OF THE MAIN RESULTS FOR THE LABORATORY SCALE FLOTATION TEST FOR EACH REEF
TYPE, COMPARING TESTS USING STANDARD REAGENT SUITES, REAGENTS SUITES WITHOUT COPPER
SULPHATE AND DIFFERENT GRIND SIZES. CCP — CHALCOPYRITE, PN — PENTLANDITE, PO — PYRRHOTITE,
BMS — BASE METAL SULPHIDES. THE TWO VALUES RINGED IN ORANGE SHOW MORE THAN 100%
RECOVERY FOR PYRRHOTITE WITHIN THE NP2 REEF. UNLIKE CHALCOPYRITE, PENTLANDITE AND TOTAL
SULPHIDES THESE PYRRHOTITE VALUES ARE CALCULATED BY MASS BALANCE. THEY ARE THEREFORE
SUBJECT TO ERRORS IN SULPHIDE STOICHIOMETRY AND RATIOS, WHICH MAY PRODUCE INACCURATE
RECOVERIES. oottt st s e e e e e s s e e s e e e s s e s e et e e et et e s aas s e s s eseaeeeseste s cbamennennanans 83

TABLE 5.2: ANALYSIS OF VARIANCE OF FLOTATION EXPERIMENTS, SHOWING WHICH FLOTATION PARAMETERS
(COPPER SULPHATE ADDITION, GRIND SIZE AND REPRODUCIBILITY} HAD STATISTICALLY SIGNIFICANT
EFFECTS ON THE RESULTS. THE TABLE ON THE LEFT SHOWS THE CALCULATED ANOVA PERCENTAGES
WITH THE TABLE ON THE RIGHT SHOWING WHICH RESULTS WERE STATISTICALLY SIGNIFICANT. *** IS
>95% SIGNIFICANT; ** 1S 90-95% SIGNIFICANT; * IS STATISTICALLY INSIGNIFICANT BUT PRACTICALLY
SIGNIFICANT; ~ IS STATISTICALLY SIGNIFICANT BUT PRACTICALLY INSIGNIFICANT AND BLANK BOXES ARE
BOTH PRACTICALLY AND STATISTICALLY INSIGNIFICANT. REPEATABILITY IS SHOWN TO BE A
STATISTICALLY INSIGNIFICANT EFFECT FOR ALL THE RESULTS. 1ovviiviiieieie e sssesnee et seeete et st asaaas e 84



Xviil

IUGS Lithological Classification

The diagram below shows a schematic representation of the lithological units
encountered within the Merensky Reef and their mineralogical constituents. Each of
the three points of the triangle represents a 100% concentration of that mineral.
From this diagram it is therefore apparent that a melanorite predominantly consists

of orthopyroxene with significant amounts of plagioclase.

Ornthopyroxene

—(Ortho)p yroxenite

Olivine
Gabbronoiite

Anorthosite .

T\ Toctolite /

Hagioclase Olivine

"\ Dunite




X1X

Glossary - List of Abbreviations and Acronyms

AAS - Atomic Absorption Spectrometry
BMA - Bulk Mineralogical Analyses
BMS - Base Metal Sulphide

BSE - Back Scattered Electrons

CMC - Carboxymethyicellulose

CZ - Critical Zone

EDX - Energy Dispersive X-Rays
FWP2 - Footwall to the Full Pothole Reef

ICP-OES - Inductively Coupled Plasma — Optical Emission Spectrometry
LCZ - Lower Critical Zone

MCU - Merensky Cyclic Unit

MLA - Mineral Liberation Analyzer

NR - Normal Reef

NP2 - Normal-Pothole Transitional Reef
P2 - Full Pothole Reef

PGE - Platinum Group Elements

PGM - Platinum Group Minerals

PMA - Particle Mineralogical Analyses

QEMSCAN - Quantitative Evaluation of Minerals by Scanning Electron Microscope
RLS - Rustenburg Layered Suite

SAG - Semi-Autogenous Mill
SIBX - Sodium Isobutyl Xanthate
uG2 - Upper Group Chromitite

ucz - Upper Critical Zone






1 Chapter 1

1 Introduction

The Bushveld Igneous Complex within South Africa boasts the world’s foremost
deposits of platinum group minerals as well as economically recoverable amounts of
copper, nickel, chromium and vanadium. Platinum group elements are particularly
well concentrated within the Merensky and UG2 reefs, which are mined
comprehensively along the majority of available outcrops and subcrops.
Mineralogically, the Merensky reef is an heterogeneous package consisting of at
least one chromitite stringer bounded by melanorites, leuconorites, harzburgites,
dunites or anorthosites. The metallurgical process of extracting and marketing
platinum group elements from the Merensky reef is extremely diverse within South
Africa, nevertheless a general process flow can be summarized as mining,

comminution, concentration, smelting and refining.

The Merensky reef at Northam Platinum Ltd. shows a good deal of mineralogical
variability. This is due to considerable potholing during formation, which led to six
geologically significant and distinctive reefs being defined of which three are selected

here for investigation (Normal, NP2 and P2).

The process of transforming blasted run-of-mine ore to a suitable particle size for
concentration is called comminution. This process is split into two parts, an initial
crushing stage, whereby run-of-mine ore is reduced down to manageable particle
size and a final grinding stage to liberate the valuable minerals from the unwanted
gangue minerals. The effective liberation of sulphide minerals is the greatest
challenge of comminution, as without it, the flotation of these minerals will be greatly

reduced.

The typical concentration step in the processing of platinum bearing ores is froth
flotation. In this process ore is upgraded from ~5 g/t to >100 g/t in several stages
before transferral to the smelter and then finally the refinery. The challenge in froth
flotation is to maximise this valuable mineral recovery, whilst minimising the inclusion

of unwanted silicate gangue into the concentrate.
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2 Literature Review

2.1 Geological Overview.

2.1.1 Bushveld Complex Geology.

The Bushveld Complex in South Africa has an outcrop and subcrop area of

approximately 66 000km” (Von Gruenewaldt, 1977} with a thickness range of 7-9 km.
The complex outcrops in four discrete limbs with a fifth hidden under younger

sediments (Figure 2.1).

Alkalne Inbuisions

.Lebowa Grarmts Swss ‘
m kashoop Grahophyre Smie

- Eustenburg Layered Sure

:] Fooberg Groug
[ Transvaal Sequence

MaddeTanrg
.f.

' BETHAL LI
00 sm # Bethal

Figure 2.1: A geological map of the Bushveld Complex, showing the four exposed
lirmbs of the Complex. the location of Northarm Platinum and (he possible positioning
of the buried Bethal Lirmb. Adapted frarnm www wits ac.za.

The four major outcrop regions are known as the Eastern limb, the Far Western limb,
the Northern (or Potgietersrus) imb and the Western limb, the last of which contains
MNortham Platinum mine (Figure 2.2). The fifth limb, hidden under younger sediments
to the southeast, is called the Bethal limb {(Eales & Cawthorn, 1398} The
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The discipline of process mineralogy grew out of the potential to relate beneficiation
performance to the ore mineralogy, and in paricular to tie vanations in frath flotation
performance to variations in the ore. Although many established plant operations
implicitly use process mineralogy technigues to optimise praduction, there is a
growing need to formalise these procedures and qualify the links between

mineralogy and mineral processing.

At Northam Plattnum Limited the mining and processing plant are run separately,
and all the material from mining is collecled into a single un-of-mine stockpile before
heing processed as a blend. This project anticipates different flotation behaviour for
the three selected Merensky reefl types and seeks to characterise and understand
the relationship between the mineralogical variability of these reef types and their

flotation performance.

1.1 Key Questions

1. How is the mineralogy of the three reef types at Northam Platinum Limited
(Narrmal, NP2 and P2} guantitatively different?

2. Wil the distinct mineralogical characteristics of the three reef types
produce different mineral processing performances? In particular -
a. How will milling time and fiotation performance vary between reef
types?
b. How is the flotation performance of each reef affected by change in

grind and copper addition”

3. If there is a difference in mineral processing performance, can it he
explained in terms of some, or all of the foliowing?
a. Variations in sulphide textures and/or liberation.
b. Variations in gangue mineral type and praportions.

c. Varations in gangue alteration or textural development.
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lithostratigraphic similarity between the Western and Eastern limbs suggests that

they share a common magmatic history (Cawthorn & Webb, 2001).

As well as these five major limbs there are several satellite bodies, coeval with the
Bushveld Complex, which further increase the size of the magmatic province. These
include the Uitkomst intrusion, the Molopo Farms Complex. the Losberg intrusion
and the Moloto intrusion (Eales & Cawthorn, 1996). The age of the Bushveld
Complex and surrounding satellite bodies is placed at between 2.05 and 2.06 billion

years {Walraven ef al., 1990).

Stratigraphically the Bushveld Complex is split into three suites (Rustenburg Layered
suite, Rashoop Granophyre suite and the Lebowa Granite suite) (SACS, 1980). The
Rustenburg Layered Suite (RLS) is the oldest and contains the economically
mineable platinum group ore deposits such as the Merensky reef and the UG2 reef,
Using the informal nomenclature of the South African Committee for Stratigraphy
{SACS) the RLS is subdivided into five main zones. These subdivisions are based
on the appearance or disappearance of cumulus phases, the ratio of cumulus
minerals and the grain size of the cumulus mincrals {SACS, 1980). This method of
subdivision has been contested, notably by Kruger {1990) who proposed that
defining the houndares bascd on chemical and petrological variation, especially at
disconformable and/or unconformable boundaries, was a more geologically robust
method of zonation. However, the proposed informal stratigraphy of SACS has
remaingd largely accepted in literature and is considercd sufficient for this project.
Cn the Western limb the five zones of the RLS are all developed, though sometimes
incompletely (Figure 2.2). The total thickness of the five zones on the Westem limb
is estimated at 7200m {Eales & Cawthorn, 1996}

These five zoncs are the Marginal Zone, the Lower Zone, The Critical Zone, The
Main Zone and the Upper Zone, (Figure 2.2). The Crtical Zonc (CZ) splits into two
distinct sub zones, the Lower Critical Zone (LCZ) and the Upper Critical Zone {(UCZ}.
The Merensky reef is located In the upper portion of the UCZ along with the last two
Middle Group Chromitites (MG3 — MG4), the Upper Group Chromitites (UG1 — UG2)
and the Bastard reef (Eales & Cawthorn, 1998; Viring & Cowell, 1989),
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Figure 2.2: A geaclogieal map of the western fimb of the Bushiveld Complex. showing
tho platinum mincs. the position of Mortham Platinum mine and the facies
distibution. Adapted from www wits.ac.za.

The Merensky reef, which was discovered in 1924 by Dr Hans Merensky, together
with the UGZ chromitite, forms the worlds' premium resource of platinum and
platinum group elements {Lee, 19396}, it was defined by Viring and Cowell (1999) as,
the economically mineable zone of mineralization straddling the Merensky
Unconfarmity and consisting of the mineralized lower portion of the Merensky Cyclic
Unit {(MCU) and the mineralized upper portion of the lootwall.’ On the Westem limb
the Merensky reef was subdivided into three facies (Wagner, 1829} the Kroondal
facies, the Doorspruit facies and the Swartklip facies. Subseguently the Kroondal
facies and the Doomspruit facies were grouped together and termed the Rustenburg
lacies (Figure 2.2). The greater abundance of olivine bearing rocks and reduced
Merensky reef - UGZ reef separalion distinguishes the Swartklip facies (Eales &
Cawthorn, 1996 Wagner, 1829; Maier & Eales, 1957).
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The Rustenburg facies lies to the south of the Pilanesberg Complex and strikes east-
south-east. The Swartklip facies, which lies to the north of the Pilanesberg Complex
strikes north-east (Figure 2.2). Viljoen (1984) further subdivided the Swartklip facies
inta two subfacies and the Rustenburg facies into five subfacies. The two subfacies
of the Swartklip facies are the Normal reef subfacies and the Regional Pothole

subfacies.

2.1.2 Northam Platinum Geology

Mortham Platinum Limited is located an the Western limb of the Bushveld Complex
{Figure 2.2) within the district of Thabazimbi, 1% km northeast of the town of
Northam. Exploration began in 1981, and with the sinking of the No.1 shaft in 1936
Official commissioning of the concentrator begin in January 1992 (Snodgrass et af.
1844, with full operations beginning in 1983 (Northam Platinum Ltd. Full Annual
Report, 2006). The mining authorization covers 6834 hectares and is spread over 8
farms {Viring & Cowell, 1999} Current mining operations exploit the Merensky and
UG2 reefs from twin shafts down to a maximum depth of 2200 m using deep level
hydropowered mining methods {Northam Platinum Ltd. Full Annual Report, 2006).
The mining area also hosls two concentrator plants (one for the Merensky reef and
ane for the UG2 reef), & smelter and a base metals removal plant (see Section
2.3.3.5 for flowsheet). Annually Northam Platinum recovers approximately 260 000
oz of platinum (Pt), palladium (Pd), rhodium {Rh) and gold (Au) {3PGE + Au) as well
as by-products of nickel (NI}, copper {Cu), ruthenium (Ru), osmium {Os) and iridium
(Ir} (Northam Platinum Ltd. Full Annual Report, 2006}

Geologically the mine lies in the north-western sectar of the Swartklip facies and
exploits the Merensky reef from both the Mormal reef subfacies and the Regional
Pothole subfacies. Within these two subfacies six reef types have been identified of
which only four are mined (Narmal. NP2, F2 and FWP2), the last of which only on
rare occasions. Unfortunatelty, as for individual lithological layers, nomenclature

varies from mine to mine, but this project has foltowed that of Northam and focuses
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on the Normal, NP2 and P2 reefs. Their straligraphical relationships are shown in
Figure 2.3,

Fotholing at Northam mine is thought to be a themomechanical erosion process
(Roberts et af, 2007; Smith & Basson, 2006) and is defined where the MCU
transgresses the lower chromitite stringer of the Mormal reef (Roberts et af., 2007;
see Section 2.1.2.1). Occasionally potholes within the Normal reef are comprised of

all pothaole reef types (Vinng & Cowell, 1599,

Mortham Platinum ming is the deepest platinum mine in the wordd, and hence has a
high geothermal gradient, meaning virgin rock temperatures range between 45°C
and 72°C. These high virgin rock temperatures instigated the evaluation of
hydropowered equipment, which is now used throughout the mine for drilling and
cleaning purposes. The magnitude of the depth also leads to high wvirgin rock
stresses (up to 70 MPa) as well as the intersection of several difficult water bearing
fissures, one of which has only been overcome recently, the so called 20-line fissure
(Modern Mining, 2006). All these factors make mining the Merensky and UGZ reefs a

complex praspect at Nartham Platinum.

The Merensky reef and the UGZ reefs dip south-east at roughly 22 degrees, this
relatively shallow dip facilitates the use of standard breast stoping to recover tho ore.
Breast stoping begins with a northward trending crosscut from the shaft to an
intersection with the reef at that level (Bonel, 1995). Once the reef is intersected,
footwall drives are cut to the east and west. From these footwall drives crosscuts are
driven south every 200m to intersect with the Merensky reef (Bonel 1895
Subsequent to intersection, raises are driven up dip to the higher level. Opce this
level is reached stoping begins to the east and west and the broken ore s scrapped
into box holes, which lead to the underlying crosscut. From here the broken ore is
transported to the shaft and subsequently up to the surface for processing (Bonel,
1995). Since breast stoping is used lo recover the ores, sections with difficult or

undulating surfaces (i.e. FWPF2) are left in the ground.
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Figure 2.3: A schematlic cross-section through the upper section of the Upper
Critical Zone, showing the hanging wall ‘drape’ and footwall components to the
Merenshy reefs at Northam Platinum Mine, Souwth Africa. Adapted from Smith et al,

(2003).

2.1.2.1 Normaf Reef

The MNormal reef as illustrated in Figure 2.4 occurs at the highest stratigraphic
position within the UCZ (Viring & Cowell, 1993). It consists of & pegmatitic melanorite
bounded by two chromitite stringers overlain by the base of the MCU, and underlain
by mottled anorthosite (Roberts et al. 2007, Smith et af., 2003}, Northam reef
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nomenclature is shown on Figure 2.4 by letters and numbers to the right of the
stratigraphic column. Note that the numbers ascend downwards throudgh the
stratigraphy, mimicking the sequence encountered in a surlace drill core {see

Appendix A, for the list used throughout this study).

The basal litholagies of the MCU are the Merensky chromitite (4A) and a meianorite
(3A). The melanonte is a medium grained, euhedral to subhedral pyroxene
orthocumulate, containing poikilitic  clinopyroxene.  plagioclase. minor  biotite,
amphibole and sulphides. The proportion of sulphides is greatest at the base {5-8%)
and decreases upwards to negligible concentrations over 30-50 om (Roberts et af.,
2007). The sulphides are anhedral composites of pentliandite, chalcopyrite and
pyrrhotite interstitial to orthopyroxene and plagioclase. The Merensky chromitite
congists of variably annealed chromite grains enclosed by plagioclase and
orthopyroxene oikocrysts. As with the overlying melanorite. the sulphides are
composites of pentlandite, pyrrhotite and chailcopyrite, which occur here along
silicate-chromite boundaries and within the plagioclase and orthapyroxene cikocrysts
(Raoberts et al., 2007). Whole rack geochemistry indicates that this package is similar
for the P2 and NP2 reefs, thus showing that the base of the MCU is an homogenous
‘drape’ over a variably eraded footwall (Roberts et af., 2007, Figure 2.3).

The inter-chromitite pegmatite {5A-5H} has a vanable thickness reaching up to 350
cm and decreasing systematically towards the edge of the Regional Pothole Reef
sub-facies (Roberts et af,, 2007, Smith ef al., 2003). It consists of a medium to
coarse-grained feldspathic melanorite or harzburgite, with minor clinopyroxene,
chromite, biotite and sulphides {Roberts et al, 2007; Smith et af., 2003). There is
some minor layering with a downwards transition from predominantly melanoritic to
harzburgilic or dunitic. Plagioclase is variably present (10-35%) within the inter-
chromitite pegmatite, possibly reflecting local melt segregation within a compacting
cumulate pile (Roberts et af, 2007). The proportion of sulphides is greatest nearest
the Merensky chromitite (5-10%) and decreases downwards to <1% within 60 cm.
When approaching the basal chromitile the suiphide proportion climbs again to a
second peak at or near the basal chromitite (Roberts ef af., 2007: Smith et al., 2003}

These dual peaks merge together during reef thinning, forming one single suiphide
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peak. Mineralogically the sulphides are the same as for the basal MCU, developed
as either composites interstitial to silicate minerals or as minor sulphides trapped in

late stage silicate crystallization (Roberts et af., 2007}
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Figure 2.4. A schematic profile through the Normal reef af Northam Platinum Mine.
Also shown is the grade profife, which s indicative of the 3PGE + Au value
distribution (Viring & Cowelf, 1998), The short hand nomenclature used at Northarm
mine is showrn by the letters and numbers to the right hand side of the profite.

The basal chromitite (4X} is an undulating granular chromite orthocumulate. rarely

thicker than 1 cm, and underlain by a mottled anorthosite (6A} {Smith ef al.. 2003},

Alteration within the Normal reef, and in particular the basal MCU, reflect particular
formation processes. Within the basal MCLU there are several microstructures that

show the plastic defarmaltion of a cumulate pile including undulose orthopyroxene
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extinction, bent clinopyroxene exsolution and deformation twins within plagioclase
{Roberts et af., 2007). In contrast biotite grains are strain-free suggesting some post
compaction crystallization. Similar strain features to the basal MCU are present in

plagioclase poor inter-chromitite settings and thus similar processes are inferred.

2122 NP2 reef

The NP2 reef as illustrated in Figure 2.5 is defined where the MCU conformably
overlies the lower footwall unit. which i1s located roughly 12 metres below the
stratigraphic height of the Normal reef (Viring & Cowell, 1993: Roberts et af., 2007).
It consists of a variably troctolized footwall leuconorite unit averlain by the base of
the MCU. In the Normal reef the lower footwall unit is defined by small scale cyclicity
between norites, leuconontes and anorthosites. The absence of lroctolites at this
level below the Mormal reef suggests that the NP2 troctolites are a secondary

metasomatized or reconstifuted lithology (Roberts et all, 2007).

The basal MCU lithologies are mineralegically and texturally similar to the Normal
reef MCU basal lithologies {see Section 2.1.2.1). The footwall (BA/T to SAT) to the
MCU usually consists of 5-10 em of anorthosite underlain by 20-60 cm of troctolite,
which grades into leuconorites or norites. Cccasionally there is no intervening
anorthosite layer between the Merensky chromitite and the troctolite {Roberts ef al.,
2007). Routine stope mapping of the NP2 troctolites suggest that they are not due to
small changes in footwall composition or localized metasomatism (Roberts et al.
2007y, The troctolite layer consists pnmarily of plagioclase, oliving, arthopyroxene.
sulphide composites and minor chromite with the plagioclase occurring as cumulus,
inequigranular subhedral laths (Roberts et al., 2007). Clivine occurs as paoikilitic,
coarse (up to 12 mm) anhedral grains. enclosing pre-existing plagioclase cumulates.
Orthopyroxene often occurs as anhedral grains rimming olivine and interstitial to

plagioclase. with some minar anhedral chromite included {Raoberts et af. 2007}
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Figure 2.5: A schematic profile throtgh the NP2 reef at Northam Platinum Mine,
South Africa showing in particilar the troctolized zone just below the Merensky
Chromitite. The 3PGE + Au profile is indicative of the value distribution for this reef
type (Vinng & Cowell. 71928} The short hand nomencilature vsed at Northam mine is
shown by the letters and numbers to the right hand side of the profile.

Sulphides are developed as anhedral composites of pentlandite, chalcopyrite and
pyrrhotite. occurring as disseminations interstitial to plagioclase and orthopyroxene
or as inclusions within orthopyroxene grains (Roberts et al, 2007). Many of the
sulphides have cuspate grain boundaries indicating that they were being forced into
fractures that had developed during cooling. Disseminated sulphide concentrations
{5- 10 vol%) are greatest near the base of the Merensky chromitite, and decrease
down to 1-3 vol% by the base of the troctolite. The disappearance of gliving and

sulphide occurs almost simultaneously and the lack of sulphides below the troctolite
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layer implies that sulphide mineralization and troctolization were coupled processes
(Roberts ef al., 2007).

Alteration within the NP2 reef displays similar characteristics and micratextures to
the Normal reef with undulose extinction within olivine and orthopyroxene and
deformation twins within plagioclase indicating plastic deformation of a cumulate pile
{Raberts et al., 2007},

2.1.23 PZreef

The P2 reef as illustrated in Figure 2.6 is defined where the MCUU conformably
overlies the P2 cyclic unit, and in particular a thin (1-2 cm) anorthosite, which marks
the top of the P2 cyclic unit (Roberts ef al., 2007), This is around 16 metres below
the stratigraphic level of the Mormal reef. It consists of a heterogeneaus pegmatitic
rmelancrite and harzburgite bounded by two chromitite stringers, the uppermost of
which is the Merensky chromitite and the lowermost of which is the P2 chromitite.
This packet is averlain by the base of the MCU and underlain by the Tarentaal

dunite.

The P2 reef is the lowest pothole reef mined to any volume at Nartham Platinum,
since the FWP2 reef is avaided due to the technical difficulty of using breast stoping

to mine a rapidly undulating surface.

Basal MCU lithologies are mineralogically and texturally similar to those of the
Mormal reef MCU (see Section 2.1.2.1). The inter-chromitite pegmatite {5A) consists
of an upper thin (4 cm} pegmatitic melanonte unit and a lower thin {10 cm) pegmatitic
harzburgite (Roberts ef a/., 2007} The inter-chramitite separation is variable and
increases towards the transition to the NP2 reef. The magnitude of the chromitite
separation controls the extent of pegmatitic textures, with large separations
contributing to reduced grain sizes and small separations often inducing

reconstitution of the Tarentaal unit to a more pegmatitic nature {Roberts ef af., 2007).
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Figure 2.6: A Schematic profile throtgh the P2 reef at Northam Platinum Ming. The
3PGE + Au profile is indicative of the vafue distribution for this reef type (Vinng &
Cowell 1999} The short hand nomenclature used at Northam mine is shown by the
letters and numbers to the right hand side of the columin.

Orthopyroxene within the pegmatitic melancrite is developed as medium (5-10 mm)
grained subhedral to euhedral crystals, or as coarse and very coarse anhedral
masses. It often includes chromite and rounded anhedral olivines (Roberts et af.,
2007). The pegmatitic harzburgites contain rounded anhedral olivines, usually
enclosed by orthopyroxene, though in the dunites olivine is more subhedral and free
from arthopyroxene rims (Roberts ef af., 2007). As with the Mormal reef, plagioclase
is locally variable within the harzburgites possibly signifying local melt segregation.

The inter-chremitite pegmatites of the Normal reef and the P2 reef are very similar




15 Chapter 2

reftecting the likelihood of similar pre-existing footwall units being reconstituted by
the same hanging watl MCU ‘drape’. The sulphide profile and mineralogy is
essentially the same as the Normal reef inter-chromitite pegmatite with the highest
concentrations associated with the chromitite stringers, and the merging of the two
peaks with reef thinning {Roberts et al., 2007),

Alteration in the P2 reef |3 simifar to the NP2 and the Normal, especially within the
draped MCLU unit. Alteration within the inter-chromitite pegmatite is concentrated on
olivine grains which are often pervasively serpentinized [Roberts ef af., 2007).

2.1.2.4 Terminology

The terms “hanging wall’ and foctwall’ are common to geologists, mining engineers
and metaflurgists. However they have very different meanings, depending on which
profession’s viewpoint is taken. This can be a cause for great confusion, especially

as communication lines open up between these three cccupations.

With respect to the Normal Merensky reef, the geologist would use the term hanging
wall to denote the basal lithologies of the MCU, namely the melanaorite (3A) and the
Merensky chromitite {4A). Every lithology, or rock type, below this is termed the
footwall {(Figure 2.7a). This is because the hanging wall represents a new pulse of
magma into the magma chamber, which, as it cools, seftles and begins to crystallize
on the previously crystallized footwall. The hanging wall, footwall divide therefore
demarcates a chronolagical break — the footwall is alder, and there is a time gap

between footwall and hanging wall deposition,

The deposition of the hanging wall gives rise to reconstitution of the footwall and the
pegmalitic lexlures associated therewith. The PGE mineralization associaled with
this depaosition is a separste feature, plotted zlongside a stratigraphical log (Figure
2.7a). For a geclogist the main PGE mineralization region is associated with the

Merensky chromitite in the hanging wall. and the bottam chromitite in the footwall.
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For the Mining Engineer the terms hanging wall and footwall refer to rock left behind
after the stope cut has been made (Figure 2.7b), eguivalent terms would be ‘ceiling’
and floor'. Thus the mining engineer speaks of supporting the hanging wall and
‘cleaning’, or ‘brushing’ the footwall to recover the remnant PGM left behind in placar
pockets.

Geological Mining Metallurgical
Hanging T )
Wa | Hanging
Wall
= it
Raef PGE ape fest

lzation

—

Fcﬂtwaﬂ Footwall

L J S R
Figure 2.7 Three diagrams represemmg different understandings of the terms
‘hanging wall’ and ‘footwall’. a. geological, b. melallurgical and c. mining.

For the metallurgist, the hanging wall and footwall are terms describing the barren
sections of rock above and below the valuable reef (Figure 2.7c). The reef is defined
as the area of PGE mineralization associated with the Merensky lithologies.
Therefore, the terms hanging wall, reef and footwall are grade concepts with no
chronological connotation. For the metallurgist it is important to minimise the
recovery of hanging wall and footwall rocks,

For this study the nomenclature used throughout is geological (Figure 2.7a). This is
particularly important for Chapter 4, which is the mineralogical characterization.
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21.3 Platinum Group Minerals

Flatinum group elements {PGE) and Platinum group minerals (PGM) in the
Merensky reef are closely associated with the base metal sulphides (BMS). This
association is seen either as the discrete PGM, or as solid solution (Ballhaus &
Sylvester, 2000; Cawthorn ef af, 2002: Schouwstra &t af.. 2000). Table 2.1 shows
the major PGM lound at Northam Platinum Ltd.

Table 2.1 A table showing the common PGM found at Northam Platinum Limited
based on Kinfoch & Peyerl (1982}, Schouwstra ef al. (2000): Viring and Cowell,
{1999) and Snodgrass et al. (1994},

‘Common PGM at | Formula
Northam
’Léké'{jé % NN
méﬁté_“” Pt>>PdNiS
Laurite Ru(QOslr)S,
mfé_' | n Pd>PiNiS
I Ferroplatinum Pt:Fe
Sperrylite PtAs;
Moncheite PtTe;Bi
Bismuthotellurides Pt{Pd}BiTe

Research into PGM found within the Merensky reef has heen extensive {Cawthom et
al., 2002: Schouwstra ef af, 2000: Lee, 1996; Kinloch & Peyerl. 1890). The
cumulative research highlights a wide range of minerals as well as high variability
from one section of the Bushveld to ancther. Kinloch and Peyerl (1930) observed
that the Amandelbult section, (which Northam Platinum Ltd. is located within) had
similar PGM assemblages to the Rustenburg section and was dominated by
braggite, cooperite and occasionally laurite. Their research into potholes in the Union
section and southern Amandelbult section showed a dominance of Pt-Fe alloys,

although Normal elevation reefs within the same vicinity were also dominated by Pt-
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Fe alloys. Schouwstra et al. {2000) summarized the findings for the Amandelbult
section as being ~50% Pt-Fe alloys, 21% platinum-palladium sulphides, 13%

platinum-patladium tellurides and 10% laurite.

Snodgrass et al. (1994) reported on initial findings from the exploration boreholes at
Northam, which contained the following PGM constituents: ferroplatinum, cooperite,
braggite, vysotskite, sperrylite, laurite, hismuthotellurides and Pd alloys. Viring and
Cowell {1939} confirmed this PGM assemblage, as well as identifying a particular
bismuthotelluride {moncheite}. However, neither of the above two studies report
quantitative PGM abundances., The most recent study into PGM occurrences at
Northam was undertaken by Roberts et al {unpublished} who investigated PGM

variations from reef type to reef type (Figure 2.8).
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Figure 2.8: A Series of pie charis showing the relative abundances of different PGM
within the Normal, NF2 and P2 reefs (Roberts et al., unpublished},
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There is a close correlation between the Normal reef and the P2 reef and an
apparent difference in modal abundances of the main minerals in the NP2 reef.
However, the main PGM are the same, furthermore the lack of a distinctive PGM
signature {along with the data from whole rock geochemistry and reef petrography)
supports the theory that potholing at MNortham is g largely thermormechanical
process, and that depaosition of the MCU occurred as an homogenous ‘drape’ over a
previously eroded footwall (Roberts ef al, 2007). However, the sample size was
statistically small {only 30 PGM in the case of the NP2 reef) and a significant number
of PGM in both the NP2 and P2 reefs were unidentified.

21.4 PGM Mode of Occurence at Northam

This work is summansed from unpublished research by Roberts ef af. (2004). PGM
across Lthe three reef types consistently show up to six different modes of
oceurrence.  The two most common of these are: inclusions within BMS (Figure
29a b} or hosted along BMS/silicate boundaries (Figure 2.9¢.d). Together these
make up /9% of all documented PGM. The remaining four associations are:

« Hosled along BMS/chromile boundaries {8%) — mostly within the Merensky
chromitile, and similar in style to BMS/silicale boundaries, i.e predominantly
enclosed within the BMS.

e Locked within chromite {4%) {Figure 2.9e). In each case, the PGM is first
parlially or completely enclosed within a sulphide, which itself is enclosed by a
secondary annealed chromite grain.

+ [ocked within silicate {(1%)

+ Located within microfractures {8%) {Figure 2 9f).

Mineralogically the main PGM chserved are cooperite {(PtS), Moncheite (PtTe:Bi),
Laurite (RuS;) and Braggite {PtPdS). Aside from mencheite, these are all sulphide
phases, which can be expecied lo have a close association with BMS. Of the 23
moncheile grains located, 19 were either in BEMS inclusions or, BMS/silicate

boundaries, and the remaining 4 were in microfractures associated with BMS,
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Figure 2.9: PGM Mode of Occurrence. All figures are back-scatfered electron
images. Sit = siffcate. Sulph = sulphide. (Roberis et af.. unpublished)

Although this represents six separate PGM textures, the primary association of PGM
with BMS is apparent over 95% of the time. From these observations of PGM it is
avident that there is an inttmate spatai relationship between PGM and BMS within

the criginal ore at Northam.
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2.2 Metallurgical Overview

Flatinum mining within South Africa is very varied, with small open cast, or shallow
depth inclined shafts all the way down to decp, large operations using vertical shafts.
In the context of precess mineralogy cne of the most important features is the mine-
call-factor (Merkle & Mckenzie, 2002), which refers to the actual PGE grade
delivered to the mill comparod with the grade within the unmined reef, This factor
depends mostly on mining practice, althcugh variations in ore mineralogy may also

contribute to a reduced mine-call-tactor.

Mineral bencficiation has, traditionally, used comminuticn and tletation to liborate
and then concentrate the valuakble platinum group minerals (PGM). These early
keneficiation stages are when the greatest PGM losses ocour, which is essentially
due to the wide range of PGM textures within the ore (Merkle & Mckenzie. 2002).
Within comminution there needs te be a fine balance between sufficient grinding time
and PGM liberation. Over-grinding is unfavorable because, not only does it waste
energy, but it produces excessive fing material, which is harder to recover through

flotation {Merkle & Mckenzie, 2002), whereas undeor-grinding reduces liberation.

Once the concentrate has been separated out the mill tailings are sent for disposal.
Bue tno the low grades associated with platinum mining {~5-7 g/t), these mill tailings
are very large, and very fing. This represents a significant environmental problem,
with unsightly visual effects. and water pollution arising from contamination by heavy

matals, mill reagents and sulphide compounds (Wills, 1997).

In extracting the valuakle platinum group elements (FGE) from Merensky and UG2
gres most South African mineral processing operations use procedures similar (o
those illustrated in Figure 2.10. Design and efficient management of such complox
recovery circuits have become more dependent on ore mineralegy and textures,
which are now enhanced by developments in guantitative mineral measurement

systems (see Section 2.4).
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Figure 2.10: A flowsheet showing the principle operations in extracting precious
metals from the Merensky and UGZ2 plafinum ore, with figures specific to Northam
Platinum Limited. (Adapted from Merkle & Mchenzie, (2002). Vermaak, (1995) and
the MNortham platinum website),
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2.3 Mineral Processing Overview

231 Comminution

The first phase in mineral processing is comminution, which can be considered in
two stages, crushing and grinding. After blasting, freshly excavated ore is
transported via scrapers, conveyers and ore carriers to the mineral processing plant.
Crushing makes transportation of this ore easier, and produces material of a
controlled particle size (Wills, 1997}, Crushing is a dry process, accomplished by the
compression of the ore against rigid surfaces (Wills, 1987). Once the particle size of
the run-of-mine ore has been sufficiently reduced, grinding is carried out to liberate
the valuable minerals from the unwanted gangue minerals. Grinding is a wet
process, accomplished by abrasion of the ore by free moving stainless steel media
such as rods, balls or pebbles (Wills, 1997). Generally, due to the strong association
of PGM with base metal sulphides (BMS). the target valuable minerals for Mercnsky

rcef froth flotation are the BMS, and a bulk sulphide concentrate is sought.

2.3.2 Liberation

Liberation is defined as the degree to which a valuable mineral is exposed from the
gangue on the basis of area (Barbary, 1991). After grinding the valuable minerals
can be considered as occurring in four main states of liberation, which depends upon
the percentage of surface area cxposcd. The breakdown used in this investigation is:
locked (<30%), low grade middlings (30-60%), high grade middlings (G0-20%) and
liberated (=80%). The degree of liberation of the valuable minerals themselves can
be considered in two parts. The first is as liberated composites, separated from
silicate gangue, the second is as liberated individual sulphide minerals separated
from other sulphides as well as the silicate gangue. f considered as liberated
composites the degree of liberation will be higher. The geological overview of the
various reef types at Northam has highlighted the presence of two main types of
sulphide development: medium grained, anhedral composites which would be
cxpected to liberate and float readily. but also fine grained, monomineralic

inclusions, which would be expected to remain locked during initial milling.
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2.3.3 Froth Flotation

The flotation process contains two distinct phases, the pulp phase in which mineral
recovery occurs, and the froth phase from which concentrated valuable minerals are
separated from the bulk. Recovery of minerals to the froth phase may occur through
attachment to through flowing bubbles {true flotation} or by entrainment in water
passing from the pulp phase to the froth phase. Collection by the former process is
selective {on the basis of surface properties), whilst the latter is non-selective and
results in unwanted gangue minerals reporting to the concentrate and thereby
lowering the grade. Flotation performance is a camplex physico-chemicat separation
process affected by roughly 25 parameters, which are maore fully described by 100
variables (Crozier, 1992). Klimpel {1984} divided the major variables into three main
groups {Figure 2.11), and careful planning 1s required to analyse any particular

parameter, Variables highlighted in red on Figure 2.11 are chosen for investigation.

CHEMISTRY
Reagenttype and dosage
{collcctors, frothers, activator:
{Cus0,), depressants)

FLOTATION
SYSTEM

EQUIPMENT OPERATION
(HYDRODYNAMICS) {Feedrrate, mincralogy,
{Air Dispersion, solids particle sizc, pulp density,
SUSPCNSion, power temperature and circuit
input, cell design) design)

Figure 2.11: Summary of the flotalion system adapted from Kiimpef, 1984, Variables
shown in red are the focus of this investigation.
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For every mineral particle there is a flotation domain relating the percentage
recovery to the particle size in the pulp phase. There is an optimum particle size for
flotation. with upper and lower limits. For fine particle sizes (<20 pm) the collision
efficiency is too low for effective flotation. For large particle sizes detachment from

the bubhbles becomes more common and effective flotation is also reduced.

2.3.4 Flotation Reagents

Flotation reagents are added to the pulp to manipulate mineral surface chemistry
and thereby enhance differences in mineral hydrophohicity, facilitating separation of
valuable minerals from gangue minerals (Wiese ef al.,, 2006). Flotation reagents are
added to the slurry and dispersed by an impeller. A typical reagent suite consists of
collectors, frothers, depressants and occasionally activators. Collectors work to
render the surface of valuable minerals hydrophobic, depressants suppress the
flotation of naturally hydrophobic gangue material and frothers help in bubble
formation as well as stabilising the froth. Activators are sometimes needed to further
encourage the flotation of the desired mineral, an example being the addition of
copper sulphate to some Merensky cres to assist in the flotation of pyrrhatite {Wiese
et al.. 200bb). Once the reagents have been added there is usually a suitable
conditioning period, during which the reagents and the slurry are thoroughly mixed
using the impeller. After this conditioning period, air is added and dispersed by the

impeller.

2.3.4.1 Collector

Collectors are used in froth flotation to render the surfaces of target minerals
hydrophobic, thus encouraging their true flotation and their preferential concentration
during the flotation process. Northam Platinum Ltd. use Sodium |sgbutyl Xanthate
{SIBX) along with proprietary reagents Sascel 61 and Sascol 105 as their collectors.
Sascol 61 and Sascol 105 are caustic alkali liguids. SIBX, along with sodium
isopropyl xanthate (SIPX) are the most commonly used collectors in the mineral
processing industry. SIBX is an example of a sulphydryl anionic collector (King,
1982, Wills, 1997).
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The non polar outer coating of hydrocarbon chains in the collector renders the
overall mineral hydrophobic and therefore floatable. Collectors are generally used in
small amounts, as it is believed increased concentration contributes to the true

flotation of some gangue minerals, thus reducing selectivity (Wills, 1997).

2.3.4.2 Activator

An activator is sometimes used to supplement the role of the collector in rendering
the surfaces of the target minerals hydrophobic. Activators work in tandem with
collectors by altering the surface of the target mineral such that the collector more
readily binds to it. The activator used in this work, and the most common activator
used in the flotation of Merensky ores, is copper (ll) sulphate pentahydrate
(CuS04.5H,0). Copper sulphate is used widely in the mineral processing industry as

an activator for pyrrhotite.

Of particular interest when considering copper sulphate addition is the inadvertent
activation of gangue minerals rendering them floatable, which may occur when
copper hydroxide species adsorb onto the surface of silicates and oxides, especially
in the pH range 7 — 10 (Fornasiero & Ralston, 2005; Martinovic et al., 2005).

2.3.4.3 Frother

One of the key stages in froth flotation is the formation of a stable froth, which can
retain the valuable minerals for further upgrading (King, 1982). To this end a frothing
agent is often added, which in addition to improving froth formation will also increase
air dispersion within the pulp, reduce coalescence and reduce the speed of bubble
ascent. All of these factors help increase the residence time of bubbles within the
pulp, and thereby increase the possibility of particle-bubble contact (King, 1982). An
ideal frother will react entirely in the liquid phase and not influence the state of the
mineral surface; however in practice this is not observed (Wills, 1997). A good

frother needs to have negligible collecting power.
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Frothers are heteropolar organic reagents that absorb on the air-water interface, with
the non-polar hydrocarbon group within the bubble. This ability reduces the surface
tension and thus stabilises the bubble (Wills, 1997). The frother used in the batch

flotation experiments was the proprietary reagent Sasfroth 200.

2.3.4.4 Depressant

A depressant is sometimes used to coat the unwanted hydrophobic gangue
minerals, rendering them hydrophilic. Industrial organic depressants fall into two
main categories; Carboxymethylcellulose (CMC), and Guar Gum. This study has
worked solely with CMCs, which are anionic polysaccharides (Burdukova, 2007) with

very high molecular weight.

The mechanism for CMC adsorption is now considered to be through acid/ base
interactions between the depressant and the mineral surface, though for sometime
the preferred mechanism was hydrophobic, hydrogen bonding (Burdukova, 2007;
Laskowski et al., 2007).

2.3.5 Flotation of Merensky Ores

There has been extensive work into the flotation of Merensky ores (e.g. Wiese et al,,
2005b, 2006; Bradshaw et al., 2006; Vos, 2006), and more specifically to Northam
processing (Snodgrass et al., 1994).

The bulk of PGE and thus PGM are contained within, or closely associated with the
base metal sulphides (BMS) within the Merensky reef (Section 2.1.3). This close
association means that recovery of the BMS is crucial and the aim of the flotation
processes is to maximize BMS recovery. Base metal sulphides make up roughly 1%
of the Merensky run of mine ore, consisting mainly of chalcopyrite, pentlandite and

pyrrhotite with occasional pyrite (Ballhaus & Sylvester, 2000).
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Research has shown that chemical environment is crucial to the success of the
flotation process (Bradshaw et al., 2008) and in particular to the flotation ol the BMS.
Flotation rates of different sulphides vary considerably with chalcopyrite being the
quickest. pentlandite being intermediate and pyrrhotite being the slowest (Wiese et
al., 2006: Buswell & Nicol, 2002), with their responses lo specific reagents also being
diverse. The effects of particular reagents on the lotation process are not simplistic

and broad generalizations are somelimes deceptive.

2.3.5.1 Processing at Northam

The final milling and flotation flowsheet is shown in Figure 2.12. The milling stage
consists of a semi-autogenous (SAG) mill, followed by a ball mill, whereby the
discharge is fed to the primary cyclones. The underflow is then processed in a flash
flotation cell. which recovers around 60% of the PGE within the final concentrate
(Cole & Ferron, 2002}, No allowance is given for specialised processing of different
domains within the ore bady, (i.e. Normal reef. NPZ reef and P2 reef).

The concentrate from the first cell in the rougher bank may be fed into the final
caoncentrate stream, but the rest of the rougher concentrates are fed into the cleaner
circuit. The concentrate from the scavenger circuit can be routed to the cleaner
circuit or back to the head of the rougher circuit. There is no regrinding at any point
within the rougher. scavenger or cleaner circuits. The cleaner circuit consists of three
column cells aligned in series, with stage recovery at each column as low as 30%
(Cole & Ferron, 2002)
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Figure 2.12: Melaliurgical flowsheet for Northam Piatinum Limited, showing the
major comiminution and flotation processes within the concentrator (Adapted from

Snodgrass et al., (1994} and Cole and Ferron, (2002)).
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2.4 Process Mineralogy

Process mineralogy, a discipline which combines mineralogy and mineral processing
(Henley, 1983; Baum et al., 2004; Xiao & Laplante, 2004), is a relatively new field of
research reviewed in 1983 by Henley and only once subsequently (Baum et al,,
2004). Within the recently re-introduced term GEOMET (Haol, 2008), process
mineralogy functions as an integral stage. GEOMET, an abbreviation of
geometallurgy, is an ambitious and extensive overview of the life of mine, aiming to
holistically integrate information from reconnaissance geophysics to reclamation, as
well as make that information easily transferable between each stage (Haol, 2008).
Within a GEOMET flowsheet the aim of the process mineralogist is to provide
information on specific aspects of the ore mineralogy and mill products and, in so
doing, to help the chief metallurgist optimize treatment flowsheets (Henley, 1983). As
such, the process mineralogist needs an extensive knowledge, not only of ore
mineralogy but also of the relevance of mineralogical characteristics to beneficiation
processes (Henley, 1983). Figure 2.13 shows the major inputs from a process
mineralogist during the setup and implementation of a new plant. The final stage is

ongoing, with a constant need to monitor concentrates and tailings (Henley, 1983).

This final stage, or optimization process, has been further developed since 1983
(Fragomeni et al., 2005; Baum et al., 2004; Xiao & Laplante, 2004) and this is
especially shown by an example of work carried out at Raglan in Canada, where
process mineralogy techniques have been implemented since 1998 (Fragomeni et
al., 2005). At Raglan the orebody has been classified into three distinct end
members (disseminated, net-textured and massive sulphides). The term ‘end
member’ is appropriate for the Raglan orebody as there is a continuum between
these three ore types. However, at Northam there is no continuum between the three
reef types so the term ‘domain’ is preferred. At Raglan each end member was
sampled and characterised producing a robust prediction of recovery at various grind
sizes. These were then mathematically combined in the current volume percentage
for run of mine to determine the impact of end member distribution on metallurgical

performance as a function of grind size (Fragomeni et al., 2005).
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Figure 2.13: Summary of the relationship between process mineralogy and the
development and optimization of a metallurgical treatment plant. (Adapted from

Henley, 1983).

Since 1983 two key problem areas have been identified (Baum et al., 2004). The first

is the problem of representative sampling within a concentrator survey (and likewise

geologically in a drill-core survey). The second is the problem of attaining a

quantitative mineral measurement system. The paymetal content (assays) of the

samples is not necessarily dependent upon the behaviour of the minerals and it is

the mineral content, size and textures which determine liberation characteristics

(Baum et al., 2004) and thus very relevant to this study.
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2.4.1 Quantitative Mineral Measurement Systems

The task of quantitatively characterising the PGM has in the past been a difficult and
time consuming process. PGM are not only extremely fine-grained, but also their
presence in only trace amounts means that traditional methods such are ore

microscopy and X-Ray diffraction are not suitable (Merkle & McKenzie, 2002).

In the last three decades, but particularly in the 1990s two quantitative mineral
measurement technologies have been developed. The first of which is QEMSCAN
(Quantitative Evaluation of Minerals by SCANing electron microscope) developed by
CSIRO, Australia, and the MLA (Mineral Liberation Analyser), by the Julius

Krutschnitt Research Centre, Australia (Baum et al., 2004).

While QEMSCAN and MLA are both examples of automated SEM based image
analysis, they emphasise slightly different strategies. MLA works by gathering back
scattered electron (BSE) images in the initial spatial survey, after which the minerals
are further characterised using X-ray elemental analysis (Gu, 2003). MLA is
particularly good for PGM based liberation analysis (Frandrich et al., 2007; Lastra,
2006). QEMSCAN dispenses with the preliminary BSE survey and rather gathers X-
ray elemental maps (Gottlieb et al., 2000). The chief advantage of MLA is the greater
efficiency and speed, whereas the QEMSCAN technigque is more thorough, avoiding

ambiguities in similar BSE grey scale values for different minerals.

QEMSCAN and MLA both have the ability to return an overall mineral assemblage
and provide mineral liberation data for predetermined size fractions (Baum et al.,
2004). Despite their revolutionary effect on quantitative process mineralogy, the
QEMSCAN and MLA techniques are still dependent on representative sampling
(Gottlieb et al. 2000; Baum et al., 2004; Lotter et al., 2003)

An example where QEMSCAN techniques have been used effectively is within the
Sudbury mining district of Ontario, Canada. The Ni-Cu-PGE sulphide ores are mined
by Falconbridge Limited. The feed to their Strathcona mill consists of three distinct
end members, which they labelled AB, B and C (Lotter et al., 2003). Initial flotation
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testing showed that ores B and C performed similarly to the Strathcona baseline
curve, but that ore AB has a far inferior Ni grade and recovery. The Strathcona
flowsheet consists of a rodmill, from which the discharge heads into primary rougher,
secondary rougher and scavenger flotation series. QEMSCAN analysis of the three
ores showed that pentlandite liberation was essentially the same for all three ore
types, but that liberated pentlandite was floating within the primary rougher for ores B
and C, yet was being delayed in ore AB. Having ruled out liberation issues as being
the problem, it was decided that poor metallurgical performance must be related to
pulp chemistry (Lotter et al., 2003). QEMSCAN information of ferromagnesian
mineral content revealed that ore AB contained 2.6 times that in ore B and 5.0 times
that in ore C. The exact reasons for the strong correlation between high
ferromagnesian content and poor pentlandite recovery is not entirely understood, it
may be related to alteration products, such as talc, or slime coatings covering the

pentlandite surfaces.

2.4.2 Representative Sampling

In order to be certain that the plant or mine data generated from a QEMSCAN or
MLA study is valid, the plant or the orebody must have been representatively
sampled. This problem of representative sampling is the subject of current research
(Fragomeni et al., 2005; Baum et al., 2004; Lotter et al., 2003), and with respect to

the sampling of an active stope two key points can be delimited.

1. The laboratory scale flotation tests must be reproducible.

2. The flotation sample must be representative of the ore

These twin problems were addressed by Lotter in (1995) who showed that a
fundamental approach to ore sampling and preparation, as well as replicated
flotation tests with quantitative diagnostics, reduced the effect of ore variance and

increased the reproducibility of flotation tests.

Process mineralogy has had some notable successes, aside from the Raglan

orebody and the Lihir gold mine. Process mineralogy techniques have also been
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successfully implemented at the El-Indio gold-silver-copper operation in Chile {Baum
et al. 1989) as well as heing partly implemented ta identify a problem of fluorine
contamination in copper flotation (Pangum ef al. 2001; and in phosphate mine
planning {Sant'Agostino ef al. 2001}, which testifies as to its wide applicability, Its
complete implementation at the El-Indio gold-silver-copper operation led to
improvements in precious metal recovery and equipment performance as well as a

finalised process flow-sheet that was custom fitted to the ore {Baum ef af. 2001).

2.5 Key Questions

Within the context of previous work reviewed here this investigation focuses on the

three main guestions outlined in the Introduction.

1. How is the mineralogy of the three reef types at Northam Platinum Limited
{Normal, NP2 and P2) quantitatively different?

2. Will the distinct mineralogical characteristics of the three reef types produce
different mineral processing performances? In particular -
a. How will milling time and flotation performance vary between reef
types?
b. How is the flotation performance of each reef affected by change in

grind and capper addition’?

3. If there is a difference in mineral processing performance, can it be explained
in terms of some, or all of the following?
. Variations in sulphide textures and/or liberation,
b. Variations in gangue mineral type and proportions.

¢. Variations in gangue alteration or textural development.
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3 Experimental Methods

3.1 Ore Preparation

Bulk samples of ore were collected at Northam Platinum mine under the supervision
of chief geologist Damian Smith and freighted to the University of Cape Town. Three
reef types were investigated, namely the Normal 12/39, P2 3/19 and the NP2 11/47,

where the numbering refers to the level/cross cut locations,

Reef samples were unpacked and air-dried separately (Figure 3.1a). During the
drying. grab samples from each reef, consisting of the farger chips, were removed to
prepare thin sections, polished thin seclions and ore mounts (Figure 3.1b). The
amount removed was carefully chosen to be representative of the whole reef as

established by in-situ mapping of the stope panels.

- —— | bf

Figure 3.1: Phofos of cre preparation: a Drving of bulk samples on plasiic sheeting.
b Grab samples from the bulk sample of the Normal reef, arganised here in
stratigraphic order with the hanging wall at the top. HW — Hanging Wall, P —
Pegmalite, FW — Fooiwall

After drying. the remainder of each bulk sample was screened through a 16 000
aperture stainless steel filter. The filtrand was subsequently broken down through the
jaw crusher in the Department of Geological Sciences before recombining with the

rest of the respective bulk sample.
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Each reef was then screened through a 2 cm aperture stainless steel screen to
remove fines and then fed through the cone crusher in the Chemical Engineering
Department to ensure there were no chippings left in lhe bulk sampte larger than two
centimetres. The filtered fines and the sample produced from the cone crusher were

recombined to produce the final bulk sample for each reef,

Once the bulk samples were prepared they were then lhoroughly mixed on a steel
mat, before bheing split into four homogenised samples, each sample being
approximately 10 kg. Each of the four samples was then fed through the rotary
splitter, which divided the sample down inlo 1 kg proportions. Once the feed was

exhausted, these 1 kg samples were bagged and labelled.

3.2 Representative Sampling

It is possible that the sampling technique employed by the mine provided skewed
proportions of the stope face. Therefore it is prudent lo establish whether the
samples received are representative of the hulk. In order to do this, two techniques
weare used. Both of these techniques make use of analytical data for individual
components of the Normal reef (Roberts ef al., 2007). The first technique provides
an estimate for lhe bulk composition assuming observed elemental proportions of
the various components (hanging wall (L1). pegmatite {L2), footwall (L3)) multiplied

by the quantities {Q:, Qz, Qs) present al the stope face (Equation 1).

L|Q| + L:Q: TE L}'Qa = an (1)

These calculated elemental proportions were then compared with the measured bulk
analyses obtained in this study by |ICP-OES (see Seciion 3.6}. Resulis are shown in
Figure 3.2 where it can be seen that the major oxides compare closely, indicating the

absence of any anomalous representation of reef components.
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Figure 3.2: A graph showing a comparson hetween the caleulated major element
oxide compositions (red} and the measured major elemental oxide compositions.
The red line represerts a trendiine and the dashed black line represoms the perfect
1:1 ftne.

An altemative approach involving multiple linear regression allows the estimation of
individual reef components using their major oxide proportions. This reverse methad
may be more revealing in the sense that the results provide a direct measure of reef
componants in the mill feed. The second technigue models Equation {1) using a

multiple lingar regressian.

With appropriate constraints {e.g. Py + P2 + P2 = 1) this model predicts a slight
weighting in favour of the hanging wall, namely; 10% hanging wali, 86% pegmatite
and 4% footwall, whilst the actual proportions are 5% hanging wall, 80% pegmatite.
and 5% footwall. The results derived from the model are shown in Table 3.1
alongside lhose measured by Roberts et af., {2007).
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Table 3.1: Table showing the comparison between the measured major element
proportions of the reef and the linear regression model from this work.

Element Measured (Roberts et al., 2007) Linear Regression Model
SiO; 48.8 48.5
Al>03 74 8.6
MgO 23.8 23.0
Ca0 4.5 53
Fe;O3 14.2 11.6

As can be seen from Table 3.1, SiO and MgO values are predicted very accurately
by the linear regression model, with good predictions for Al,O3; and CaO, but a poor
prediction for Fe;O3. However, it is important to specify that the data available for the
major elemental oxides, within the individual lithologies, is too sparse to provide a
definitive conclusion. For example, the calculated values for CaO and Al.O; were

sensitive to the inclusion or exclusion of certain sample sets.

From these two techniques, and considering the anticipated range in reef component
proportions, with the likelihood of variable weighting occurring during the mining

activity these results are considered acceptable for the subsequent experiments.

3.3 Mineralogical Characterisation

Mineralogical characterisation of both silicate and sulphide mineral phases were
performed using optical microscopy on a Zeiss Petrographic microscope (Appendix

B1). Individual sample descriptions are recorded in Appendix C.

3.4 Electron Microprobe

Analysis of olivine to determine nickel content was carried out on a JEOL Microprobe
(Appendix B2) using polished thin sections created from grab samples from the
original bulk samples (Figure 3.1.b). The nickel content was probed in order to
determine how much of the nickel reported by chemical assay was present in

gangue minerals such as olivine.
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Spot analysis selection was determined in order to maximise areal and
compositional coverage. The first olivine grain was covered systematically to
observe compositional variations within a grain (zoning). Depending on the outcome
of this exercise the rest of the olivine grains within the slide were then investigated. If
the first olivine showed a significant variation in composition with spot point, then
each subsequent olivine was investigated the same way. If the first olivine showed
no variation with spot point then the remaining olivine grains could be investigated
using just one spot point. In practise variation of composition between olivine grains

(up to 10%) within a slide was greater than internal variation within an olivine grain.

3.5 Quantitative Evaluation Of Minerals By Scanning Electron
Microscopy (QEMSCAN)

Feed samples for batch flotation tests were milled to the required grind, split (using a
FRITSCH Rotary Samples Divider) into three size fractions and sent for QEMSCAN
analysis to Intellection Pty Ltd, Brisbane, Australia. Samples from the same split
were sent for data validation to Mintek in Johannesburg for ICP-OES (see appendix
B3). Eighteen sized fractions were sent consisting of six from each reef in three size
fractions (+75 pm, -75/+38 um, -38 um) and two grind sizes; standard (60% < 75
um), and fine (80% < 75 um). At Intellection the feed samples were representatively
split into a sub aliquot and permanently mounted in an epoxy resin. The use of three

size fractions minimised the effects of stereological variations.

3.5.1 Data Validation

Comparison of the chemical analysis from ICP-OES and the QEMSCAN analysis
reveals excellent correlations between the major elements (Figure 3.3), particularly
magnesium, aluminium, calcium and iron. Silicon values show a slight departure,
with either the chemical analyses slightly overestimating, or the QEMSCAN slightly

underestimating, the values.
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Figure 3.3: Grapfi showing the correlation between the chemical assay and the
QEMSCAN assay for the major elements. The line demarcates a 1-1 refationship.

Investigation of the sulphide elements {Cu, Ni and S} reveals a slightly less perfect
correlation {Figure 3.4a, b). In particular there are two obvious anomalies circled in
red in Figure 3.4a. The furthest right with a QEMSCAN copper valug of 3.06 is
clearly anomalous, and refers to the P2 reef -38 um size fraction at a standard grind.
The second ringed value is a combined value of all the size fractions for the P2 reef
at a standard gnind and therefore incorporates the first value during the calculation.
This incorporation forces the observed anomalous result. Figure 3.4b shows that
sulphur values are consistently below the 1:1 measurement line. This is probably

due to overestimation by the QEMSCAN analysis, but is still considered acceptable.
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Figure 3.4: Graph showing the correlation between the chemical assay and the
QEMSCAN assay for trace elements Cu, Nf and S. Figure 3.4a shows all the dala
pmhts, including two anomalous values circled in red. Figure 3.4b focuses in on the
lower left corner with the solid blue line demarcating a 1:1 refationship.
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3.5.2 Analysis Methods

Two analysis methods were used to gather information from the samples sent. The
first was Bulk Mineralogical Analyscs (BMA). This is a linear analysis method where
each mounted float feed sample is scanned in the x-direction with the y-direction line
spacing pre seét to ensure that each particle is intersected once (Figure 3.5). The
entire block is scanned producing a high statistical population and providing

information on size-by-size bulk mineralogy.

Figure 3.5: Image showing a section of BMA analysis. Each colour represents a
different mineral

The second method was Particle Mineralogical Analyses (PMA). This is a particle by
particle analysis mcthod which allows mineral associations to be wvisually
represcnted for interpretation (Figurc 3.6). Sulphide liberation was the focus of this
study so only sulphide composites were prefercntially analysed. The mounted
flotation samples were used and a minimum of 3000 particles are analysed for each
PMA analysis. This is an excellent tool for visually assessing liberation and locking

information of the BMS as well as looking at sccondary alteration characteristics.
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Figure 3.6: fimage showing PMA analysis of various particle grains. Each colour
represents a different mineral with associations readify discernible.

3.6 Whole Rock Chemical Analysis

Samples were sent for chemical analysis to Mintek in Johannesburg by Inductively-
Coupled Plasma Optical Emission Spectrometry {(ICP-CES) (see Appendix B3).
Eighteen size fractions were sent consisting of six from each reef in three size
fractions {+75 um, +38 um/ -75 um, -38 um) and two grind sizes. The samples were
prepared from 1 kg feed fractions and split using the QUANTACHROME Rotary
Micro Splitter. The samples sent to Mintek were analysed for major elements (Mq,
Al, Si, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn and Pb) using 2 g samples from each

size fraction. The determination limits for each element was 0.05%

3.7 Grinding Curves

Grinding curves were calculated using at least four 1 kg samples for each reef. The
milf used was an Erietz laboratory stainfess sieel rod mill with an inner chamber
diameter of 258 mm. 20 stainless steel rods were used in three different sizes; 6 x 22
mm, 8 x 18 mm, € x 14 mm. 500 mi of tap water was added to 1 kg of ore and the
milt rotated at a fixed speed of 90 rpm. The four samples for each reef were run for
different times, {(e.g, 12, 16, 20 and 24 mins). At the end of each run the pulp was

removed and filtered to produce a ‘cake’. An eighth of this cake was removed {one
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sixteenth from each side) and screened through 75 pm filter The percentage passing
75 um obtained for each time was then measured so that the time required to mill to

standard and fine grinds could be calculated (Figure 3.7).

100%
& Moomal -
» 80% - | Y - 4 -
2 ® P2 PPt S
E T.Gl}“ : 4 .",,‘;‘; 1
i - | R (NP2 ” .
g BI% . - . __'I" ,.—'
i ) = === Linear i™Narmal) 5 ‘- L
:5 S - jnearif} ‘,:_"—:’:l":" : |
E 4% 1 - I i “;'_.i AN =
E 3&% - 1 4 ra } } "i & S
F oo 1 | B | | ! N | =
10% - 1 —} '
E'“KIEI N T T ’ L) T
(t 5 10 15 20 2 3G 35
Time [minutes)
Grind | % Passing 75 um | Normal (mill time} | NP2 {milltime} | P2 {mill time}
Standard BO 195 18.0 230
Firo 2 6.5 250 300

Figure 3.7° A graph showing the grinding curves for the three main reef fypes of
Mortham Platinum Ltd. With a fable showing the time taken to mill to standard and
fine grinds for each af the three reef fypes

A test run was then performed to check whether the predicted times for the standard
and fine grinds were correct. From the grinding curves it can be seen that the three
reef types required distinctly different milling times to achieve the required particle

size distribution (PSD) within the pulp, demonstrating different hardness.

A Malvern microsizer was used to check the PSD of the three reefs. Figure 2.8
shows that for standard and fine grinds, each reef type has essentially the same
FSD.
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Figure 3.8: A graph of size fraction against cumulative volume % for the three reefs
at two different grind sizes. The finer grind is shown with a dashed finc.

3.8 Laboratory Scale Flotation Tests

For the batch flotation experiments each reef type was lested using two reagent
suites in order to see how the differcnt reef types responded to copper sulphate

addition and changes in grind.

3.8.1 Reagents

Reagents used for the batch flotation experiments are based on those used in the
heneficiation of Merensky ore at Northam Platinum Limited. The frother used for all
conditions was Sasfroth 200, The depressant used far all conditions was KU-47 at
32 glt. The collector mixture of sodium isobutyl xanthate (SIBX}, and proprietary
reagents Sascol 61 and Sascol 105 were used for all flotation experiments at a fixed
dosage of 154 git, 67 g/t and 17yt respectively. They were always mixed before
addition to the pulp. The activator was copper sulphate. Activator was only used for

one of the two reagent suites, and when used had a concentration of 55 git.
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3.8.2 Water

All batch flotation experiments were performed using synthetic plant water (Table
3.2). This was obtained by adding various chemical salts to distilled water. Exact
ionic concentrations for plant water will vary across all concentrators within the
Bushveld. However, it can be expected that these ions will be present at all
Merensky concentrators since they are derived from minerals in the ore, which are

similar across the reef types.

Table 3.2: A Table showing the concentration of ions present within the synthetic
plant water (Wiese et al., 2005).

fon Ca™ | Mg®*| Na* | CI” | SO;” | NO; | NO; | CO:"| TDS
Concentration (80 |70 |153 | 287 | 240 | 176 |- 17 11023
(ppm)

3.8.3 Flotation Procedure

The procedure followed was as described by Wiese et al. (2005) in their work on
Merensky ores. After milling the slurry was transferred to a modified 3 L Leeds
flotation cell and the volume made up using synthetic plant water to produce 35%
solids. At this point a feed sample was taken. An impeller, maintained at a fixed
speed of 1200 rpm, was used to thoroughly mix and suspend the pulp. Reagents
were then added and allowed to condition. Copper sulphate was conditioned for 5
minutes. The collector blend; SIBX, Sascol 61 and Sascol 105 were simultaneously
added and conditioned for 2 minutes. KU-47 was conditioned for 2 minutes and
Sasfroth 200 was conditioned for 1 minute. The order of reagent addition was always
activator, collectors, depressant and frother. After conditioning, air was pumped
through at 7 L/min and a sample taken every 15 seconds by scraping the froth into a
coliecting pan. The froth height was manually maintained at a constant depth of 2
cm. Four collecting pans were used to collect concentrates at 2, 6, 12 and 20 min. At
the end of the procedure two tails samples were taken. The feeds, concentrates and
tails samples were then filtered, dried and weighed before analysis. Al batch

flotation experiments were performed in duplicate to check reproducibility.
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3.9 Analysis of Flotation Performance

In order to obtain copper and nickel data the finely milled feeds, concentrates and
tails were dissolved in aqua regia, made up to a known volume, filtered and analysed
on an atomic absorption spectrophotometer (AAS) using a Varian SpectraAA
(Appendix B4). In order to obtain sulphur data the finely milled feeds, concentrates
and tails were left in powder form before being analysed on the LECO 423 sulphur
analyser (Appendix BS).

3.9.1 Reagents and Sample Preparation for AAS

The reagents used to make the aqua regia were hydroflouric acid (HF) (~40%), nitric
acid (HNO3) (~60%), perchloric acid (HCIO4) (concentrated) and hydrochloric acid
(HCH (=30%). The hydrochloric acid and the hydrofluoric acid were mixed in the ratio
of 4:1. The milled samples were usually fine enough for immediate digestion.
However the first concentrate, which was the most important for accurate grade-
recovery curves, needed to be pulverised and digested twice to ensure the reliability

of the nickel and copper readings.

Aliquots from each feed, concentrate and tail according to type were weighed out
into 250 ml wide-mouthed Erlenmeyer flasks, which were pre-cleaned between
samples using warm water, soap and distilled water. Concentrate samples required
~0.1 g of material, whereas feeds and tails required ~0.5 g. 10 ml of the HCI/HF
mixture was added to the sample and brought to the boil. HNO3; was then added and
the sample boiled until the colour changed from deep brown to ochre. Finally 5 ml of
HCIO, was added and the sample left to boil until a stable white cloud formed within
the beaker indicating completion of the reaction. Once complete the sample is
transferred to a 100 ml flask and made up to 100 ml using distilled water. The
sample was finally filtered through Whatman No1 into a sample bottle. This filtrate
was then analysed using the AAS.
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3.9.2 Calculation of Mineral Recovery

Mineral grade-recoveries (chalcopyrite, pentlandite, and total sulphide) were
calculated by converting copper, nickel and sulphur values (Appendix D) to
chalcopyrite (CuFeS;), pentlandite ((Fe,Ni)sSs) and total sulphide values. Pyrrhotite

(Fe1xS) grade-recoveries were calculated by mass balance.

Copper within the Merensky reef is exclusively associated with BMS such as
chalcopyrite and cubanite. Copper is known to have a negligible association with the
silicate gangue minerals, this, coupled with the very low quantities of cubanite,

means the conversion to chalcopyrite values was a single multiplication factor.

Nickel within the Merensky reef can be associated with olivine, orthopyroxene and
pyrrhotite as well as pentlandite. Since nickel has this association with various
minerals a direct conversion of nickel to pentlandite would produce artificially low
recoveries. Silicate nickel contents were therefore quantified and removed from the
total nickel ‘budget’ for each float, allowing accurate determination of pentlandite
recoveries. For pentlandite grades the assumption was made that all nickel reported

within concentrates was pentlandite nickel.

Sulphur within the Merensky reef is mostly deported as the three main sulphides,
pyrrhotite, pentlandite and chalcopyrite, with some accessory pyrite and other
sulphides (e.g. cubanite). The main PGM are all associated with these sulphides.
Sulphur has a negligible association with silicate gangue minerals so the conversion
to total sulphide values was a single multiplication factor. The multiplication factor
(0.36) was based on the ratio of the three main sulphides observed within the

recalculated feeds.

Calculated pyrrhotite grades and recoveries may be subject to large errors due to
their reliance on several assumptions. In particular, recoveries are sensitive to

variations in the mineral stoichiometry of the copper and nickel bearing sulphides as



49 Chapter 3

well as to fluctuations in the monosuiphide (e.g. pyrrhotite) to disulphide (e.g. pyrite)

ratio.

The focus of this investigation was these major minerals, with the assumption that
PGM and PGE are intimately associated with these base metal sulphides. No further

PGE or PGM work was performed as part of this investigation.
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4 Geological Characterisation

4.1 Petrological Characterisation

While several visits to Northam Platinum and reference to published accounts (Viring
& Cowell, 1999; Roberts et al., 2007) have provided generalised reef information
(see Chapter 2), the bulk sampling localities were detailed by analyzing logs
recorded at the time of stope blasting; it was therefore possible to estimate the
proportions of each lithological component. These are shown here using the same
diagrams from chapter 2 to show any likely losses of PGE paymetal content and any

likely excessive inclusions of gangue material (Figures 4.1, 4.3, 4.5).

By looking at main mineral abundances and grain size distribution it was possible to
ascertain the main petrological differences between the reef types. Aside from broad
petrological differences careful attention was made to factors that may affect
liberation or processing, such as the degree of alteration of silicate minerals,

sulphide textures and sulphide grain size.

4.1.1 Normal Reef

The Normal reef bulk sample was characterised by a relatively thick inter-chromitite
pegmatite ~150 cm, bounded by a thin (8cm) hangingwall melanorite and a thin
(8cm) footwall anorthosite (Figure 4.1). Consequently one can be confident that the
limit s of PGE mineralization have been encompassed satisfactorily. In other words
the particular stope blast met the mine requirements, with limited oversampling of

barren sections of the hanging wall and footwall.

4.1.1.1 Hanging Wall Melanorite (3A)

Inspection of the hanging wall bulk samples revealed that it closely resembled
generalised descriptions of this layer (Viring & Cowell, 1999; Roberts et al., 2007) in

comprising a medium grained (1-3 mm) orthopyroxene mesocumulate with
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clinopyroxene oikocrysts (up to 2 cm), plagioclase, biotite, chromite and base metal
sulphides (BMS) (Figure 4.2a). Individual chips in the grab sample showed variation
in plagioclase content, ranging from minor interstitial patches (orthopyroxenite
adcumulate) to greater proportions (melanorite orthocumulate). There were several
features indicative of plastic deformation during compaction — namely, undulose
extinction, deformation twins within plagioclase and indented faces between
pyroxene grains suggesting grain boundary migration. However, plagioclase was
occasionally, along with biotite, strain free, implying there was some post compaction

crystallization. Some post compaction plagioclase was oikocrystic reaching ~4-5mm.

Secondary minerals were revealed by sub-solidus clinopyroxene exsolution from
orthopyroxene, orthopyroxene alteration to biotite, amphibole, chlorite and fine
grained silicates (probably talc) and minor alteration of plagioclase through
sausseritisation (formation of minerals through the alteration of sodic feldspar, e.g.
paragonite). Sub-solidus clinopyroxene exsolution displayed a variety of habits
depending on the ambient temperature at the time. Coarse blebs indicated
exsolution occurred at a high temperature, where as long, pointed needles indicated

low-temperature exsolution

BMS occurred as medium grained (2-3 mm) composites of pyrrhotite, granular and
minor flame pentlandite, chalcopyrite and minor pyrite, interstitial to silicate grains,
and often associated with chromite and biotite grains. Individual sulphides within
each composite showed a variety of grain sizes. The formation of flame pentlandite
is crystallographically controlled secondary exsolution from pyrrhotite and was
always a very minor component and very fine grained. BMS also occurred as fine
grained monominerals interstitial to, and included within silicates. Chalcopyrite is the
dominant fine-grained monomineral and often occurred as in-fill within micro-

fractures, a feature which strongly suggests mobility during brittle deformation.
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Figure 4.1: A figure showing the stratigraphy of the Nommal reef and the relative
thicknesses sent in the bulk sample. Grain size and mineral atundance data is
adapted from unpublished work by Roberts et af., (2004).
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4.1.1.2 Merensky Chromitite (4A)

The Merensky chromitite in the Normal reef bulk sample contained chromite grains
that were small and euhedral or medium-grained discrete to coarsely annealed.
Interstitial minerals included plagioclase, with minor amounts of orthopyroxene and
biotite. Low temperature alteration is confined to small domains of sausseritisation

within plagioclase.

BM3 were mineralogically similar to the hanging wall melanorite (3A)} with sulphide
composites occurring interstitial to chromite grains, often at triple point junctions.
However, apart from a few coarse grains, the composite size was generally smaller,
Fine-grained monomineralic inclusions were common within silicates and individual
chromites. Pentlandite predominantly occured as granular aggregates with minor
exsolved flame pentlandite located within pyrrhotite. PGM were also observed within

the chromitite (e.g. Figure 4 2h}.

4.1.1.3 Pegmatitic Horizon {54)

Investigation of the pegmatitic bulk samples revealed that it closely resembled
generalised descriptions of this layer (Viring & Cowell, 1992 Roberts ef af., 2007) in
comprising a wery coarse-grained ultramalic rock, with varighle amounts of

orthopyroxene, plagioclase and olivine as well as minor biotite, chromite and BMS.

Orthopyroxene grains occurred in a varety of textural developments.
1) Medium grained (2-3 mm} subhedral grains.
2) Large anhedral oikocrysts {(up to 3cm), hosting a wide variety of minerals,
3) Rarely as partial rims on alivine grains.

4) Occasionally included within olivine grains
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These four categories of development represent different magmatic stages. (1) and
(4) represent orthomagmatic (primary) grains, which settled out of a the magma
column to form a cumulate pile, the oikocrystic development of orthopyroxene in (2)
and olivine around orthopyroxene in (4) indicate late magmatic reconstitution, related
to the deposition of the MCU hanging wall. The partial rims are also late magmatic

overgrowths, which may be related to the reconstitution.

Low temperature secondary minerals derived from orthopyroxene include discrete
clinopyroxene, sub-solidus clinopyroxene exsolution, amphibole and tailc. Talc did
not extensively rim orthopyroxene, but was rather found within orthopyroxene grains,
sometimes along internal fractures (Figure 4.2c). It was also found within
plagioclase, which considering its elemental constituents (magnesium rich, where as
plagioclase is magnesium poor) strongly suggests an open fluid system on a crystal
grain scale. Biotite has formed in a complex multistage process, since it sometimes
rimmed orthopyroxene, yet was also enclosed as medium grained decossate

aggregates (Figure 4.2d).

Olivine was usually included within orthopyroxene, or as discrete medium to coarse
grained anhedral grains with inclusions of orthopyroxene, biotite, clinopyroxene and
BMS. It also showed moderate to pervasive alteration to serpentine and dustings of

fine grained magnetite, which often followed relict fractures in the host mineral.

Variable proportions of plagioclase occur as minor fine grained anhedral inclusions
within orthopyroxene and olivine or as coarse grained anhedral interstitial masses.
There was minor, though where present, pervasive sausseritisation (Figure 4.2e).
Extensive sausseritisation, coupled with minerals such as talc or epidote suggest

open fluid systems on at least a crystal grain scale.

Chromites and BMS formed a considerable subset of the mineralogy with chromite
grains occurring as either small, subhedral, scattered grains included within silicates
or as large extremely anhedral, annealed and often skeletal masses. BMS were
medium to large (up to 5mm), anhedral composites of pentlandite (mostly granular

but occasionally flame), pyrrhotite and chalcopyrite, interstitial to silicate grains
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(Figure 4.2f). Composites were also chalcopyrite or pyrrhotite dominant. BMS also
occurred as fine grained monomineralic grains included within silicates, as in-fill
within micro-fractures (Figure 4.2g) and as very fine-grained sulphides within

secondary alteration minerals such as serpentine.

4.1.1.4 Bottom Chromitite (4X)

The bottom chromitite was finer grained than the Merensky chromitite (4A) with less
annealing and more modal plagioclase. There were some BMS associated with the
bottom chromitite and where found, were often composite (pyrrhotite, pentiandite
and chalcopyrite) or singular monomineralic grains. Texturally, the coarser
composite BMS were found interstitial to chromite of plagioclase grains, with the fine-

grained BMS either included or interstitial to chromite and plagioclase.

4.1.1.5 Anorthosite (6A)

The basal lithology of the geological footwall was a mottled anorthosite containing
adcumulate plagioclase with minor intercumulus orthopyroxene. This mottled
anorthosite contained pervasive macro-scale (2-3cm) low temperature alteration.
Plagioclase showed extensive sausseritisation and orthopyroxene was replaced,
often with complete pseudomorphing, to serpentine and minor talc. This heavy
alteration has certain ramifications for the expected flotation behaviour, and will be

discussed further in Chapter 6.

Within the mottled anorthosite the BMS were monomineralic and dominated by
chalcopyrite with occasional pyrrhotite. They were found, along with chromite grains,
within the heavily sausseritized sections of the anorthosite (Figure 4.2h). The BMS
grain size was fine, to very fine grained. This BMS association within alteration
meant that either, the BMS had been dissolved in late stage, low temperature fluids
and transported before re-precipitation, or that late stage fluids eroded and entrained
sulphide fragments. In either scenario sulphides have been remobilized and possibly

represent minor transfer of sulphides into, or out of this Normal reef system.
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Figure 4.2: Pholtornicrographs of the Normal reef. a. Hanging walf melanorite. b.
Possible PGM within the Merensky chromitife. c-g {Inter—chromitite pegmatite) ©.
Tale fining internal fractures within orthopyroxene. d. Decossate biotite laths e.
Sausserite within plagioctase [ Typical composite BMS bleb g. Fine grained
sulphides. i Fine grained sulphides within heavily saussertized motfled anorthosite.
bt - hiotite. chr - chromite, opx — orthopyroxene, po -- pyrrhotite. pent — pentlandite,
cocp — chalcopyrite, plag — plagiocfase, cb — cubanite, serp — serpentine, mf —
magnetite.
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41.2 NP2 reef

The PGE bearing interval in the NP2 reef is much thinner than that in the Normal, so
a constant stope width results in a significant preportion of barren footwall. The NP2
reef under investigation did contain the typical troctolized zone just below the 4A
Mercnsky chromitite (Figure 4.3). From the stope cut one can be confident that the

limits of PGE mineralization have been recoverad into the run-of-mine.

4.1.2.1 Hanging Wall Melanorite (3A}

From the bulk samples. this lithology was very similar to the Hanging Wall Melanorite
dascribed for the Normal reef {See Figure 4.2a) with only the degree of strain-free
grains different. In particular although some of the biotitc grains were strain free.
there were fewer plagioclase grains and no paikilocrystic grains which were strain
free. This indicates increased compaction which is consisient with the increcase in

stratigraphic depth.

4.1.2.2 Merensky Chromitite (4A}

Compared {o the same horizon in the Normal reef there was far less annealing and a
smaller average grain size. Discrete chromite grains were subhedral to anhedral
(Figure 4.4a, b}, with occasional sections of chromite annealing. Chromite grains
often contained globular inclusions of biotite, bul alse included plagioclase.
orthopyroxene and BMS. These globular inclusions may be primary — that is, magma
that was enclosed during or prior to chromite settling, or they may be secondary —
that is apparent inclusions generated by annealing chromite grains that trap residual

meh within the cumulate pile.

Interstitial minerals included poikilitic ptagioctase and arthopyroxene as well as minor
biotite {Figure 4 4a, b). Low-temperature alteration within the silicates consisted of
variable sausseritization of plagioclase and minor replacement of orthopyroxene by

fine grained silicates (probably talc).
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BMS were mineralogically similar to the Melanorte (3A) with medium grained
camposiies interstitial 1o chromite and silicate grains {(Figure 4.4b). However, as with
the Narmal reef, the composite size was generally smaller. BMS also occurred as
fine-grained, mainly monomineralic. but rarely composite, inclusions within chromite

and silicate grains. PGM were also found within this layer (.g. Figure 4.4¢).

4.1.2.3 Footwall (8A/T)

Fram the stope logs and the bulk samples the footwall to the NP2 reef consisted of
an anorthosite layer, a troctolite layer and a norite layer, it is impossible ta tell, either
from the logs or from the bulk samples. the order of the layering but using the model
pravided by Viring and Cowell, (1999) it is thought that the anorthasite layer occurs
nearast the Merensky chromitite. This agrees well with chips showing a chromitite
intersecting a 'sugary anorthosite. The next lithology down should be the froctolite
followed by ancther thin anorthosite layer before the final narite layer, From logs of
the footwall well below the Normal reef it is known that prior to reconstitution the NP2
footwall consisted of medium grained norites and leuconeriles. This means that the
troctolite layer represents the limit of reconstitution produced by downward

percolating fluids related to the MCU mineralization.

The anorthosite layers were plagioclase adcumulates with minor to moderate
interstitial orthopyroxene (Figure 4.4d), as well as minor biotite. clinopyroxene,
chromite and BMS. Plagioclase showed minor sausseritization, and orthopyroxene
showed negligible alteration to talc. or sub-sclidus exsclution to clinopyroxene. BMS
within this layer were generally fine grained, monomineralic chalcopyrite, found
included and interstitial to the silicates. However, closer to the Merensky chromitite a
number of medium (~1mm) composites of pyrrhotite, pentlandite {granular and minar
flame), chalcopyrite and pyrite were found ({figure 4 4e). Pynte was always |ocated

within pentlandite as skeletal developmenis.

The troctolite layer was composed of oliving and plagioclase, with lesser amounts of
arthopyroxene, bictite, sulphides and chromite. From the amount of troctolite chips

within the bulk sample, this layer was relatively thin compared to the total thickness
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of the footwall. Olivine occurred as widely spaced medium to coarse grained
anhedral poikilitic masses, often enclosing plagioclase. Olivine was frequently
partially or complelely rimmed by anhedral, orthopyroxene, which itsell may partially
enclose plagioclase grains (Figure 4.4f). Plagioclase grains were euhedral to
subhedral forming an arthocumulate groundmass, often with deformation twins. All
the minerals showed weak alteration with sausserilization of plagioclase and

replacement of olivine by serpentine and magnetite.

Chromite grains within the troctolite were often large, anhedral and displaying
dendritic textures, They were also small, extremely anhedral with skeletal habits, and
included within orthopyroxene and olivine. BMS were pyrrhotite, pentlandite,
chalcopyrite and pyrite (Figure 4.4q) occurring as highly anhedral composites
interstitial to plagioclase and orthopyroxene as well as fine monomineralic grains
included within silicates. Chalcopyrite is often associated with biolite or included
within micro-fractures. As with the anorthosite layer, the pyrite is extremely anhedral
and uniguely associated with pentlandite. As pyrite is a secondary mineral, its
ahundance within the NP2 footwall suggests a post-magmatic sulfidisation event has

contributed to an overprint on the NP2 footwall.

Morite was the lowermaost layer of the footwall. Judging from Lhe bulk samples. a
highly significant ameount of norite was present in the footwall of the slope face and
would therefore have been incorporated into the run of mine. The main mingrals are
orthopyroxene and plagioclase, with minor clinopyroxene, hiotite, chromite and BMS.
This was a plagioclase orthocumulate with interstitial poikilitic orthaopyroxene (Figure
4 4h). The orthopyroxene showed variable exsolution of clinopyroxene and very
minor internal alteration {probably to talc). The plagioclase showed minimal alteration

io sausserite.

BMS consisted of fine grained, monomineralic chalcopyrite, located interstitial to, and
included within silicates, as well as some minor pyrrhotite. There were some
occasional composites of chalcopyrite, pentlandite and pyrrhotite, but no pyrite was
found in this layer. Throughout the footwall (BA/T) no very fine grained sulphide

textures were ohserved, which is in contrast to the Normal reef pegmalite.
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41.3 P2 Reef

The P2 reef bulk sample was characterised by a thin {~38 cm) inter-chromitite
pegmatitc, bounded by the basal MCU units abave, and a harzburgite layer below.
The basal MCU units were ~34 cm thick, and this incorporates a significant amount
of barren rock as PGE mineralization has only a limited extension into the hanging
wall. Conseguently one can be confident that the limits of PGE mineralization have
beecn encompassed satisfactorily, but with some minor ever-sampling of barren

hanging wall sections.

4.1.3.1 Hanging Wall Melanorite (34}

From the bulk samples, this lithology was very similar to the hanging wall melancrite
described for the Normal reef, and the NP2 reel (Figure 4.6a). The main comparative
difference was the further increase in strain related features. In particular there was
little indication that any of the bictite or plagioclase grains were strain-free and there
were some well formed delormation twins within the plagioclase. This, together with
the NP2 melanorite, may suggest a gradual increase with pothole depth, of the

degree of compaction.

4.1.3.2 Merensky Chromitite (44)

Although there are several chromitite chips within the bulk sample, only a few could
be positively identified as belonging to the Merensky chromitite, principally through
their association with the medium grained melanorite (3A). From these samples it
could be seen thatl this was a chromite orthocumulate, very similar in texture and
development to the NP2 Merensky chromitite, with chromite grains including biotite
as well as orthopyroxene, plagioclase and sulphides. In contrast to the NP2 recf
there is a smaller modal proportion of orthopyroxene, however this may reflect lateral
variability within the Merensky chromitite rather than a distinct difference between

the two reefs.
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BMS were mineralogically and texturally similar to the Melanorite (3A) as well as to
BMS developed in the Merensky chromitites within the Normal and NP2 reefs
(Figure 4.6b). As with the Normal and NP2 reefs, PGM were found in this layer
(Figure 4.6¢).

4.1.3.3 Pegmatitic Horizon (5A)

From the stope logs and the bulk samples it could be seen that the pegmatitic
horizon was relatively thin (~38cm), much thinner than the ~157cm observed for the
Normal reef. Investigation of the pegmatitic bulk sampies revealed, as with the
Normal, that it closely resembled generalised descriptions of this layer (Viring &
Cowell, 1999; Roberts et al., 2007) in comprising a very coarse-grained ultramafic
rock, with variable amounts of orthopyroxene, plagioclase and olivine. From logs of
the footwall weli below the Normal reef it is known that prior to reconstitution the P2
footwall consisted of harzburgites, norites and a thin chromitite seam carrying 1-2

ppm PGE mineralization.

Aside from total thickness, this lithology closely resembled petrological descriptions
given for the Normal reef pegmatite (see Section 4.1.1.3). However, the volumetric
extent of low-temperature alteration was less pronounced, and there was no
definitive talc within the plagioclase. This suggests that fluid disruption of the P2
pegmatitic horizon did not lead to an open system on the crystal grain scale. Silicate
textures observed within this pegmatite indicated both primary and secondary origins

for several minerals (e.g. biotite, as shown in Figures 4.6d and 4.6¢)

The P2 reef had slightly different modal proportions than the Normal reef, containing
more orthopyroxene, but less olivine. BMS textures were essentially the same as the
Normal reef pegmatite, containing four separate textures, (medium grained
composite blebs, Figure 4.6f, fine grained monominerals included within silicate
minerals, Figure 4.6g, sulphide in-fill within microfractures, and very-fine grained
sulphide located within low-temperature replacement minerals). This is in contrast to

the NP2 footwall which contained only two sulphide textures.
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4.1.3.4 P2 Chromitite (12)

The P2 chromitite was logged in the stope logs. However, it was unidentifiable within
the bulk samples and it is very likely that due to its very thin nature it disintegrated

during transit from Northam Platinum Ltd to the University of Cape Town.

4.1.3.5 Harzburgite (13H)

From the bulk samples this lithology consisted of orthopyroxene oikocrysts,
enclosing medium grained, anhedral olivine. This represents two stages in the
magmatic history, with olivine representing orthomagmatic crystal settling, and the
poikilitic orthopyroxene representing late magmatic reconstitution. These oikocrystic
orthopyroxene grains are evidence of the pegmatitic lithology infiltrating through the
P2 chromitite as indicated above.

There was moderate to pervasive alteration of olivine to serpentine with dustings of
magnetite, occasionally forming continuous veins cross-cutting, and interlinking
several grains (Figure 4.6h). The presence of very minor sulphide inclusions within
these veins represents grain-scale to macro-scale remobilization of sulphide within,
or into this footwall lithology. However the quantities are much smaller than observed
within the Normal reef anorthosite, and would likely represent an insignificant

transfer of sulphides.

Sulphide proportions within this harzburgite were very low, being contained within
fine grained composites of pyrrhotite, chalcopyrite and pentlandite or as

monomineralic chalcopyrite included or interstitial to the major silicate phases.
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Figure 4.6: Photomicraographs of the P2 reef. a. Medium and fine grained sulphides
in the hanging wall mefancrite. b, Composite sulphides within the Merensky
chromiiite ¢. Possible PGM within the Merensky chromitite. d Biotite rims on
arthopyroxene e, Alteration of ofivine fo serpentine f Biotite faths intersiftial to
coarse siicates g Abundant fine grained sificates included within coarse
orthopyroxene h, Coarse, composite suiphide, imterstitial to coarse silicate grains.
cpx — clinopyroxene, mack — mackinawite. exs — exsolved.
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4.2 Mineralogical Characterisation

Quantitative mineralogical values, as calculated by QEMSCAN (Table 4.1, Figure
4.7, Figure 4.10), show distinct differences between the milled feeds of the three reef

types, (see Appendix D for size by size data set).

Table 4.1: Percentage abundance of minerals in weight% within each reef as
calcifated by QEMSCAN. Toial afterafion is the summative value of amphibole,
serpentine, tafc. chionte. other silicales and magnetite.

" Mineral | Normal Reef (wt%) NP2 Reef {wit%) P2 Reef (wt%) |
Orthopyroxene ? 51.2 254 68.5 i
Clinopyroxene 4.41 3.22 5.43
Flagicclase @ 16.7 G62.6 716
Olivine T3 1.73 #.66
Mica 1.680 1.086 .90
Quartz 0.68 0.36 | 0.39
Amphibole 0.45 i 0.26 0.55
Serpentine 0.33 | 0.22 0.38
Tale 0.27 0.12 0.32
Chlorite .57 ; 0.08 048
Other Silicates 018 017 (.09
Chromite 3.34 272 387
Magnetite .85 (.28 0.34
Other 0.32 0.35 (151
Fentlandite (85 .48 (.88
Pyrrhotite 048 (148 (72
Chalcopyrite 0.22 0.23 0.28
Fyrite .09 ETT .15
Other Sulphides 0.16 13 0.26
Total Sulphides 1.71 ] 0.82 114
b 2.64 113 1.80
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421 Silicate and Oxide Mineralogy

The NP2 reef is plagioclase rich {62.6 wi%)}. where as the Normal and P2 reef are
relatively plagioclase poor (16.7 wt% and 7,16 wi%, respectively). In contrast the
Normal and P2 reefs are orthopyroxene rich (51.2 wi% and 68.6 wt%, respectively)
compared with 25 4 wt? in the NP2 reef.
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Figure 4.7: Modal mineralogy of the three reef types. (a) Butk silicate and oxide
minerals, (b) Alferation and replacement minerals.
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The olivine content of the NP2 reef was the lowest (~1.73 wi%) of the three reefs,
reflecting the thin width and wide spacing of olivine in the troctolite layer. In
comparison the Normal reef (17.3 wt%) and the P2 reef {8 66 wt%) contained more
olivine, due to the presence of variable harzburgitic developments within the

pegmatite (Normal and P2 reef) or below the pegmatite (P2 reef).

Clinopyroxene is roughly constant between the three reefs, varying from 3.22 wt% to
5.43 wit%. Chromite is also roughly constant, though as is expected the NP2 regf

contains the lowest value (2,72 wt%} since it contains just one chromitite stringer.

From Figure 4.7b and Table 4.1 it is apparent that the Normal reef contains the
greatest amount of alteration minerals {2.64 wt%), followed by the P2 reef {1.80
wi%} and lastly the NP2 reef {1.13 wi%)}. Quartz, which may be a product of the
downward migration of fluids subsequent to the emplacement of the MCU is also
highest in the Normal reef (0.68 wt%, compared with 0.38 wt% for the NP2 and 0.39
wi% for the P2 reef). Furthermore, mica (mostly biotite), which may be primary or
secondary is also greatest within the Normal recof (1.80 wt¥%), compared with (.90
wt% in the P2 reef and 1.06% in the NP2 recf. Low-temperature minerals such as
talc and chlorite may induce inadvertent gangue flotation so the higher total values
present in the Normal and P2 reefs are important for explaining different flotation
behaviours, The degree of alteration is alzso crucial to the ore hardness, and will

affect miling throughput.

4.2.2 Nickel Deportment

Nickel is often used as a proxy for pentlandite ({Fe Ni}Sa) recovery in flotation owing
to its presence within the crystal lattice. However, this is misleading as nickel may
also be associated with silicates {olivine and orthopyroxenc) as well as solid solution
traces in pymhotite. To improve the conversion of nickel values, obtained from feeds,
cancentrates and tails, to penflandite values, allowance must be made for the

presence of nickel in these three minecrals.
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Nickel abundance data obtained by electron microprobe analysis of olivine for each
reef type was constant and high, with some variations in magnesium/iron ratios
(forsterite content) (Figure 4.8). Along with the investigations into olivine, the
literature values obtained for the nickel content of orthopyroxene (Cawthaorn, 1899),
and the nickel content of pyrrhatite (Becker, personal communication 2007} are

recorded in Table 4.2,

Mineral - Olivine Orthopyroxene | Pyrrhotite
wit% NiO : 0.47 0.089 " 0.55
| Std Dev | oo - 029
0.7 03
0.600 1
(.50 “ & 5
= paon B AT
=
o
= 0300 4
200
100 A
[ AN .
750 700 770 8.0 7049 Bk Bl
Forsterite Content

Figure 4.8: Graph of NO (~nickel concentration} against forsterite number.
Forsterite confent is a measure of the iron to magnesium ratio within ofivine. A value
of 'O refers o the 100% iron end-member (Fayalite) and a value of "100' refers to the
100% magnesium end-member (Forstenite}l. Normal reef = orange. NP2 reef = blue,
P2 reef = green.
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The relatively constant nickel values across olivine grains, meant that converting
nickel values to pentlandite values for the laboratory scale flotation experiments was
a case of subtracling nickel locked within olivine, orthopyroxene and pyrrhotite
before converting this new nickel value to pentlandite, through a single multiplication
factor. The iron 1o nickel ratic within pentlandite is widely acknowledged to be

roughly 1:1.

Based on these partitions, and taking the values recorded in Tahte 4 1, QEMSCAN
investigations were able to discern the complete deportment of nickel between

different minarals within the different reefs (Figure 4.9).

From the combined nickel deportment it can be seen that the amount of nickel
contained within pentlandite varics between each reef type; 62% for the Normal reef,
85% for the NP2 reef and 77% for the P2 reef, These values show how potentially
misleading grade-recovery data could be when derived from nickel values alone.

since relative differences would change on conversion of nickel values to pentlandite

® Pyrrhotite
Ciiving

B Orthooyraseno

B Pontlandite

Figure 4.9: Bar chart showing nicke! deportment within the minerals orthopyroxene,
ofivine, penftandite and pyrrhiotite for each of the three reef types.
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4.2.3 Sulphide Mineralogy

Figure 410 and Table 4.1 show that the BMS inventory was roughly equivalent for
the Normal and NP2 reefs (1.50 wi% and 1.43 wit% respectively), but significantly
higher within the P2 reef {2.29 wt®%).

For all three reef types pentlandite was more abundant than pyrrhotite, which was
mare abundant than chalcopyrite. Pentlandite formed ~35% of the total sulphide
budget, with pyrrhoite forming ~30%, chalcopyrite forming 15-20% and other
sulphides (e.g. pyrite) formed between 15-20%. These ratios were broadly consistent

for all three reef types,
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Figure 4.10: Sulphide moadal mineralogy of the three reef iypes.

4.2.3.1 Sulphide Deportment

Analysis of the recalculated milled feeds with 35% confidence limits (Table 4.3),
shows that two of the observed differences calculated from chemical data are clearly
significant. The first is the difference in pentlandite content between the P2 reef (0.72
wi%) and the Normal and NP2 reefs (0.48 wt% and 0.45 wi% respectively). the
second is the difference in total sulphide content between the P2 resf and the
Narmal reef. For pyrrhotite the differences are just within error and the QEMSCAN

data (Figure 4 .10) strongly suggest that there is a significant difference between the
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F2 reef and the other two reef types. Since the chemical data for pyrrhotite is based
on a mass balance estimate, the QEMSCAN data is considered more reliable. For
chalcopyrite the differences are well within error, and there is therelore no

statistically significant difference between the three reef types.

Table 4.3: Table of mean sulphide mineral values and their 35% confidence limits.
as calculated from the chemical assays of fthe baitch flotation tests of the three
different reef types

Chalcopyrite | Pentlandite Fyrrhot te : BMS
Reof L e
Tyne Mean | 95% Limit | Mean | 95% Limit Mean | 55% Lirmit _Mean O5% Limik
Norma | 0.214% 0.02% | 0.48% 0.06% | 0.33%, 0.02%, : 1.02%, (0.08%
MEZ 0.22% 0.06% | 0.45% 0.05% | 0.35% 0L.05% ! 1.06%, 0.14% |
F2 0.26% 0.04% | 0./2% 0.0 % | 0435 0.07% | 1.39% 0.24%

By analysing the deportment using QEMSCAN data it was also possible to
determine how sulphide deportment varies by size. Figure 4.11 a,b and ¢ show that
for chalcopyrite. pentlandite and pyrrhotite the main deportment is in the fine size
fraction (-38 um), with progressively smaller concentrations towards the coarse size
fraction {+75 um). This relationship holds for both the standard and the fine grind.
An exception is found for pyrrhotite under a standard grind. In this scenario the main
pyrrhotite deportment is still in the fine size fraction but the smallest concentration is
found in the intermediate size fraction for all three reef types. H is also observed that
for ail three reef types the +75 mm size fraction drops down for the fine grind for all

the sulphides, which is consistent with the increase in grinding.
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Figure 4.11. Suiphide deportment by size fraction. (a) chalcopyrite. (b) penifandile
and {c) pyrrhotite for the three reef fypes. The value for chalcopyrite circled in red in

(a) is anomalous as pointed ouf in section 3.5.1.

4.2.3.2 Sulphide Grain Size

Sulphide grain size was estimated from QEMSCAN data from the sized feed
fractions. Since all the BMS grains were smaller than mean particle size for each
size fraction it is assumed that values are reflective of pre-milling grain size. These
valyes are anly considered relative to one another as absolute values are uncerlain
due to sterenlogical factors and minar effects due to grinding, as in general values

are lower for the finer grind.

It is apparent that the NP2 reef contains coarser grains for chalcopyrite and
pyrrhotite, but that the P2 reef contains coarser grains for pentlandite. The Normal
has intermediate to low grain sizes for all three sulphides. Figure 412 also shows
that pyrrhotite is the coarsest of the three sulphides, whilst chalcopyrite and

pentlandite have very similar grain sizes.
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Figure 4.12: Grain size values for the three main sulphides. (a) chalcopyrite. (b)
pemtfandite and (o) pentlandite within the three different size fractions for the three
resf types.

4.2.3.3 Sulphide Liberation

There are two aspects o sulphide liberation, firstly, there is liberation of the
individual sulphides from one zanother (eg. pyrrhotite from chalcopyrite), and
secondly, there is liberation of sulphide composites from gangue minerals. In this
investigation a fully liberated particle is defined as more than 90% of its surface area
exposed (see Section 2.3.2). Figure 4 13 shows the degree of liberation for the three

main sulphides, as well as composite sulphides.
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Figure 4.13: Liberation of the three main sulphides and composite sulphides. (a)
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typas.
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For composite sulphides, which are very likely to float, it is evident that BMS are over
80% liberated for both grind conditions (Figure 4.13). For individual sulphides the
degree of liberation varies from 50 to 87%, with pentlandite generally being the most
liberated (72-84%) and chalcopyrite the least liberated (50-72%) (Figure 4.13). The
NP2 reef shows optimum liberation for BMS (91%), chalcopyrite (72%), and
pyrrhotite (85%), with intermediate liberation for pentlandite (76-79%). This
favourable liberation correlates well with the observed higher grain sizes. The P2
reef shows the greatest pentlandite liberation (84%), but with the worst chalcopyrite
liberation (52%). The Normal reef shows the worst pyrrhotite liberation (~70%). The
Normal reef is also the only reef to be significantly affected (i.e. >5% change in

liberation) by a change in grind size (Figure 4.13).

For composite sulphides the degree of locking is lowest for the NP2 reef (3-4%),
closely followed by the P2 reef (4-5%) with the Normal reef highest at 6-8%. For the
individual sulphides the NP2 reef has the lowest degree of locking for pyrrhotite
(~4%) and chalcopyrite (6-12%), with intermediate locking for pentlandite (6-8%).
The P2 reef shows the lowest degree of locking for pentlandite (~4%), but the
highest degree of locking for chalcopyrite (~12-15%). The Normal reef shows the
highest degree of locking for pyrrhotite (8-12%) with similar pentlandite locking to the

NP2 reef and similar chalcopyrite locking to the P2 reef.

4.3 Summary

From the petrological and mineralogical investigations, some key findings can be

recognized.

o All reef types contain the base of the MCU as a ‘drape’ forming the hanging
wall, with the Normal and P2 reefs having very similar footwalls, reflecting
their similar pre-MCU emplacement compositions. The NP2 reef has a very
different footwall composition, reflecting the presence of a highly leucocratic

pre-MCU emplacement footwall.
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The main suiphides within the three reefs are pyrrhotite, pentlandite and
chalcopyrite, with a significant proportion of other sulphides (~15% of the total
sulphide). Sulphides are developed as one dominant texture, with three
subsidiary textures. The main texture is medium grained (0.5 mm — 2 cm)
composites. The three subsidiary textures are fine grained monomineralic
sulphides, fine grained sulphide veins and very fine-grained sulphides
enclosed within late stage secondary alteration minerals. Pyrrhotite grain size
is slightly coarser than chalcopyrite and pentlandite. It is observed that the P2

reef contains the highest sulphide head grades.

The main silicate minerals are orthopyroxene, olivine and plagioclase with the
Normal and P2 reefs dominated by orthopyroxene. However, the NP2 reef is

distinct, principally containing plagioclase, with only moderate orthopyroxene.

Nickel is deported between four minerals: orthopyroxene, olivine, pyrrhotite
and pentlandite, with the majority of that deportment shared between olivine
and pentlandite.

Alteration of primary magmatic minerals to secondary assemblages is
greatest within the Normal reef, then the P2 reef and finally the NP2 reef,

which is largely unaltered.

The pegmatitic sections of the Normal and P2 reefs signify the presence of
partially open fluid systems, which have allowed for increased sulphide
remobilisation and complexity relative to the NP2 reef. As such the NP2 reef
contains just two sulphide textures, with a smaller abundance of sulphides
deported as fine grained sulphides. Furthermore the NP2 reef does not

contain the very fine grained sulphides locked within alteration minerals.

Liberation of sulphide composites is greater than 80% for all three reef types,
but is best for the NP2 reef with liberation in excess of 90%. For the Individual
sulphides the NP2 reef shows the greatest liberation, except for pentlandite,
which shows optimum liberation within the P2 reef. The Normal reef shows

the worst liberation, and is the only reef significantly affected by grind.



&2 Chapter 5

5 Processing Results

5.1 Results Overview

Table 5.1 summarises the flotalion performance results, showing final cumulative
mineral grades and recoveries as well as total mass and total water recoveries (see
Appendix D for full resulls). These resulis were subject to an analysis of variance to
guantitatively assess the statislical significance of changing flotation parameters.
Table 5.2 shows which resulls were statistically significantly different (see Appendix
F for details and calculations), and which results and interactions may be considered
statistically insignificantly different. In cases where lhe experimental error was high,
differences were shown to be statistically insignificant, but were practicalty
significant. Conversely when the error was very small it showed statistical

significance but was praclically insignificant.

it is apparent from Table 5.1 that the lhree reef types have performed differently
under the same flotation conditions, Far example, evaluation of the results of the
standard grind with copper sulphate addition tests show that, cumulative base metal
sulphide (BMS) recoveries are; 71.6% for the Normal reef, 90.1% for the NPZ reef
and 81.3% for the P2 reef. Similarly, comparing chalcopyrite, pentlandite, pyrrhatile,
total mass and total water recoveries al each of the flotation conditions reveals
differences between the three reef types. Il is particularly noticeable from Table 5.1
that the Normal reef has the lowest mineral grades recoveries of the three reef types

making it the most problemalic of the three reefs to mine and process.

Tables 51 and 5.2 furlher show that the three reef types respond differently to
changes in the flotation conditions. For example, the Normal reef is shown to be
significantly affecled by copper sulphate addition and grind for pentlandite, pyrrhotite,
BMS and total mass recoveries. In contrast, for the P2 reef the effect of grind is far
less pronounced and in the NP2 reef grind size has no effect on flotation
performance and only total mass is affected by copper sulphate addition, indicating

gangue aclivation.
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Table 5.1: Summary of the main results for the lahoratory scale fiotation test for each reef lype, comparing lesls using standard
reagent suites, reagenis suiles without copper sulphate and different grind sizes. Ccp - chalcopyrite, Pn - pentlandite. Po —
pyrrhotite. BMS - base melal sulphides. The two values ringed in orange show more than 100% recovery for pyrrholile within the
NP2 reef. Unlike chalcopyrite, penltiandite and tolal sulphides these pyrrhotite values are calculaled hy mass balance. They are
therefore subject to errors in sulphide stoichiomelry and ratics, which may prodiuce inaccurate recoveries.

Reef | cuso, | Grind I e e Cep T Po Po BMS BMS
Type Addition Size  Recovery Recovery | Grade | Recovery | Grade | Recovery Grade Recovery | Grade Recovery
) (a)

- | standard s{fs 660 319% | 835% | 722% | B42% | 306%  499% | 162% | 8&16%

—— Standard  54.4 632 243% | 852% | 546% |(745% | 241% 408% | 138% | 718%
Pegl v Fine 68 9 854 | 204% | 854% | 538% | 743% | 200% | 714% | 138% | 849%
Fine 661 789 1.81% I 54.9% ‘ 4 26% 70.7% a.58% 44.5% 10.9% 74 6%

v |standard | 348 498 363% | 900% | 773% | 839% | 1102% | cooe% | 200% | 90.1%

Standard | 29 8 516 367% . 9801% | 731% | 785% | 1241% [w088% | :2a% | 01.6%

v Fine | 327 420 477% - B77% | 10.00% | 78.5% | 10.68% | 98.1% | 30.6% | 92.8%

Fine 404 626 401%  907% | 907% | 783% | MOO% | aagy | as7w 90.9%

v | Standard | 414 355 €21%  B1.4% |12.62% | 738% | 577% | 502% | 300% | 81.3%

| Standara | 44.7 446 384%  BE2% | 1082% | T7O5% . 377% | 381% | 245% | 771%

v ' Fine 465 401 523%  854% |11.24% | 70% 482% | 506% | 260% 84.4%

Fine 451 450 3T7% BE. 7% 9. 76% 66 4% 2.54% 29.0% 21.9% 76 9%
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Table 5.2: Analysis of variance of flotation experiments. showing which flotation parameters (copper sulphate addition. grind size
and reproducibility) had statistically significant effccts on the results. The fable on the jeft shows the calculated ANOVA
percentages with the table on the right showing which results were statistically significant. =" is >98% significant. ** is 90-95%
significant: * is statistically insignificant but practically significant; ~ is statisticaily significant bul practically insignificant and blank
boxes are both practically and stalistically insignificant. Repealabilily is a statistically insignificant effect for all the results.

Ore CuS0Ou | Grind  12D1 Interactions Ohe CulS0s Gmd Rpl inleraclions
Tyou Sid ; Type S
Dev A H ¢ | ah | ac | Bc  aBC Dev A H c | ak | ac | ac | AR
Cep 12 | 439 | 691 |368| 726 | 564 | 642 ; 761 Cep 1.2
P 26 | a7 | ovo | 32 | 913 | 404 | 438 ass B R " e i
Maormal MNormal awn ram e
Reef | PO 31| 998 | 996 |730|985| 223|722 550 Reef | PO 31
ToaBMS | 16 | 999 | 954 | 790|101 | 515|515 515 Total BMS 16 e e
Tota'Mass | 28 | 7192 9# |410] 114 | 792|362 655 TotalMass | 2.8 = e
Cep 07 G54 a4 8 TH | B4 | 828 | 548 _ 4593 s Cep 0.7 =
e M 26 | 76 | 7ar [3a7]|vrar| 184|731 710 —Ien 26 |
Reef | PO 45 | 274 | 914 | 622|774 | 646 | 794 | 108 | Pa 4.5 =i
Tudal BMS 1.8 14,4 E2B (483 TH2 | TA0 | 752 a5 Todal BMS 1.8
TolalMass | 66 | 908 | 708 |a8de| 020|450 70 | 450 Total Mass | 0.6 ok i
Cop 1.4 nr.a E9.8 | A0 Ba3 | 822 | B2 [B5E Siop 1.4 o
P 12 | 8e&s | €88 [ 700 | 169 | 704 | 427 | 568 P 12 i i ;A
Py 65 | 878 | ®02 |267|634 | 867|271 | 307 Po 6.5 bz ;
L L W

Tolal BMS 1 05.9 BT.7 | 188 | 92,2 | BRE | 246 | 500
TotalMass | 20 | 330 | 780 | 206 | 6n7 | 401 | 355 | as4
Auerage 25

Tolal BMS 1t
Tulal Mass 2.9
Ayerage 2.8
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5.2 Mass-Water Recoveries

Tables 5.1 and 5.2 shows the final cumulative values for mass and water recovery,
along with their statistical significance. Figure 51 compares the effects of copper
sulphate addition and grind size on mass-water recovery curves with llotation time.
From Figure 5.1 it is clear that the NP2 reef has a reduced mass to water ratio,
compared with either the Normal or P2 reefs. Furthermore, the NP2 reef shows the
effect of copper sulphate aclivation of gangue minerals, a leature thatl is absent rom
either the Normal or P2 reefs. The Normal reef is affected by grind with greater mass
recoveries, probably due to increased froth slabilisation and recovery by

entrainment.
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Figure 5.1; Graph showing mass-waler recoveries for the standard and fine grings.
with and without copper sulphate for the three reef tvpes. C.5. refers to copper
sulphate.



86 Chapter 5

For each reef type the mass-water curves are non-linear. This reflects the recovery
of =olids by two separate processes. namely entrainment and flotation. Since
entrainment is non-selective, and dependent on particle size and water recovery,
some gangue minerals will always be recovered. However floatable gangue
represents a potentially treatable side effect of the flotation process, with the addition

of depressant.

if it is assumed that the amount of gangue recovered by entrainment is roughly the
same for all three reef types, then the higher mass to water ratios within the Normal
and PZ reefs strongly suggest more floatable gangue within these two reefs. From
the cumulative values the magnitude of the increased floatalbie gangue component
may be up to 3539 and no less than 10g. This represents considerable dilution of
concentrate grade. especially considering that the maximum mass pull for the
Mormal reef is 70g and for the P2 reef is just 46g. The NPZ reef shows copper
activation of gangue minerals. whereas neither the Normal nor the P2 reefs do, This

is likely to be due to the activation of plagioclase.

5.3 Mineral Grade-Recovery Curves

Cumulative chalcopyrite recoveries are high (81.4-80.7%) for all three reef types,
reflecting its excellent floatability performance. Within this range the NP2 reef reports
the highest recoveries (87.7-90.7%), with comparable cumulative final grades to the
P2 reef (~5%). The Narmal reef reports similar recoveries to the P2 reef (80-85%),
but with lower grades {2-3%), correlating with the higher mass recovery shown in

Figure 5.1,

Cumulative pentlandite recoveries show considerable variation between the three
reefs (66.4-84 2%} as well as a clear dependence on grind size and copper sulphate
addition. The NF2 and Normal reef report the optimum recovery (~84%) for the
standard grind with copper sulphate. For the Mormal and P2 reef types increased
grind lowers grades and recoveries, whilst copper sulphate addition improves final

grades and recoveries.
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Pentlandite recovery is reduced for all cases with increased grind, even though

liberation is improved {see Section 4.2).

Cumulative pyrrhotite recoveries were calculated, not measured, and problems
associated with this approach are displayed in Figure 5.2¢. Total recovenes are
disptaced from their true values as shown by greater than 100% recoveries for the
NP2 reef and occasional concentrates reporting nearly no pyrrhotite recoveries
{these appear as 'kinks' in the graph, e.g. for the Normal reef standard grind with
copper sulphate). These difficulties arise from assumptions inherent to mass balance
calculations, namely that the stoichiometry of copper and nickel minerals is fixed,
and the monosulphide (pyrhotite} to disulpfide (pyrite) ratio within the sample
remains constant. For the NP2 reef the pyrrhotite recoveries have been
overestimated, but for the Normal and P2 reefs the recoveries have probably been

underestimated.

Despite these problems there are some definite patterns that can be identified.
Firstly, copper sulphate addition improves pyrrhotite grades and recoveries for both
lhe Nermal and P2 reefs, but has no effect on the NF2 reef. The effect of increasing
grind also appears to improve Normal reef recovery, but reduce NF2 reef recovery.
Furthermore, despite the disptacement in recovery, it seems likely that the NP2 reef
reports the highest pyrrhotite recoveries, which is in accordance with its higher BMS

recoveries as well as its better pyrrhotite liberation (see Section 4.2).

Cumulative BMS recoveries show considerable variation between the three reefs
(71.6-82 8%), and are variably affected by copper sulphate addition and grind. The
Mormal and P2 reefs show increases in grade and recovery with copper sulphate
addition. However the effect of grind is {0 lower grades, whilst improving recoveries.
The NP2 reef reports the optimum recoveries (90.1-92 8%). which is ~5% greater
than eilher the Normal and P2 reefs. NP2 BMS recoveries are unalfected by either

grind or copper sulphate.
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5.4 Discussion Of Effects

5.4.1 Effect Of Copper Sulphate Addition

Tables 5.1 and 5.2 show that copper sulphate addition has statistically significant,
but variable effects over the three reef types. For the Normal reef and P2 reefs,
pentlandite, pyrrhotite and total sulphides recovery show increases, with total mass

and chalcopyrite the variables unaffected by copper sulphate addition

For the NP2 reef, only total mass pull shows a significant increase with copper
sulphate addition. This distinct increase within the NP2 reef reflects inadvertent
activation of gangue minerals. Since the Normal and P2 reefs do not show any such

increase, inadvertent copper activation of gangue minerals was not indicated.

Figure 5.2 shows that grades are also affected by copper sulphate addition. For the
Normal and P2 reefs, chalcopyrite, pentlandite, pyrrhotite and total sulphide grades
all improve. However, although grades and recoveries improve, the initial recoveries
are in fact lower. This is because the initial BMS recovery is lower but initial mass
pull is much lower showing BMS make up a greater proportion of a much smaller

mass.

For the NP2 reef, copper sulphate addition leads to the flotation of more gangue
(Figure 5.1). However, although total mass pull is higher, for the initial concentrate
(Figure 5.1) the value is lower. This feature means that for BMS the initial grades are
higher (Figure 5.2). As expected however the increased flotation of gangue with
time, means that final cumulative grades end up lower (or equivalent in the case of

pentlandite) than for experiments without copper sulphate.
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5.4.2 Effect Of Grind Size

Tables 5.1 and 5.2 show that, with the exception of the Normal reef, grind size is less
statistically significant that copper sulphate in affecting BMS or mass recovery. For
the Normal reef, pentlandite shows a significant reduction in final recoveries, but
pyrrhotite and total sulphide showed increases in recovery. Total mass also shows a
significant increase. For the NP2 reef there are no significant changes for any of the
parameters, whilst for the P2 reef only pentlandite total recovery shows a significant
reduction. As with copper sulphate addition chalcopyrite total recovery shows no

significant change in any of the reef types.

Figure 5.1 shows the increase in mass pull for the Normal reef with a fine grind size.
This increase reflects increased grinding of gangue minerals, exposing low
temperature alteration minerals, thereby encouraging true flotation of more gangue
minerals. These low temperature alteration minerals (e.g. talc) also stabilise the froth
encouraging recovery by entrainment. That the P2 reef isn't likewise affected
suggests that minerals such as chlorite play a more prominent role in gangue

flotation than expected.

Figure 5.2 shows that grades are also affected by grind size, though not as
extensively as with copper sulphate addition. For the Normal and P2 reefs,
pentlandite and total sulphides show a reduction in grade with pyrrhotite showing a

minor increase.

For pentlandite, the increase in grind (from standard to fine) is followed by a
reduction in recovery, despite improved liberation. This reduction is statistically
significant in the Normal and P2 reefs, and also occurs for the NP2 reef with copper
sulphate addition. This is most likel related to pulp chemistry effects such as collector
starvation or increased surface oxidation related to increased exposed surface area.
Pyrrhotite isn’t likewise affected due to competitive adsorption, whilst chalcopyrite

will always float due to its good natural floatability.
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5.5 Summary of Flotation Results

From the flotation results, some key findings can be recognized.

The NP2 reef shows the best recovery for chalcopyrite, pentlandite, pyrrhotite

and BMS, following by the P2 reef and lastly by the Normal reef.

For the NP2 reef all sulphide grades and recoveries are unaffected by copper
sulphate addition or grind size. However the NP2 reef does show copper

activation of gangue minerals (most likely plagioclase).

Grade-recovery curves and analysis of variance show that overall the Normal
reef responds to copper sulphate addition and changes in grinds size. In
contrast the P2 reef responds to copper sulphate addition but is only

moderately affected by changes in grind.

Chalcopyrite recoveries are unaffected by copper sulphate addition. However,
initial grades are improved within the Normal and P2 reefs. Chalcopyrite

recovery is unaffected by changes in grind size.

For all reef types pentlandite grade increased with copper sulphate addition.
However, only the Normal and P2 reefs show improved recoveries. A fine

grind size reduces pentlandite grades and recovery within all three reefs.

For the Normal and P2 reefs, pyrrhotite grades and recoveries improve with
copper sulphate addition. With increased grind grades remain roughly the
same, but recoveries improve reflecting the dependence of pyrrhotite flotation
on liberation. For the NP2 reef there was no statistically significant effect on

recovery or grade.

Grade-recovery curves for BMS for the Normal and P2 reefs show

improvements in grade and recovery with copper sulphate addition. With an
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increased grind, grades are reduced but recoveries are improved. For the
NP2 reef, BMS grades and recoveries are unaffected by copper sulphate

addition or grind.
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6 Discussion

6.1 The Effect of Mineralogy on Flotation Performance.

6.1.1 Milling Time

Milling times for the three reefs suggest that the NP2 recf is the softest, relative 1o
the Normal and P2 reefs, with the P2 reef the hardest. This difference in hardnesss
can be attributed to mineralogy, texture and degree of alteration. It implies that
plagicclase nch rocks {i.c. the NP2 reef) are softer than orthopyroxene rich rocks
(i.e. the Normal and P2 reefs). Furthermore, since the mineralogy of the Normal and
P2 reefs are similar the role of alteration and texture are also critical. The Normal
reef is slightly more altered than the P2 reef, and contains a much thicker inter-
chromitite pegmatite (~150 cm. compared with ~40 cm). This suggests that
increased alteration and pegmatitic character serve to decrease the milling time. The
major implication of these milling times is the expected ore throughput time, with the

NPZ reef expected to process guicker than either the Normal or P2 reefs,

6.1.2 Floatable Gangue

The basic gangue minerals are the same for each reef. namely orthopyroxene,
plagioclase, olivine. clinopyroxene, chromite and secondary alteration minerals such
as hiotite, serpentine, talc and chlorite. Relative to the NP2 reef, the Normal and P2
reefs conlain a much higher abundance of primary ferromagnesian minerals,

orthopyroxene, olivine and associated altered serpenting, talc and chlorite.

Talc is a highly floatable gangue mineral, capable of not only entering the
concentrate through true flotation, but also of carrying other gangue minerals such
as orthopyroxene into the concentrate through association (Becker et al.. 2006).
Furthermore, talc has a froth stabilising effect promoting increased water recovery,

and therefore mass recavery by entrainment.
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The higher quantities of floatable gangue within the Normal and P2 reefs are due to
two main processes, namely; inadvertent fiotation of gangue minerals through
association with hydrophobic gangue minerals (figure 6.1}, and increased
entrainment through increased froth stability. The main gangue mineral in each

process is orthopyroxene,

g b gk e

Figure 6.1: Orthopyroxene (dark green} and tale {red) particles from the P2 reef
Talc is clearly assocfated with the rims of the particles.

This increased guantily of floatable gangue has two main effects. The first is to lower
grades, this is seen for the Normal and P2 reefs, where initial grades are lower than
the NP2 reef, particularly for the total sulphide values (cf. Figure 5.24). The second is
to slow the rate of recovery of BMS particles, and thereby reduce total recovery. That
the Normal reef has a larger mass recovery than the P2 reef suggests that alteration
minerals such as chlorite play a more prominent role in inadvertent gangue flotation

than previously thought.

Relative to the F2 reef the Nommal reef has lower chalcopyrite, pentlandite, pyrrhotite
and BMS concentrate grades. This feature is relaled to inilial head grade (see

Section §.1.4), but is also related to increased water recovery, and therefore mass
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recovery by entrainment due to increased froth stability. Since the tale values for the
Normal and P2 reefs are similar, this increased froth stability is most likely related to
the overall abundance of alteration minerals (2.64 wt% compared with 1.80 wi%),
and the modal values for minerals such as chlorite (0.57 wt% compared with (.13
wiSs).

6.1.3 Sulphide Liberation

Across the three reef types there is one main sulphide texture and three subsidiary
textures; the main sulphide texture is fine to medium grained (0.5-5mm), composites
{Figure 6.2a), predominantly of pyrrhotite, pentlandite and chalcopyrite, but also with
minar amounts of pyrite, cubanite and other sulphides. The three subsidiary textures
are: fine grained {<0.2mm), largely monomineralic inclusions in the major silicate
phases (Figure 6.2b) and chromite; sulphides concentrated within microfractures that
occurred during brittle deformation (Figure 6.2c) and wvery fine unidentifiable
sulphides located within secondary silicate minerals such as serpentine {Figure
§.2d).

The Normal and P2 reefs cantain all four sulphide textures, whereas the NP2 reef
contains only composite sulphides (Figure 6.2a) and fine grained sulphides (Figure
6.2b). This lack of very fine sulphide development and sulphide veining suggests that
sulphides within the NP2 reef will be the easiest to liberate as is the case for

chalcopyrite, pyrrhotite and BMS.
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Figure 6.2. Sulphide textures. a. composite sulphide about 2mm across. b Fine
grained sulphides focked in an orthopyroxene megacryst. ¢ sulphide vein within
Magioclase grain. d. Very fing grained sulphides enclosed in serpentine.

The reason for this difference between the NP2 reef and the Normal and P2 reefs is
the pegmatitic nature of the footwall, which is related to the initial ‘pre-MCU event’
footwall. Since the footwall to the Normal and P2 reef was melanocratic. the
subsequent deposition of a new hot magma pulse {the MCU), led to reconstitution
and grain coarsening. This encouraged the development of coarse composites as
well as complex secondary remaobilisation of sulphides, generating three subsidiary
textures. In contrast the footwall to the NP2 reef was leucocratic, and responded
very differently to the deposition of the MCU. Rather lhan grain coarsening, the
magma infiltrated between the plagioclase grains occasionally reacting with rare
orthapyroxene grains. The result was targely undisturbed anorthositic or leucocratic
layers within which is a thin troctolized layer representing the extent of downwards

magma infittration.
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The variations in sulphide development described above can be linked in with
observed variations in liberation and flotation performance. Firstly, the dominance
within all reef types of medium grained composite sulphides (Figure 6.1a) explains
the excellent liberation (>80%) observed for all BMS at both grind sizes. Since PGM
are invariably associated with sulphides, any such PGM associated with the major

composite sulphides can also be expected to be recovered.

Secondly, the presence of fine-grained BMS locked within primary orthomagmatic
(e.g. orthopyroxene) minerals explains why sulphide recovery is not optimised for
each of the three reefs. This is because after grinding the fine-grained sulphides will
be locked or only partially liberated, and being trapped within hydrophilic minerals
will be retained in the pulp. The lower chalcopyrite, pyrrhotite and BMS recoveries
observed within the Normal and P2 reefs values is a function of the greater quantity

of fine grained sulphides minerals present.

The presence of very-fine grained sulphides within the Normal and P2 reefs,
deported within secondary replacement minerals (serpentine and paragonite),
represents a further, though minor, decrease in liberation. Furthermore, these
replacement minerals display minor mobility, often being traced for the length of a
thin section (~5 cm). In more altered reef areas the degree of mobility will probably
be much higher making the transportation of BMS away from the reef region highly
likely. This is a critical point, since as already noted the PGM are intimately
associated with the BMS and loss of paymetal content from the reef region is clearly

detrimental.

6.1.4 Head Grade

The P2 reef contains the highest head grades of the three reefs, with significantly
more pentlandite and pyrrhotite and total sulphide relative to the Normal and NP2
reef types (Figure 4.10). This is due to sulphide mineralization occurring in
association with the P2 chromitite prior to the deposition of the MCU. The higher
head grades correlate with higher concentrate grades and recoveries relative to the

Normal reef for chalcopyrite, pyrrhotite, pentlandite and BMS. However, the NP2 reef
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still contains higher pentlandite, pyrrhotite and BMS grades than the P2 reef as well
higher recoveries. This feature does not follow the general trend (Napier-Munn,

1998) and confirms that this relationship is dependent on ore type.

6.2 Metallurgical Factors Affecting Flotation

6.2.1 Copper Sulphate

The addition of copper sulphate has been shown to be statistically significant (Table
5.2) in improving recoveries for pentlandite, pyrrhotite and BMS for the Normal and
P2 reefs. For the NP2 reef only total mass is significantly (Table 5.2) affected by
copper sulphate addition, and this is related to the inadvertent copper activation of
gangue minerals. Martinovic et al, (2005) showed that the addition of copper
sulphate resulted in the inadvertent activation of all the major Merensky reef gangue
minerals: namely orthopyroxene, feldspar and chromite. However, they also showed
that the hydrophobicity of talc is simultaneously reduced. Since orthopyroxene and
talc are mineralogically associated, this simultaneous inadvertent activation of
orthopyroxene, but reduced hydrophobicity of talc may act to nullify each other
resulting in negligible increased orthopyroxene flotation. It is therefore inferred that
the copper activation observed within the NP2 reef is related to the inadvertent
activation of feldspar minerals, which being in far greater abundance within this reef,
leads to increased mass recovery. It is also noted that all reef types showed
improved initial mineral grades, however in the NP2 reef this is not carried through to

the final concentrate.

6.2.2 Grind Size

The three reef types were variably affected by increasing the grind (from standard to
fine). The Normal reef shows a significant improvement (>5%) in liberation for all the
sulphides, though this can only be definitively correlated with BMS recovery. A
positive correlation is expected with pyrrhotite recovery but due to the limitations of
the mass balance calculation this cannot be verified. The use of quantitative mineral

analysis on the concentrates is recommended to resolve the effects of grind on
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pyrrhotite recovery. Chalcopyrite recovery is unaffected by improvement in liberation
(51 to 59%) due to its easy floatability and an increase in pentlandite liberation (71 to
76%) is inversely related to a reduction in recovery. This inverse relationship is not
due to decreased chalcopyrite association (see Appendix D for data), rather it is
interpreted as a function of collector starvation due to the increased surface area of

the pentlandite, or possibly increased surface oxidation.

Due to the lower amounts of fine grained sulphides and the lack of very fine grained
disseminated sulphides within the NP2 reef, liberation and mineral recovery are
unaffected by an increase in grind (Tables 5.1, Figure 5.2). This means that effective
liberation and recovery of BMS (>90%) is achieved at the standard grind. However, a
reduction in recovery is noted for pentlandite with increased grind. As with the

Normal reef, this feature is regarded as due to pulp chemistry effects.

For the P2 reef there was no significant change in liberation with change in grind.
Considering that the sulphide development was very similar to the Normal reef, this
feature is most likely related to the increased hardness of the ore and points to
undergrinding of the reef type, even with 80% passing 75 um. Reduced alteration,
relative to the Normal reef, may also contribute to the increased hardness. A
reduction in recovery for pentlandite is the only statistically significant effect of
increased grind (Table 5.2), though increased grades are noted. As with the Normal

and NP2 reefs pulp chemistry effects are interpreted as the reason for this.
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6.3 Summary

6.3.1 Normal Reef

The Normal reef consists of a thick inter-chromitite pegmatite (~150 cm) bounded by
two chromitite stringers, a melanorite and an anorthosite. The formation of this
pegmatitic zone led to grain-scale re-mobilisation of base metal sulphides, increasing
their complexity and allowing the formation of four sulphide textures. Of these
textures, the increase in abundance of fine-grained sulphides, and very fine grained
sulphides has led to the worst liberation characteristics of the three reef types (the
Normal reef was the only reef to show improved liberation with increased grinding).
Moreover, the Normal reef also contains the largest abundance of alteration minerals
(talc, serpentine, chlorite), which are thought to increase the inadvertent flotation of
gangue minerals, as well as stabilise the froth allowing increased recovery by
entrainment. The complex sulphide development, together with increased alteration

makes the Normal reef the most problematic of the three reefs to mine and process.

6.3.2 NP2 Reef

The NP2 reef consists of a single chromitite stringer underlain by medium grained
anorthosites, troctolites and norites and overlain by a melanorite. The formation of
the troctolite through interaction with the MCU has resulted in simple sulphide
textures relative to the Normal and P2 reefs. That is medium grained composite
sulphides and smaller amounts of fine grained monomineralic sulphides. in addition,
the degree of alteration is the lowest for the three reef types, and the time taken to
mill to the required grind is the shortest. This shorter laboratory milling time suggests
higher throughput of ore on an industrial scale will be possible, ensuring a greater
turnover of ore to paymetal content. The simpler sulphide developments and lower
degree of alteration has resulted in the best base metal sulphides of the three reef
types, as well as the lowest floatable gangue recovery. These sulphide
developments together with favourable alteration and modal mineralogy make this

reef type the easiest ore to process relative to the Normal and P2 reefs. Copper
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activation of gangue minerals is unique to this reef type, a feature related to the high

plagioclase content of the reef.

6.3.3 P2 Reef

The P2 reef is mineralogically similar to the Normal reef but is considered less
problematic to process due to several slight differences. Firstly, the P2 reef consists
of a thin (~40cm) inter-chromitite pegmatite bounded by a harzburgite and a
melanorite. As with the Normal reef, the formation of this pegmatite led to grain-scale
re-mobilsation of base metal sulphides, increasing their complexity and allowing the
formation of four sulphide textures. However, since this pegmatite was just 40 cm
thick the detrimental effect on liberation and base metal sulphide was not as
pronounced as in the Normal reef. Relative to the Normal reef the P2 reef contains
higher sulphide feed grades and lower degrees of alteration. The higher sulphide
feed grades improve chalcopyrite, pentlandite, pyrrhotite and BMS grades and
recoveries, whilst the lower degrees of alteration also achieve the same by reducing
gangue recovered by flotation and entrainment. However, the P2 reef was the
hardest reef to mine taking 23 mins to grind to 60% passing 75 um, compared with
18 mins for the NP2 reef, and 19 mins for the Normal reef. This extra hardness is
probably related to its increased orthopyroxene content, and reduced alteration
relative to the Normal reef. Unlike the Normal reef, increased grinding did not

improve liberation, and this is probably related to the increased hardness of the ore.
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7 Conclusions and Recommendations

This project investigated the unique mineralogy and processing requirements of
three Merensky reef types (Normal, NP2 and P2) at Northam Platinum Ltd, with the
aim of linking observed mineralogical differences to differences in the beneficiation of

the base metal sulphides through froth flotation.

The overall conclusion from this investigation is that the NP2 reef is the easiest of
the three reefs to process, producing optimum chalcopyrite, pentlandite, pyrrhotite
and base metal sulphide recoveries and highest grades. The Normal reef is
considered the most problematic, with the P2 reef slightly improved relative to the

Normal reef.

7.1 Conclusions

From this investigation the following conclusions can be drawn with respect to

answering the initial key questions outlined in Chapters 1 and 2.

e The NP2 reef is mineralogically and texturally distinct and is dominated by
plagioclase (62.6 wt%). It has a medium grained texture throughout and is
largely unaltered (1.13 wt% alteration minerals). In contrast the Normal and
P2 reefs are very similar, being dominated by orthopyroxene (51.2 wt% and
68.6 wt%, respectively), having a pegmatitic lithology (~150 cm in the Normal
Reef and ~40 cm in the P2 reef) and containing higher levels of alteration

(2.64 wt% and 1.80 wt% alteration minerals, respectively).

e The NP2 reef had the shortest milling time to achieve the same particle size
distribution, followed by the Normal reef and lastly by the P2 reef. This
difference is associated with higher plagioclase content of the NP2 reef and
lower orthopyroxene content. The Normal reef has a reduced time compared
with the P2 reef due to slightly greater alteration and a greater proportion of

pegmatitic textures. In addition to this the NP2 reef showed no improvement
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in grade or recovery with increased grind, whilst the Normal and P2 reefs
reported improvements in pyrrhotite and BMS recovery. This suggests that
the NP2 reef need not be milled for any longer than required to produce a
standard size distribution to achieve BMS recoveries of >90% but that the
Normal and P2 reefs would undergo re-grinds to optimize recovery. This
suggests a dramatically improved ore throughput is possible for the NP2 reef

relative to the Normal and P2 reefs.

The NP2 reef reports the best sulphide liberation, consistent with largest grain
size, followed by the P2 reef and lastly the Normal reef. This is due to the lack
of a pegmatitic reef section, and hence the lack of complex sulphide
developments (e.g. very fine grained sulphides). The Normal reef was the
only reef type significantly affected, in terms of liberation, by changes in grind
and this reflects the high proportion of fine and very fine grained sulphides

within the reef.

The NP2 reef reports the lowest amount of floatable gangue, followed by the
P2 reef and lastly the Normal reef. This is due to the lowest degree of
alteration and orthopyroxene content, resulting in reduced inadvertent flotation

of gangue and reduced recovery of gangue by entrainment.

Copper sulphate addition improves pentlandite, pyrrhotite and BMS
recoveries for the Normal and P2 reefs, but has no significant affect on the
NP2 reef. The NP2 reef does show copper activation of gangue, related to its

high plagioclase content.

Increased grind reduces pentlandite, pyrrhotite and BMS grades for the
Normal and P2 reefs, whilst increasing pyrrhotite and BMS recoveries. The

NP2 reef is largely unaffected by changes in grind.

For all reef types an increase in grind improves pentlandite liberation, but this
is negatively correlated with a reduction in recovery. The reasons for this have

not been confirmed but are interpreted as resulting from collector starvation
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due to increased surface area exposure for the same collector dosage, or

increased surface oxidation.

7.2 Recommendations

In light of the investigations carried out within this project a number of

recommendations can be made for further work.

o Characterisation of PGM type, location and association to ascertain the
similarities or differences between the three reefs, as well as evaluating the

differences in flotation performance.

e Confirmation of pyrrhotite flotation performance with quantitative mineralogical
analysis (QEMSCAN or MLA) of concentrates and tails, with the aim of more
reliably linking results to feed characteristics. More detailed information on
chalcopyrite and pentlandite recovery could be ascertained through the same

analysis.

e A more fundamental analysis of pentlandite behaviour using surface analytical
techniques (e.g. TOF-SIMS) in order to ascertain the reasons for the
consistent reduction in pentlandite recovery with increased grind and

liberation.

e The inference of copper activation of feldspar within the NP2 reef could be
further confirmed by surface analytical techniques (e.g. TOF-SIMS) to
determine whether copper activation was the sole cause for the increased

reporting of gangue material to the concentrate.

e A detailed investigation into the hydrophobicity of other gangue alteration
minerals such as biotite, serpentine and chlorite. Especially with reference to
the significant proportions of these minerals within the Normal and P2 reefs,

and their possible effects on gangue activation, and froth stabilisation.
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Chapter 7

Further investigations into other reef types at Northam Platinum Limited, in
particular NP2 reefs with far thicker, or absent troctolite layers, and the FWP2

reef.

The extension of process mineralogy investigations on the Merensky reef, to
look at the differing processing performances, in terms of grinding and
flotation performance, of the Merensky contact reef, thin pegmatitic reef, and

thick pegmatitic reef, as they are developed within the Rustenburg facies.
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Appendix A — Borehole and Sampling Logging Codes

and Descriptions

A1 Normal Reef

3A  Merensky Pyroxenite (Melanorite)
4A  Merensky Chromitite

5A  Merensky Pegmatite

SH Merensky Pegmatite

4X Bottom Chromitite

6A Footwall Anorthosite

A2 NP2 Reef

3A Merensky Pyroxenite (Melanorite)
4A Merensky Chromitite

8T Footwall Marker Troctolite

8A  Footwall Marker Anorthosite

8N Footwall Marker Norite

A2 P2 Reef

3A Merensky Pyroxenite (Melanorite)
4A Merensky Chromitite

S5A Merensky Pegmatite

12 P2 Chromitite

13D P2 Dunite

13H P2 Harzburgite
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Appendix B - Analytical Methods

B1 Zeiss Petrographic Microscope

The Zeiss petrographic microscope has both a substage transmitting light source for
analyzing translucent minerals such as orthopyroxene and an incident light source for
analyzing the ‘opaque’ ore minerals such as the base metal sulphides. This dual light
source capability means that sulphide textures and associations within a polished thin
section can be readily discerned. The microscope was housed in the Department of

Chemical Engineering at the University of Cape Town.

B2 JEOL Electron Microprobe (EMP)

Concentrations of nickel within olivine, orthopyroxene and plagioclase were
determined on an electron microprobe. Analyses were run on a JEOL JXA-8100
Electron Probe Microanalyzer housed in the Department of Geological Sciences at the
University of Cape Town. The current was 20nA, with an accelerating voltage of
25kV and beam diameter of 10um. Prior to analysis, polished thin sections were
carbon coated. This was done so that during bombardment by the electron beam there
wasn’t a build up of charge on the slide. Synthetic and natural standards were used to

calibrate the machine prior to analysis (Table B.1).

Calibration Mineral Element Calibrated For
Rhodochrosite Manganese
Potassium Feldspar Aluminium
Diopside Calcium
Rutile Titanium
NiSi Nickel
Chromite Chromium
M-Ol Magnesium, Silicon, lron
K-H Sodium, Potassium

Table B.1: Calibration minerals used for particular elements.
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B3 Inductively Coupled Plasma - Optical Emission
Spectrometry (ICP-OES)

Calibration standards were prepared from certified salts, diluted and matrix matched.
The reference standards used were 51/ 71 (a Cu-Ni concentrate) and SARM71 (UG2

reef medium grade ore).

Feed samples were analysed for major elements (Mg, Al, Si, Ca, Ti, V, Cr, Mn, Fe,
Co, Ni, Cu, Zn and Pb) using an ICP-OES housed in Mintek, Johannesburg. 2g
samples were used from each size fraction with the determination limits for each
element as 0.05%. Samples were fused with sodium peroxide and the molten is

leached in either hydrochloric acid or nitiric acid before ICP-OES analysis.

B4 Atomic Absorption Spectrometry (AAS)

Copper and nickel analysis of the feeds, concentrates and tails were performed using
the Varian AASI110 (automatic) and Varian AAS30 (manual) flame
spectrophotometers. The gas used was an air/acetylene mixture with an air flow rate
of 3.5 I/min and acetylene flow rate of 1.5 I/min. Copper method is a 100 mg/l
calibration standard using wavelength 327.4 with a slit width of 0.5 nm. Nickel
method is a 100 mg/l calibration standard using wavelength 352.5 with a slit width of
0.2 nm. Calibration was performed using a new rational algorithm with QC standards
used routinely (limits 95% - 105%). The measurement mode was integration with an

average of three readings for each sample.

B5 Sulphur Analyser

Sulphur analyses were performed on all feed, concentrate and tails samples using the
LECO 423 sulphur analyser with automatic loader, housed within the Department of

Chemical Engineering at the University of Cape Town. For standard operating
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conditions the sample is first weighed out (between 0.1g and 0.5g) before being
placed into a furnace and burned in the presence of excess medical oxygen. The
flowrate for the medical oxygen was 3.25 I/min and the temperature was 1350 °C.
Analysis is by infrared detection. Linear calibration was performed using four
standards with different sulphide concentrations (0.56%, 5.05%, 14.0%, 29.87%).
Each standard was analysed using its own method, setting integration times using

either low or high infrared cells.
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Appendix C — Petrological Descriptions

C1 - Normal Reef

TS5 = Thin Section
PTS = Polished Thin Section

Sample Summary Minerals Ratio | Sample Description
- Orthopyroxene 75% A meciur-grained {1-3 mm)
Resf Tvpe Narmal ; 20 I sJbhedral crihopyroxena ortho
Pl AL o : 1 to aucumulate with irterstiba.
Martham Talc | 1-2% | anhedral pagioclase, Minor
Code 3A Clinopyroxere ;1% coropyroxene, iotite, chromite
o O Bictite 194 and suiphides. Varaivle
1S-dm'“: £ TS y L_ : 1oz alteration of; ofthopyroxens to
Ype Sulphides ool talg, plag:oclase tn sausserite
Sarp ¢ Sausserite i 1% and very minor a'teration of
Code HWWNR Trace amourts of | <1% bicite: o chlarite
chlorite, anphiboic, |
d ch it :
Fock Type Melarorite RORBIEENE |
Sample Summary Minerals Ratio | Sample Descripticn
Orthopyroxene 75% | Silicate mineralogy as for
Reef Type l Norma Plagiotlase 20% | abowe, Sulphide mmerqlcgy
{ Tal 1.99 | consists of Medium graired
Northam ; ?ﬁ B " | anhedral compaosites of
Code . 3A Clinopyroxene . 1% ! pyrrhotite, granular peatlardite
Sample Biotite 2 1% " and chalcopyrite; interstitia to,
Ty PTS SLlphides 14, and incligled withir licates.
& e SR 12 Also as moromineralic fing
Sample P e grained inclusions within
Cude HiWkR A Trace amourts of =1% Sifsae
N \ \ chlotite. amphiboie, f
Rock Type Melanorite s0d chrodile
Sample Summary Minerals Ratio | Sample Description
: Ortk opyroxene 705 See Sample Descrption for TS
Reef Type | Nomal | Plagicdlase il e L
My Cliropyroxens 't
Code  3A | Tale 34,
San]r_ﬂe | Elﬂtlte 2-3%
| Type TS Sulprides 2%
Code HWHRO2 Trace amouats of <15
i chiorite, amphizole,
oo and sausesrite
Food Type Melaaorite !
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Sample Summary | Minerals . Ratio | Sample Description
. | Orthopyroxere 0% Zee Sample Description for
Reef T'_I,FPE ! Mormal P|ag|gc|ase . 16% P14 for HWNRO1
Mordham : Ciinapyroxeno 3%
Coe 3A Talc 3-4%
Sample Biotite 2-3%
Type FTS Sulphides 2%
Sampe Chrom te 1%
Code . HWNRD2 | Trace amounts of =%
’ chlgrite, amphibole, and
i . t
FRock Type Melanarite T s
Sample Summary Minerals Ratio Sample Description
Ortnopyroxens 35% A medium-grained
Reef Type Marma! ¢ ropyroxene 25% subhedral arthopyroxeres
""""" PR { 14 ortha to adocumulate with
Northam Svamite 0% inor interstitial anhedral
Code 3A-An -agiaclase T plagioclase, also cortaining
Salphidos 5% a codarse cliropyroxene
Samole Tvoe | TS : 44 poikilocryst, which
LB M Tac. 3"3 i domirates =20% of the
Sample B otite 4 sde. This averlies a coarse
Code CREMNRODY Trace amouris of =1% well anrealed chromite
_ chlorite, amphibo g, . orthocumulate. There are
Chramitite + | and sausserite | minar interstitiai sulphides
Rack Type Melanorite throughout the slide,
Sample Summary Minerals Ratio | Sample Description
Ortnopyroxene 35% | Silicate mineralogy as for
Roof Type Mortmal G ropyroxene ogo, o abave. Sulphide mireraiogy
.. 1 consists of medium grained
Nortnam Crromite 20% {2-3 mm) arhedral
Cade 3A-AA P agioclase 10% composites of partlandite.
5. phides o pyrrhatite and chalcopyrite
| . riorstitial fo silicates. Also
2. T PTS 40 L
clils s o Lt 3: z as monomireralic fine
Sample & otite 1 grared irclusions within
Covle CENRED Trace amaurts of <1% | & eates.
chlorita, amphibole,
Chromitite +
arite
Rock Type Melanorite QritsRuaseil
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Sample Summary Minerais Ratio | Sample Description
Crromite 80% A heaviy annealed caromte
Reef Type e P agioclase 15, %"Hj[':I.JrT'.Il.J late, w.|th Fingr
N - 2.3% irterstitial pagiocalse,
Northam Orthopyroxere : Y| erthopyroxone rims and biotile
Coue 44 Sulphides 1-2% | Sulphides are medium (o
Biotite 1-25%, finegrained composites of
Samp ¢ Type | PTS e e <19, pyrrhatite. chalcopynte and
i e e pentlardite. Monomineralic
Samme sausserite and talg . e
M sulphides are commean at iripe
Code CRNRD2Z | print junctions witk v zores of
: heawy chromite annealing,
Rock Tyvpe Chromitite
Sample Summary Minerals Ratio Sample Description
Olivine 455% Coarse grancd (~2om)
Reef Type Narmal Plagioclase S55 pegmatltel: Icontain:ng ufar.ably
g 25 alterad olivine and piagioclase,
No-tham Orthapyroxene . w th minor orthopyroxenc.
Cude 9A-5H Serpenting % Plagioclase shows alteration to
Sausscrile 6% _sausserile and possibly minar
Sample Type | TS Chrormitn 4-5y,  epidote, with some moderate
_ . = wveining. CHivine 15 variably
Biotite 3-4% ;
Sampie 7+ repaced by serpenting, with
Code PGNRIT | Tale 1-2% ' dustings of magnatite.
Pegmatite | Sulphides e
Rock Type {Troctolite) | Chilorile <05% |
Sample Summary Minerals Ratio | Sample Description
CIninn 45% | Silicate mine alogy as fur
Root Type Mormal Plagioclase ag i | HbUVCaSu!phldEIZS E‘il‘{,l' fine
N\ : tgra ned monominerals,
Northan Qthopyroxens 6% i predominantly of pyrrhotite and
| Code 5A-5H Serpentine % i enalcopyrite. They are
Sausserts 6% i normally found ircluded within
Sample Type | PTS Ckromite 4-5%, | the larger, coarser silicate and
" Biu.::tite 4% | chromite grains. Very fine
sumila ol | PENROT | T - gra-r*-_ed Sulphl!:!e_s are found
At s e b sl s ORI B o o | consistently within the
Sulphides i serpentine. anc occassionally
Rock I'ype Pegmatite | Crlarite <1.5% | {he sausscrite.
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Sample Summary Minerals Ratic | Sample Description
Gﬂhﬂpyrﬂxene ﬂﬂr_'."f,;- iy COaErse |:“"‘4 Crvl:l \
Reef Type Normal i 109, arthopymxene enclosing
- TR, 5 anhedral nlivine. Secondary
Northam _ Flagoclase = mineral assemclages are
Code 5M-5H | Chromite 3% rinor. with othopyroxene
Talc 2-3% | show ng minor rep acerent by
Sample Type | TS Bicstite 1%, talz, and alivine by serzentinG.
[ i 1o Chromite s usually associated
Sulphides i with oliving, tough not
Sﬁmﬂﬁ ";Eﬁdl? FGNEDZ Serpentine =1 % exclusiely so.
Fork Type Fegmatite
Sample Summary Minerals Ratio | Sample Description
Ortinpynxene BO% Silicate minera ogy as for
Ree Tyoe Kaprial AliRe 101%, Elbo_n.re. Sulpkid &S are fine
; : A5 grained, monominerals,
Marlham Fagioclase ; aredom:nantly of pyrribotite and
Cade 54-5H Chramite 3% chacloayrite. They are
Tace 2-3%a included witain ol osyroxens,
Samrsle Type | PTS B oite 1%
Sulzhides 1%
Sample Code | PGNROZ | Serpentine =1%
Roc« Type i Pegmatie
Sample Summary Minerals Ratio | Sample Description
Chthooyroxens 35% Comarae (~2em; grained
Reef Type Nomal Sl 3549, seqgmabite, CUnslsting_u_f _
10% arthooyroxans and alivine, with
Northiam Plaginclase " mino- slag oclase. Secondary
Code 5A-5H Sulphides 5% alteration s moderate to
Sample Serpenting -4 cervasive with replacement of
Tyooe TS T 3294, orthooyroxene oy tale; alivine
; 2.0 Ly serpentine or magnetite;
Sample Saussorite . and plagiociase by sausserite.
Code PGNRO3 Chromite 1-2% | Trere are a few medium,
Peqgmatitc Biotite 1-2% w dely dispersed, chromite
Rock Type | (Harzourgite) | Ciinopyroxene ~1%  Hens
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Sample Summary Minerals Ratio Sample Description
! Orthopyroxe 350 Silicate mineralogy as for
Reef Type Mo el 35%,  dbove. Sdipnides are
_ _ & i oredomirartly medinm to
Mortharr Plagioclase R | fire grained composites or
Cude 5A-5H Bintite 5% »fire grained moromirerals
Sulprides (po, peat. | 5% " consisting of pyrrhotife,
ccph sertangite, chalcopyrite and
Sample Type | PTS Chromile P-4 minor cLbarite. There is also
Sewenive | 24% | E3Snfcamanautofuer
Sample Code PGHNEOS {:hngp}rrgxene 1-2%, n;longminerallic EL.TF.IHE‘IFI;S
Sercite 1-2% | within secondary (e.o.
Roc« Type Feomratite | taic? - 1% sarpentine ) M nerals.
Sample Summary Minerals Ratio | Sample Description
! Orthopyroxene A, tled um to Coarse graned
Reef Type | Norma Olvine 25% segmatite, consisting of
i f OACDYIIKEne,
MNaortharr ! Cliropyroxene 20% | diiropyroxene and olivine,
Code | 5A-5H Plagioclase 3% Olivine is arhedral,
! Serpenlire 2-30 orcassiorally included withir
Sample Type | TS Talc .59, ortnosyroxens and N
oy t occassioraly interstitial.
Biotite e Trere s variab.e alteration of
Sarole Code | PGNRO4 | Chromite 1% ortnopyroxene to taic ana of
Sulphides 1% olivine to serpenting, with
one fracture lirang olivine
Ruc Type Fegmatite grars across the sl de,
Sample Summary Minerals Ratio | Sample Description
I Dﬂhﬂp}rrﬂxene AN Silicata ’ﬂinera'ﬂg}" as for
Ree* Type MNorma Olivine 25 abuve. Sulshides are fine
i _ . gra red monomincrals,
Mortnam Clirogyroxene 20% sredomirantly of chaluupyrite
Lode | 5ABH | Plagoclase 5% | and pyrrhotite, with a
Sercentire 2-3% significart armount of very
Sample Type | PTS Talo .39, fine-graired sdlpnides wilnin
L e the secondary replacement
Biotite 2-3% ininerals wenerly
Sample Code | PGHNEO4 | Chromite 1% serpentine.
Sulpnides 1%
Focd Type Fegmatite
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Sample Summary Minerals Ratio | Sample Description
| Chthopyroxens 0% ¢ Moo am lo cowrse
Ruef Type ' Normal Plaginclase 1oy | orthopyroxene, enclosing
I o i plagioclase, oliving ana botite.
Nartham Clivine G Wariable alteration of
Coce i 9A-GH Biutite 6% atthopyroxens to talc ans of
Talc G alivine to serpentine.
Samule Type  PTS Sulphides $.295 SL.Ipmdes are medium to fir!e.
- ) A crainad compos tes intershitial
' Chromite: 1-2% | tg the sicates, or fine grained
Sample Code  PGNRDS | Serpentine 1% inclusions within silicatas,
There aro also a number of
very fine grained sulph ces
Raock Type Pegmatite witn:n serpenting,
Sample Summary  Minerals Ratic | Sample Description
Dﬁhgpyrﬂxene ?DD-.’I CDEFSE [35 Cm} .
Eeef T}."PE Mormal - Olivine 109 DFEI“!DD'_I,"FD){E‘.FIE EHC|DSII‘IQ :

; ! " alvine, plaginclase and bintte.
Northam Plagioclase 8-10% | there is variable alteration of
Lode 2A-5H Talc 8% | onthopyruxene to tuic and of

- Biotite 2208, o v ne o serpentine. Civine s
Sampe Type | TS Sulphides 1% medium o cuarse grained (5-
: : " 4o Gmm), while biotite is mediom
! Crromite = {2rm) and plagioclase i=
Sampe Cose | PGNROB | Serpentin 1% variabie. Chromite 1s medium
grained, and sparsely
Fock Type Pegrmatite: & spersed.
Sample Summary i Minerals Ratio | Sample Description
| Onhopyroxe e T0% Silicate mineralogy as for
Reefl Type Moral O 10% apove. Sulphides arc fine
P\ | ) qo;, | §rained composites or
Nortnam Plagioclase B | onominerals, with & mingr
Cnde SA-3t | Talc B sssuciation of very fine graincs
Biotite 2-3% suphides within serpentine
Sample Type | PTS Sulphides 194, and narrow microfracturas.
Cnromite 1%
Sample Code | PGMROB Sempertne 1%
Fock Typo Pogmatite
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Sample Summary Minerals Ratio | Sample Description
Piagioclase 0% A medium grained eubedra: o
Reef Tyne MNarmal Orthapyroxenea 104, subhedral plag_mcla;e
1 : 7y adocumulate, with minor
Narthar 1 Chromite A inte-stitial arFedral
Code | 4X-BA | Sulphides 1-2% | athopyroxere and sulphides
Samale Sausserile 1-2% Owerlain by g medium graired
Type TS chromite athocurulate.
Sample )
Ciovde ‘ BCMRD1
 Chrom-tte +
Raock Type | Anorthosite
Sample Summary Minerals “Ratio | Sample Description
Piaginclase B0% Silicate |"|"I:r‘EEI"::i_|'.’_:lg;|I A% for
Reef Type Normal Or‘thﬂpyroxene -‘l[JUJI."u HDQ‘"‘"D. Su|phdes are f|r'E
" _ 7uy graincd compasites o
Northam Ghrormte '”n__ manominerals, consistirg
Code ... |9%BA | Sulphides P 1-2% prirmarily of pyrrhotite ard
Sausserite L 1-2% chalcopyrita.
Sample Type | FTS Clinopyroxens s =10
| i i
i
Sample Code | BCNRM
Fock Tyoe Fegiratite i
Sample Summary Minerals Ratio | Sample Description
Pragioclase B0% | A medium graired euncd-al to
Reef Type MNarmal Suussorite 0% | suohedral plagmc:la:ae
) £y , adeumu ate, with minor
MNortharm Onthopyroxere " lirterstta orthopyroxene.
Code By Sulphides 2-4%h | Thers is pervasive alteratior o
Samp & Talc 1% paginclase o sausserute and
Tyne TS Serpenting 1%, of orthopyroxens o serpenting
and talc, with macro-scale
Samp-a | veins.
Code ANNRT {
Mottied
Rock Type Ararthosite
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Sample Summary ' Minerals Ratic | Sample Description
i Plag. oo zse B0%0 See Samele Deschption for TS
Reef Type Norrral Sausserite 30% IR/
Mortham Orthopryroxene 5%
Code BA Sulphides 2-4%
Sample Talc 1%
Type TS Sementine 1%
Sample
Code AMNMRE 1R
hottled
Rock Type Anarthosite
Sample Summary Minerals Ratio | Sample Description
Plagoclase 0%, Silicate i neralogy 8z “or
Reef Type Bormal Sauszerike 30% aheNg. Sularies 2 s fg
£ very fing ¢ @ ned
Mortham Crthopy-axene i ”’D__ monoming2is of pyrrhotite and
Coue A Sulph des 3-4% | chalcopyr te. They are
Sumple Tale 1% exclusively assoc dten w th
Type FT3 Serpentine 1% regions of pevasve alteration,
suggesting remobilizat on
Sample during iate stage magmatiz
Code ANMNRO PITCESsEs.
Rottied
Rock Type Anarthosite
Sample Summary Minerals Ratio | Sample Description
Plagincase 5% Aomedivm grained eubedral 1o
Reef Type Marmal Orthopyroxene an, subhedral plagioclase
_ 59 orthocumulate, with minar
Mortham Sausserite . interstitial nrthopyroxena.,
Code 6A Serent ne 1% Tnere is mode-ate alteration of
Sampla Sulpnides 1% plagiaclass to sericite 3nd of
Type TS orthopyoxens to sementine
e - and kalc.
Sample
Crde AMNMNRDZ
Mottled :
[Rock Type Anorihosite |
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Sample Summary Minerals Ratio ;| Sample Description
Plagoclase 85% ¢ Silicate mineralogy as far
Roet Tyoc Marmal Detopyroxene 82 above. 5u|5h|de_5 arc finu
| i gra ned composites or
Natam Sausserite - morominerals, consisting
Code A, Scrocline 1% aredominantly of chalcopyrite
Sample Sulphides 1% witn associated pyrrhotite.
Typr EAE=]
Samole
Cose AMNNRDZ
fMottlad
Focd Type Anurthosite
C2 - NP2 Reef
- = : ; oy, <o | ;
Sample Summary | Minerals Eﬁ&j ' Sample Description
Cithooyroxens % A mezium grainea {1-2 mm)
Rec* Type MNEZ Plagivelase 204 subhedral orthopyroxeqe ortho
! o0 I aacumulate with nterstitial
Martmam Sulohides 4% e G Bt
Code 34 Biutite 1-2% | ane sulphices. Very minar
Tzlc 1-2% alteration of arthopyoxene to
Samole Tyoe | TS Ciinopyraxent 1-204 tale® F_-’Ié_lgiﬂciasu t:__: sericite
4+ O Db s and bictite to chlonte
Sample Code | HWNPD1 | chlarite,
amplibole,
chresmite and
sausserite
Faock Type Me anorite
Sample Summary | Minerals Ratio | Sample Description
Chthogyroxens TO% Silicate Minerzlogy as for
Ree* Type NP Plagiociase 205 abou_e. Sulahide_ minera_logg,r
[ B S— sy consists of muaiur grained
Nartham Suohides e anhed-ai compasites of
| Code 3A . .__| Bietite 1-2% | oyrrkotite, granular pertlancite
Talz 1-2%: ana chaicopyrite: interstdial ko,
Samgle Type | PTS C.inooyroxenc 1-2%, | and :nciuded wetnin silicates.
. Trace amourts of <1% P HE r_nr_:-lr‘lurrnnura_ltlﬁ fine
i chlorite, gra:ned inclusions within
Sarmple Cade | HWNHEDY o Azt
chromite and
sausserile
Rock Type M anorile !
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Sample Description

Sample Summary | Minerals Ratio
Orthopyroxene B0 Sea Sample Description far
Reef Type | NP2 Plaginclase 120, TS for HWHN PG
MNorthiam Sulphides 4-5%
Code 3A | Bigtite 1-2%
Tale 1-2%,
Sample Type | T3 Clinopyroxere 1-2%
Trace amoints of =1%
Sample Code | HWNPO2 | chilorite, amphibcle.
chremite and
saLsserite
Rock Type nelanarite
_Sample Summary | Minerals Ratio | Sample Description
Chthopyroxens 80% See Sample Descrption for
Reet Type | NFZ Pagioclase T FTS for HYWHNPO
Mortham Sulphides 4-5%,
Goe 34 | Biotite 1-2%
Talc 1-2%
=sampie Type | PTS Clinopyroxene 1-2%
Frace amuolints of =1%
Sampie Code | HWNPDZ chlorite, amphieale,
chromite and
SausseErite
fock Type Pleianorite
Sample Summary | Minerals | Ratio | Sample Description
Chromite T0O% Avarably annealed chromite
Reaf Tj,-’ﬂ& ] =) {}rthnpyrnxene 2000, adc_urnuiate with coarse
¥ . 51y graired, orthapyroxene and
Nertham Plagifs ase 2 plagioclase cikoorysts, Biotite
Code 4x Biotite 1-2% | and sulphides {pentlardite,
Sausserite i B pyrrhotite, chalcopynte) are
Sample Type | FTS Tale Fo00 irterstitial of inciuded within
i i N 120 chremite grains. There is
Gipies # moderate though variable
Sample Code | CRNED2 alteration of plagioc ase and
nthopyroxene,
Fock Type P Zhromtie
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Flag wolase

Ree’ Type NP2 Chramite
Morfharm Su phides
Gode AA-BA Crthopyroxene
Sample Sausserite & Talo
Type TS Biotte
Samgle
Codle CRMPOY

Chromitite +
Rock Type Anortnosite

. plagiociase ortho to
s adocumulate with interstitial

I containing adcumuious

A medium graired subhedral

sulphides and minar
interstitial orthopyroxene,
There s ey sone minor
alteration of orthopyroxene to
tale, and plagicclass to
sausserite. This is overlain
by @ chromste adoumuiate,

clagiociase

Ree® Type MPZ -

Maorthiar

Code 4A-BA

Samrme

Type PT3 )

Sample

Code CRMPO1
Chramitite +

Roc< Type Anartnosite

Flagioclase

| Ghromite

Su'zhices

| Otopyroxens

Bint te

siicate mineralogy as for
abowve, SBulphides are
pyrrhotte, granular and
minar Tame parntlandite,
chalcopyrite and pyrite.
Pyrite is nearly aways
included within pentlandite.
Sulphides are developed az
mediirm grained anhedral
cormpoesites intarstitial to
plagioctase, or fing grained
monomingrallic inclusions.

Feet Type MP2
Maortham

Code BA
Sample Type | TS
Sample
Code CEAMNMPOY
Rock Type Arnndhosite

Plagioclase
Othopyroxens
Trace amounts of
Lectitbe,
clinopyroxere,
chromite ang
sulphides

05,
5%,
1%

A medium graired subhedral
clagiociase adcumuiate with
runor interstitial
ohopyrarene,
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Rock Type | Anorthosite

Plagioclase L B Suicate m neralogy as for
Reof Type | NF2 Orinopyroxens L 55, EEQVE:tSmm 2% And i
T 1 |
Northarm TraGe amuiinks of | 1% ﬁﬁus;rrlh:eﬁse?;c I!Twilﬁf;ilﬁr:'ls
Code a4 Lot te._ cllnup}fqu_ane. : b e o
CT;Q:":TEEZHUSSE”JEE inte-stitial 1o silicates,
: AR REReR Sulphide mineralogy is
Sample Type PTEC’ predominantly, thaugh not
Sample exclusvely, chacopyrite
Code CHAMMPO

Sample Summary | Minerals | Ratio | Sample Description |
! Flagioclase 5% A madium grained
Reef Type NP2 Orth 154 subnedral piagioclase
....._._..\".II.P... Opyroxens {10; adourmiate with moderate
Maortharm Chromite . irterstitial othopyroxene.
Code 8A lrace AmaoLnts of <1% Ir places orthopyroxene is
hiotite. cinopyroxans. becoming poikilitic.
sallssarite and
| Sample Type | T8 sulphides
Sample
Code L ANRNPOZ
Rock I'vpe i Anorthosite
nary | Minerals Ratio |
Flagioclase 0% f :
Reef Type NP2 Orthapyroxens 20% above. Suiphides and
1 _ {0 chromites are fine graired
B yrnam I Eirdsmile g monamireralic inclus.ons
Code | BA Trace amonts of <1% within sicates or
J biotite, F!['”Qpﬁérﬂxene= irterstitial to silicates
. e sailszerte an Sulphide mineralogy ‘s
Sample type. | BIS sulphides predaminantly, thaugh nat
Sample exclusively, chalcopyrie
Code AN
Fock Type Araorthosite
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e e ——

Plaginc:ase 25% Aopoadicclase orithocumulate

Recf Tyoe NP2 Olvine 5o, 1 with large {-—D.Emml}, o
ekl T e | inierst tal, anhedra; livine
HATRAED: : grains, cartially or compietely
Martham Coxe | 8T Sulghides 3-4% fimrmed by othopyroxene.
Crhrormito 2-3% Minor chrgmite and Very
Sumple Tyoo TE Biolite 2.3 m?nc:-r arnounts of alte-alion
Trave ameounls of <1% RIE.s:

Sample Coxe | FWNPG2 | clinopyroxene, tale,
+ suussetile and
sergentineg

Rook Type Troctol ite

o —————————————— —_———

P.agioclase 45% Silicate mincralogy as for
5 i g above. Sulphides arc vory
i R G g'r't“‘l:;fmmne 23;’ simiar to CRNPQT, with
" ! medium crained comaosites
Nortnam Code | 8T | Suiphides 3-4% | of nyrrhatite, chalcopyrite,
Chromile 2-2% grant ar and minor flame
Sample Type BT Biotite 2305 pentlandde ang oynte. Pyrite

""" is nearly always included
ace amounts of =1% B ; ;
Ttase amouniges o witnin perntlandite, Fine-

: lin roxene, tal : s :
Sample Code F Ll E g,luggl’irﬁpealij = grained monormineralic
Sirpu:lg[in; sdlphide inclusians ae
Fock Tyne Tractoite COHTIMION.

— e ————

. Plagiotlasc Toe ﬂ_:lla_giﬂc: ase aithocumulate,
Reef Tyze NP2 : Orthooyroxene with |r'|te_?.-rst|t|al: highly
= A anhedral orthosyroxens,
Naortharn + Olivine occasionally rimming olivine
Code 8T - Chromite 5% | and chromte. Medium

| Sulphdes 3% I grained sulphide composites
Sample Type | PTS Biotite P, 1 pynpkEigransler A
T Trace amodnts of =1% gngﬁzruf;?; ﬂaengﬂs;-ﬂieém
Code PUHFOZ) (imooyraxenestals also interstitial or included

igt‘js:trllr:; i ~within silicates,

Fock Type Troctoite
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‘Sample Summary | Minerals Ratio | Sample Description
F||;:]gi.|:,c asa . BN l'ﬂ"..pli:'lg,-OC'EIEE Or'thOCUrr'.J.'iiBItE.
Resf Type NEZ Cliving 0%, with large [5-8mm). poikilitic
. r 120 olivine, partially or comalete y
o Lrhopyroxere s rimmed by orthopyroxene,
NUr‘thE]n1 GD‘DE EFT Sulph 'I.—JIE."&; 4“."{! Medium graine{j [up tor
! Biotite 2% 1mn} su.piide composites of
Sumple Type PTS Charomite 19 pyrrhotite, granuiar and
b A R P B 19 minor flamed sentiandite,
. ~|'-.d e . chalcopyrite and pyrite are
| Sample Code | FIWNPD4 E;&iﬁﬁrﬁfﬁ; B mair v ntarstitial to si”cates.
sr_-::rpentinec But cooasionally included
Rock Type Troctol te
ST s o : .
Sample Summary | Minerals Ratio | Sample Description
Plagioc ase 55% A medium grained,
el o WL lowepmers | 408 L) SN R e
Martharm I.ratiuti amounts of ~5% grained, ankedral,
Code - “?1 “r G interstitisl orthopymsens,
e Alteration is very minor with
b clinopyroxens exsclution,
e LR T SRR and plagioclase alteratior to
Sample sausserite.
Cole TRMF
Rack Type [.ucongrite

| ReotTypo, | NE
Mortaam

Code -J
Sample Type | PTS
Sample

Code TRMNPO1
Fack Type Leauconontes

Fiagioclzse
Orthopyroxere
Trace amolrts of
biglbe,

Clin Oy N,
Salzzerite, fale and
sulph das

5%
A%
—5%

Silicate Mirorg ogy as for
abowve. Sulphides gnd
chromites arc tna drained.
Cnramike srains are masty
included within silicates
Su phides are usually
monomineralic and
dommzted by cha copyrite,
wth minar pyrrhotite zad
+ pantlzndite. They can be
~Aound interstitial to, or
noluded within, the silicata
minerals.
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Reef Type MNFZ
Mortham

Code -

Sarrple Type | TS

Sample

Code TRMRPOZ
Fock Type l eliconorte

F agioclase
Crthopyroxano

Trace arrounts of
biatite, ci nopyroxere,
talc, biotite and
sallssetritae

Sulphides

58%
40%
3-4%

1-2%,

See Samrple Description
for TS for TRNFPG

Reef Type NFZ

MNortham

Code - o
| Sample Type | PTS

Sample

Code TRMPOZ

Rock Type Lelconorite

F agiorlase
| Orthopyroxene

Trace amolrts of
hiatite, chnopyroxane,

| talz, biotite and

saUssErte
Sulphives

55%
40%

3-4%

1-2%

Sulph-des ronsist of fne to
egidm graines
compostes of pyrihabite,
pentiandite and
chalcopyrite. Marmally

comterstitiag, and with

occassional very fine
graired monorinerals.

- Also withn this slide were
Cthres PG this rock

oelongs to tne naorite
footarail - this is very
rriguing,

M

CEee Bample Descripton

Reef Type NR2.
MNortham

Code =,
Sample Type | TS
Sample

Cooe TRMNFD3

Rock Type

L edoohornita

F agiorlase
Ortnopyroxere

Trace amaounts of
hiotite, cinopyroxene,
taic. Slotite and

SEU SRt

for TS for TRMNPG
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Sample Summary Minerals Ratio | Sample Description
Flagioslase B0% See Samole Descrpton

Reaf T}rpe | =l Drihupj.rmxer‘e 405 far PTS for TRNPOA

Martham Trace amounts of ~0%

Codo biotite, clinooyroxene.
tale, bictite and
SAalsserile

Sample Type | PTS

Sample

Code TRNFO3

Rock Type | ancanorta

Sample Summary Minerals atio | Sample Description
P:agicclase L BEY, See Sample Description

Reef Type | NP2 Ortncoyroxens 5% for TS for TRNP(1

Mortham Trace amouyrks of ~5%G

Code bicite, clinopyrokens,
tale, biotite and
salsseritc

Sampic Type | TS

Sarmpic

Code FYWNPG1

Fock Type Leuconaorite

‘Sample Summary ‘Minerals Ratio | Sample Description
Flagioclase 2% Fine grained irtershtial

Feef T‘_-,-’F]E'.‘ y NP2 | Drthugyr{)xeﬂe 35% CGmpGSIItES r-l}r

Northam ; Trace ameunts of ~3% ;nrg;zm::::ljof

Code - :Jli}t|t¢.n{;:;ropyéoxere. chalconyrite, but with
.a CD r_t1e G, auoossory pentlardite

Sariile Type: | PTS RHRHERLINE andior py-hotite,

ample it

Samplc

Code: FINMPE !

Raock Type Leuronarite 5
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Reesf Typs MP2

Morinam
Code -

Sample Tyoe 0 TS
e R

Sample

Codle L FWNPO3
t

Rock Type | Leuconorite |

Flagioclase
Orthopyroxere

Trace amounts of
bigtite, clinooyroxene,
tale, biotite and
sausserto

57%
30%

a1y
i ]

See Samp ¢ Deschpbon
or TS “or TRMNPOY

e —

Plag.cdlase £ F re grained czomposims
Ree’ Tyee NP2 Orthopyroxene 30% ah lonpinecdt, ;
Trau:e-ammmte & Ay domirated by chalcapyrite,
Northarn i it i Y but with accessory
Code : . f’_ E‘O’iiig {pﬁéﬂxe”e' | pentiardite. pyrrhotite and
sc;t,sseri o | even somea pyrite, Tne
) ' presence of myrite
Sample Type | PTS - suggests tnis mignt be u
Samole sulzhide and gilvine poor
Code FuwhPO3 ¢ partion of the troctalite
SAntiE . | Soks
Raock Type Leuconarite
C3 -~ P2 Reef
Sample Summary Minerals Ratio | Sample Description
Chthooyroxens 0% A medium grained (1-Z2mm),
Reaf Type Pz Plugioclase age; 1 orthopyroxene ortho bo
T Sulpnid 349 i adcumalate, witn interstifial
Nortnam HHFALIET - " plagioglase, sulphides and
L Gode . Talt: 3% biotite. Thete is internal
Botite 2% i alteration of the
Sample Type | TS Ci o myToxens 185 | orthopyroxenes to a fine-
Ci"IFU';I'IilE' 19 gra-ned silicate (probatly
g e e HVER . . lalc) and minar
SRR LGS .| Daussente <0.5% | cinopyroxene exso-ution.
Roce Type Melanorite
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Sample Summary Minerals Ratio | Sample Description
- Drthopyroxens 70 Silicete mineralogy as for
Rees Type =5 ' Plagiociase 2%, abuv_c Sulphidc_- min{:rz! ogy
o = consists of medium grained,
Seslaral : Stlpudes 4 highly snhedral, interstitial
Code 30 . fale 3 composites of pyrrbatite.
Bictte 25 : pent andite ard cha copyrite.
Sample Type | PTS Clinopyroxene 1, - Decasional monom neral o
i o ; Chiomite 19 : sulphides are found |r_‘|r:luded
i _ i {0 the main sdicate ming-als.
Sample Code | HWP201 | Saussente <0.5% .
oot Type Melanonte
Sample Summary Minerals Ratio Sample Description
Orihopyroxene B % I See Sample Descr ptiD.h for
Reef Type pa Clinopyroxane 1008 TS for FWP201. Blrlt with a
I e e 108 {:Imc}pyrpxene poikileoryst
Northam g - enveloping ertiopyroxens
Gode | 3A Slilpndes 3-4% grains within tne centre of the
Tals a% slide,
Sample Type | TS Bictite 2%,
Chromite 1%
SHI‘I“!|.}I|E'.L Code | HWP202 Sernucite = 5%
Hock Type Melanorite
Sample Summary Minerals Ratio | Sample Description
; Chromite 5% A variably anneales caromite
Recf Type P Plagiotiase 209, orthocamulate to
o sdcumulate. with coarse,
Northam Orthepyroxena 10 poikilitic orthopyroxene and
Code 4 Biotite 1-2% | piagioclase grains.
Talc 1-7% Sulphides, bictite and
Sample Type | T8 Sausserite 1-2% | orthopyroxene are often
------ : included within chromite
Sulprdes 1-2%, grains.
Sample Code | CHPZ201 i
Rock Type " Chromitite
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Sample Summary Minerals ' Ratio | Sample Description
Chroemite LR Silicate mineralogy as for
Reef Type P2 P aginclase L onn above. Sulph.des are generally
TR fire grained, composites of
Mortham Orthopyroxene =l pyrrhobite, pentlardite ard
ode A4 Biotite  1-2% | chalcopyrite, found irterstitial
Tu'c P 1-25, to silicata and chromite grains
Sample Type | PTS Sausserite P Though they ey H!SU be
: = found ircluded within chromite
: Sulshides 1-2% graine
Sample Code  CRPZ2OT '
Rock Tyoe Chramitite
Sample Summary - Minerais - Ratio | Sample Description
! {}rﬂ‘ﬁpyrgxere ' 40% Drthopyrorere ortng o
Reel Type | P2 Chromite | Sgom ) ecedmulateswitn
: 1 i i L g2 interstitinte-stitial plaglquaSE_.
Northam | Plagiociase i 7 sulphides ard bictte. There is
ode 44 Clingsyroxere 8% internal a.teration of the
Sulph-des 5% orthopyroxerea ko a fine-
Sample Type PTS Tale 294 grained sil cate [oroably talg),
N 24 ard miror biobte. A
Sample . Biotite 2 clinopyroxere oikocryst
Cude CRR202 Sausserite | 1% ervelops part of the
' melanorite. Sulphides are lire
to medium grained composites
g af cod, proand 2o, with an
Melarorite + : abundance of very fina graired
Rock Tyne Chromitite : monomirerals.,
Sample Summary | Minerals | Ratio | Sample Description
Onthopyroxere F 75 A med am grained {1-2mm},
Reef Type P Plagiv ase 10%, ﬂﬂhDDYFDXEI"E.DI't.hD to .

- - - adcumu ate, with interst:tial
Northam , Sulphdes o7 plagioclase. sulokides and
Code A | Chromite o biotite. There is internal

' Tali 3% siteration of the urthopyroxens
Sample T}'F}E i PTS i Biotite 20 toa flnevgralred SI|IEEITE
. | iisemiig ' (prubablg,r taaley, ard minor
i clinooyroxere exsolutionr,
Sample Code | CRP203 | ' Sulphides show extersive
remabsiisation, with oo, cop
ard prirfine to medium
; grained composites and
Rock Type Melarorite Mo ners!s
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Sample Summary Minerais Ratio | Sample Description
Orthopyroxene a01%, An orthopyroxKens meagacryst
Resf Type =, s 450 I:."’.:.J-IIS"'I'l.:I erclosing anhedr_al
e 3.4 alivine, sulphrdes, chiramites
Northar Plagicclase “ | and plagoclase. This
Code i CHivine 3-4% | megacryst lies jLst below the
Sample Sulphides 3-4% base of tne Merensky
Type TG Tals -0 chromitite. There is internal
| CE 1-2% alteration of arthopyroxeres o
sampie Biotite ¢ | tale, and ol v.ne to serpertine.
_Qﬂg?. PGP201 Serpentine 1% The top of fhe slide cantains a
Pegmatite Sausserte =01.5% | thin chromitite iayet
Rock Type {Fyroxenite)
Sample Summary Minerals Ratio | Sample Description
Orthopyroxens 80% Silicate mineralogy as “or
Reef Type =% Eo e i 458, abowve. Sulpnide mineralogy
I oL consists of medium grained
e Plegiociss “ | composites of pyr-hatite,
Code SA CHivinne 34% | granular and minor fared
Sampe Sulphides -5 pentlandite, and chalcopynte,
Type PTS Talo 3400 There is also abuadart fine
Bicki 1 200 grained monoingralic
Sampe i " | inclusions within the
Code PGPZH Sericite | 1% arthopyroxene megacryst.
P‘egmat”e SaUSSEntE | a."'ll:I
Rock Type (Pyroxenite}
Sample Summary Minerals Ratio | Sample Description
F“|Egiﬂc|ase ; 55“"{! [:OE’SE g"ﬁinﬁd I:.:"]C"ﬂ_:l. highly
Reef Type =13 Ortnopyroxene E 500, arhedral, plagmc:lgae an
;i g 50 ofnopyroxene graing.
Northar Sulphides e Orthopyroxene shows alteratior
Code 5 Clinopyroxene S to ciropymxens, both as
Talc ¢ 3-40% exsolution and discrete grains,
Sample Type | TS Biotite 129 | Also moderate alteration to tals
. s and piotite rins. Sulphides are
3ample Sausserite 12k present interstitial to
Code P&GR202 orthopyroxene and plagioclase.
Fegmatite
Rack Type (Morite)




Appendix C

Sample Summary  ; Minerals . Ratio | Sample Description
- Plagioclase 25% Siucate mineralogy as for apove.
Reof Typo Py  Orthopyroxene 0%, Sulphides are medium graiped
ks g oy (Aot Bromy, composites of
Mortham . Sulpnides 20 pyrholile, pertand te (mostly
Code 54 | Clinopyraxene ;5% granular) ard chalcopyr o,
lalc L 3-49; Tnere is minor cxsoluton of
Sample Type | PIS Bictite {-20;5 | cubanite from chalcopyrile and
: R . o possibly mackinaw o Tom
Sample Sa.sserite ey pentland te as well as extensive
| Code PGP202 infilling of micrafractares oy fine-
Pegrnatite grained cnalcopyrite.
Rock Type iNar te)
Sample Summary Minerals Ratio | Sample Description
Orthopyroxenc | B0% Crthopyroxens megacrysls
Reef Type ] i 25 lf:"'EI.ECFI'I'} enclusing r."I'I!Edi.JI"ﬂ ;
) 2 graired, anhedra aolivine grains,
Mortham Plagioclase 5-6% | or otvine clusters. There is
Code 5A Talo 9-6% | minor internal alteration of
Samplc Clinopyroxche | 1-2% orthopyroxens o talc _and niotite,
Type 5 Biolite: 1.2 | and glivine to serpentine.
4 <19 Exsolticn of clinopyroxens from
Samplc Sulphides = orthopyroxenc is alsu common
Code PisP203 Serpoerling < 1%
Fogmalitc
Raock Tyoe {Harzourgita)
Sample Summary Minerals Ratio | Sample Description
Orthopyroxens B0, Silicate mineralogy as for
Reet T'y'pe =) Olivire oL above. SU|phI{1E‘S dare-rare,
; - and only prasent as
Mortharm Flagieclase §-B% rmonomincralic grains
Code | 3A _ | Tae 56% | interstitial to, or included
Sample Clinopyroxens 1-2% willin the major silicate
Type PTS Biotite bk || HhesEs
Samphg SL.I-FJhidES <1%
Code PEF203 Sermoenling <1%
Pegmabite Magretite <1%
Raock Tyoo {Harzourgile)




Appendix C

Sample Summary Minerals Ratio . Sample Descripticn
Orthopyroxene 4% ¢ Coarse grained (<2cm)
Reof Type Fz Clinopyroxene dify  pOmCRYTOREnmERY
) e S — et 1 GOy roNere Craosirg
Northzm Plagiociase o mee um graired oliving,
G_:_-_u_q_e BA, Chromitn -0 chromite, plagiacase anc
Sample (iivire 3-d% sulpk ces. Taere is also
Type T8 Tale 949, | some Ejﬂter&rititial mecium
R iy rained orthogyroxens.
Sample Sulprdes e ?’here i mnegfate alteration
Code PGPR204 Biotite 1-2% | of pyroxene to talc or bictite,
Pegmatte | Serpantine <1% with miaor glieratior of
Rock Type iPyroxeniia) i alivire o sergentnd
Sample Summary . Minerals Ratio | Sample Description
 OAbapyroxers . 40% Silicate e aeralogy as “ar
Reof Type o : Ciropyroxere bage, abo'u_'e. Sulp_l"ides c_onsist iof
: b mediun 1o fire grained
Martham Plagioclaze 24 composites of pyrrhotite,
Code A Chromite 4-5% | pentlandite ane chalcopyrie.
Sample CHivine 3-4%, There iz also moderate
Type PTS Tl G40 amounts of fine graired
) o rraramieralic sulphides
Sampic Sulphides 3% iraluded with the ma
Code PGP204 Bictite 1-2% silicate phases.
Pegmatite | Serpentire <1%
Rock Typo FPy T st
Sample Summary Minerals Ratic | Sample Description
Orthopyroxenn T0%: Medium to coarse graired
Raef Type (S Olivitie 159, orthGpyroxars, arclosing
______ A o anhedral. small g medium
Northam Plagicsiase 15 grained olivine, Thore is only
Code 54 Sulphides 2% minor alteration of
Sample Talc 2% orthopyroxere to lale, and of
Typa TS Biotite 194 L olivine to serperline
Sarmple Sapert re 1% i
Code PGR2E05 Cliropyroxene 1% !
Pagmalite 5
Rock Type | (Harzburgite) :




Appendix C

Sample Summary “Minerals Ratio | Sample Description
: Orthopyraxene 0% Silcate Mineralogy 25 above.
Reef Type =55 Fesiiving 159, Sulphwes are med}um
- ; _ oo {—=2mm) to fine grained
Northam | Plagioc.ase WL comaosites of pyrrhotite,
Code 54 i Sulph des 2% chalcopyrte ana pentandite.
Sample Talc 2% Remobilisatior of suizhides
Type PTS Bigtite 194, into microfractures s
- e e 19 commaon, especially of
Sample | Serzentine ‘ chalcopyrite, and fine gra-ned
Code PGP205 | Clinopyroxene =1% menomineraie sulshides are
Pegmatite : common close (o mediam
Hock Tyze (Harzburgite) grained composites,
Sample Summary | Minerals Ratic | Sample Description
Orthopyroxene 65%. Coarse [~Zom)
Beef T'_',I‘FJC pz Olivine 30%, Ell'thﬂp::,l'FDXEF!E qrains
o 5 enclosing medium grained
Mortham i Plagioc-ase 1-2% (~2Zmm} annedral oliving
Sl A | Sementine 1-2% | grains. There is some mmor
Sampie | Talc Ta ateration of olivire to
Type T3 Magret te 1% sErpenting ar‘.dl::ﬂagtnetlt-:;. as
el as mi far of
Sampie Trace gmodts of | <1% |l it b ol and
Code PGP205 sulphides. laits
Cilncoyroxens _
chromite and
Pegmatite biotite
Hock Type {Harzhurgite)
Sample Summary  Minerals Ratio . Sample Description
| . Orthopyroxere B65%: Silicate mireralogy as for
Resf Type =1y, | i 30 Ele!'VE Suiphides are fine
| ) . qrained compaosites of
Nortar | Piagiaciase 1=2% | pyrrhotite, peatlandite and
Code ) Sementine 1-2% | gnalcopyrite, or
Samp ¢ . Talc 1% monomineralic
Type FTS Trace amaunts of <1% cnalcopyrite grains. They
su phides, magneite are usually included within
SaMpe chiomite ana aiotite the majar silicate ohases.
Coge PGP 206 : G S
Fegmatite
Hook Type [Harrburgite)




Appendix D

Appendix D - QEMSCAN Data

D1 - Normal Reef
D1.1 — Element Assay

i Normal Reef: Standard Grind __ Normal Reef: Fine Grind
Size Fraction 38+0  -75/+38 -3000-75 238140 75438 3000075
Min Size (mm) 0.0 8.0 75.0 0.0 8.0 75.0
Max Size (mm) 38.0 75.0 3000.0 38.0 75.0 3000.0
Particle Size (mm) 118 405 777 120 9.5 72.2
Mass Flow Distribution (%) 27 93 2347 4860 3477 3120 34.03
Element Chemical Assay (%) | Combmed -38/+0 -75i+38 -3000¥+75 Combined -38/+0  -75/438 -3000/+75
o 44.20 43.02 44 08 44 04 4416 4308 44386 45.18
' Na 0.28 0.29 0.31 0.26 0.28 D.28 0.33 0.23
Mg 14,07 13.16 13,69 1477 13.94 13.21 13,89 1475
Al 3.56 .77 3.95 3.24 3.44 .67 3.81 2 87
| S 2148 21.18 e 21.84 21.57 2122 2 45 2204
|'s 0.51 1.03 (.46 0.23 0.51 0.90 0.35 0.25
K 0.12 013 0:13 0.10 012 0.12 0.14 0.10
| Ca a7y 4,02 3.02 2 50 2,68 2,97 2,88 2.23
i 0.11 0.10 0.12 0.10 0,00 0.10 0.09 0,09
Cr 1.50 1.70 1.84 123 1.59 1.83 165 1.40
Mn .01 0.0 .00 0.01 0.0 001 0.01 0.0
 Fe 944 9 86 9.40 g.21 9.48 991 923 9.27
 Co 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
| Ni 0.26 0.42 0.28 018 0.26 0.34 0.22 0.21
| Cu 008 018 0.09 002 0.08 017 005 0.03




Appendix D

D1.2 — Mineral Mass in Size Fraction

- Normal Reef: Standard Grind Normal Reef: Fine Grind
Mineral Mass % in Fraction Combined -38/-0 -754438 -3000/~75 Combined -48/+0 ~715/-38 -3000/+75
Orthopyroxene 50.%6 4617 4675 5411 52,33 47 02 49.02 60.81
Cilinopyroxene 440 577 401 3.80 442 5886 373 359
Plagicclase 17.04 17.01 1956 1583 1642 16.62 19.02 1383
Olivine 18.39 16.33 19.46 19.67 16.28 1597 1B.60 14.47
Mica 1.76 2.50 1.80 1.32 1.84 2.29 1.81 1.40
Quartz 0.68 085 4B 0.68 0.68 084 .59 061
Amphibole 0.38 1.07 .19 D.o7 0.53 1.08 036 14
Serpentine 0.29 0.59 0.38 (e 0.37 0.65 0.41 0.08
Talc 0.25 0.46 .25 0.13 028 0.52 D.22 0.10
Chlerite 0.61 0.76 .43 0.61 053 068 0.42 0.48
Other Silicates .49 0.52 .41 052 143 0.53 0.35 0.39
Chromite 125 3 E6 397 267 343 3.94 457 279
Magnetite (1.49 0,54 .54 0.20 0.1 1.08 th.dd 0.4
Fentlandite .54 Tkl 0 52 D22 .56 0.80 0.44 0.43
Pyrrhotite 0.47 0n.7g 0.36 043 0,49 076 (.40 0,30
Chalcopyrite 0.24 0.54 027 (.06 0.24 0.47 0.16 0.08
. Pyrite 010 0.21 (.04 0.6 0.08 019 (.04 000
- Other Sulphides a6 041 013 0.8 g1 0.27 01.06 00
~ Other 0.31 084 047 0.15 0.34 0.50 (.37 016




Appendix D

D1.3 - Grain and Particle Size

Normal Reef: Standard Grind Normal Reef: Fine Grind
Mineral Particle Size (um) Combined -38/+0 -75/+38 -3000/+75 Combned -38/+0  -75/438 -3000/+75
Particle size 28.12 1183 40.53 7767 2409 1198 3945 7221
Orthopyroxene 20.37 803 30.33 53.20 1818 g.18 30.26 55.32
Clincpyroxene 10.20 567 17.05 2099 662 529 17.84 19.41
Plagiociase 21.86 9.05 3652 5064 1793 574 37.3 4926
Olivine 16.45 a.a7 2571 3586 13.48 §.61 2714 a1.72
Mica 4.56 282 794 774 427 268 RAD 7450
Quarlz 10.31 i b 1736 2223 B.H8 504 21.79 19.56
Amphibole 1.98 1.77 363 336 209 178 3.35 384
Serpentine 2.21 184 3.33 2,35 2.20 1.83 3.32 243
Talc 242 1.80 385 3.22 234 154 3.68 35
Chlcrite 4 46 2.78 5.95 685 4.04 2.77 .43 638
Other Silicates 590 314 B.54 891 426 3.01 6.47 5.2
Chramite 16.56 7.27 3015 52.27 13,70 7.23 32.68 34.80
Magnetite 413 287 990 5.75 4.08 2.54 8.1 8,35
Pentlandite B.71 7.08 18.01 8.07 B 44 6.04 13,50 16.39
Fyrehotite 7.32 4.85 13.84 12.40 7.84 -+ 19.95 22738
Chalcopyrite 7.9% 677 22.03 527 8 .50 7.08 16,91 1176
Pyrite 2. 220 386 3.95 249 230 4.30 2.54
Other Sulphides 262 1.97 4.99 3.56 2.19 1.88 3.81 371
_Other 3.19 248 445 4.23 3.0 2.40 482 344




Appendix D

D2 - NP2 Reef
D2.1 - Element Assay

Size Fraction 38140 -75/+38 -3000:+75 3840 -75/+38 -3000/+75
Min Size (mm) .0 B0 750 p.o 38.0 75.0
Max Size (mm) 380 75.0 30000 8.0 750 3000.0
Particle Size (mm) 12.2 446 746 114 427 708
Mass Flow Distribution (%) 28 51 g 2s 41.24 3594 40.42 20 64
Element Chemical Assay (%) | Combined -38/+0 -75!438 -30009:475 Combined -38/+0 -75/+38 =3000i+75
Q 4514 44 46 45 22 45 55 4535 44 72 45.57 46.10
Na i1 86 093 080 0.79 0.95 0.44 1.02 087
Mg 535 437 506 6.24 L 4 36 4.94 696
Al 11.46 12.14 11.76 19778 T 12.25 12.04 1004
Si 21.55 21.34 21.51 2171 21.79 21.40 21.9% 2227
s .53 0.93 0.41 0,33 047 083 0.29 .11

K 03 0.4 0.03 0.0z 0.03 0.Gd o3 0.0z
Ca 506 B.37 8.31 ¥.66 8.12 B.d0 8.38 7S

Ti .08 e .10 .08 0.07 006 aor a.n7
Cr 1.37 132 4.4 1.37 1.18 1,31 1.03 15
T3 0o .00 0.00 0.00 0.00 0.00 0,00 .00
Fe 4.40 434 418 4.6 4 06 4.14 3.73 4 57
Co .00 .00 0.00 0.00 0.00 0.00 0.00 Q.00
Ni A7 0.3 0.3 0.0 0.186 026 011 .05
Cu 0.08 0-8 0.08 . 0o3 | . 008 015 004 003 |




Appendix D

D2.2 - Mineral Mass in Size Fraction

Mineral Mass % in Fraction  Combined 3840 -75/+3B -3000/+75 Conbingd -38/+0  -75/+38 -3000:+78
Orthopyroxene . 2508 19.61 24 51 31.29 | 24,80 1967 2381 36.39
Clinopyroxene 3.33 3.50 348 319 i 3.10 3.22 3m 307
Plagioclase 61.8° 64.31 63.24 58 51 { 63.45 64.98 8619 55,18
Olivine I 1.80 1.73 177 1.88 ; 1.85 1.69 1.80 1.29

Mica 0.94 213 0.61 0.36 ] 1.18 2.23 0.56 041
Quartz 0.33 D.66 029 4 0.40 0.60) 0.32 017
Amphibole 0.22 0.66 0.06 502 0.31 0.59 0.14 0.10
Serpentine 0.17 0.36 0.13 0.07 0.26 043 0.20 0.08

Tale 0.09 0,21 0.06 0.03 0.14 024 0.09 0.05 J
Chlerite 0.08 0.18 0.08 0.02 008 014 0.05 0.02 i
Other Silicates 0.18 0.27 0.17 544 018 0.24 0.11 .11 !
Chromite - 295 2.84 3.04 285 250 2.82 2,23 2.41
Magnetite i 0.27 0,54 .28 0.07 0.29 0.52 0.17 (.10
Pentlandite 0.51 0.85 0.41 0.34 045 0.72 0.35 0.16
Pyrrhotite ' 0.55 0.67 0.42 087 0.40 0,52 0.41 0.15
Chalcopyrite , 0.25 (.52 0.24 0.08 0.22 0.42 0.10 0.09
Pyrite i 0.10 0.20 0.10 0.04 0.1 0.3 0.03 0.02
Other Sulphides : 0,10 0.27 0.07 0,01 0.16 0.33 0.08 0.01
Other 0.35 0.48 0.43 0.20 0.36 0.44 0.37 017




Appendix D

D2.3 - Grain and Particle Size

Mineral Particle Size (um} Combinad -75/~38 -3000/475 Combiner -85+ <75/+38 -3000i+75
Farticle size 27.893 12,19 44 55 7481 2154 11.45 4274 70,93
Orthopyraxene 26.78 4.83 38.51 62.21 2° 03 953 38.06 61.11
Clinopyroxene 15.97 7.36 27.74 3621 i 13.52 701 27 85 A3.06
Flagioclase 249z 10.80 43 59 71.61 t 19 49 10.31 4215 67.26
Olivine 10.30 4.86 14.18 21.19 ! B &7 458 21.85 20.45
Mica 248 1.989 5.28 442 ' 235 201 463 4859
Quartz 6.80 4.72 21.04 1169 676 477 17.72 13.84
Armphibole 1 1.80 1.81 3.2 247 .97 175 344 2.64
Serpenting 217 1.88 313 246 2.1 187 341 2.57
Talc : 2,10 1.82 3.26 259 215 1.85 3.36 2,58
Chilorite 314 2.49 o.85° 3497 j 2B 2.37 558 298
Other Silicates 5.93 2,76 10,72 B.57 i 4 96 4 01 7.60 6.45

- Chromite : 14.44 6.85 21.90 27.98 11.45 668 24 37 312
Magnatite | 323 2.34 824 400 2.58 203 6.97 519
Fentlandite B35 8.24 14 .42 893 B4 7.39 11.86 ER)

_ Pyrrhotite 1576 7 48 31.27 43.04 947 6.11 3091 19.40

- Chalcopyrite 12.23 8.66 28.93 2330 9.21 7.490 15 53 23.70 l

i Pyrite 4 88 1EB 11.47 4.92 418 405 529 iy :
Other Sulphides 2.14 187 3.83 221 2.24 1.86 7.45 86
Other 285 224 385 284 286 .. PA 433 345 ;




Appendix D

D3 - P2 Reef

D3.1 Element Assay

P2 Reef: Standard Grind ___ P2Reef:FineGrind

Size Fraction -38/=0 -Thi+=38 “3000/475 =38/+0 -T5/+38 -3000/+75
Min Size (mm) Do 380 75.0 0.0 38.0 750
Max Size (mm) 38.0 75.0 3000.0 38.0 75.0 3000.0
Particle Size (mm) 14.2 400 74.5 16 427 718
Mass Flow Distribution (%) 2B.44 2677 4472 33,41 31,82 3417
Element Chemical Assay
{%) Combinec S3B4D 75438 -3000i+75 Cambined -3Br+0 -15{+38 -3000/+75

0 4382 40.92 4432 45 35 44 58 43.03 44.76 4595

. Na 0.16 0.17 0.79 0.13 0,15 017 0.18 012

Mg 14.65 13.28 14.70 15.50 14.97 14,04 14.87 15.97 )
Al 1.66 182 1.94 1.33 1.63 1,95 1.85 1.10 ;
Si 21,64 20,57 24.72 2227 22,02 22,30 21.95 2278
S 0.88 1,76 Q.70 0.42 0.72 1.52 (140 0.22 |
K 0.08 0.10 0.08 0.08 0.05 0.08 0.05 0.02
Ca i 2.03 1.95 137 170 187 1.85 1.29
Ti 0.10 012 012 0.09 0.10 0.11 012 0.09
Cr 1.84 170 211 1.76 1.76 208 212 1.10

“Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

' Fe 996 10.27 9.92 & 78 994 10.58 q68 453
Co 0.0 Q.00 Q.00 0.00 0.00 (00 000 0.00
Ni 0.34 057 0.37 0.18 035 058 0.20 018
Cu 092 3.07 0.10 004 0.12 0.27 0.05 0.02




Appendix D

D3.2 — Mineral Mass in Size Fraction

P2 Reef: Standard Grind _P2 Reef: Fine Grind ]
| Mineral Mass % in Fraction Coambined 38440 75438 3000:+75 Combined -38/+0 -75/438 -3000¢+75
| Orthopyroxene 67.78 5814 6554 7523 | 6940 6158  67.49 7896 |
~ Clinopyroxene 547 681 575 445 5.39 6.00 542 476
- Plagioclase 7.17 7.55 888 591 7.15 819 857 480
. Dlivine B.56 8.48 10.37 7.52 B.76 944 982 7.12
. Mica 1.058 1.54 .74 $.93 0.74 1.34 0.66 0.22
- Quartz 0.45 1.02 0.37 013 0.33 0.61 0.28 0.10 _
Amphibole 0.51 1.21 0.35 016 058 1.15 .38 0.19 i
- Serpentine 0.31 063 (.34 010 0 45 0.73 .47 0.15
~Tale 0.26 (.49 0.25 0,1 028 0.68 .33 014
. Chiorite 0.14 .28 .14 0.06 011 0.22 0,09 0.03
Other Silicates 0.10 .20 .10 (.04 0.07 0.12 war Q.02
Chromite 3.96 167 454 3.79 ! 3.79 4.48 4 57 237
Magnetite 0.30 072 0.21 0.08 039 075 0,27 0,14
~ Pentlandite 0.87 1.55 (.92 0.41 0.89 1.52 070 0.45
Pyrrhotite 0.87 1.37 {66 0.ea8 0.66 1.06 0.29 .31
_ Chalcopyrite 1.18 367 0.32 D14 035 082 0,17 0.04
Pyrite 0.17 047 008 0,03 013 031 0,05 (.02
~ Other Sulphides 0.18 (.52 0.06 0.02 0.18 0.48 0 04 .01
| Other 0.67 167 0.38 0.20 (.35 0.54 0.34 .16




Appendix D

D3.3 — Grain and Particle Size

~ P2Reef: Grind  P2Reef:FineGrind

Mineral Particle Size (um) Combined -38/+0 -75i+38 -3000/+75 Cambined -38/+0 -75/+38 -3000/+75
Parlicle sice 3071 1423 35.99 74 46 24 25 11 63 4272 71.75
Orthopyroxene 24.75 992 33\ B0.84 2111 5.38 36.39 57.64

' Clincpyroxene 10.73 570 20.27 21.16 12,29 7.32 2141 2042

. Plagioclase 16.80 8.49 38 06 60 .85 17.39 9,03 37.76 52 02

. Olivine 14.05 8.05 2458 3398 12,19 8.25 25.06 2027

i Mica 4,94 2.88 8.06 1164 376 2.87 7.98 6.66
Quartz 8.12 4.75 16.81 10.03. 5.94 452 15.34 8.53
Amphibale 213 1 84 3.30 296 21 1.84 3.35 266
Serpenting 2.16 183 3.15 241 218 1.78 3.2 2 46

| Tale 234 1.90 354 2.83 233 1.90 368 3.04

| Chicrite 2 86 214 527 3.91 272 232 4.67 3.1

| Other Silicates 4.10 3.04 8.78 573 3.81 2.98 6 81 4.28

| Chromite 15,66 6.72 grid 31.65 12.29 676 28,20 2530

| Magnetite 3.48 2,590 546 5.66 3,153 248 7.06 492

| Pentlandite 10.33 7.20 24 41 15.35 928 742 18.65 14.82

| Pyrrholite 7.53 409 19.93 2613 6.36 497 12.07 13.51
Chalcopyrite 12.30 11,96 18.23 12.74 872 613 13.4° 662
Pyrite 253 227 585 336 243 2.21 457 339

| Other Sulphides 213 202 345 2.48 198 187 368 284

| Other 3.30 315 453 3.14 266 217 399 291
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Appendix E - Liberation Data

_ Chalcopyrite Pyrrhotite =% = I
High Grade Low Grade : High Grade Low Grade i
L:::m“ Higllngﬂ (60- Middlings '{f::ﬁ l"[':_;;t‘;d lulid?!lihgu {60- Middlings {30- 't‘:;m {
Lo 90%) {30-60%) 90%) __ . koo D i,
P2 Reef Fine: -3000/+75 035 1.:3 047 3.12 2146 254 0.05 1.35
P2 Reef Fine: -75/+38 2306 10.10 1.65 6.96 2500 538 0.51 276
P2 Reef Fine: -38/+0 2B.17 20.48 2.60 191 2697 4.20 1.15 4 52
Cumulative 51.59 3770 g 72 17.99 FEd4 12.17 ; b7 g 74
* P2 Reef Standard: -3000/+75 547 3.70 1.71 955 3096 37 .54 1.79
- P2 Reef Standard, -75/+38 25.01 10.60 218 330 2897 3.0 1.27 2.04
F2 Reef Standard. -38i+0 19.54 15.88 183 143 20.32 3.60 1,13 3.19
Cumulative o H0. 0 2594 671 1479 8025 9.78 2.94 £.0:3
| NP2 Reef Fine: -3000/+75 6.89 0.07 0.00 283 779 0.25 0.00 0.77
NP2 Reef Fine; -75/+28 27.43 1.03 0.00 7.493 54 B4 3.29 0.00 1.32
- NP2 Reef Fine: -38/+0 37.38 12.44 22 .78 16.18 8,07 .95 074
Cumulative (N 364 . 7% 1255 8361 12 .61 .84 83
NP2 Reef Standard: -3000/+75 18.95 0.00 1.06 0.92 40 36 1.15 0.00 (.44
NP2 Reet Standard: -75/+38 L2923 681 289 4.49 %3 65 277 1.83 116
NP2 Reef Standard: -38/+0 22.98 B.42 .12 1.03 12.74 455 0.56 0.78
Cymelative ERT . & 1523 ST i d4 BC. 70 8.47 ) ¢34 237
NR Reef Fine: -3000/+75 576 0.43 0.03 3.26 17.26 245 015 2.3
NR Recf Fine: -75/+38 21.57 g9z 537 468 i 2885 5.70 208 225
NR Reef Fine: -38/+0 31.25 16.39 263 242 L 2800 6.17 113 455 _
Cumulative ! 31, abd 2274 8.0 i} fa A0 14,4, 3. 30 g1z |
Normal Reef Standard: -3000/+75 | 5 32 0 00 5.24 7.36 28 61 4.23 1.73 506 :
Normal Reef Standard: -75438 | 16,64 4 68 540 385 : 1582 505 1.59 311 ;
Normal Reef Standard: -38140 | 2033 1464 581 271 . 2296 376 3.14 4.85
Cumulative | 5130 18 373 16 45 1392 57 49 1205 6 45 12,007 :




Appendix E
PENTLANDITE BASE METAL SULPHIDES
- High Grade Low Grade High Grade Low Grade
Liberated il BED. Middlings  Locked L B ol Middlings  Locked
(>90%) 90%) (30-60%)  {<30%) (>80%) 50%) (30-60%)  (<30%)
P2 Raef Fing: -3000/+75 5.88 0.00 0,17 .85 11.00 0.30 038 1.21
P2 Reef Fine: -75/438 42 3% 217 0.48 1.72 39.12 1.36 0.73 1,58
P2 Reef Fine: -38/+0 36,07 7.52 1.56 1.19 39,77 2.62 0.91 1.00
Cumulative 34.34 9.69 221 376 89,89 428 2 04 3 60
P2 Reef Fine: -000/+75 1002 .00 064 1.44 19,35 1.34 0.12 2.50
P2 Raef Fina: -75/438 L 4070 213 0.42 0.98 37.84 1.07 0.23 ‘21
P2 Reef Fine: -28/+0 33.28 8.45 0.91 102 3318 1.83 0.57 0.75
Cun ehativag 37 00 102 ) LT Qi a0 27 3,24 {1.92 4 2]
NP2 Reef Fine: -3000/+75 0.00 2.78 0.00 0.87 5 91 0.00 0.00 10
NP2 Reof Fine: -75/+38 477 4.50 1.12 219 52 84 0.19 1.32 1.24
NP2 Reef Fine: -38/+0 31.51 849 0.95 281 az72 314 047 1.18
Cumuiative i 7628 V377 S G B8 M. 4u 433 i-78 342
' NP2 Reef Fine: -30001+75 = 652 0.00 0.00 1.78 26 .12 0.00 025 0.69
NP2 Reef Fine: -75/+38 3856 281 047 3.84 38.85 299 .50 1.22
NPZ Reef Fine: -28/+0 3450 8.05 125 1.76 25 54 271 0.43 0.60
Sumulative 7958 ', 86 2415 7.97 80,51 570 .25 251
_ Normal Reef Fine: -3000/+75 9 88 0.00 013 1,41 L 11.04 1.13 0.06 2.55
- Normal Reef Fine, -75/+38 26.86 389 0.88 241 32,66 1.25 0.80 1.79
Normal Reef Fine: -38i+0 39,64 10.48 2.02 241 41.93 3.14 1.06 167
Cumulative 78 34 14,38 3.0 B.23 db. fid 5,93 142 £.01
Normal Reef Fine: -3000/+75 4.83 277 0.00 2147 16.60 027 2.66 3.92
Normal Reaf Fine: -75/+38 2375 297 201 1.84 25.50 0.88 059 199
Normal Reef Fine: -38/40 43.07 10.18 241 3.00 40.60 318 1.68 212
Cumulative | _Fiet 10,493 .2 Tl az v g .24 v i.(




Appendix F

Appendix F - Analysis of Variance

F1 - Normal Reef

MNormal Reef | Total Mass
; .
EEE::‘;:‘:F Response () | (i) [ (i) | Effects ::::r‘;z D:i“:ﬂsn‘f:f ;:::E i plF) | Confidence
s 540 1008 | 2044 [4934] - 3 R -
2 55.8 1346 | 2490 | 118 | 30 74 | 10 74 ' 23 02 79.2
b 68.2 1141 0.0 156 ¢ 114 239.9 1.0 | 2599 337 0,0 98,6
Lab 664 1369 | -118 | 12 : a3 0.2 10 26 03 | 06 a1.0
c 612 18 | 248 | 46 @ 11 26 1.0 0.2 00 | 09 11.4
e 529 18 | 208 | 114 @ -30 17.4 10 174 23 | 02 79.2
be 692 83 | -36 | 40 @ -10 20 | 10 20 03 | 06 36.2 Error MS | 7.72
ahe 657 35 | 4B | 84 2.1 88 1.0 3.8 11 | 03 65.5 ErrorSD | 2.78
Normal Reef | Chalcopyrite |
. Ireatme N Sum of | Degreesaf | Mean ! ] :
Cu:'n;irr:]at::ltn Response | {i) i iy | (i) | Effects spes | Friedﬂm Vil pIF) iConﬂden:e
1) | _ms  |i674 ] 3382 |ems2 | - = 3 f
4 H5.5 170.8 340.0 2.2 0.6 0.6 10 0.5 A a6 439
5 R 1201 | 26 | 32 | os 13 ° 10 13 08 | 04 ' se1
ab 81.9 1699 | 04 | a4 | -11 24 10 04 . 03 | 06 ' 368
C _ 85.2 ik 1.4 1.8 04 [HIE-3 10 2.4 ¥ 235 0.3 716
ac g9 | 101 02 | 30 | 07 i1 10 11 | o7 | 04 56.4
e 85.0 03 | 46 | 36 | 09 16 10 16 | a1 04 682 ErrarMs 151
abc 84.9 01| 02 | a8 | 12 | 29 . 10 | 29 . 19| o2 76.1 ErrorSD 123




Appendix F
Norma: Rref | Pentlanditr:
Trealment Respunse (i) {ii) tii} | Effects I Sum n[ Degrees of Me_arf g el | confidence
Combination | Squares Freedom Squdre
oy 899 1ss7)amae eeas| - . -
‘a 858 1482|3018 305 786 | 1183 1.6 1163 | 183 " 00 98.7 |
b | 724 1578|173 -23s5| 58 ' 600 10 620 189 co 97.0
ab 73.8 1438 | 132 -161| -40 424 1. | 00N]0c 10 3.2
c 75.2 150 | 95 03| -0 0.0 1.0 324 5.1 C.d 91.3
ac B2.6 14 | -140 4.1 -1.n 21 1B 2.1 0.3 0.6 40.4
be 59.0 74 | -145: 45 [ -11 25 1.0 25 04 06 | 438 ErrorMS | 636
anc 748 58 | -16 (129! 32 208 16 208 33 0.1 85.5 ErrorSD | 252
Narmal Keef | Pyreherite |
C;T\ifrr}r]aﬁrl]nln Response | (i) fil (i) | Effecte ;;‘u”j‘r‘i i ‘i‘:r‘frﬂ‘:::f Sﬂfj‘:‘u Fo| otfi | confidence
(1] 42,0 90.6 2010 | 413.2 : \\ 1
j 48,6 1105 2122 | 720 | 180 487 | 10 648.7 | 635 | 00 49,9
412 907 347 | sp7 | 1211 3214 1.0 32;1 | 335 | G0 09,6
a | 693 |1215 373 356 | .84 1587 10 1bs | 16 | 03 73.0
- 39,6 66 199 , ua] 28 155 10 1587 | 168 | 00 98,5
e 50 | 281 308 (w26 o7 . oo 10 09 | o1 | o8 | 223
| bz a7 116 235 105 | 27 . 145 10 149 | 16| a3 | 72 Errar MS 5.46
| abe 726 258 142 73| 18 | es 10 &6 07 | 24 | ss0 Error SD 3.08




Appendix F

'_Nnnmllll‘.nr_‘f BMS
1 | : :
C:;:En“;f:n , Response | (i) | Qi) - () | Effects | ;‘:‘;r‘:; D;if:;:f 5.:5::9 r ! pir) | Confidence
t:} | 28 | 1sss|3160 ema| - : .
A 829 160.3 | W94 41.0 10.% 2101 140 i 2101 859~ 00 99.9
B 158 150.7 | 188 126 4.2 1498 14 148 Rl . 00 954
ab 84.5 1587 222 06 | o1 oo | 1a | sa_ [%e2 | 02 | 700
C 703 10.1 : 46 66 1.7 5.4 10 04 0.0 0.9 10.1
ac RO.4 B/ RO | 14 0.4 14 10 14 0.6 0.5 515
be 73.3 101 14 | 234 08 14 1.0 4 | 06| 05 515 frro- MS 285
lsbc | 854 | 121 20 | 34 g8 14 1.0 14 06 | os 515 | Erre-SD 156
F2 - NP2 Reef
. i 1 5 f
E-;rr:‘:i;”;:‘;n Respanse (i) fii) (i) | Elfnets Equﬂrii Drerfefde:rﬁ E:‘f::! F p{F} Confidente
(1} 28.9 634 | 1256 | 255.0 : 2 | ISR [
A 34,5 622 | 1294 ! 148 3.7 266 10 266 . 463 | 00 a9 §
B 294 654 | 80  -16 0./ 08 10 08 ' 1§ 03 70.2
ab 323 640 | 66 | -50  -13 21 ¢ 10 18 31 | 02 | sas
C 306 56 | 4.3 , a8 10 18 10 31 wa | o1 42,0
at 248 24 | 14 14 04 0.2 10 0.2 04 | 0% 45.0 -
be 0.8 42 | a3 @3 42 00 10 0.0 0o | os 70 ErrorMS | 0.58
abc 332 A | 18 . 24 . o4 o2 | 10 | 02 o4 | o5 | as0 | |[Erorsp |07




Appendix F

' c::\;?;‘:‘:“ Response (i) | 4l (i} | Effecs ;‘l::gg _ sz‘!;:f ;‘I?::'E F pFl  Confidence

. [1) 896 1796 | 3583 7168 - - _

A 960 1787 | 3585 62 | s a8 10 ag | 104\ oc o8

' . . | sca  1ss| -5 34 | 08 4 1.0 ‘4 31 | 02 ° 848

- ab 824 780 | 47 606 | 15 ! 45 . 10 6o oo | o9 78

& 90.5 04 | -60 02 | 6: ' 68 . 10 | 4s 57 | 00 . 9.4

3¢ 60 | 19 | 25 32 | 08 13 0 M 33 28 | B2 | 818

b 9:.1 05 | 23 | 16 | 04 63 19~ (/%3 | o7 | o5 54.8 brror s | 045
asc 869 | 42 | a7 | 14 | -0a3 C2 1% ) o2 | os | os 193 | Erorsp | 068
corCAMOMt | Response | (1) | (0 (i) | Effects 5;‘;_;5;: ”F“ri::“jr:f 5’;‘3;‘:& Foooplt) | confidence

(1) .| s34 1588|3175 63z : : |

A 754 ISB.7 | 3208 | -104 | 26 135 |10 335 . 21 02 776

B 784 1659 | 61 ! -110 [ 2w 580 10 151 1 23 02 797

ab 80.3 1850 | 43 | 100 || 28 151 20 14 |02 c7 i 337

i 84.3 80 | 01 | 3a 08 14 10 | 151 | 23 C2 79.7

ac BL6 19 | 09| 18 05 04 | =0 04 1 o8 184

he I 783 27 | 29 | q08' a7 145 - 1.0 14 6 2 }.oez 791 Errar bAS | 653
abs 767 16 | 11 | -88 22 27 1.0 a7 15 | ©3 710 ErrorSD_ | 2.55




Appendix F

{ f SH arees af -
freatment | Respomse | @) fW (i) | effecs Sq;;r‘:; e :.;:::.-':- r pit) | Conlidence :
{1) 1043 | 2000 3952 8003 - - i
a 9y / 1952 4051 48 12 28 1.0 28 0.1 0.7 27.4
b a7.8 45 90 287 | -7.2 103.0 10 1030 | sS4 01 a1 4
ab 974 1906 43 181 45 40.3 1.0 1224 06 . o0s 522
g 108./ 86 A8 = 99 25 122 10 A0 |20 | 02 113
ac 105.8 04  -239 133 33 220 10 ;. 2R, | 1t 0.4 64 6
bc 91 4 2B Bt 1 =H1 a8 455 10 455 2.3 0.2 784 FrrarMs 201
| abe 989 , 71 | 48 1.8 0.4 04 | 10 0.4 0.0 0.9 10.5 ErrorSD 448

ceatment | pesgonse | (i (| iy | Efects ;‘q“u”:r‘ig E'Fer‘ff;;”‘ff : f:j:fe ro| piFl | Confidence
(1 91.1 1792 | 3638 | /310
A ] et [mesjzer2] 10 ] ed] o1 | 10 i 01 fool os | a8 |
B = 1843 -2.8 4,0 1.0 20 Lo i 2.0 _ 0.6 0.5 Rl 8
2h 02.4 1829 | 38 | 68 17 b8 10 14 as | o 363
EASESs S L SRR L l 54 [ 34 [ 08 | 14 | 10 58 1.8 02 | 732
ac 922 02 | 14 | 88 | 1z b4 10 b4 L/ | 03 /4.0
be 86 | 01 ! 32 68| 17 | =8 1.0 5.8 18 | 02 [ 72 ErcorMs | 3.17
abe 933 37 | 36 | 0a | o3 D8 1.0 oo | 00 | o9 5.9 Errarsn | 178




Appendix F

F3 - P2 Reef
P2Reel | TotatMass |
;:“Tmm;fzn Response | @iy | i) | @iy | Effects ;{;‘ur:::; u:ff;:jﬁ':r ;':E:?E r | ar) | confidence
(1) 452 845 | 1766 | 3555 ! .
A 353 921 | 1788 | 38 | 0 19 10, A8 02 | 07 319
e a9 877 | 04 | 111 28 154 10 (a5 . 18 | 02 75.0
ab 25,2 912 | 43 | a3 23 10.8 10 (A N07 01 | 08 206
c 442 59 | 76 | 23 @6 07 10 (- 108 13 | 03 67.7
| ac 435 63 | 35 | 47 12 2.8 1.0 28 | 03 | 06 40.1
he _ a74__ . 07 | 122 | 41 -10 2.1 10 21 | 03 | 06 355 ErrorMs 8,51
abe azg a6 | a9 | 451 a8 8.5 1.0 285 34 ' 01 85.9 ErroeSD 2,92
[;I:f;nm;r:n ' Response (i Gy | G | Effects ;’q”urg Ei ”r‘;’f:d“:: ;;ﬂ::rna F o pif) | Confidence
) g58 1674 3384 | 678.3 filn (N
A 816 1710 3388 | €27y " 32 202 10 202 123 00 97,5
e 85.1 1680 -34 | 75 19 7.0 10 70 43 0.1 89.3
[ ab 859 1719 03 | 61 15 47 10 63 02 07 30.0
LC_ ... 865 42 36 | 15 c4 0.3 10 47 28 02 Bi3
Ac 814 08 39 | 55 | s 24 10 44 27 | 02 | 822
E 280 5.2 5.C 0.3 Gl GO 1.0 ;0 0.0 0% b2 El‘nr M5 164
abr 839 41 | 11 | 38 | o i 18 . 12 ;.03 65.8 | Erarsp | 228




Appendix F

cl:;::’:::ﬂ Hesponse {1} {iil (il Effects i 55::::; D;ﬁ:f ;I:::F r ! piFl Confidence
{1} 696 | 1428 2788 5617 - e e :
A 737 1360 2829 , 142 | 36 25.2 1.0 252 _ 168 0D 985 |
B 65.2 1459 92 j-157 | 38 | 307 10 307 204 00 | 989
ab 708 1370 , 50 | 08 02 p1_ ! 10 i 21 |14 | o3 70.0
C 714 36 68 | 41 10 21 10 .ol 01 | 08 169
| Ac 74,5 56 | -83 | 42 | -10 22 10 272 | 14 | 03 704 _
! be . E75 3.1 19 -2.1 0.5 06 . ¥ G D6 04 06 42.) Error M5 _E 1.5%
abe kU5 20 | 11 | a0 | w8 11 | ¢.1b 11 | o8 | 04 ' se8 ' ErrorsD 123
CL:_;?‘ITHZI"';H Response Mol o | o | efecs Esq”lglf; Dr‘ejffde;sf 5":;:; F l alr) | Confidunce
| zaz ! sss | weas |33
a 53.6 /62 1713 | 674 | 163 | 5685 10 5685 | 133 00 97.8
f 220 883 512 | 175 | *-44 383 10 /3 04 04 60.2
ab | 542 530 163 | 188 | a7 444 10 | 57 01l 07 26.7
c 314 189 | -122 | 68 17 5.3 19 444 | 10 | 04 3.1
ac 468 323 | 53 | -349 -87 | 1521 10 1521 | 35 | @ 867 _
| be 36.0 54 | 134 | 69 17 5.9 0 | 54 01 | 07 | 221 | Eorns | 429
 abe 469 | 109 | 55 | 79 30 ' 737 10 27 | 02 | a7 3.7 ErrorSD 655 |




Appendix F

|

Clm";nm;"_}n i Response {i) (i) (i | Effects :::;:r[i “r‘;i'f:;zf 5'::::: 5 F | of) | Confidence |

{1 76.6 1582 [ 3198 | e300 - | - o ) :

A 816 1616 | 3192 | 238 60 | 708 10 708 _sd1| 00 909 |

& 76.0 1584 | 146 | s8 15 | a2 | 10 el N3k | 0a | e17 |

Ab 85 6 1608 | 92 7.0 18 6.1 10 0.0 00 | 08 15.0 !

c 77.5 5.0 34 06 -0.1 0.0 10 5.1 55 | 01 92.2

Ac 80.9 9.6 2.4 54 L& 3.6 1.0 3.6 13 | 01 85.6

Be 77.5 34 46 10 03 ' 01 1.0 0.1 01 | 08 24.6 ErrorMS  1.10
ab¢ 33 | s8 | z¢ | 22 06 5 oo I, NgJ) | wns._:05] 65 50.0 | ErrorsD__ 105




Appendix G

Appendix G — Flotation Data

 Cum Cu

Cum Pn

Figat Number Sempe Canc (g) Cum Cu Cum Cep Cum Cep Cum Ni Cum Pn Cum Ni
Type Grade Grade Recovery Recovery Grade Grade Rrcovery Recovery

| tecd 15.18
TLOAT 15 [NR Cl 21.99 2.43% 7.03% 735% 73.8% 4.04% 10.67% 28 ﬂ‘ﬁ; 45 2%
'IEHB 060<75, 2 13.87 1.39% 4.03% TB.6% 7B.6% 3.16% 8.34% 37 6% B60.7%
without Cu €3 11.55 0.96% 2.78% B0 9% 80.9% 2 48% B 54% 41.8% &7.6%
Sulphate) s 6.63 0.76% 2.18% 81.9% B1.9% 2 D5% 5.40% 43 4% 70.0%

: Tails 2 12 89

Tails 3 13.30

Food 4. 548
c? 23.50 257% 7.96% T76.3% 76.3% 346% 9.12% 26.8% 43 3%
2 16.58 1 589% 4.549%, 81.8% 81.8% 2.97% 7.85% 39.1% 63.1%
TLOAT 16 c3 12.82 1 15% 3.33% 84.1% B4 1%, 2.46% £.50% 44 6% 71.9%
Cd 817 0.92% 2.67% 85 2% B 2% 2.09% 5.51% 46.6% T5.1%

Tails 2 14 82

Tails 3 1557

Fiod 15.37
_ Cl 14,24 3.50% 10.36% a8 .0% 68 0% 3.80% B.22% 16.5% 26.T%
TLOAT 17 [NR C2 15.31 2.14% 6.15% Ta4% T9 4%, 4.02%, 10,61 % 39.84% 54,2%
ﬂifaﬂﬁf_ﬂ&@ﬂﬁi, C3 16.52 1.42% 4711% £3.9%, 83.9% 3.27% 8.63% 80.7% B1.85%
with Cu Sulphate) | g 9 64 1.10% 3.18% B85 5% 85.5% 2.658% 6.99% 83 2% B5.8%

Talls 2 16,08

| Tails3 14449

' Feed 15.54
Cl 14.32 3.40% 981% &7.6% 67 % 3 66% 89.67% 17.0% 27.4%
c2 13.89 2.07% 5.99% 79.3% T4 3% 4.21% 1M1.11% 38T 62.5%
FLOAT18 i €3 15.46 1.41% 4 08% 83.3% B3.3% 3.43% 2.05% 48 7% TB.5%
c4 622 1.11% 321% 24 9% B4.9% 2.82% 7.45% 51.2% B2 6%

Tails 2 12.72

Tails 3 13.24




Appendix G
Sample Cum Po Cum Pa Cum § Cum RMS Cum S Cum BMS Mass Recave Water Hecove
Finat Numbes w:; Conc (g) Grage Recovery Grade Grade Recovery Recavory 4] - [z} &
1 | Feed 15,18
| 21 99 327% 22 0% 8.3% 24.19% 49.9% 49.9% 229 171
| cz 1387 2 B3% 41.0% 6.5% 16 66% 63.0% 63.0% 3589 218
c3 1° 55 2 6R% 38 9% 5.4% 15.71% 701% 70.1% 47.4 479
: ca €63 2 54% 42 0% 49% 14.31% 72.8% 72.8% 54.0 584
Tails 2 12.99
- | Tails 3 13,30
Feed 1459
c1 23.50 2.95% 19.6% T7% 22 23% 45 5% 45.5% 235 203
g 2 16.58 2.52% 28.6% 5.9% 17.12% 59 7% 59,7% 401 495
FLOAT 16 N c3 1292 237% 35.6% 5.0% 14.54% 67 1% 67.1% 54.0 690
c4 817 2.28%, 39 6% 4 6% 13.20% 70.3% 70.3% 6.2 736
| Taits 2 *4.82
o B Tais3 ‘557
Foad 15,37
e s o €1 ‘4,29 5.42% 23.6% 10.0% 28.75% 38.5% 3B.5% 14.4 102
i G2 *5.31 3.08% 27 8% 7.8% 22.61'% B2 6% 62.6% 29 6 252
B €3 16.52 5,4 4% 44015, 8249, 18.25%, 78.7% 78.7% 461 490
GEREN 4 9. B4 2. 86% 48 6%, 5 52, 15.87% B2 9% 62.9% 558 66T
WJ Talls 2 *5.08 I
Tails 3 ‘449
Foed “5.54 - B
c1 14,32 5 249, 22.3%, 9 8%, 28.41% 37.2% 37.2% 14.3 101
c2 13 RY 2859 23.9Y, 7.9% 22 82% 58 8%, 58 8% 282 233
c3 15.46 .44, 44 7%, £.8%, 18.93%, 75 6% 75.6% 437 438
ca 922 3.25% 51.1% 5.8% 16.62% RO. 3% 80.3% 52.9 597
. Tails 2 12.72
(R 1ils 3 13.24




Appendix G
Sample Cum Cu Cum Cg Cum Cu Cum C¢ Cumn Ni Cum Pn Cum Ni Cutt Pn
doaboin il ‘vap:- Conc (g) Grade Gradrp Rrcovery Ht:l.'nwrl:r Grade Gradr Rucovery Recovery
s i .
FLOAT274NR €1 25 22 2.20% 6.32% 75.6% 75 6% 2.59% & 60% 21.0% 33.9%
13/39 p80<75, 2 22 85 1.21% 3.45% B2 8% B2.8% 2.44% 6.45% 38.0% 61.3%
i 3 1342 0.88% 2.55% B5.0% 85.0% 2.08% 5.48% 43.3% 69.8%
Sulphate). 4 B.75 0.69Y% 2.00% 85 9%, B5.9% 1.75% 4.62% 44 8% 72.4%
T Talls 2 15.50
| Tails3 1395
Fred 16.56 B
a 28.34 1.71% 4.94% 75.6% 75.6% 2.35% 6.17% 23.0% 37.1%
c2 21.59 1.01% 291% 81.8% a1.8% 213% 563% 37.1% 50 9%
FLOAT 28 3 1276 0.70% 203% 84.0% 84.0% 1.73% 4 58% 41.3% 66.7%
c4 6 80 0.56% 1.62% 84 9% B84.9% 1.48% 3.90% 42.8% £9.0%
| Tails 2 15.18
| Tails 3 1527
Ferd ‘616
€1 16,02 3.20% 9.24% 896, 69 6% 2 69% 7.11% 13.9% 22.4%
TLOAT 29 (NR €2 19.73 1.69% 4.88% 79.6% 79.6% 2.93% 7.72% 33.7% 54.4%
12/39pB0<in, (3 2132 1.16% 3.34% 83.5% 63,5% 2.43% 6.41% 43.9% 70.9%
- with CuSulphate) ¢4 .36 0.91% 2 63% B4 9%, #4,9%, 2.00% 5.29% 45 8% 73.8%
 Talls 2 15.00
' Talls 3 14.25
Faed 1505
(=) 14.94 3458 10.01% £9.9% 69 9% 2919 7.64% 14, 0% 22.65%
c2 13.88 2.05% 5.92% 79.5% 79.5% 3.06% 8.07% 34.7% 56.0%
TLOAT 30 & 21.05 1.46% 4.21% 83.4% B3.4% 2 56% 6.76% 44 5% 71.9%
ca 985 1.13% 3.26% B4 9% B4 9% 2 08% 5.49% 46.4% 74.8%
i Tails 2 1489
[ Tails 3 15.30




Appendix G
£ laat Nimbae Sampie Conc (2} Cum Po Cum Po Cum S Cum BMS Cum S Cum BMS  Mass Recovery  Water Recovery

Type Grade Recovery Grace Grade Recavery Recovery (g} {2l

Feec 15.88
Cc1 2522 2.223% 17.6% 6.13% 17.7% 43.3% 43.3% 252 213
c2 22.85 1.93% 29.3% 4 B0% 139% 64.6% 64.6% 481 508
c3 13.42 1.85% 378% 4 .24%, 12.2% 73.0% 73.0% 61.5 730
C4 B.75 1.92% 41 2% 3.97% 11.5% 75.8% 75.8% 682 B47

Taills 2 15.50
Tails 3 13.85

Feed 16.56

c1 28.34 2.83% 26 4% 5.56% 16.1% 46.1% 46.1% 283 240

cz 21.59 2.22% 36 5% 4.35% 12.6% 63 6% f3.6% 493 524

FLOAT 28 C3 12.76 2.14% 44 2% 3.85% 11.1% 70.5% 70.5% 627 735
C4 6.80 2.09% 47 8% 361% 104% 73.3% 73.3% 69 5 862

Tails 2 15.16
Tails 3 15.27

Feed 16 16
o 1602  5.06% 24 8% 851% - 24.8% 37.0% 37.0% 16.0 11
2 1973 4.52% 493%  £75%  19.5% 65.6% 65.6% 358 109
A c3 2132 381% 665%  52E%  15.2% 81.6% 81.6% 57 1 639
G4 9,36 3 41% 69.3% 468%  135% B4.5% 84,5% 66,4 815
Sulphate] Tals2 1500
Tails3 1425
Feed 18,05
o 1494  635% 28.3% 955%  27.6% 37 8% 37.8% 1404 90,43
c2 1988  518% 539%  7.26%  210%  67.0% 67 0% 34 82 282,26
c3 2105  423%.  705% 556%  161%  82.3% 82.3% 5587 588 64
ca ags 3.76% 73.6% 490%  142%  854% 85.4% 65.72 764.25

Tails 2 14.69
Tails 3 15.30




Appendix G

E st Numiser Sample Conc (g) Cum Cu Cum Ccp Cum Cu Cum Cep Cum N Cum Pn Cum Ni Cum Pn

: Type Grade Grade Recowery Recovery Grardn Grade: Hecovery Recovery
Feed 15.06 i
c1 12.06 4 99y *4.43% 80.72% BD.72% 9.59% 2B.53% 57 38% 57.38% I
c2 B.58 2.76% T.97% 86.70% 86.70% 65.25% 17.56% 10.59% 67 97%
3 7.82 1.55% 4.47% 88 60% 88.60°% 162% 987T% 1. 78% 68.75%
ca 6.05 1.26% 3.65% B8.99% BO.99% 2.94% 7.98% (0 B6% 70.60%
Tails 2 14 88
Tails 3 16.07
reed 14.59
Cl 417 4.08% 11.81% 80.33% B0 33% 6.47% 22.28% 60.79% B60.79%
c2 7.79 2.32% 6.72% B5.96% B5 95% 4,21% 13.88%, 7.97% 68.76%
3 602 1.62% 4 6B% 87 86% BY B6% 3.15% 9.70% 1.87% 70.44%
C4 5.87 1.25%, 2.62% 88.98% A8 98% 2.52% 7.49% 0.89% 71.32%
Tails 2 320
Tails 3 3.28
Fend 15.34
€l 1427 3.83%, T 5% &84 B2% 84 B2% 7.03% 18,8B% &7 .04% 57 04%
c2 4 8D 2.01% §5.41% A7 484% B7 48% 4.22%, 11.27% 4.62% 61 E6%
€3 H44 1.55% 4 47% BR B5% Ba.85% 3.30% 8.77% 1.61% 63.17%
C4 4.38 1.26% 3.65% 89 B3%, BO B3 2.70% 7.17% (65% 63.82%
Tails 2 15 B4
Tails 3 15.54 "
Fearl 16.56
Cl 15.00 4 298, 12.3B% B4 99% B4,89%, 8.25% 21.68% 61.13% 61.13%
c2 513 2.39% 6.90% 88.16% B8.16'% 5.21% 13.73% 5.47% 66 60%
c3 5556 1.65% 4.77% 89.62% 80.62% 3B7% 9. 66% 1.72% GB.32%
Cc4 495 1.27% 368% 90 .54% 90.54% 2.83Y% 7.45% 0.77% 69.08%
Tails 2 1618
Tails 3 15.45




Appendix GG
Sample Cum Po Cum Po fum s Cum BMS Cums Cum BMS Tatal Mass  Tetal Water
feaLivimber Type g Gradn Rocovery Gradr Gradoe Roezavery Recovery (g igl

reed 15.06
cl 12.06 18.72% 61.53% 21.91% 63.33% 65.22%, 65.229%, 121 73
2 8.58 15.54% B2.98% 15.88% 45 Ba% B0 879 BO.ATY: 206 183
c3 7.82 12.58% 02.62% 12 28% 35.43% 86.11% 86.11% 285 343
4 6.05 10.72% 85.72% 10.35% 29.90% 88 1% B88.11% 345 495
Tails 2 14 88
“ails 3 16.07 " =
frod 14,59
cL 14.17 20.06% TE.47% 19.09% BT 7B8% 72.68% 72.68'% 142 108
02 779 15.84% 53.60% 15.12% 43.70% B5.19% 85.19% 220 226
i} B.92 13.17% 102.29% 12 15% 3510% B0.00% 890.00% 289 358
ca 587 11.32% 105.84% 10.34% 29 87% 892.16% 892 18% 34 8 502
Tails 2 3,20
Tails 3 3.36
Feed "534
(uf 14,27 16.53% TH.04% 17 01% 49 17% 74 84% T4 644, 143 154
c2 4 B0 14 58% RO BEY, T4 20t 41, a% B3.43% 83.43% 18.1 255
3 544 12.84% 09 84%, B B 7 34 .02% B8.71% B8.71% 24 5 406
Cd 4.38 11.20% 104, 30% 10.25% 28 62% 81 05% 81.05% 289 547
Taily 2 15.84
Tails 3 15,54
Feed 16,56
£l 500 20.35% 79.50% 20 09% 58 06% 74 B4% 74.84% 15.0 135
c2 513 17.75% 93 04% "6.79% 48 53% B3.96% B83.96% 201 230
3 5.55 15.48% 103.571% 4 02% 40.51% B9.40% 89.40% 257 e LY
cq 4 45 13.62% 108.67% 12.10% 34 98% 92.08% a2 09% 06 493
Talis 2 1618
lails 3 1545




Appendix G
Heat Nambar Sample Conc (g) Cum Cu CumCcp Cum Cu Cum Ccp Cum M Cum kn Cum Ni Cum Pn
Type Grade Grade Recavery Rocovery Cirade Grade Hecovery Recovery
Feed 16.41
1 8.73 5.76% 16.66% 71.61% T1.61% 11.19% 31.35% 45.80% 54.12%
c2 9132 4.34% 9.85% &84 68% 84 68% 7.80°% 21.17T% 4 55% T6.28%
C3 782 2.28% 6.58% B713% 87.13% 541% 14.54%, H6.89%, 79.04%
cA 6.38 1.69% 4 B9% 88 42% 88.42% 4.04% 10.82% 67.97% 80.32%
Tails 2 16.07
Tailz 3 16.90 e
Feed 1549
cl 1045 5.46%, 15.75% FT53% 77.53% 10.13% 26.60% 49.71% 5B 74%
€2 & 68 3.02% 8§ 72% 83 BB% 83.88% & B0% 17.37'% 62.01% 7327%
c3 7.27 2.00% 6.05% 85 74% 85 74% 4 62% 12.17% 63.86% 75.46%
c4 6.80 1.61% 4 64% B6.8B% 86.88% 3.56% 8.37% B4 94% 16.73%
Tails 2 1540
Tails 3 16.47
e 16,43
1 13.57 4 .44% 12.81% 85,23% B5.23% 9.42% 24 50% 56.15% 66 35%
] 545 3.63% 7.00% ;_E&E&.M% BR.41% 6,23% 16 33% B3 .56% 75.10%
€3 6.05 3.08% 4 89% B8, 70% 89,70% & 46% 1M1.71% 685.53% T7.43%
) 487 2.66% 3.75% a0.34% 80.34% 3.44% 8.06% 66, 34%, TE.38%
Tails 2 16.84
Tails 3 14.89 o
Fead 15.44
2% | 14.43 4 5% 12.99%, 86.63% B6.63% B.94% 23.52% 57 T1% B8 19%
€2 5.6 2.70% 7B2%, &9.444%, 80 445 6.10% 16.09% 63 BO% 75.39%
o} 623 1.80%, 5.4B% 90 .58% 80.58% 4.37% 11.53% 65 504% T7.38% '
c4 4,57 1.48% 4 2B% 91 149, 91.14% 3 44% 9.08% 66 22% 78.25%
Tails 2 16.19

Tails 3 1267 ;




Appendix G
Float Nwmber Sanple oneqgy  CumPo Cum Po Cum$  CumBMS cums$ Cumnms  Tolal Mass  Total Water
Type Grade Rrecavery Grade Grade Recovery Recovery (g) {gl

Feod 16.41
Cl B73 23.19% 55.59% 25.5T% 73.89% 58.46% 58 46% 8.73 3547
c2 9.32 16.52% 81 88% 17 63% 50.94% 83.33% 83.33% 18.05 14254
. 7.82 13.06% 92 75% 13.23% 38.23% Be.63% 89.63% 2587 282.35
ca 65.38 11.00% 97.38% 10.94% 31.62% 82.42% 92.42% 32.25 41589
Tails 2 16.07
Talls 3 16.90
Feed 15.49
cl 10.45 20.88% 62 65% 23.36% 67 .50% 66 84% 66 84% 10.45 5563
L2 B.68 15.35% 84 34% 16.20% 46.83% B4 89% 84 89% 18.13 170.74
c3 127 12.33% 93.50% 12 47 % 36.05% 80.18% 90 18% 264 287 39
ca 680 10.37% 98 85% *0.26% 28.65% 83.27% 93.27% 33.2 4255
Talls 2 *5.40
Tails 3 16,47
Feed ‘6,43
£l 1367 18.39% 67 58% 20 6B% 58.72% 72.42% T72.42% 13:87 116.39
g2 545 15.81% §1.42% 16.88% 48,07 % B3.40% 83 40% 18.02 218.36
3 f.08 13 65% 92 RS, “381% 39.92% B9.43% 89.43% 25.07 37H.8
] 487 12.07% 97 B2% 11.92% 34.44% 92.15% 82 15% 2094 522 76
Talls 2 ‘6,84
Tails 3 14,89
Feed 15.4%
€1 *4.43 1661% 64.11% 19.61% 56.67% T217% T217% 14.43 129 G
c2 5 60 14.25% TH.35% 15.85%, A6 0% 81.51% B1.51% 2003 24054 -
c3 5.23 12.39% 87 .00%, 13.00% 37.57% BT.07% 87 .07% 26.26 398.07
4 4.57 11.13% 91.76% 11.29% 32 N% B9 55% £9.55%, 30.83 53047
Tails 2 “6.19
Tails 3 ‘267




Appendix G
Iloat Number SiMPIE Canc {a} Cum Cu Cum Ccp Lum Cu Cum CLp Cum Ni Cum P Cum Ni Cum Pn

Pypa Grade Grade Recovery Recovery Grade Grade Recovery Recavery

Feed 14 98

C1 7.58 7.13% 20 .859% 55.05% 55.05% 4.16% 10.98% 8.75% 1M 41%

2 11.62 3.86% 11.16% 72.16% 72.18% 8.70% 15.03% 30.75% 40.12%

3 11.06 2.78% 8.05% 78.56% 78.58% 5.785% 15.244%, 49 00% B2.891%

ca 5.99 2.23% f,4684% 81.55% B1.55% 5.12% 13.52%, 5.1 2% 73.21%

Tails 2 15:39

Tails 3 14.75

Feed 14 B4

€l T.05 7.03% 20.32% 48.15% 48.15% 3.83% 10.10% 7.40% 8.85%

c2 13828 417% 12.07% 71.08% 71.08% 5.29% 13.96% 32.33% 42.17%

c3 12 .62 278% B.05% T8.07%: T8 07% 5.24% 13.82% 50.14% 65.41%

c4 994 2.06% 5.96% 81.37% 81.37% 4 44%, 11.73% 57.10% 74.49%

Tails 2 15278

Tails 3 14.14

Feed 14.54

C1 1561 4.28%, 12.31% 73.04% 73.04% 4 32% 11.40% 20.11% 26 .23%

Ce 942 2.168% 6.23% ¥9.73% 75.73% 4.50% 11.87% 33.80% 44 .05%

3 11.68 1.51% 4. 37% 64 16% 84.16% 4 .44% 11.73% 48 93% 63,830

c4 8.00 1.20% 3.46% 85.77% BS T7% 3. B3% 10.11% 53.33% B9 57 %

Talks 2 14 21

Tails 3 14 .45

Feed 1475

Cl 14 22 5.17% 14.93% 74 .53% 74.53% 4 989 13.17% 20.04% 26.14%

2 102 2 62% 7.59% a1.35% 81.35% 5.22% 14.28% 36.55% 47 68%

Cc3 i13 1.77% 513% B4 B81% 84.81% 4 95%, 13.04% 49.74% 64 89%

ca 851 1.46% 4.22% BE5 58% 86.58% 4 .56% 11.54% 54.75% 71.42%

Tails & 1464

Tails 3 14.85




Appendix G
Flaat Nt Sample Cone{g) Cum Po Cum Po Cum S Cum BMS Cums Cum BMmS  Tozal Mass Tazal
Type Grade Recovery Gracn Grade Rrcovery Recovery (gl Water{g]

Fend 14.98
c1 7.58 8.86% 14.35% 17 11% 49 44% 24 63% 24.63% 7.6 = ¥
c2 11.62 8.30% 33.77% 14 43% 41.71% 52 62% 52.62% 192 124
c: 11.06 7.26% 46 54% 12.67% 36.62% T2 81% 72.81% 30.3 233
4 8.99 6.45% 53.63% 10.85% 31.64% B1.61% 81.67% 35.3 360
Tails 2 15.39
Talls 2 14.75
Meec 14 84
€1 7.05 7.39% 11.01% 15.05% 481 1% 21.28% 21.28% 71 29
c2 13.88 573% 25 35% 12 .86% 7. 45% 81.32% 51.32% 20.9 120
c3 12.62 5.48% 38 By 11.31% 32 69% 71.78% T1.79% 336 225
4 894 5.10% 46 844, 9.84% 28 43% B0.94% H.94%, 435 350
Tails 2 15.24
Tails 3 14 14
Feed 14.54
il 15,81 4,07% 15,20% 11.73% 33.889% 39.45% 30.45% 15.6 05
2 683 366% 22 50% 9.568% 28 THY% 54 80% 54 801% 255 196
3 11.68 3.07% 27 48% 8.72% 25.201% B9.92% 58.92% 372 By
4 B.O0 3,18% 24 72% T B6% 22 72% 76 58% 76.58% 452 459
Talls 2 14.21
Talls 3 14.45
eaped 14.75
C1 14.22 4.46% 13.658% 13.74% 39.72% 7. 7B% 37.76% 14.2 BB
c2 10.2 4.10% 21 60% 11.64%, 33.64% 54 Ui%, 54.95% 24 4 172
c3 11.3 4.33% 33.35% 10.17% 29.41% T0.25% 70.25% 35.7 302
ca 8.51 4.34%, 41 45% 9.07% 26 21% 77.54% 77.54% 44 2 433
Tails 2 14 64
Talls 3 14.85




Appendix G
Siaat fhimber Sampl Conc (g) Cum Cu Cum Cop CumCu Cum Ccp Cum Ni Cum Pn Cum Ni Cum Pn
Type Grade Grade Becovery Recovery Grade Girade Hecavery Racavery
reed 15.6%
1 1366 512% 14.74% T.95% 70.99% 4.16% 10.97% 15.14% 19.75%
c2 254 3.05% B 80% B0 43% B0 .43% 4.93% 13.01% 24 .49% 44 G9%
a 13.17 1.99% 5.75% 84 09% 84 09% 4 69% 12.37% 48,55% 64.63%
c4 4 B6 1.61% 464% 85 84% 85.94% 4.07% 10.75% 54 26% 70.78%
Tails 2 14.85
Tails 3 15.26
Ferd 17.35
C1 8.08 6.80% 19.67% 62 1% 62 01% 3.82% 10.07% 8.09% 10.56%
2 13.06 3.82% 11.03% 76 48% 76.48% 523% 13.79% 30.57% 39 88%
3 12.85 Z.59% 7.48% 81.56% 51.56% 5.14% 13.57% 47.53% 62 01%
ca 968 2.01% 5.82% 63.94% 53.84% 4 45% 11.73% 53.27% 69.48%
Talls 7 16.51
Tails 3 16.53
Fee 16,93
C1 13.89 4. 84% 13.99%, 73.67% T3.67% 4. 52%, 12.19% 17.91% 23.37%
c2 10 59 2.65% T.66% B0 36% 80, 36%, 5.16% 13.61% 24 B8 45.23%
3 10 B4 1.84% 5.33% §3.49% 83.49% 4 B59%, S2.37% 45 78% 849.715%
ca 7.8e 1,44 % 4. 16% 85.05% 85.05% 4.01% L. 5H%, S0.00% 65.23%
Tails 7 15 96
Talls 3 16,34
Feed 16.10
1 17.57 3.71% 10.72% TEB % T661% 4 66% 12.30% 23.71% 30.92%,
ci 11.37 2. 4% 6.19% B3.7 % B3.71% 477% 12.59% 39.78% 51.89%
C3 10,22 1.53% 4 41% B6.60% BE 60% 4 17% 11.01% 45 44% 63.19%
ca B19 1.%3% 327% B8 00% 88.00% 3.38% 8.93% 54.77% 67.53%
Tails 2 16.44
Tails 3 15.949




Appendix G
Ela b Sampie Canc (g} Cum Po CumPo Cum5s Cum BMS Cums CumBms  Total f_ddsi Total
Tyoe Grade Recovery Grade Crade Hoeoovery Hrcovoery lg} Water (g}
Feod 15.61
cl 1366 7.24% 21.76% 13.94% 40 28% 37.52% 37.52% 13.7 85
c2 “2.54 582% 33.53% 11.65% 33.67% 60.16% 60.16"% 262 186
| 13.17 533% 46.13% 10.08% 29 3% T8.20% 78.20% 354 324
c4 o HE 501% 54.21% 882% 25.49% BS5.58% 85.58% 4a2 458
Tails 2 14.85
Tails 3 15.26 _
Focd 17.35 o
C1 8.08 B.75% 16.33% 16.24% 46 94% 27.15% 27.75% B.- 32
c2 13.06 581% 28 36% 12 50% 36.13% 54 B8Y% 54.68% 2.1 118
3 12.95 5.00% 39.35% 10.62% 30.68% T4.B7% T4.87% 34,1 231
4 968 4.64% 46.93% 9.20% 26.59%, B3.30% B3.30% 438 344
Talls 2 16.51
Tails 3 16.53
Faed 16.93
£l 13,48 2.51% 8.98% T e 35 0% 38 74% 38, 74% 13.9 a7
c2 10.65 1.43% 8.97% 9.9°% 28 B3% 55.85% 55.85% 24.5 “E0
c3 10,54 1.67% 15.06% 8.57% 24.78% 69, 14%, B8, 14% 35.0 302
4 7.92 1.90%, 21.85%, 7.69% 22.22% TE 0%, 76.03% 429 412
Talls 2 15.96
Talls 3 16.349 n
Feed 16,0 '
€1 17.57 4,094%: 1T 72% 11.44% 33 06% 44 37% 44.37% 176 ~ 25
C2 11.37 2 B9, 20.63% 9519 27.48% 6. 75% BO.T5% 289 236
€3 10.22 291% 28.06% H28% 23.92'% T1.57% 71.57% 302 363
c4 B.19 3.09% 36.05% 7444 21.49% T7.74% 77.74% 474 480
Tails 2 16.44
Tails 3 1599






