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Abstract. Current high Pd metal prices and the search 
for large Ni deposits has increased the importance of the 
Platreef mineralised zone in the Northern Limb of the 
Bushveld Complex significantly. Poor understanding of 
the Platreef geology remains a complex problem for many 
exploration companies. The Ivanplats exploration team 
have shown that understanding lateral lithological facies 
variations in the Upper Critical Zone may be the most 
important aspect in unravelling the stratigraphy of the 
Platreef on the Northern Limb of the Bushveld Complex. 
Detailed examination of the eastern and western limb 
stratigraphy and observed lateral variations led to the 
recognition of key stratigraphic lithological indicators 
within the Platreef rock sequence on the Ivanplats 
properties. Grobler et al. (2019) have demonstrated a 
new stratigraphic interpretation for the Turfspruit area 
comparable to the Critical Zone of the BIC. The Platreef 
is shown to contain recognisable Upper Critical Zone 
stratigraphic units in addition to the Merensky Reef. Here 
we discuss the application of the new proposed 
stratigraphy in a regional sense to the Northern Limb. 
 
1 Introduction 
 
A regional stratigraphic subdivision for the Platreef has 
always remained problematic. Exploration companies 
have mostly followed their own project-bound 
interpretations and correlation between projects was 
mostly very complex or untenable.  

Historically, the Platreef was defined as contact-style 
mineralization found at the base of a mafic-ultramafic 
intrusion (McDonald and Holwell 2011). Direct 
correlations with the Merensky Reef failed due to 
attempts to correlate the entire thick package of hundreds 
of metres of variably mineralized Platreef rock with the 
aforementioned narrow reef. Arguments listed included 
the following: 

Low Pt/Pd ratios (1:1 - calculated across entire Platreef 
compared to a 1.7:1 Merensky ratio); 

Huge thickness (100 – 400 m) compared to Merensky 
Reef (~1 m); 

Few PGM sulfides; 
Only erratic chromitite occurrences compared to the 

stratiform chromitites recognised in the Critical Zone 
elsewhere; 

No magmatic cyclicity – (Platreef pyroxenite dominant) 
compared to well-developed cyclicity of the Critical Zone; 

Irregular complex sedimentary footwall zone 
compared to predominant quartzitic footwall of main 
Bushveld Complex. 

The recent recognition of normal Upper Critical Zone 
(UCZ) stratigraphy on Turfspruit through the study of > 
720 km of drill core allowed for a detailed examination of 

the magmatic stratigraphy (Grobler et al. 2019; 
Yudovskaya et al. 2017). For the first time, a direct 
correlation with the UCZ of the western and eastern 
Bushveld was possible. Several key papers have 
previously been published on the main Bushveld 
Complex, in an attempt to explain the stratigraphic 
relations in the upper part of the Critical Zone. Davey 
(1992) illustrated the lithological and thickness variations 
through the Bastard – Merensky and UG2 reefs in the 
Marikana area of the western Bushveld, while Lea (1996) 
did the same for the north-eastern Bushveld. 
Understanding these variations were key in unravelling 
the complex stratigraphy of the Platreef on Turfspruit. 
Although magma-sediment interaction processes 
disrupted the normal magmatic stratigraphy, areas do 
exist where mostly pristine magmatic cyclical units are 
still recognisable. This is especially true for the down-dip 
deeper portions of Turfspruit. Understanding the 
stratigraphic relationships within these areas allowed for 
extrapolation up-dip into more complex typical Platreef 
areas. 

Several MSc and PhD studies related to the 
Laurentian-Limpopo university collaboration funded by 
Ivanhoe Mines over the past five years have contributed 
significantly to our understanding of the local geology. Of 
much importance is the Strontium isotope study 
completed by Mayer (2018). The results show a 
significant 87Sr/86Sr ratio shift through the mineralized 
section of the upper Platreef which matches the isotopic 
shift previously documented through the Merensky and 
Bastard Cyclic Units in the eastern and western limbs of 
the Bushveld Complex. The studies all focussed on 
establishing a detailed ore deposit model for the 
Turfspruit Flatreef. Completed MESci projects through 
Cardiff University and papers published by University of 
the Witwatersrand academic staff were important during 
the process of unravelling the stratigraphic framework. 
(Yudovskaya et al. 2017) correlated the Merensky-style 
mineralisation within the Turfspruit Thick Reef Facies 
directly with the Merensky Reef elsewhere in the 
Bushveld Complex. The combination of the scientific 
studies and the stratigraphic framework established by 
Ivanplats exploration geologists allows us now to attempt 
a detailed regional stratigraphic correlation for the 
Platreef across the entire northern limb. 

 
2 Platreef stratigraphy  
 
Extensive exploration drilling by Ivanplats established a 
new stratigraphy for the layered complex on Turfspruit 
(Grobler et al. 2019). Focussing on the Platreef 
mineralised package, several key stratigraphic units were 
recognised below the Main Zone contact that can be 
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directly correlated with the Critical Zone of the main 
Bushveld Complex. These include the Bastard, Merensky 
and UG2 cyclic units for which equivalents were proposed 
for the latter two, in the southern segment of the northern 
limb by Maier et al (2008). Furthermore, studies by 
Yudovskaya et al. (2013, 2017) on Turfspruit have 
contributed significantly in recognizing important 
stratigraphic units lower down in the Platreef stratigraphy. 
This includes recognition of mafic-ultramafic units of the 
Lower Zone stoping into host rock Transvaal sediments. 
 
3 Lithological and thickness variations 
 
It is evident from a literature study on the thickness 
variation of the MCU and the BCU across the Bushveld 
Complex that these cyclic units are significantly 
developed across large areas. What is not readily evident 
from the literature is the thickness variation of individual 
lithologies within the specific cyclic units. Lateral facies 
variation has been described across the Bushveld (Davey 
1992; Lea 1996; Viljoen 1999). These need to be taken 
in consideration during stratigraphic correlations. Rock 
types are seen to grade from pyroxenite through norite 
cyclical units into anorthosite at the same stratigraphic 
level. Figure 1 is a schematic illustration depicting the 
lateral lithological and thickness variations observed in 
the project area.  

Thickness variations of individual lithological units are 
evident within the BCU and the upper part of the MCU on 
the project area (Fig. 1). Table 1 illustrates the variation 
in maximum thickness across the Bushveld for the MCU 
and BCU intervals, respectively, and corresponding 
thickness variation for the comparative equivalents on 
Turfspruit 241KR. The average thickness for the 
mineralized Merensky Reef at a 2 g/t cut-off is 25.23 m 
for the study area (Table 2). 

 
4 Conclusions 
 
Recognition of UCZ stratigraphic units within the Northern 
Limb allows for a direct correlation with the rest of the 
Bushveld Complex. These observations show that the 
stratigraphy of the layered complex remained generally 
consistent across the entire intrusion. Although 
remarkably similar across the different geographic areas, 
there are significant lateral lithological variations on a 
detailed scale within the larger stratigraphic units. 
Understanding the complexity of these variations forms 
the key to unravelling the stratigraphy of the layered 
sequence observed within the Northern Limb (Fig. 2). 

The broad zone of erratically mineralised “Platreef” 
found at the base of the northern limb includes a large 
part of the Critical Zone and Lower Zone stratigraphy 
(Grobler et al. 2019) (Fig. 3). In particular, it explains the 
failure of previous attempts of direct correlation with the 
Merensky Reef. It is of utmost importance to note that 
only the high-grade upper part of the Platreef should be 
correlated with the Merensky and Bastard reefs. 
 
 
 

Table 1. Thickness variations of the MCU and BCU across the 
Bushveld Complex compared to Turfspruit (from Grobler et al. 
2019). 

 
 
Table 2. Thickness variations of the UCZ stratigraphic units 
recognised on Turfspruit. 

 
 

 
Figure 1. Vertical section through the Flatreef displaying lateral 
facies variations (Cr-stringers shown as black stippled lines). 
 

 
Figure 2. Preliminary stratigraphic interpretation for the Platreef of 
the northern limb (modified after Mayer 2018). For explanation of 
abbreviations refer to Mayer 2018. 

Mine Area MCU (m) BCU (m) Reference
Amandelbult Section 16 32 Viljoen et al (1986a)
Rustenburg Section 10 100 Viljoen and Hieber, (1986)
Northam Mine 23 61 Viring and Cowell (1999)
Impala Platinum Mine 11 110 Leeb-du Toit (1986)
Union Section 32 35 Viljoen et al (1986b)
Atok Platinum Mine 27 55 Mossom (1986)
North-eastern Bushveld 18 59 Lea (1996)
Turfspruit 241KR 25 32 Av. thickness this study (439 holes)
Average excl Turfspruit 20 65
Average incl Turfspruit 20 61

MAN BCU MDU M1U M1L M1U+M1L
# of Holes 285 312 475 425 244 439 366 393
Max 29.09 140.71 119.77 70.76 66.24 99.15 18.18 87.76
Min 0.03 0.39 0.32 0.15 1.11 0.33 2.06 2.60
Mean 4.32 29.84 32.10 15.28 20.02 25.23 4.47 22.23
Median 2.09 25.39 22.30 13.10 17.54 22.25 3.51 19.40
Std Dev 5.25 23.48 26.67 13.34 13.65 15.81 2.29 14.89

BCU 2g 
cut-off

MCU 2g 
cut-off

MCU
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Figure 3. Simplified stratigraphic correlation of the northern limb 
Platreef with the main Bushveld Complex (after Grobler et al. 
2019). 
 
References 
 
Davey SR (1992) Lateral variations within the upper Critical Zone of 

the Bushveld Complex on the farm Rooikoppies 297JQ, 
Marikana, South Africa. SAJG, 95(3/4):141-149. 

Grobler DF, Brits JAN, Maier WD, Crossingham A (2019). Litho- and 
chemostratigraphy of the Flatreef PGE deposit, northern 
Bushveld Complex. Miner Deposita 54: 3-28. 

Lea SD (1996) The geology of the Upper Critical Zone, northeastern 
Bushveld Complex. South African Journal of Geology, 
99(3):263-283. 

Maier WD, Eales HV (1997) Correlation within the UG2 - 
Merensky Reef interval of the Western Bushveld Complex, 
based on geochemical, mineralogical and petrological data. 
Geological Survey South Africa, Bulletin 120:56 pp. 

Maier WD, de Klerk L, Blaine J, Manyeruke T, Barnes S-J, 
Stevens MVA, Mavrogenes JA (2008) Petrogenesis of 
contact-style PGE mineralisation in the northern limb of the 
Bushveld Complex: comparison of data from the farms 
Rooipoort, Townlands, Drenthe and Nonnenwerth, Mineral 
Deposita 43;255-280. 

Mayer C (2018) Strontium Isotope Stratigraphy of the Platreef at 
Turfspruit, Northern Limb, Bushveld Complex. MGeol thesis, 
Laurentian University. 

McDonald I, Holwell, DA 2011. Geology of the Northern Bushveld 
Complex and the Setting and Gneisis of the Platreef Ni-Cu-PGE 
Deposit, Economic geology, 17:297-327. 

Viljoen MJ (1999) The nature and origin of the Merensky Reef of 
the western Bushveld Complex based on geological facies 
and geophysical data: SAJG, 102(3):221-239. 

Yudovskaya MA, Kinnaird JA, Sobolev AV, Kuzmin DV, 
McDonald I, Wilson AH (2013) Petrogenesis of the lower 
zone olivine-rich cumulates beneath the Platreef and their 
correlation with recognized occurrences in the Bushveld 
Complex. Econ. Geol. 108:1923-1952. 

Yudovskaya MA, Kinnaird JA, Grobler DF, Costin G, Abramova VD, 
Dunnett T, Barnes S-J (2017) Zonation of Merensky-Style 
Platinum-Group Element Mineralization in Turfspruit Thick Reef 
Facies (Northern Limb of the Bushveld Complex). Economic 
Geology 112, 1333-1365.



470 Life with Ore Deposits on Earth – 15th SGA Biennial Meeting 2019, Volume 2 

The structure and syn-magmatic tectonic influence on the 
Flatreef Deposit, Northern Limb, Bushveld Complex 
J.A.N Brits1, D.F Grobler1, A.J Bumby2, A Crossingham1 

1Ivanplats (Pty) Ltd., an Ivanhoe Mines Company, Mokopane, South Africa 
2Department of Geology, University of Pretoria, Pretoria, South Africa 
 
 
Abstract. The Flatreef deposit is part of the Upper Critical 
Zone stratigraphy of the Rustenburg Layered Suite (RLS) 
of the Northern Limb (NL). Recently discovered by 
Ivanplats and described by Grobler et al. (2019), the 
Flatreef was the focus of a definitive feasibility study 
executed by Ivanplats (Pty) Ltd. on its Platreef Project. 
From this study it became evident that structural 
elements and the timing thereof played a significant part 
in the formation of the phenomenon which became 
known as the Flatreef deposit. The Flatreef deposit is a 
distinct magmatic sequence of cyclical units which 
stratigraphically correlate with the Upper Critical Zone of 
the Bushveld Complex. Remarkable features of the 
Flatreef deposit includes the preservation of magmatic 
layering of extraordinary width and associated poly-
metallic mineralisation. Multiple tectonic events 
contributed to the formation of the Flatreef structure. 
Ductile tectonic events on both a regional and a project 
scale influenced the orientation and shape of the 
sedimentary rocks prior to intrusion of the RLS and 
controlled processes during emplacement of magma. 
Semi-brittle tectonism at various stages during late to 
post- emplacement is evident as brittle overprints on 
shear zones and faults.  
 
1 Regional tectonic setting of the Northern 

Limb 
 
Emplacement of the Northern Limb has been influenced 
by two principal transpressional events which caused 
strain along the Thabazimbi-Murchison Lineament (TML) 
in the south and displacement along the Palala Shear 
Zone (PSZ) in the north.  According to Nex, (2005) this 
has led to the formation of two main open fold 
expressions within the Transvaal sediments. The 
dominant folding event was caused by NE-SW sinistral 
transpression resulting in low amplitude open folding.  
Subsequent NW-SW trans-pressive inversion refolded 
the earlier NW fold axis resulting in a basin and dome fold 
interference pattern (Friese, 2012).  

The layered magmatic rocks of the RLS forming the 
Northern Limb has been intruded into the moderately 
undulating sediments of the Transvaal Supergroup. The 
transgressive nature of the lower contact of the RLS up-
dip and along strike towards the north is well documented 
(Kinnaird, et.al., 2005). Intrusion and the space required 
for emplacement into a closed system within clastic and 
chemical sedimentary strata was facilitated by means of 
magma stoping. Along the southern most sector of the 
Northern Limb intrusion into the lower stratigraphic units 
of the Pretoria Group occurred predominantly by means 

of melting and assimilation of the siliceous clastic 
sediments. Northward the magmatic rocks of the northern 
limb transgress through the lower clastic sediments of the 
Magaliesberg and Timeball Hill Groups into the dolomitic-
limestone, quartzite and shale interbedded strata of the 
Chuniespoort Group found along the eastern boundary of 
the Turfspruit farm. Further north the RLS transgresses 
through the Penge and Malmani Formations up to the 
north of the Sandsloot (Angloplats) farm where ultramafic 
and mafic rocks are in contact with gneissic and granitic 
basement floor rocks (Fig. 1). 

Structurally, the Northern Limb is separated from the 
rest of the Bushveld Complex by the Thabazimbi-
Murchison Lineament (TML). The TML is a pre-Bushveld, 
major, compressional tectonic boundary (suture zone) 
that transects the Kaapvaal Craton (Friese, 2003, 2004).  
The most prominent fault group influencing the RLS of the 
Northern Limb consists of NE-SW striking dextral block 
faults of which the Ysterberg-Planknek and Zebediela 
Faults are the most prominent southern structures. The 
Zebediela Fault forms part of a southward dipping, 
anastomosing fault zone which off-sets the Northern Limb 
from the Eastern Limb by left-lateral, normal 
displacement. The Zoetfontein-Melinda Fault (ZMF), 
found along the northern boundary of the known 
Kaapvaal Craton, is part of the Palala Shear Zone (PSZ). 
The ZMF, as the eastward expression of the PSZ, 
displays similar kinematics to the southern faults. The 
PSZ forms the boundary between the southern marginal 
zone and central zone of the Limpopo Belt. 
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Figure 1. Regional tectonic and geological setting of the Northern 
Limb. Ivanplats Flatreef deposit shown as red block. 
 
2 Structural influence on the Flatreef 
 
The Flatreef is the down-dip extension of the Platreef, 
forming a laterally continuous, sub-horizontal sequence 
of PGE mineralized magmatic cyclical units of 
interlayered chromitite-pyroxenite-norite-anorthosite, 
several tens to locally >100 m in thickness, found along 
the base of the Main zone of the Northern Limb. Detailed 
structural modelling has defined a number of fault blocks 
related to six fault and shear structures transecting the 
study area (Fig. 2). In addition, recent mine development 
has shown the existence of low angle thrust duplex 
structures and confirmed the structural control on early 
and later granite sill and dyke intrusion into the Critical 
Zone and Main Zone found along this section of the 
Northern Limb.   
 
2.1 Stratigraphy 
 
The identification and subsequent introduction of Critical 
Zone stratigraphy to the upper part of the Platreef 
(Grobler, et.al., 2019) has been instrumental in building 
the detailed structural model for the Flatreef and 
surrounding areas.  Stratigraphic units of the Bastard and 
Merensky Cyclic Units (BCU and MCU) and their 
respective mineralized pyroxenite units namely the 
Bastard Reef (BAR) and Merensky Reef (T2U or M1u) 
enabled the identification of features related to magma  

Figure 2. Low and medium confidence structures activated to define 
the seven fault blocks across the resource area for the Project on 
Turfspruit farm. Northwest trending steep structures are shear zones 
with reverse, oblique strike-slip sense of movement (shown in red) 
and north-south striking structures are brittle in nature ranging from 
normal extensional faults to zones of intense fracturing (green). The 
base of the Main Zone is shown as contours at 25 m elevation 
intervals. 
 
response to tectonic influences. The characteristic 
thickening of the pyroxenite units of the Flatreef can in 
part be attributed to fault induced dilation within the 
magma chamber and subsequent infill during 
consolidation (Fig. 3). Further evidence of syn-magmatic 
structural influence is found within the upper portions of 
the BCU where the cyclical nature of the noritic units has 
been disrupted in response to magma reacting to strain 
which caused anorthositic fluid to accumulate 
preferentially in thrust induced dilation zones (Fig. 4). 
Later syn-magmatic extensional re-activation can also be 
noted. 
 

Figure 3. Vertical section through the Flatreef showing the effect of 
growth faulting of the strata of the BCU and MCU (orange) and the 
development of cyclical units within a fault controlled zone in the foot 
wall to the MCU (FCU – green). 
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Figure 4. North-eastern side wall of Shaft #1, norite cycles for the 
BCU. (a), layers and boudins are outlined in yellow. This is an 
exceptional example of syn-magmatic reaction to strain 
experienced, ductile in nature. The main tectonic features are shown 
in red. a) anorthosite formed schlieren and lenses in association to 
dilational zones created within the foot wall to an internal ramp 
feature; b) small scale drag folds; c) Anorthositic boudins formed 
within layer parallel extensional structure (note the structure planes 
are not well preserved). 
 
2.2 Mineralization 
 
The combination of the grade block model in Leapfrog 
with the geological model has shown the occurrence of 
footwall mineralization which could possibility be 
attributed to structural control on mineralization within the 
footwall units to the MCU (which includes the T2U (M1U) 
and T2L (M1L)) of the Flatreef section (Fig. 5), (Grobler 
et al. 2019) Preliminary findings show that occasional 
mineralization occurs within the footwall blocks and within 
close proximity, to the modelled major shear zone 
structures. 
Mineralization occurs as weakly constrained, lens shaped 
layer parallel zones with their long axes oriented parallel 
to the structures. Strike lengths can be up to 400m length. 
In addition, there appears to be some degree of control 
on footwall mineralization by the Nkwe Shear and the low 
angle structures (LAF40 and LAF50) and that the 
structural influence on footwall mineralization can be 
attributed to late syn-tectonic strain which caused re-
activation of the major ductile structures (to various 
degrees). This is based on the observation that there is 
significant but variable brittle overprint and extensional 
features associated with the primarily ductile shears. This 
may also be the reason for the apparent control on 
footwall mineralization which is not that obvious within the 
Merensky Cyclic Unit. The latter indicates a time 
constraint due to diminished re-activation of the shear 
structures later on during emplacement/consolidation of 
the Upper Critical Zone and Main/Upper Zones. 
 
2.3 Alteration  
 
The relationship between calc-silicate xenoliths within the 
footwall strata and the proximity of these to olivine 
bearing rock is well established, but there appears to be 
an additional control on the distribution of the sediment  
 

Figure 5. SW-NE vertical dip section through the central part of the 
Flatreef. Mineralization within the foot wall units to the Merensky reef 
(T2MZ) shows relationship to early low angle structure. 
 
derived fluids which can be observed as localised 
occurrence of olivine-bearing (Mg-rich magmatic units) in 
relation to the low angle structures within the footwall to 
the MCU. In some instances it appears that shale 
hornfels xenoliths may have acted as obstructions to the 
normal upward migration/percolation of the fluids (Fig. 6). 
This leads to the unusual distribution and/or absence of 
olivine-bearing rocks within areas interpreted as the up-
dip or low-pressure, lee-ward side of these shale hornfels 
xenoliths (Fig. 6(a)). The presence of harzburgite within 
the lower portion of the MCU, known as the T2L, within 
an area where the footwall consists of normal cyclical 
norite sequence (Fig. 6(b)) can be explained by the lateral 
and up-dip migration of calcic fluid controlled by the low 
angle structure (in this instance LAF50) which acted as a 
conduit or suture zone for diagonal upward movement of 
fluids with concurrent lateral migration accommodated 
along the principal magmatic contact, namely the basal 
contact of the MCU pyroxenite. 
 

 
Figure 6. A dip section through the Flatreef showing the possible 
control of the low angle structures on the thickness of the MCU, 
more specifically the development of the harzburgite (hashed red). 
The control on fluid migration by shale hornfels is shown in (b) where 
development of the harzburgite at the base of the MCU is not 
present due to xenoliths limiting fluid migration. 
 
 
 

a.) b.) 
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3 Conclusions 
 
Progressive tectonic strain on the Flatreef block caused 
an end product that can be attributed to a combination of 
tectonic events. Sinistral fault block rotation contributed 
to strata thickening. This oblique dip-slip rotation was 
accommodated by layer parallel to sub-parallel thrusting 
and flexural slip thrusting due to flexure and drag folding. 
Late- to post intrusive trans-tensional and extensional 
tectonism is evident as brittle normal and oblique dip-slip 
re-activation of existing fault and thrust structures. 
Extension related intrusions include the partial healing of 
shear and thrust zones by granitic fluids and structurally 
controlled low-temperature alteration fluid overprint. 
Dolerite dykes are preferentially intruded into fracture 
zones formed by re-activation of original ENE to ESE 
trending regional block faults such as the Ysterberg-
Planknek fault (Friese, 2012). 

Recent discoveries from the underground 
development of the Ivanplats Platreef Mine have 
confirmed the interpretations made from high density 
data and 3D modelling. Kinematic characteristics of the 
Nkwe shear zone have been described and the reverse 
sense of movement, oblique sinistral strike-slip 
component and multiple re-activation events identified. 
Additionally, steep shear zones and later brittle 
reactivation have been studied. These explain the 
difficulty in modelling some of the junction zones where 
lower order structures will be more persistent. Low angle 
faults or thrusts are confirmed to be part of a duplex 
system, similar to what has been reported at Sandsloot 
(Friese, 2012) and Booysendal (Couto and Theron, 
2014). Later transtensional re-activation and granitic fluid 
intrusion into the preferred low angle faults have been 
confirmed. The orientation of a steeply-dipping granite 
dyke swarm has been confirmed and also the existence 
of multiple granitic pulses. Intrusion was structurally 
controlled and the timing of granite intrusion is now 
constrained to correspond to the consolidation of the 
Main Zone magma. In addition, low angle granite sills 
intruded preferentially along low angle fault planes, which 
are part of the thrust duplex system. These sills 
transgress the stratigraphic boundaries of the Critical and 
Main zones, the fluids thought to be originating from floor 
rock and sedimentary xenolith melts.  

Underground exposure of the noritic cyclical units of 
the Bastard Cyclical Unit (Grobler et al. 2019) shows 
evidence of a syn-magmatic response to tectonic strain. 
On a larger scale, the reaction to strain induced on 
variably viscous, crystallizing magma explains the 
thickness variations noted within the geological model 
across structural features, thus confirming the influence 
of growth faults and layer sub-parallel thrusting during 
consolidation of the Critical Zone strata. 

The structural control on late moderately high to low 
temperature alteration fluids has been confirmed. The 
most intense alteration being related to shear zones and 
thrusts where the host rock experienced syn-magmatic 
semi-ductile to ductile shear strain. 
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Abstract. Unlike the rest of the Bushveld Complex, the 
Northern Limb contains Cu-Ni-PGE deposits hosted not 
only in the ultramafic Lower and Critical Zones of the 
Rustenburg Layered Suite, but also in the leucocratic 
rocks of the Main Zone. The Aurora Ni-Cu-PGE deposit 
is hosted in Main Zone gabbronorites and shows 
evidence of hydrothermal modification. The base metal 
sulphides (BMS) have low PGE concentrations, with PGE 
grade controlled by platinum group minerals (PGM). 75 
area% of PGM are hosted in hydrothermal alteration 
minerals, with 52% spatially removed from BMS. Aurora 
also contains intercumulus olivine, formed by 
replacement of orthopyroxene through reaction with a 
volatile phase. Vapour and brine fluid inclusions were 
identified in primary magmatic silicates, showing volatiles 
were present while the system was still at least partially 
molten. Brine inclusions were also identified in primary 
magmatic silicates in the Platreef, and in the mineralised 
Troctolite Unit. These deposits contain intercumulus 
olivine, as does the Waterberg PTM project to the north 
of Aurora. Assimilation of dolomite from the Lower 
Transvaal supergroup is proposed to have released 
volatiles which remobilised PGE, modifying magmatic 
sulphide deposits across the Northern Limb. The 
presence of intercumulus olivine is suggested to indicate 
the presence of volatiles. 
 
1 Introduction 
 
The Northern Limb of the Bushveld Complex, South 
Africa is one of the most important Ni-Cu-PGE provinces 
in the world. Not only does it contain the Platreef – one of 
the largest platinum-group element (PGE) deposits, with 
one of the lowest extraction costs in the world – but it also 
hosts several additional PGE deposits (Fig. 1) hosted in 
the higher parts of the stratigraphy that have no known 
equivalent in the rest of the Bushveld Complex (Maier 
and Barnes 2010; Holwell et al. 2013; Kinnaird et al. 
2017; McDonald et al. 2017; Kennedy et al. 2018; 
Kinnaird and McDonald 2018; McCreesh et al. 2018). Ni-
Cu-PGE mineralisation has been identified in the 
leucocratic rocks of the Main Zone of the Rustenburg 

Layered Suite (RLS) in three deposits to date - 
Moorddrift, Aurora and the Waterberg PTM project (Maier 
and Barnes 2010; Holwell et al. 2013; Kinnaird et al. 
2017; McDonald et al. 2017; Huthmann et al. 2018; 
McCreesh et al. 2018; McFall et al. 2019). In these the 
mineralisation is present as PGE-rich base metal 
sulphides (BMS) and platinum group minerals (PGM) 
hosted in gabbronorites. 
 

 
Figure 1. Map of the Northern Limb with deposits discussed 
highlighted (adapted from McFall et al. 2019). 
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Unlike the rest of the Bushveld Complex, the RLS in 
the Northern Limb intrudes highly reactive country rocks; 
most notably the Malmani dolomites of the Lower 
Transvaal Supergroup (Van der Merwe 1976, 2008). 
Calc-silicate xenoliths are common in many Northern 
Limb deposits, showing assimilation of dolomite during 
deposit formation (e.g. Harris and Chaumba 2001; Maier 
et al. 2008; McDonald et al. 2017). This assimilation 
releases volatiles, and the deposits in the Northern Limb 
commonly contain hydrothermal alteration minerals and 
textures (e.g. Holwell et al. 2013, 2017; Smith et al. 2014; 
McFall et al. 2019). 
 
2 The Aurora Cu-Ni-PGE deposit 
 
The Aurora deposit is a Ni-Cu-PGE-Au prospect to the 
north of the Northern Limb (Fig 1). It has a JORC-
compliant inferred resource of 125 Mt of sulphide ore at 
1.34 g/t Pt + Pd + Au, 0.08% Cu and 0.05% Ni (Venmyn-
Rand 2010). 

The host cumulates are interpreted to represent the 
Upper Main Zone and intrude the dolomites of the lower 
Transvaal Supergroup. Stratigraphically the prospect 
consists of peridotites and melagabbronorites (Unit 1) 
below gabbronorites and leucogabbronorites (Unit 2), 
and pigeonite gabbronorites (Unit 3). Unit 1 is intruded by 
coarse grained gabbronorite veins. The deposit contains 
pervasive, predominately talc-carbonate, hydrothermal 
alteration and xenoliths of calc-silicate. The highest whole 
rock Pd + Pt concentrations (up to 6.8 ppm, McDonald et 
al. 2017) are in Unit 2, and in the gabbronorite veins. 

 
2.1 Base metal sulphide mineralisation 
 
Table 1. Average trace element concentrations (in ppm) of 
sulphides from LA-ICP-MS analysis, divided by host unit. Pn = 
pentlandite, Cp = chalcopyrite and Py = pyrite (McFall et al. 2019). 

Element 
Unit 

2 
Pn 

Veins 
Pn 

Unit 
2 

Cp 
Veins 

Cp 
Unit 

2 
Py 

Veins 
Py 

n 13 7 31 9 45 4 
Pd 30 10.4 1.7 1.3 0.9 <0.5 
Pt <0.5 <0.5 0.3 0.1 0.1 <0.5 

Ru, Rh, 
Os, Ir <0.6 <0.5 <0.6 <0.2 <0.6 <0.5 

Au <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 
Ag 1.3 1.3 23.7 22.5 4.1 <0.5 
Bi 0.2 0.2 0.1 0.6 0.9 <0.5 
Te 1.7 3.3 1.3 5.3 1.6 <0.5 
Se 179 213 232 256 206 126 
As 0.9 1.6 1.1 <0.5 21.6 <0.5 

 
Unit 2 and the gabbronorite veins are the only units to 
contain abundant base metal sulphides (BMS). Unit 2 
contains pyrrhotite–pentlandite–chalcopyrite 
assemblages, with pentlandite exsolving from pyrrhotite. 
These are present as small (1-5 mm) rounded inclusions 
within primary silicates. Unit 2 also contains chalcopyrite–
pyrite assemblages. These are angular, hosted in 
alteration minerals, and are interpreted to be a 
secondary, hydrothermal phase.  The gabbronorite veins 
contain up to 50 modal % interstitial pyrrhotite–

pentlandite–chalcopyrite±pyrite assemblages with 
granular pentlandite and primary pyrite (McFall et al. 
2019). 

LA-ICP-MS of sulphides shows the BMS in Aurora 
have lower PGE concentrations than other Bushveld 
magmatic sulphides. Pentlandites from Aurora contain an 
average of 23 ppm Pd (Table 1), compared to >100 ppm 
in the Platreef and Merensky Reef (Holwell and 
McDonald 2007; Osbahr et al. 2013; McFall et al. 2019). 

 
2.2 Platinum-group minerals 
 
SEM-EDS analysis of 26 sections characterised 995 
platinum-group minerals (PGM) and precious metal-
bearing minerals (PMM), with a total area of 27850 μm2 
and an average size of 28.2 μm2 (McFall et al. 2019). Of 
the PGM and PMM identified in Aurora 85% (by area) are 
Pd-Te-Bi minerals (merenskyite with minor kotulskite), 
with 6% Pd-Te minerals (sopcheite with minor 
borovskite), 4% electrum and 3% Ag-Te minerals 
(hessite), along with minor Pd-Bi, Pd-As, Pt-Te-Bi, Pt-As 
and Pt-S minerals that collectively comprise 2% of total 
area. Only 25% of the PGM and PMM in Aurora are BMS 
hosted (Fig. 2A), with the rest hosted in silicates. Of the 
total PGM and PMM area 22% are hosted in alteration-
silicates (quartz, chlorite or actinolite) in an alteration halo 
around sulphides (Fig. 2C). Unusually, 52% of the PGM 
and PMM are spatially removed from BMS, instead 
hosted in alteration silicates and within cracks in primary 
silicates away from any BMS (Fig. 2D; McFall et al. 2019). 
 

 
Figure 2. PGM in Aurora A) hosted in BMS B) hosted in primary 
silicates C) hosted in BMS alteration halo D) spatially removed from 
BMS (McFall et al. 2019). 
 

There is a systematic difference in the composition of 
merenskyites based on host mineral. BMS hosted 
merenskyites are more Bi-rich (mean 9.2 wt.% Bi), while 
those hosted in hydrothermal alteration minerals contain 
less Bi (mean 6.1 wt.% Bi). This compositional difference 
is also seen in other deposits – comparing merenskyite 
composition data from deposits globally, including 
hydrothermal deposit types such as porphyry Cu 
deposits, merenskyites which are hosted in hydrothermal 
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alteration minerals contain more Bi than those hosted in 
BMS (McFall et al. 2019). 

 
2.3 Evidence for hydrothermal modification 
 
The low PGE content of the BMS in Aurora, coupled with 
the majority of PGM being associated with hydrothermal 
alteration minerals, suggests that hydrothermal fluids 
played an important role in metal remobilisation in this 
deposit. The difference in composition of merenskyites 
and their host minerals suggests that these PGM were 
reprecipitated by a hydrothermal fluid, rather than just 
transported away from the sulphides. The PGM present 
in the alteration halo immediately around BMS (Fig. 2C) 
are suggested to be the result of low temperature 
(<250oC) hydrothermal alteration resulting in volume loss 
of sulphides, stranding PGM in the alteration halo (c.f. 
Holwell et al. 2017). The PGM which are spatially 
removed from the BMS (Fig. 2D) are suggested to have 
been transported away by high temperature (>250oC) 
hydrothermal fluids earlier in the deposit genesis (McFall 
et al. 2019). 

SEM-EDS mapping has shown the gabbronorites in 
Aurora to contain reverse zoned cumulus plagioclase. 
There is also a layer of olivine gabbronorite in Aurora, 
where the olivine is intercumulus, mantling cumulus 
plagioclase (Fig. 3A). It has been shown that reverse 
zonation of plagioclase and late, intercumulus olivine in 
layered ultramafic intrusions can be a result of reactions 
between a gabbronorite composition melt and an 
exsolved volatile phase (McCallum and Boudreau 1992; 
Boudreau 1999). 

Fluid inclusions (Fig. 3B) are also present within the 
Aurora deposit, both in secondary quartz and in primary 
magmatic silicates (McFall et al. 2018). These consist of 
vapour, brine and salt-melt inclusions. Preliminary data 
shows the inclusions in cumulus plagioclase and 
intercumulus orthopyroxene have high temperatures 
(>800oC). This provides strong evidence for a volatile 
phase having been present while the system was at least 
partially molten.  

The brine inclusions have very high salinities (>60 
wt.% NaCl equivalent). Experimental work has shown 
that highly saline hydrothermal fluids are capable of 
carrying Pd (and Au, Ag, Cu and Fe, Xiong and Wood 
2000), and so these volatiles, proposed to have been 
released during assimilation of Malmani dolomite and 
associated evaporites, may have transported metals. 
 
3 Hydrothermal modification in other 

Northern Limb deposits 
 
Aurora is not the only deposit in the Northern Limb to 
contain evidence of hydrothermal modification. The 
Platreef also contains late, intercumulus olivine (Fig. 3C), 
and a preliminary survey has shown primary magmatic 
silicates from the Platreef to contain brine and vapour 
inclusions, similar to those observed in Aurora (Fig. 3D). 
The Platreef also contains large rafts and xenoliths of 
dolomite (Armitage et al. 2002), which may be the source 
of these volatiles. 

The Troctolite Unit, a mineralised layer of troctolite 
within the Main Zone, also contains intercumulus olivine. 
Brine inclusions have been identified in primary magmatic 
silicates, including olivine, in the mineralised sections of 
the Troctolite Unit (Kennedy et al. 2018). 

The Waterberg PTM project, to the North of Aurora, 
also contains late, intercumulus olivine, however it is not 
thought to have assimilated dolomites (Kinnaird et al. 
2017), meaning any volatiles present would likely be 
magmatic. Further work will be carried out to identify if 
fluid inclusions are present here also. 

 

 
Figure 3. Evidence of metasomatism in the Northern Limb: A) 
intercumulus olivine in Aurora. B) Brine inclusions in orthopyroxene 
in Aurora. C) Intercumulus olivine in the Platreef (photo from 
Marquis 2015). D) Brine inclusions in plagioclase in the Platreef. 

 
4 Effect of volatiles on PGE mineralisation 
 
The presence of volatiles during the formation of 
orthomagmatic sulphide deposits has important 
implications both for deposit formation mechanisms and 
for grade control and processing methodology. High 
temperature, high salinity volatiles can transport PGE 
(Boudreau and McCallum 1992; Xiong and Wood 2000), 
along with other precious and base metals including Cu, 
Au, Ag and Fe. The Aurora deposit shows clear evidence 
of PGE remobilisation away from BMS during its 
formation, both through the reduction of sulphide volume 
during late, low temperature alteration, and potentially 
through high temperature volatiles remobilising metals 
while the system is still at least partially molten. These 
volatiles may have been released due to the assimilation 
of dolomite country rocks, and it is striking that many of 
the deposits in the Northern Limb which contain calc-
silicate xenoliths also contain fluid inclusions in magmatic 
silicates, late intercumulus olivine and other evidence of 
hydrothermal modification. Further work will be done on 
fluid inclusions from these deposits in order to establish 
temperature and composition.  

Fluid inclusions have also been identified in quartz and 
olivine around the J-M Reef deposit in the layered 
ultramafic Stillwater Complex, Montana, USA (Hanley et 
al. 2008), and in postcumulus quartz within the Merensky 
Reef (Ballhaus and Stumpfl 1986; Schiffries 1990; 
Zhitova et al. 2016). The inclusions in these other 
magmatic sulphide deposits are brine and vapour 
inclusions, similar to those observed in the Northern 
Limb, with homogenisation temperatures >650oC. This 
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suggests that the presence of volatiles during magmatic 
sulphide Cu-Ni-PGE deposit formation in layered 
ultramafic intrusions may be a relatively common 
occurrence. 
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Abstract. Low-grade platinum-group mineralization has 
previously been reported in the cumulate rocks of the 
Molopo Farms Complex, but the nature and distribution 
of mineralization is poorly understood. This study 
documents the occurrence of platinum-group elements 
(PGE) at the northern lobe of the complex from a 
borehole intersection. PGE are confined to sulfide 
bearing feldspathic pyroxenite units with up to 0.47 ppm 
2PGE+Au, up to 0.3 wt. % Ni and up to 0.12 wt. % Cu. 
Platinum-group minerals (PGM) are located towards the 
grain margins of magmatic sulfides and found as discrete 
grains within altered silicates. The PGM assemblages are 
dominated by froodite (PdBi2), michenerite (PdBiTe), 
sperrylite (PtAs2), and moncheite (PtTe2). Locally the 
orthopyroxenite occurs as enclaves within harzburgites. 
This suggest that the harzburgitic magma was at some 
point in contact with previously formed, partially 
crystallized orthopyroxenite cumulates that got disrupted 
and assimilated into them. Variations in NiO content of 
olivine from the poikilitic harzburgite and orthopyroxenite 
suggest that the magmas were in equilibrium with sulfide 
melt either prior to or during crystallization. Silicate-melt 
sulfide-melt immiscibility, likely occurred when the 
magma was contaminated with Archaean basement 
rocks and pyrite bearing dolomitic siltstone of the 
Transvaal Supergroup. 
 
1 Introduction 
 
The Molopo Farms Complex was discovered during the 
early 1960s through recognition of ultramafic rocks in 
wells at Keng pan (Boocock, in Carney et al. 1994; Fig. 
1). Following its discovery, exploration activities including 
drilling campaigns, regional aeromagnetic and gravity 
surveys facilitating the delineation of the Complex as well 
as correlation of lithologies to those of the Bushveld 
Complex (Carney et al. 1994). Between 1980 and 1984, 
a technical cooperation project was established between 
the Government of Botswana and the British Geological 
Survey that resulted in the first comprehensive 
documentation of the Complex including a geological 
map (Gould et al. 1987). An intensive prospecting 
program was carried out by Gold Field Botswana (Pty) 
Ltd to follow up on the mineralization reported by Gould 
et al. (1987). This project initially focused on three 
prospecting blocks; Bray, Keng and Tubane Blocks. 

Prospecting in the last two blocks terminated and 
concentrated in the Bray area (Reichhardt 1994; Fig. 1). 
Molopo Botswana Pty Ltd followed up on the Tubane 
section where up to 1g/t PGE was reported (Gould et al. 
1987). In particular, their target was finding mineralization 
analogous to Volspruit type (northern Bushveld) within 
the ultramafic rocks of the Tubane section (McGeorge 
1992). Two gap boreholes, TB3 and TB11, were drilled 
across strike to investigate for continuity of the 
mineralized horizon. This study provides the first detailed 
documentation on the occurrence of PGE from drill core 
TB11 (Fig. 1) focusing on the description of rock units and 
mineralogy of silicates, with the aim of establishing if they 
represent previously unrecognized mineralization style 
within the complex.   

 
2 Geologic setting 

 
The Molopo Farms Complex layered intrusion is situated 
towards the western margin of the Archean Kaapvaal 
craton straddling the border into some parts of South 
Africa (Gould et al. 1987; Von Gruenewaldt et al. 1989; 
Fig. 1). The complex intrudes Proterozoic sandstones, 
siltstones, carbonates, andesitic lavas of the Transvaal 
Supergroup. The complex is uncomformably overlain by 
the Red Bed sequence belonging to the Waterberg Group 
and the Tertiary to Recent Kalahari beds. Based on the 
composition of the marginal facies of the Molopo Farms 
Complex a cogenetic relationship to the Bushveld 
Complex is suggested (Kaavera et al. 2018). The ages of 
Molopo Farms Complex samples 2054 ± 5 Ma 
(207Pb/206Pb ID-TIMS baddeleyite) from a gabbroic 
sample and 2056 ± 10 Ma (U-Pb zircon) from highly 
altered and metamorphosed quartzite in direct contact 
with the Molopo Farms Complex (Beukes et al. 2019) are 
indistinguishable from the ca. 2.05 Ga age of the 
Bushveld Complex (Scoates and Friedman 2008). With a 
thickness of approximately 3km, the Molopo Farms 
Complex layered intrusion is an elliptical, saucer shaped 
and elongated in a NE-SW direction, covering an area of 
about 13,000km2 (Reichhardt 1994). The complex is 
composed of three main units; Lower Ultramafic 
Sequence, Layered Mafic Sequence and Minor Intrusive 
Suite (Gould et al. 1987). The former comprises cyclic 
differentiates of dunites, poikilitic harzburgite, granular 
harzburgite enveloped by feldspathic pyroxenite and 
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norite. The Layered Mafic Sequence comprises of 
feldspathic pyroxenites while the Minor Intrusive Suite 
consists a number of basic to intermediate sills (Gould et 
al. 1987; Von Gruenewaldt et al. 1989; Reichhardt 1994; 
Prendergast 2012). 
 
3 Analytical techniques  
 
Mineralized samples are distinguished by the presence of 
visible base metal sulfides. These were sampled along 
with apparently barren samples from below and above 
them, and samples representing specific rock types. 
Samples were cut into representative sizes for thin and 
polished sections and one half was crushed into a 
tungsten bowl and milled for geochemical analysis. 
Geochemical compositions including major oxides and 
minor trace elements were analyzed at the Department of 
Earth Resources Engineering, Kyushu University by RIX 
3100 XRF using pressed pellets. Precision and accuracy 
were based on replicate analysis of the JA-3 standard 
supplied by the Geological Survey of Japan. Polished 
slabs were searched for PGM using the SU 3500 
scanning electron microscope attached with EDX 
analyzer in Kyushu University and at the Geological 
Survey of Japan using Quanta 250FEG SEM and mineral 
liberation analyzer (MLA). Mineral chemical composition 
were determined using a JEOL JXA-8530F electron 
probe microanalyzer.  
 
4 Results and discussion  

 
4.1 Lithological and mineralogical relations  

 
The occurrences of the different lithologies observed in 
borehole TB11 are shown in Fig 2. The dolomitic siltstone 
belonging to the Transvaal Supergroup underlies the 
magmatic stratigraphy (Fig. 2a). It is fine-grained and 
composed of poorly sorted quartz grains with embayed 
grain boundaries found within a carbonate matrix. 

Accessory pyrite is conspicuous throughout the unit. The 
next unit is a marginal norite that preserves a fine grained, 
altered chilled margin roughly a few centimeters in 
thickness, in contact with the dolomitic siltstone country 
rock (Fig. 2b). Above the marginal norite is the feldspathic 
pyroxenite that is host to the PGE mineralization (Fig. 2c). 
Two occurrences of the feldspathic pyroxenite unit were 
observed; the first one towards the boarder of the 
intrusion directly above the marginal norite and the 
second in the middle of the stratigraphy sandwiched by 
harzburgite units. The first pyroxenite is overlain by a 
harzburgite that contains enclaves of an orthopyroxenite 
within it (Fig. 2d). The petrography of the enclaves exhibit 
elongated orthopyroxene grains indicating internal 
chilling. This suggests that the harzburgite magma was in 
contact with earlier formed, partially crystallized 
orthopyroxenite cumulates that became disrupted and 
assimilated. This supports Walker et al. (2010) who 
hypothesized that the intrusion was emplaced as 
polyphase and discontinuous lopolithic sheet intrusions. 
The position of borehole TB11 is within the feeder zones 
of the Complex as postulated by Walker et al. (2010). 
Therefore, we suggest that the enclaves resulted from 
assimilation of earlier crystallized orthopyroxenite 
cumulates as new harzburgite magma was re-injected in 
the feeder zone. Above the second feldspathic pyroxenite 
is a poikilitic harzburgite with orthopyroxenite inliers (Fig. 
2e).  
  
4.2 Mineral chemistry 

 
Chemical composition of minerals in selected samples 
including the enclaves, poikilitic harzburgite and the 
orthopyroxenite were determined. The chemical 
composition of the PGE bearing feldspathic pyroxenite is 
currently unavailable. The composition of 
orthopyroxenes, plagioclase and clinopyroxene from the 
enclaves are; Mg# = ((Mg/(Mg+Fe2+) atomic) 0.87-0.88; 
En (enstatite component mole fraction) = 0.84-0.85; An 

 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 1. (a) Map of southern Africa showing location of the study area within the Kaapvaal craton. (b) Geological map of the Molopo Farms 
Complex (MFC) showing the position of the drill core TB11 and (modified from Gould et al. 1987).    
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(anorthite component mole fraction) = 44-48; and 
clinopyroxene Mg# = 0.74-0.95 and En = 0.48-0.54. In the 
orthopyroxenite associated with the top most poikilitic 
harzburgite, orthopyroxene Mg# = 0.84-0.87; En = 0.82-
0.85 (slightly more variable than the enclaves); An = 0.48-
0.59; and clinopyroxene Mg# = 0.89-0.95 and En = 0.49-
0.50. The olivine composition of this unit is marked by 
high forsterite Fo contents of 0.81-0.84 mol. % and 
variable NiO contents of 0.10-0.46 wt. % (Fig. 3). The 
variable NiO contents likely suggests equilibration of the 
magmas with sulfide melts during or prior to 
crystallization (e.g. Andersen et al. 2017). 

The poikilitic harzburgite records the highest Mg# of 
orthopyroxene (0.90-0.92) and En = 0.89-0.91. The Mg# 
of this unit is the highest reported for the Molopo Farms 
Complex and is within the range of the orthopyroxene 
composition reported from the eastern Bushveld 
Complex (Wilson 2012). In the poikilitic harzburgite 
clinopyroxene Mg# = 0.9-0.97 and En = 0.5-0.52, with Fo 
of olivine = 0.87-0.88 and variable NiO contents in olivine 
of 0.27-0.48 wt. % (Fig. 3). The variable NiO in olivine 
suggest equilibration of the magmas with a sulfide melt. 

 

 
Figure 2. Lithologies of Molopo Farms Complex at Tubane section 
from borehole TB11. (a) Dolomitic siltstone constituting the country 
rock (b) Marginal norite containing fine grained chilled margin, (c) 
Feldspathic pyroxenite containing centimeter sized sulfides droplets 
(d) Harzburgite with feldspathic pyroxenite enclaves (e) Poikilitic 
harzburgite from the top most stratigraphic level, locally with 
orthopyroxenite inliers. 
 

4.3 PGE and sulfide mineralization 
 
PGE mineralization is confined to a sulfide-bearing 
feldspathic pyroxenite unit with up to 0.47 ppm 2PGE+Au, 
0.3 wt. % Ni and up to 0.12 wt. % Cu. The sulfides are 
generally disseminated but the feldspathic pyroxenite 
towards the boarder of the intrusion may carry larger 
centimeter-sized sulfide droplets.   

 

 
Figure 3. Variations in NiO content wt. % in Olivine and forsterite 
contents (mol. %) of olivine in the poikilitic harzburgite and 
orthopyroxenite, Molopo Farms Complex intrusion Compositional 
fields for Lower zone (LZ), Critical zone (CZ) and Upper zone (UZ) 
of Bushveld Complex included for comparison. 
 
The sulfides are associated with plagioclase and quartz 
interstitial to the cumulus subhedral and elongated 
orthopyroxene. PGM are rarely enclosed within sulfide 
minerals but mostly towards their grain margins and 
within altered silicates (Fig. 4). Platinum-bearing PGM 
are sperrylite (PtAs2) and moncheite (PtTe2) both found 
within altered silicates (Fig. 4a). Froodite (PdTe2), 
michenerite (PdBiTe) are found within pyrrhotite, along 
the grain margin of sulfides or at the interface between 
pyrrhotite and pentlandite (Fig. 4b, c, e).  In one example, 
moncheite is found within a pyrrhotite grain (Fig. 4d). 
Similar occurrences were described in the Grasvally 
Norite–Pyroxenite–Anorthosite (GNPA) and Platreef (e.g. 
Smith et al. 2011; Hutchinson and Kinnaird 2005).  
Although more prevalent in the bottom feldspathic 
pyroxenite unit, the assemblages of the PGM are the 
same in both units suggesting a common origin.   

 
5 Implications for Ni-Cu (PGE) mineralization 
 
This study documents the typical orthomagmatic 
assemblage of sulfides associated with PGE 
mineralization. As discussed above the occurrence of 
enclaves of orthopyroxenite within the harzburgite 
suggest disturbance of previously crystallized cumulates 
as new magma was reinjected in the feeder zones. 
Although no mineral chemistry data were available from 
the PGE-bearing feldspathic pyroxenite, compositional 
data from the poikilitic harzburgite and orthopyroxenite 
bear significant implications. The variable NiO contents 
from both units suggest that the magmas equilibrated 
with the sulfide melt prior to, or during crystallization, as 
explained in Andersen et al. (2017). The position of 
borehole TB11 is within the zone delineated as the feeder 
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zones to the Molopo Farms Complex (Walker et al. 2010; 
zone E in their Fig. 6). Therefore, it seems to be 
reasonable to suggest that the large centimeter sized 
fractionated sulfides droplets represent unfractionated 
sulfide liquid retained as droplets in the host feldspathic 
pyroxenite. Such droplets did not have time to reach the 
base of the chamber or feeder zone by gravitational 
settling. Such a model has previously been suggested for 
the disseminated ores of Aquablanca Ni-Cu-(PGE) 
deposit in Spain (Ortega et al. 2004; Pina et al. 2008) and 
for the Alexo komatiite sulfide deposit, Canada (Barnes 
and Naldrett, in Pina et al. 2010). 
 

 
Figure 4. Representative photomicrographs illustrating 
mineralization (a) Moncheite and sperrylite found within altered 
silicates, (b) Froodite at grain margin of sulfides, (c) Froodite found 
both in altered silicates, within pyrrhotite and at grain margin, (d)  
Rare occurrence of moncheite within pyrrhotite, (e) Froodite at the 
interface between pyrrhotite and pentlandite, (f) Froodite grain 
occurring within pyrrhotite. 

 
Sulfide saturation might have occurred due to interaction 
of the magma with the pyrite bearing dolomitic siltstone 
resulting in segregation and gravitational settling of 
sulfide melt, perhaps in the feeder zones. The possibility 
of such mineralization in feeder zones of the Molopo 
Farms Complex is not new. Walker et al. (2010) 
recommended future exploration to focus on the feeder 
zones in search for the Voisey’s Bay, Noril’sk and 
Jinchuan style mineralization but represents an exciting 
exploration frontier.  
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Abstract. Fractional crystallisation of magmatic sulphide 
melts is responsible for a wide variety of economic 
sulphide deposits, comprising the largest Ni, Cu and 
platinum group element (PGE) enrichments on Earth; 
however, systematic studies over the whole orebody are 
rare, as many orebodies are too large to be completely 
accessible in a short time for sampling or their original 
geometry obscured by younger overprint. The Moran 
sulphide komatiite-hosted deposit (Kambalda, Western 
Australia) was systematically sampled for whole rock and 
mineral chemistry (pyrrhotite, pentlandite, and 
chalcopyrite) along, across, and vertically through the 
whole massive sulphide body to identify any variations in 
PGEs and accompanying elements. 

Whole rock Ir, Os, Ru, and Rh show higher 
concentrations in samples from the margin of the deposit 
(which is typically a 5-25m, wide pinchout, where the 
sulphides are bound by older basalt from beneath and 
above due to lateral thermomechanical erosion by the 
sulphide melt), whereas Pt, Pd, Au, Cu, Te, and As are 
enriched in the centre. Modelled fractionation reproduces 
the observations indicating that the orebody crystallised 
from its margins towards the centre. Whole rock Co does 
not vary which is in line with published partition 
coefficients. The Co-content of pentlandite, however, 
strongly decreases from the margin to the centre together 
with a strong increase in Te+As. This can be explained 
by the formation of another Co-bearing phase, cobaltite, 
which is intergrown with PGE-bearing arsenides and 
tellurides. This indicates that an immiscible Te-As-PGE-
rich melt formed from highly fractionated sulphide melt in 
the centre of the orebody prior to sulphide (MSS) 
crystallisation. Thus, systematic sampling of the whole 
orebody shows that (1) the sulphide melt pool crystallised 
from its margin to the centre and (2) fractionates during 
crystallisation to form an additional immiscible As-Te-rich 
melt in the centre. 
 
1 Introduction 
 
Magmatic Fe-Ni sulphide melts carry traces of Cu, Co, 
platinum group elements (PGE), as well as Te, As, Bi, 
and Sb (TABS) in varying amounts. Upon cooling and 
fractionation of the melt, Fe-rich mono-sulphide solid 
solution (MSS) crystallises first followed by Ni-rich high-
pentlandite, leaving Cu, PGE and TABS in the melt 
(Kitakaze et al. 2016). Elements that remain in the 

sulphide melt form Cu-rich intermediate solid solution 
(ISS) with the TABS crystallising last (Liu and Brenan 
2015). MSS and high-pentlandite recrystallise to 
pyrrhotite and pentlandite upon cooling, respectively, 
whereas ISS forms chalcopyrite. From natural samples 
(Sudbury, Noril’sk-Talnakh) of highly fractionated melts it 
is suggested that the TABS form the last solidifying melt 
(Dare et al. 2014, Duran et al. 2017).  

Investigated samples from natural occurrences are 
from Cu- and PGE-rich and highly fractionated deposits 
and none have investigated a complete deposit from its 
margin to its centre. The Moran massive sulphide deposit 
(Kambalda, Western Australia) is a deposit with low Cu- 
and PGE-contents and was systematically sampled 
along, across, and vertically through the sulphides to 
investigate variations in main and trace element 
chemistry by whole rock analysis and electron 
microprobe and LA-ICP-MS analysis. The deposit is 
situated in an embayment of the footwall basalt and 
completely surrounded by a 5-25m wide pinchout, where 
the sulphides are bound by older basalt from beneath and 
above due to thermomechanical erosion (Staude et al. 
2016). 
 
2 Trace element variations of Moran 

(Kambalda) massive sulphides 
 
All whole rock PGE data display some variations over the 
orebody and are in line with published partition 
coefficients (Barnes and Ripley 2016 and references 
therein). The same is visible with TABS elements, where 
Te (Figure 1) and As are most abundant compared to Bi 
and Sb. A strong increase of TABS is visible from the 
margin to the centre. 

The whole rock Co content is constant over the entire 
orebody, which is in line with published partition 
coefficients around 1 (Barnes and Ripley 2016). Cobalt 
(and Te) is mostly hosted by pentlandite. Contrary to the 
whole rock data, Co in pentlandite exhibit some drastic 
variations over the orebody (Figure 2), and decreases 
from the margin to the centre. This decrease is 
concomitant to the Te increase (Figures 1, 2). 
 
 
3 Discussion of the trace element variations. 
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Trace element data over the Moran orebody are in line 
with fractional crystallisation based on experiments 
(Kitakaze et al. 2016) and published partition coefficients 
between sulphide melt and ISS (Barnes and Ripley 
2016). Thus, the data show that the orebody cooled and 
crystallised from the margin towards the centre. 

The Te increase for example (Figure 1) can be 
explained by fractional crystallisation. From 80% to 90%  

crystallisation of the sulphide melt the Te concentration in 
the remaining melt doubles. Cobalt however, behaves 
differently from fractional crystallisation trends. The 
partition coefficient of Co is around 1, and therefore the 

Co content of the sulphides reflect the Co-content of the 
melt, but Co in pentlandite deceases strongly (Figure 2) 
in the same area where the whole rock Te increase is 
visible, suggesting they are related. The whole rock Co 
content on the other hand does not decrease indicating 
that another Co-bearing phase forms. The only other Co-
bearing mineral in the orebody is cobaltite (CoAsS), 
which occurs together with sperrylite (PtAs2) and various 
tellurides.  

If cobaltite, which is usually intergrown with tellurides, 
form in the centre of the orebody prior to MSS and 
pentlandite formation, it could suggest that an immiscible 
(Te-and As-dominated) TABS melt formed from the 
highly fractionated sulphide melt. Once the TABS melt 

Figure 2. Co (LA-ICP-MS) in pentlandite of the Moran deposit. 
Note the decrease in the centre which is accompanied by a Te 
increase (Figure 1). 

Figure 1. Whole rock tenor (metal in 100% sulphides) of the 
Moran deposit. Note the strong increase from the margin 
(pinchout; sulphides are hosted by older basalt from above 
and beneath; this was shown to be a primary magmatic 
feature: Staude et al. 2016) to the centre. 
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formed at >90% crystallisation, Co partitions into the 
TABS melt and is therefore not available for high-
pentlandite. The idea of an immiscible TABS melt is 
supported by the textures. Sperrylite crystallised first, 
followed by cobaltite and lastly the tellurides. This was 
also observed in experiments (Helmy et al. 2007). 
 
4 Summary 
 
The whole rock data reflect fractional crystallisation of the 
sulphide melt pool. Due to the geometry of the sulphide 
melt pool (i.e., colder basalt beneath and above in the 
pinchout (Figures 1 and 2)), it will crystallise from the 
pinchout (margin) towards the centre. Thus, early 
crystallised MSS is found in the pinchout, the most 
fractionated sulphides in the centre. 

A strong decrease in pentlandite-hosted Co (at 
constant whole rock Co) together with a strong increase 
in Te and As suggests that another Co-bearing phase 
formed (cobaltite) prior to MSS or high-pentlandite 
crystallisation. The formation of immiscible Te- and As-
rich melt from a highly fractionated sulphide melt can 
explain the observed variations in Co. 
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Abstract. Ural-Alaskan type complexes are the source of 
unique platinum placers. The Galmoenan complex and 
related placers were the subjects of numerous studies, 
however, many othercomplexesremain under 
investigated. Four massifs massif investigated in this 
work (Epilchik, Matysken, Itchayvayamsky, and 
Prizhimny) host three different assemblages or 
mineralization styles. The isoferroplatinum assemblage, 
which origins from the chromitite lodes in dunites, is the 
most abundant and may be found in every placer. Native 
platinum assemblages primarily occur in mineralized 
zones in clinopyroxenites. This type plays a significant 
role at Itchayvayamsky and Prizhimny and occurs as a 
minor component at the Epilchik. A third assemblage 
formed by Au, Hg, Pd, and Pt minerals is associated with 
bornite-chalcopyrite mineralized zones in gabbro units of 
the Itchayvayamsky massif and its satellites. Platinum 
mineralization may be divided into several stages. At the 
first stage formed isoferroplatinum, native osmium, and 
laurite. The second stage is related to the first part of the 
hydrothermal history of complexes and is represented by 
isoferroplatinum intergrown with pentlandite and 
pyrrhotite. The latest stages formed Pt-Fe alloys, 
including rare compounds such as Fe3Pt and a wide 
range of sulfides, arsenides and other minerals. 
 
1 Introduction 
 
Ural-Alaskan complexes were the ultimate source for  
platinum first used by humans. Native Americans at the 
Pre-Columbian era knew the metal processing 
technologies for platinum (Scott & Bray 1980), and the 
most probable source of the first platinum taken to 
Europe from South America were the placers related to 
Ural-Alaskan complexes  in Colombia (Tistl et al. 1994) 
and Venezuela (Murray 1972). In Russia, platinum mining 
started at the beginning of the 19th century in the Ural 
Mountains (Stepanov et al. 2017). 150 years later, a 
group of geologists suggested that ultramafics of Koryak 
Highlands in Kamchatka, which were previously linked to 
an ophiolite association, better match the Ural-Alaskan 
type (Kutyev et al. 1991). This brilliant insight led to the 
discovery of Galmoenan placers, which produced more 
than 60 metric tones (19.93 Moz) of platinum during 
1994-2012. However, among Galmoenan, in the Koryak-
Kamchatka region, there are still tens of complexes which 
are the potential source for yet undiscovered placers. In 
this work, we present newt data on the mineralization in 
Ural-Alaskan complexes of the northernmost, and the 
most hard-to-achieve part of the Koryak Highlands.  
 

2 Geological setting and structure of Ural-
Alaskan complexes 

 
2.1 Geological background 
 
Koryak-Kamchatka platinum belt is parallel to the border 
between the Kamchatka Peninsula and the Pacific Ocean 
and stretches over about 1300 km (Fig. 1). The host rock 
for the complexes are the late-Cretaceous formations, 
which, generally consist of basalts, volcanic-sedimentary 
rocks, and jaspers. 
 

 
Figure 1. Location of Koryak-Kamachatka Platinum Belt. (1) – land 
area, (2) – Cretaceous volcanic and sedimentary formations of 
Achayvayam-Valaginskaya zone which holds Ural-Alaskan 
complexes. After Batanova et al. 2005. 
 
2.2 Geological structure of complexes 
 
Classical Ural-Alaskan complexes display the following 
features: (a) they occur at the ocean-continent margin 
and are usually parallel to the ophiolite belts, (b) – they 
display a zonal structure with ultramafic rocks (mainly 
dunites) in the central part of the massifs, (c) – rocks 
containing orthopyroxene are absent or almost absent 
(Talylor 1967; Batanova et al. 2005)., (d) – most PGMs in 
dunites occur in a form of Pt-Fe alloys intergrowths with 
chromian spinel and sulfides are minor or almost absent 
(Malitch and Thallhammer 2002; Palamarchuk et al. 
2017). 

All these features are inherent to studied complexes. 
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Matysken and Epilchik massifs are of the zonal structure 
with dunite core grading to the wehrlite-clinopyroxenite 
rim. At the same time, Itchayvayamsky complex is of 
clinopyroxenite-gabbro composition with narrow zones of 
dunite at the central part. Prizhimny massif is also 
composed of clinopyroxenite and gabbro, however, 
dunites are absent at the present day surface (Kutyrev et 
al. 2018). In combination with the present geophysical 
data, the differences in the complexes structure are 
considered to result from their different erosion levels. 

 
3 Platinum mineralization 
 
3.1 Morphology of nuggets 
 
Platinum-group minerals (PGM) were studied in 2 lode 
and 5 placer deposits. In lode deposits, PGMs were found 
in podiform chromitites which occur at the central dunite 
part of the complexes, and much more seldom in wehrlite 
units. The most abundant mineral is isoferroplatinum 
Pt3Fe which forms intergrowths with chromite (Fig. 2). 

 

 
Figure 2. BSE images of the isoferroplatinum grains gravitationally 
extracted from crushed chromitites of the Matysken Ural-Alaskan 
complex. 
 

Placer platinum usually occurs as grains which vary in 
size vary from 0.1 to 1.5 mm. As it was mentioned for 
lodes, the main mineral phase is isoferroplatinum or 
native platinum. The latter dominates in placers, related 
to the Itchayvayamsky and Prizhimny massifs. The 
second most abundant mineral is native osmium, which 
occurs as inclusions in Pt-Fe minerals and only seldom 
forms individual nuggets. 

 
3.2 Three major PGM assemblages 
 
The composition of the most abundant group platinum 
minerals – Pt-Fe alloys – is sensitive to the geological 
structure of source complex as it was shown on the base 
of Galmoenan complex (Tolstykh et al. 2004). Deeply 
eroded Matysken and Epilchik complexes are the 
sources for isoferroplatinum close to stoichiometry or with 
a slight PGE deficit, while the low-eroded 
Itchayvayamsky and Prizhimny produced a large amount 
of native platinum (Tab. 1, Fig. 3). Another difference is 
the abundance of secondary alloys, mainly – 
tetraferroplatinum (PtFe) and tulameenite in the deeply-
eroded, at the same time, the total lack of these minerals 
in the low-eroded complexes (Tab. 1, Fig. 3). These data 
allow discriminating two mineral assemblages: 

isoferroplatinum and native platinum. 
 
Table 1. Abundances of major PGM and some other minerals in the 
studied complexes (1 – Matysken, 2 – Elichik, 3 – Itchayvayamsky, 
4 – Prizhimny). “-“ – mineral is absent, “+” – mineral was met once 
or twice, “++” – mineral is usual for this object, “+++” – mineral is 
abundant or dominates in the studied assemblage. Base metal 
sulfides are mentioned only if they form intergrowths with PGM or 
have platinum group elements in their composition. Data Prizhimny 
and Itchayvayamsky complexes taken from (Kutyrev et al. 2018, 
Sidorov et al. 2019). 
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Isoferroplatinum Pt3Fe +++ +++ +++ +++ +++ +++ +++ 

Native platinum Pt – – – + +++ – +++ 

Native osmium Os ++ ++ ++ ++ ++ – +++ 

Native iridium Ir ++ ++ ++ ++ – – – 
Tetraferroplatinum 

PtFe +++ +++ +++ +++ – – – 

Tulameenite Pt2FeCu + + + + – – – 
Nickelferroplatinum 

Pt2FeNi + + – – – – – 

Fe3Pt + – ++ + – – – 

Cu3Pt ++ – – + – – – 

Ni2FePt + – – – – – – 
Native iron Fe – – + – – – – 

Au-Hg-Pd – – – – ++ – – 

Cooperite PtS – – – + +++ + +++ 

Vysotskite (Pt,Pd)S – – – – + – + 

Laurite RuS2 ++ ++ – ++ + + ++ 
Erlichmanite OsSs ++ ++ – ++ – – – 

Rh sufides + – – ++ + + – 

Cuproiridisite CuIr2S4 + – – – – – + 

Cuprorhodsite 
CuRh2S4 

– – – – – – + 

Malanite CuPt2S4 – – – + + – + 

Sperrilite PtAs2 + + – ++ – – + 

Irarsite IrAsS ++ – – + – – – 

Hollingwhortite 
RhAsS – – – + – – + 

Platarsite PtAsS – – – + – – – 

Osarsite OsAsS – – – + – – – 

(Fe,Rh)As – – + – – – – 
Keithconnite Pd20Te7 – – – – + – – 

PtTe2 – – – + – – – 

(Ir,Bi)(Te,Sb) + – – – – – – 

Ir oxide – – – + – – ++ 

Awaruite Ni3Fe +++ – +++ – – – – 
Pentlandite (Fe,Ni)9S8 +++ – +++ – – – – 

Pyrrhotite Fe7S8 ++ + + + – – – 

Bornite Cu5FeS4 – – – – – – + 

 
Another feature which correlates with geological 

structure of the complexes is related to the abundance of 
Pd-rich minerals. Some of these minerals form inclusions 
in platinum of the Prizhimny Creek placer, however, their 
most intriguing occurrence in placers is related to the 
Itchayvayamsky massif, where they form an unnamed 
Au-Hg-Pd alloy which is intergrown with vysotskite, 
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cooperite, malanite, and native gold (Tab. 1). The source 
of this association is the bornite-chalcopyrite mineralized 
zones at the gabbro units of the Itchayvayamsky massif 
and its satellites (Sidorov et al. 2019). 

 

 
Figure 3. Composition of Pt-Fe alloys: (1) lodes of the Matysken 
massif and related placers, (2) – lodes of the Epilchik massif and 
related placers, (3) – placers related to the Itchayvayamsky massif, 
(4) – Prizhimny Creek placer.  

 
The best polygon for understanding the role of these 

assemblages is the Itchayvayamsky complex. It is 
surrounded by two major rivers: Itchayvayam and 
Kamenistaya, each of which bears different platinum 
group minerals. In Itchayvayam river, one may find all of 
three mentioned assemblages, while Kamenistaya river 
holds only isoferroplatinum assemblage (Sidorov et al. 
2019). This can be explained by the higher maturity of the 
Itchayvayam Ricer which eroded many larger quantities 
of clinopyroxenite and wehrlite which probably bear low-
grade native-platinum mineralization, as it was shown for 
Galmoenan massif (Mochalov & Bortnikov 2008). 

 
3.3 Stages of the mineralization 
 
Study of the platiniferous chromitites together with placer 
platinum allows to reveal the following mineralization 
stages which are characterized by the following 
sequence of mineral formation: 

Stage 1 Native osmium – native iridium – laurite 
RuS2/erlichmanite OsS2 – isoferroplatinum/native 
platinum – chromite. The main phase is isoferroplatinum 
which cements the chromite crystals. However, they both 
are not euhedral what can be interpreted as a result of 
their co-crystallization (Fig. 4a). 

The first stage is typical for both isoferroplatinum and 
native platinum assemblage. The second stage was 
tracked down only in platiniferous dunites. It consists of 
the second generation of isoferroplatinum and sulfides, 
which require low sulfur fugacity and/or high temperature: 

Stage 2 Isoferroplatinum – pentlandite – pyrrhotite 
(Fig. 4b). 

The third stage should be divided into two types. The 
first one relates to the latter serpentinization. It is 

represented by secondary PGE and base metal alloys 
and belongs to the isoferroplatinum assemblage: 

Stage 3a Tetraferroplatinum PtFe / tulameenite 
Pt2FeCu / nickelferroplatinum Pt2FeNi – unnamed 
compounds Fe3Pt, Cu3Pt, native iron, awaruite (Ni3Fe) –
– hexaferrum (Fe,Os) – unnamed Fe-Rh-Ir and Os-Pt-Ir-
Fe compounds (Fig. 4c, d). 

These minerals usually form rims after the minerals of 
stages 1 and 2. This stage is interesting because it shows 
the mobility of refractory platinum group elements such 
as Os and Ir during the late hydrothermal processes. 

The second type belongs to the native platinum 
assemblage and its origin remains unclear, because of 
the poor data on such mineralization in lodes. It is 
represented by two main sulfides which take place of all 
minerals mentioned at the stage 3a: 

Stage 3b Cooperite PtS – malanite CuPt2S4. 
 

  
Figure 4. Platinum minerals related to the Ural-Alaskan complexes: 
(a) – isoferroplatinum (Ifp) in the interstice of the chromite (Chr) 
grains, (b) isoferroplatinum-pentlandite (Pn) intergrowth in the 
serpentine (Spt) violent, awaruite (Aw), tulammenite (Tlm) and 
unnamed Cu4Pt compound form the latter assemblage, (c) – 
substitution of isoferroplatinum by tetraferroplatinum (Tfp), (d) – 
assemblage of secondary minerals, including unnamed Os-Pt-Ir-Fe 
and Fe-Rh-Ir compounds and tetraferroplatinum form rim after 
isoferroplatinum and laurite (Lrt); note the big inclusion of native 
iridium (Ir). All images are is BSE. 

 
The last stage is collective for a wide group of 

secondary minerals, including sulfides, tellurides, 
arsenides, mercurides etc. 

Stage 4 Sperrylite PrAs2 – irarsite IrAsS – osarsite 
OsAsS – hollingwhortite RhAsS – As-bearing 
erlichmanite Os(S,As)2 – cuprorhodsite CuRh2S4 – 
keithconnite Pd7Te20 – etc. 

This stage may have different sources of energy which 
are the objects of further discussions. Some of these 
minerals may have formed during the latest stages of the 
serpentinization, another – as a result of interaction witch 
later intrusions which may not be present on the 
contemporary daylight surface. 
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4 Concluding remarks 
 
Ural-Alaskan complexes should be observed as a multi-
tiered system with different mineralization style inherent 
to every tier. Comparison with other, better-studied Ural-
Alaskan complexes, like Galmoenan (Tolstykh et al. 
2002) or the complexes of Ural-Mountains (Palamarchuk 
et al. 2017) show that the isoferroplatinum assemblage 
probably is the only one among those mentioned which 
may form economic deposits. However, the native-
platinum assemblage, which is hard-to-detect in lodes 
due to the poor platinum grade of this type, may form an 
additional impact in the resources of gold placers nearby 
to the Ural-Alaskan massifs. 

The differences in the stages of mineralization 
between shallow and deeply eroded massifs show that in 
the first case postmagmatic redistribution of PGE 
occurred under reducting conditions (illustrated by the 
presence of such minerals as tetraferroplatinum, Fe3Pt 
Pt-bearing native iron etc.) while in the second case it 
occurred at high sulfur fugacity which led to a massive 
formation of cooperite and malanite. Several models may 
be used to explain this difference. First one is that the 
high sulfur fugacity conditions occurred due to the 
influence of hydrothermal system related to the latter 
felsic intrusions. This is supported by high distribution of 
sufidization at the host rocks of Prizhimny massif. The 
second model proposes that the high sulfur fugacity is a 
typical feature of postmagmatic processes of the Ural-
Alaskan complexes upper tiers. In our view, this idea is 
close to the truth, because the predominance of sulfides 
in latter PGM association is a key feature of several 
complexes, which among ones described in this work 
include Pustaya river placer at Kamchatka (Tolstykh et al. 
2000). 
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Abstract. The Nova – Bollinger Ni-Cu – sulfide ore 
deposits, in Western Australia, are the most significant Ni 
– sulfide discovery in Australia over the past decade. The 
host rocks are mafic- ultramafic cumulates subdivided 
into two intrusions: Upper and Lower. The Upper 
Intrusion is bowl-shaped and modally layered with 
alternating peridotite and norite mesocumulate layers; the 
Lower is a much thinner semi-conformable chonolith 
comprising unlayered mafic to ultramafic orthocumulates. 
A distinctive rock-type containing both orthopyroxene and 
olivine as cumulus phases is a characteristic of the Lower 
Intrusion. The intrusions differ in olivine and spinel 
chemistry, and in the volume of sulfides. Sector zoning in 
Cr content of pyroxenes is observed in the Lower 
Intrusion, and in the lower marginal zone of the Upper, 
and is attributed to crystallisation under supercooled 
conditions. Symplectite orthopyroxene-spinel-amphibole 
coronas at olivine-plagioclase contacts are attributed to 
near-solidus peritectic reaction between olivine, 
plagioclase and liquid during high pressure emplacement 
(>6 Kb), consistent with high Al contents in igneous 
pyroxenes. These rocks represent cumulates from a 
similar parental magma, derived via multiple magma 
pulses, variably fractionated and undergoing sulfide 
saturation prior to emplacement into the deep crust at 
pressures of 6-10 Kb during the peak of regional 
metamorphism.  

 
1 Introduction 
 
The Nova – Bollinger Ni – sulfide ore deposits are hosted 
in a suite of cumulate mafic and ultramafic intrusive rocks 
of the Mesoproterozoic Fraser Zone, located about 
160km east-northeast of Norseman, Western Australia. 
The Fraser Zone is the innermost of the three 
geographical, structural and fault-bound zones produced 
during ca. 1345–1260 Ma Albany – Fraser Orogen 
representing reworking of Archean Yilgarn Craton with 
contemporaneous magmatism (Spaggiari et al. 2009, 
Smithies et al. 2013, Maier et al. 2016). The Nova – 
Bollinger intrusive suite occurs within a prominent fold 
interference feature called an “eye” structure (Parker et 
al. 2017). The regional metamorphic grade is granulite, 
with peak conditions up to 850C at 7-9 Kb (Clark et al. 
2014).  

The mineralization is dominantly hosted by the lower 
of a pair of stacked intrusions: an Upper Intrusion, a thick, 
layered ultramafic-mafic body with a dominantly mafic 
lower zone, and the Lower Intrusion, a thin and 

predominately mafic/ultramafic chonolith hosting the bulk 
of the mineralization (Fig. 1) in the form of the Nova and 
Bollinger orebodies. These are two distinct ore deposits 
with a combined resource estimate of 13.1Mt at about 2% 
Ni, 0.8% Cu and 0.1% Co (Independence Group, 2019). 

This contribution addresses the geochemistry, internal 
structure, mineralogy and petrogenesis of the two 
intrusions, and accompanies Barnes et al. (this volume) 
on the nature of the sulfide mineralisation.  

 

 
Figure 1. Nova – Bollinger East-West schematic long section, 
looking north, modified from Parker et al. 2017.  
 
2 The Nova – Bollinger intrusive suite 
 
The host lithologies of the Nova – Bollinger intrusive suite 
have been subdivided based on their internal 
stratigraphy, textural, mineralogical and geochemical 
characteristics. The two main intrusive packages are (1) 
the Upper Intrusion consisting of interlayered mafic and 
ultramafic cumulate rocks with localised disseminated 
mineralization and (2) the Lower Intrusion consisting of 
mafic and ultramafic cumulate rocks hosting the bulk of 
the disseminated, net – textured and massive sulfide 
mineralization comprising the Nova and Bollinger 
deposits (Fig. 1). 
 
2.1 The Upper Intrusion 
 
The Upper Intrusion is a bowl-shaped, internally layered 
body extending about 2.4 km NS and about 1.2 Km EW 
across the Nova mine lease (Fig. 1) and up to 450m in 
thickness. Cumulate ultramafic rock compositions 
between lherzolite and feldspathic lherzolite are 
interlayered with predominately mafic rock compositions 
ranging from norite to gabbronorite. The ultramafic layers 



490 Life with Ore Deposits on Earth – 15th SGA Biennial Meeting 2019, Volume 2 

vary in thickness from about 20cm to 100m, show 
complicated interdigitation with mafic layers (Fig. 1) and 
comprise predominately poikilitic textured 
heteradcumulate lherzolites. These rocks are primarily 
composed of medium to coarse-grained olivines with 
occasional fine-grained olivine clumps, chromian Mg-Fe-
Al spinel inclusions in olivines, and both orthopyroxene 
and clinopyroxene oikocrysts zoned from Cr-rich cores to 
Cr-poor rims.  

A lower heterogenous marginal zone up to 100m thick 
contains predominantly orthocumulate norite, olivine 
orthopyroxenite and feldspathic lherzolite, and hosts the 
disseminated C5 sulfide resource. Orthopyroxenites 
have resorbed olivine inclusions in coarse interlocking 
orthopyroxene oikocrysts comprising ~90% of the rock.  
Vari-textured rocks (with heterogeneous grainsize on a 
cm scale) are present in this zone. Unevenly distributed 
patches of variably sized clusters of pyroxene, spinel, 
plagioclase and carbonate are evident in this unit but not 
elsewhere in the Upper Intrusion.   
 
2.2 Lower Intrusion 

 
The lower Intrusion has a maximum thickness of about 
100m thick, 300-500m wide and at least 1500m long, 
significantly thinner than the Upper Intrusion, having a 
characteristic flattened tube (chonolith) morphology with 
broadly lenticular cross section. Lithologies are 
predominantly orthocumulates, ranging from a 
feldspathic lherzolite to poikilitic melagabbro, with 
generally coarse to medium-grained pyroxene and fine-
grained olivine clumps. A distinctive lithology in the Lower 
Intrusion is a poikilitic olivine-orthopyroxene 
orthocumulate with intercumulus plagioclase, poikilitic 
clinopyroxene, locally branching olivine grains and 
pronounced sector zoning of Cr in the pyroxenes. 
Orthopyroxene – spinel – hornblende symplectites are 
extensively developed at olivine-plagioclase contacts as 
reaction coronas. Less abundant lithologies include 
olivine clinopyroxenites with globular disseminated 
sulfides, and mixed lithologies with irregular clumps of 
orthopyroxenite within melagabbro. The Lower Intrusion 
is host to disseminated and net-textured sulfide 
mineralization of variable thickness. Massive sulfide 
lenses and veins are extensively developed below this 
intrusion forming the bulk of the Nova and Bollinger 
orebodies (Barnes et al. this volume). 
 
3 Petrology and Geochemistry  

 
3.1 Whole-rock geochemistry 

 
Geochemistry of all the intrusive lithologies in the system 
is consistent with cumulates with variable trapped liquid 
content forming from related but variably evolved 
magmas. Two dominant mineral accumulation trends 
have been observed: one corresponding to the 
predominant accumulation of olivine in both the Upper 
and Lower Intrusions and the other for the accumulation 
of orthopyroxene + plagioclase with or without olivine for 
the Lower Intrusion and for the lower marginal zone of the 
Upper Intrusion. A proportion (>50%) of rocks in both 

Upper and Lower Intrusions have MgO contents greater 
than 20% and fall on olivine control lines (Fig. 2), 
representing mixtures of cumulus olivine and parental 
liquid. Trends of MgO vs FeO for these rocks can be used 
to estimate the MgO and FeO contents of the liquid end 
member, by extrapolating through the data from the 
average olivine end member to the liquid having Mg/Fe 
ratio in equilibrium with that olivine. The Upper Intrusion 
trend indicates an average cumulus olivine of Fo85 + 1 
and a parent liquid of 8 + 1% MgO, while the Lower 
Intrusion trend indicates Fo83 + 1 and 7 + 1% MgO. 

 

  
Figure 2. MgO vs FeO in whole rock for samples from the Lower 
and Upper Intrusions. Orange ellipse indicates estimated 
compositions of parent magmas based on best fit tie lines between 
olivine and liquid in equilibrium with that olivine Fo content. 

 
Higher abundances of trace elements in the Lower 

Intrusion are consistent with greater amounts of trapped 
intercumulus liquid, but the relative proportions of mildly 
to strongly incompatible elements (REE, Nb, Th, Zr, Ti) 
vary very little between the Lower and Upper Intrusions, 
or within either intrusion. 

Trends of V vs Ti are distinct between the two 
intrusions; a vanadiferous chromian Mg-Al spinel appears 
to have been a cumulus phase in the Lower Intrusion, 
consistent with the inferred high pressure of 
emplacement. This conclusion from geochemical trends 
is borne out by the presence of spinel as chadacrysts 
within orthopyroxene oikocrysts and inclusions in olivines 
in Lower Intrusion cumulates. 

 
3.2 Mineral zoning and symplectites 

 
Sector, reverse and oscillatory zoning in Cr content has 
been identified in the cumulus and poikilitic pyroxenes 
from the Lower Intrusion and the lower marginal zone of 
the Upper Intrusion (Fig. 2). These types of patterns, 
especially the presence of different types in close 
proximity, is a hallmark of several other ore-bearing small 
intrusions worldwide including Ntaka Hill (Tanzania), 
Huangshanxi (CAOB, Northwestern China), Aguablanca 
(Spain) and Eagle (USA Mid-continent) (e.g. Barnes et al 
2016; Mao et al 2019). Sector zoning is significant as an 
indicator of crystallisation under supercooled conditions. 

Symplectites are intergrowth of two or more minerals 
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on a microscopic scale. This texture typically forms via 
the reactive breakdown of assemblages of two or more 
phases during changes in pressure and/or temperature. 
Though symplectites can form as a consequence of 
metamorphism, they can also form in igneous rocks via 
magmatic olivine-plagioclase reaction at high pressure, 
or by oxidation-reaction with Fe-rich residual melts at low 
pressure (e.g. Holness et al, 2011). Complex 
assemblages of symplectite textures have been observed 
at Nova-Bollinger suite, in all lithologies, including silicate 
– silicate, silicate – sulfide, and rarely silicate – oxide 
mineral intergrowths. Green spinel – orthopyroxene – 
hornblende (Fig. 3A, B), developed as coronas at original 
olivine-plagioclase contacts or olivine – sulfide (pyrrhotite 
or chalcopyrite most common) (Fig. 3C, D) are the typical 
assemblages at Nova. 
 

 
Figure 2. Ca – Ni – Cr elemental map (Cr and Ni are log 
transformed) obtained via XFM beamline on the Australian 
Synchrotron (Sample: SFRD272-390). Abbreviations: Cpx – 
clinopyroxene; Ol – olivine; Opx – Orthopyroxene; Plag – 
plagioclase; Sym – symplectite. 
 
3.3 Mineral chemistry 
 
Olivine Fo content ranges from 84 to 78 with Ni content 
for the highest Fo of 1800ppm for the Upper Intrusion, 
and from 82 to 67 with Ni content of 1400ppm for the 
Lower Intrusion. These compositions are slightly more 
magnesian than the average cumulus olivine 
compositions estimated above from whole-rock FeO-
MgO trends; this is due to reaction of cumulus olivine with 
trapped intercumulus liquid. The Upper Intrusion shows a 
normal Ni-depletion trend (i.e. positively correlated Ni and 
Fo) whereas the Lower Intrusion shows evidence for 
sulfide equilibration with olivine during trapped liquid 
crystallisation, giving rise to a weak negative Fo-Ni 
correlation. Vanadium in olivine is very low, indicating 
redox conditions around the QFM buffer or above. 

Orthopyroxenes have high Al2O3 contents, typically 
2.5-3.5% in plagioclase-poor rocks and ranging as high 
as 5%, indicative of crystallisation at pressures of at least 
5 Kb based on experimental data (see review by 
Cawthorn, 2017).  
 

 
Figure 3. Symplectite textures in the Nova-Bollinger intrusions: A. 
Meta-norite/gabbronorite with remnant Opx and a few large fresh Ol 
grains; abundant symplectites, spindle twinning, bent exsolution 
patterns in pyroxene, annealed grain boundaries, and fresh Ol with 
Opx coronas. B. Opx - green spinel –hornblende symplectites on a 
microscopic scale in the same sample. C. Lherzolite with 
disseminated sulfides: Fresh Ol/Px pyroxene coronas around Ol and 
sulfides; D. Lherzolite with disseminated sulfides (same as C.): 
Primary, undifferentiated sulfide assemblage (Po-Pn-Ccp + Mag), 
Ccp-rich veinlets/patches vs. Po-Pn (spinel + Mag) domains; 
veinlets of sulfides (Ccp and Pn) forming symplectites. Ol – olivine, 
Opx – orthopyroxene, Plag – plagioclase, Sulf – sulfide, Pn – 
pentlandite, Po – pyrrhotite, Ccp – chalcopyrite, Sp – spinel, Symp - 
symplectite. 
 
4 Discussion 
 
The Upper Intrusion itself is interpreted as the result of 
multiple pulses of variably fractionated magma of 
common parentage, to account for the alternation of 
peridotite and norite mesocumulate layers with similar 
incompatible trace element ratios. The Lower Intrusion 
appears to be a distinct unit, much thinner and lacking 
distinct internal variations, though with more extensive 
accumulation of orthopyroxene together with olivine. The 
lower marginal zone of the Upper Intrusion overlaps with 
the Lower Intrusion in several aspects of its whole rock 
and mineral chemistry. Abundant sector zoning in the 
pyroxenes in the Lower Intrusion is indicative of growth of 
these pyroxenes under mildly supercooled conditions. 
Addition of silica during assimilation of country rocks is a 
likely explanation for the abundance of cumulus 
orthopyroxene. 

The cumulate rocks of both intrusions preserve 
primary igneous cumulus textures with only minor 
evidence of post-solidification deformation.  

Parent magmas to the intrusions were typical tholeiitic 
basalts in composition, with ~6-8% MgO, having major 
and trace element characteristics similar to typical island 
arc and back-arc basalts. Trace element patterns 
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between Lower and the Upper Intrusion are essentially 
identical and do not provide unequivocal evidence of 
crustal contamination. 

The origin of the symplectite coronas developed 
between olivine and plagioclase is a significant question 
given that they are found in a granulite facies 
metamorphic terrane. Either they were related to late 
stage mineral reactions during final solidification of 
trapped liquid at high pressure, where olivine and 
plagioclase are not stable together, or to metamorphism 
of initially low-pressure cumulus assemblages. However, 
the presence of cumulus low-Cr Mg-Al spinel coupled 
with high-Al pyroxenes strongly indicates high pressure 
crystallization, consistent with the independent evidence 
(Barnes et al. this volume) that sulfides were forming an 
infiltration-melting front into the underlying gneisses, 
implying emplacement into granulite facies country rocks 
already close to the onset of partial melting. The 
symplectites therefore probably record near-solidus late 
magmatic reaction, a consequence of the expanded 
stability field of low-Cr spinel at high pressures. 

Olivine chemistry data is consistent with multiple 
magma pulses, variably fractionated and experiencing 
sulfide saturation at different stages of their evolution 
history with a significant postcumulus sulfide liquid 
equilibration trend evident for the Lower Intrusion. 

The Nova – Bollinger mafic-ultramafic suite was 
formed from multiple pulses of magmas derived by 
varying degrees of fractionation of a common parental 
magma. The intrusions were emplaced into the deep 
crust contemporaneously with the regional metamorphic 
peak. 
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Abstract. The Nova-Bollinger Ni-Cu ores show a 
remarkable assemblage of textures indicative of 
emplacement into hot, soft country rocks at a large-scale 
melting-infiltration front. This produced features ranging 
from hard-walled extensional vein arrays to complex 
infiltrations of disseminated sulfide within chaotically 
folded paragneiss. Sulfide infiltration was accompanied 
by partial melting of the country rock producing felsic 
leucosomes, some of them strongly enriched in garnet. 
Garnet rims on sulfide veins either represent “cumulates” 
formed by migration of garnet-saturated leucosome 
melts, or as “restites” left behind by extraction of minimum 
melts of the paragneiss. Coarse grained pentlandite – 
chalcopyrite – pyrrhotite “loop textures” are characteristic 
of all ore types, down to the scale of the infiltrating 
sulfides within the gneisses, and are regarded to be 
diagnostically magmatic textures generated by sulfide 
liquid fractionation and growth of high-T pentlandite by 
peritectic reaction between fractionated sulfide melt and 
early crystallised MSS. The highly distinctive features of 
the Nova-Bollinger ores are a consequence of 
emplacement in the mid to lower crust under peak 
granulite facies conditions at extremely low cooling rates. 
Under these unusual conditions the timescales for 
deformation matched those for cooling and solidification, 
allowing the country rocks to undergo deformation during 
ore emplacement. 
 
1 Introduction 
 
Sulfide-silicate textures in magmatic ore deposits can 
contain a wealth of information about ore genesis, but in 
many cases are overprinted by tectonic deformation. The 
Proterozoic (~1300 Ma) ores of the Nova-Bollinger 
deposit (Parker et al. 2017) display a spectacular array of 
textures which can almost entirely be attributed to 
magmatic processes. However, the strongly deformed 
nature and lower granulite metamorphic grade (Clark et 
al. 2014) of the country rocks, coupled with the presence 
of a large proportion of the sulfide-rich ores within the 
country rock immediately adjacent to the host intrusions, 
give the immediate impression that the ores have been 
subjected to tectonic remobilization. In this contribution, 
we critically assess the extent to which this is supported 
by field observations. We make extensive use of 
decimetre-scale microbeam XRF mapping of a range of 
ore types, in the light of recent findings by Barnes et al. 
(2017a,b; 2018a,b) on the tendency of magmatic sulfides 
to develop melting-infiltration fronts at interfaces with 

less-refractory country rocks, and to migrate through 
partially solidified crystal mushes.  
 
2 Geological setting of the Nova-Bollinger 

Orebodies 
 
The Nova-Bollinger ores are associated with a small 
chonolith-style intrusion developed immediately beneath 
a much larger subhorizontal layered intrusion, described 
in the accompanying abstract (Taranovic et al. 2019). 
They are emplaced into a tightly folded sequence of 
granulite facies gneisses, comprising a mixture of 
intermediate to felsic garnetiferous meta-sediments and 
mafic granulite gneisses with minor marble layers. 

Ni-Cu sulfide ores are found in a wide variety of 
textural types, both within the host intrusion, and within 
country rocks to a distance of approximately ~20 m from 
the basal contact. The intrusion hosted ores are 
dominated by net-textured (matrix) ores with subordinate 
globular disseminated ores (Barnes et al. 2017b), the 
latter mainly found in Bollinger, as discordant massive 
sulfide veins and (uncommonly) as massive segregations 
along the basal contact. Exo-contact ores are found as a 
spectacular variety of sulfide-matrix ore breccias, as 
heavily disseminated sulfide within the country rock 
foliation, and as close-spaced vein arrays, with mutual 
gradation between all these types. 

 
3 Sulfide-rich ores at Nova 
 
Detailed studies on Nova ores were mainly focused on 
the “panhandle” area in the upper (western) portion of the 
orebody (Taranovic et al. 2019, this volume).  Sulfide-rich 
mineralisation extends to distances of at least 50 metres 
from the host intrusion, as well as within the intrusion 
itself. The bulk of the ore falls on a spectrum between two 
completely gradational types: sulfides within mainly 
sharp-walled extensional vein arrays within the footwall 
gneisses, containing abundant inclusions of the 
immediate wall rock as well as rare inclusions of host 
intrusion; and “infiltrating sulfides” that range from soft-
walled irregular veins within paragneiss to heavy 
disseminations of sulfide permeating at grain-scale within 
the gneisses that form the vein walls (Fig. 1). In many 
cases sulfides selectively infiltrate particular layers. The 
gneisses within the infiltrating sulfide zone typically show 
chaotic rootless folds and appear to have been folded 
during emplacement of the sulfides. The sulfide-rich veins 
within the infiltrating sulfide zones commonly contain 
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bodies of coarse felsic material interpreted as 
leucosomes formed by partial melting of the immediately 
adjacent gneisses. These felsic bodies typically occupy 
the margins of the sulfide veins and have mineralogy 
varying widely from coarse grained tonalite with minor 
garnet to almost pure garnetites with interstitial quartz.  

The sulfides themselves show spectacular coarse-
grained “loop textures” (Fig. 2) where both pentlandite 
and chalcopyrite form semi-continuous rims to large (~1 
cm) single pyrrhotite grains, interpreted as original 
monosulfide solid solution (MSS). Such textures have 
hitherto been regarded as the result of MSS exsolution, 
but this interpretation cannot explain the close 
association of pentlandite and chalcopyrite in the “loops” 
or the characteristic (relatively) high Pd content of the 
pentlandite. Recent work (Mansur et al. 2019) has solved 
this problem by interpreting coarse grain-boundary (as 
opposed to flame exsolution) pentlandite as the result of 
peritectic reaction between residual sulfide liquid and 
early-formed solid MSS. On this interpretation, loop 
texture is diagnostically magmatic. The widespread 
presence of loop textures in the Nova-Bollinger ores, in 
almost all settings from massive sulfide pools, veins, 
tension gashes and permeations into gneiss (e.g. Fig. 1) 
is therefore further strong evidence for high-P, high-T 
emplacement into granulite country at or just post the 
main metamorphism and deformation. Conditions were 
such that the country rock was able to fail either by folding 
or by semi-brittle fracturing depending on local lithology 
and strain rate. 

 
4 Globular and matrix ores at Bollinger 
 
The Bollinger orebody contains a similar assemblage of 
disseminated, matrix, infiltrating massive and vein-hosted 
massive ore to Nova, but differs in that infiltrating sulfide 
is less abundant (probably due to the more mafic and 
hence more refractory nature of the immediate footwall) 
and matrix ores show characteristically layered leopard-
textures defined by cm-scale sulfide-poor olivine-
clinopyroxene clusters within typical olivine-sulfide matrix 
ore (Fig. 3). The clinopyroxene typically forms single or 
clustered oikocrysts with a shape-preferred orientation 
imparting a planar magmatic fabric to the rock (Fig 3a). 
This is a variant of poikilitic leopard-textured ore (Barnes 
et al. 2017b) formed by percolation of sulfide liquid 
through a partially consolidated orthocumulate with early-
formed oikocrysts. Some of these clinopyroxene clusters 
or clots have autolithic or xenolithic cores.  

Globular ores also define a weak magmatic fabric, and 
in some cases (Fig. 3B) consist of loop-textured sulfide 
globules rimmed by clots of Cr-poor clinopyroxene, 
intermixed at cm scale with patches of fine-grained 
olivine-sulfide matrix ore.  

 
5 Interpretation and Conclusions 
 

Mesoscopic and outcrop-scale features of the massive 
and semi-massive ores at Nova indicate emplacement in 
an extensive infiltration-melting front, under conditions 
where the country rocks were at or above their solidus 

temperatures within the thermal aureole of the intrusions. 
 

 
 
Figure 1. Phase map based on Tornado x-ray element map of cut 
slab showing permeation of sulfide into disaggregating garnet 
granulite, typical of sulfide infiltration zone in Nova orebody. 
 

Infiltration of sulfide served to carry heat effectively into 
the country rock gneisses, facilitating melting and 
infiltration of sulfide into the less refractory (garnet-
bearing) layers. Partial melting produced felsic 
leucosomes that segregated by counter-flow into the 
sulfide-bearing veins. In some cases these leucosomes 
may have been crystallising as they flowed, leaving 
behind “cumulates” of quartz, garnet and/or feldspar as 
vein linings and selvedges (Fig. 4). Where country rocks 
were more mafic and hence less refractory, as in the 
footwall of Bollinger, partial melting was less extensive 
and sulfides tended to form sharp-walled vein arrays.   

 
 



Magmatic Sulfide and Oxide Systems  495 

 
 
Figure 2. Tornado x-ray element map (Ni in red, Cu in green, S in 
blue channels) showing characteristic sulfide loop texture, with 
“chicken wire” loops of pentlandite and chalcopyrite developed 
around large single crystal pyrrhotite grains. Also note fine 
pentlandite exsolution in cores of pyrrhotite. Black areas are 
silicates. 

  
  

Coarse grained Pn-Ccp-Po loop textures are 
ubiquitous within the massive ores, regardless of micro-
scale setting, to the extent of being developed within 
narrow veins and broken fold-hinges. These textures are 
now regarded as diagnostically magmatic. This implies 
that sulfide vein emplacement took place under 
conditions where country rock deformation was either 
ductile or semi-brittle, despite the high temperatures of 
emplacement within the sulfide liquid melting range, 
consistent with estimates of 830-860oC for peak 
metamorphic temperatures in the metapelitic rocks of the 
region (Glasson et al. 2019). It is possible that much of 
the characteristic local deformation of the country rocks 
was a response to the emplacement of a large body of 
dense cumulate rocks and sulfide liquid, under conditions 
of very slow cooling. 

Coupled with the clear evidence for high-P 
crystallisation of the host intrusions (cumulus Mg-Al 
spinel, symplectic coronas forming from trapped liquid 
reaction – Taranovic et al. this volume) these 
observations attest to deep emplacement of the Nova-
Bollinger ores at mid to lower crustal depths during the 
peak of regional metamorphism. Aside from some local 
post-emplacement shearing, the Nova-Bollinger ores and 
host rocks retain primary magmatic features and have not 
been extensively deformed post magmatic emplacement. 
 

 
 
Figure 3. Tornado x-ray element maps (false colour images, S red, 
Fe green, Ca blue) showing sulfides in yellow-orange, olivine 
(green) and cpx (blue) of drill core of matrix (A) and globular 
disseminated (B) ore from Bollinger. A: note absence of sulfide in 
cpx oikocrysts, occurring as single grains and one large cluster of 
grains. B: sulfide globules are associated with clumps of Cr-poor 
diopsidic augite (dark blue) with magmatic carbonate and patches 
of fine grained olivine-sulfide matrix ore. 
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Figure 4. Model for garnet rinds and leucosomes associated with sulfide infiltration-vein-melting front beneath the Nova Lower Intrusion. Stage 
1 – sulfide dykes and veins inject hot gneiss close to its solidus T. Stage 2 – partial melting of gneiss close to sulfide vein (time scale months-
years) – garnet rinds form where maximum extraction of melt has happened at vein walls. Partial melt (leucosome) escapes along sulfide vein 
walls, sulfide infiltrates into foliation where degree of melting is highest. 
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Abstract. The Abitibi greenstone belt within the Superior 
Craton in Canada is the world’s largest greenstone belt. 
Historically, however, it has not demonstrated the same 
prospectivity for economically significant komatiite-
associated Ni-Cu-(PGE) deposits as the greenstone belts 
in the Yilgarn Craton of Australia. The recent discovery of 
the Grasset Nickel Deposit, one of the largest komatiite-
associated Ni-Cu-(PGE) deposits in the Abitibi, located 
within the heavily overburden covered northern portion of 
the belt, indicates that potential for additional discoveries 
of this type remains. While the mineral potential and the 
exact nature of the komatiitic host stratigraphy around the 
Grasset deposit has yet to be fully characterized, this 
discovery and more recent exploration activity in the area 
highlight the potential for definition of a new nickel district 
in the northern part of the Abitibi greenstone belt. 
 
1 Introduction 
 
Komatiite-associated sulphide deposits represent an 
important source of nickel, copper, and platinum group 
elements (PGE) globally. While komatiites are known to 
be present in Archean greenstone belts worldwide, 
komatiite-associated Ni-Cu-(PGE) deposits are much 
more restricted (Arndt et al. 2008). Economic deposits of 
Archean age cluster in the Eastern Goldfields 
Superterrane of the Yilgarn Craton of Western Australia, 
as well as in the greenstone belts of Zimbabwe and 
Finland, with few large deposits located outside of these 
districts. The Abitibi greenstone belt that extends through 
Ontario and Quebec within the Superior Craton (Canada) 
is the largest known greenstone belt worldwide yet hosts 
relatively few deposits of this type and none that rival the 
larger deposits of Eastern Goldfields. The Grasset nickel 
deposit, a recently discovered komatiite-associated Ni-
Cu-(PGE) deposit is, however, a sizeable sulphide 
deposit in a previously unrecognized ultramafic 
intrusive/extrusive complex well removed from other 
known deposits of this type in the Abitibi. This contribution 
presents the first descriptions of this new deposit and its 
host sequence.  
 
2 Geological setting 
 
The Abitibi greenstone belt (AGB) hosts a number of 
Archean komatiite-associated Ni-Cu-(PGE) deposits and 
occurrences within six komatiite-bearing volcanic-
dominated assemblages. Two of them, mainly located 

within the southern AGB, host the majority of Ni-Cu-
(PGE) endowment of the belt: the Kidd-Munro (2720–
2710 Ma) and the Tisdale (2710–2704 Ma) volcanic 
assemblages (Houlé et al. 2017). Until the recent 
discovery of the Grasset Nickel Deposit by Balmoral 
Resources Ltd. in 2014, no significant komatiite-
associated Ni-Cu-(PGE) mineralization was known 
outside of these assemblages. The Grasset Nickel 
Deposit is hosted within the Grasset Ultramafic Complex 
(GUC), which is interpreted to occur within the 2734–
2724 Ma Deloro assemblage, but further work is required 
to confirm this interpretation (Faure 2015; Houlé et al. 
2017). 

The Grasset Ultramafic Complex lies in the northern 
portion of the AGB within the Manthet Group in the 
Harricana-Turgeon belt, near the boundary with the 
Opatica subprovince (Lacroix 1990). The Manthet Group 
is a volcano-sedimentary succession, located north of the 
regionally extensive, east-west trending Sunday Lake 
Deformation Zone (SLDZ). It is dominated by massive 
and pillowed tholeiitic basalt and gabbroic sills 
interlayered with intermediate to felsic volcaniclastic 
rocks with lesser graphitic argillite. Ultramafic volcanics, 
where present, are interlayered with basalt and felsic 
volcanic lithologies (Lacroix et al. 1990; Lacroix 1994; 
Faure 2015). 
 
3 Local Geology 
 
The Grasset Ultramafic Complex consists of a NW-SE 
trending komatiitic succession that extends over more 
than 8 km. The complex is underlain by mafic volcanic 
and gabbroic rocks and overlain by a thick (~1 km) 
package of clastic sedimentary rocks with sporadic 
intervals of oxide-facies iron formation. The complex is 
composed predominantly of komatiitic lava flows and 
subvolcanic sills intercalated with coherent and lesser 
tuffaceous felsic volcanic rocks. Graphitic argillaceous 
sedimentary rocks typically occur as small lenses (<5 m 
thick). Structurally, the entire succession is generally a 
homoclinal sequence younging to the SW that is 
truncated to the south by the SLDZ. South of this regional 
east-west trending deformation corridor is an extensive 
package of Timiskaming-style sedimentary rocks. These 
rocks are metamorphosed to greenschist facies where 
primary textures are often well-preserved and the term 
‘meta’ is omitted in this contribution for simplicity. 
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4 Grasset Ultramafic Complex  
 

The GUC is completely overburden covered with 
overburden depths ranging from 50 to over 80 metres. It 
is interpreted to extend for a minimum of 8.5 km of strike 
length based on the total magnetic signature and drilling 
intersections along this trend. To the northwest the 
magnetic signature is weaker but the area remains 
untested for several kilometers. The GUC is composed of 
several individual ultramafic flows/bodies. Individual 
flows/sills can extend for up to 2 km, with widths as large 
as 500 m. The ultramafic rocks of the GUC are typically 
composed of homogenous olivine ortho-mesocumulates 
with subordinate spinifex-textured and flow-top breccias. 
Komatiitic units with the latter textures indicate that at 
least part of the GUC is characterized by an extrusive 
mode of emplacement.  
 
4.1 Grasset area 
 
In the Grasset area, at the southern end of the complex, 
the Grasset nickel deposit occurs within an 
undifferentiated olivine ortho- to mesocumulate sill which 
is approximately 300 m wide at its thickest and which 
extends for ~1000 m in length (Figure 1). This unit is 
texturally homogenous mesocumulate with little obvious 
textural variation. Unfortunately, margins of the unit are 
moderate to strongly sheared relative to surrounding 
rocks preventing an accurate determination of the mode 

of emplacement (intrusive versus extrusive) but its 
slightly cross-cutting relationship to local stratigraphy is 
suggestive of a sill like morphology. The host ultramafic 
is also locally cut by late (syn- to post-regional 
deformation) quartz-feldspar porphyry and lamprophyric 
dykes. The footwall rocks are composed mainly of basalt 
and lesser rhyolite tuff and flow units with both locally 
interbedded with graphitic argillaceous sediments, 
whereas the hangingwall rocks are predominantly felsic 
tuffs interbedded locally with sediments. Thinner 
ultramafic units, potentially of volcanic derivation occur 
within the hangingwall succession above the host unit. All 
ultramafic rocks in the Grasset area are pervasively 
altered to various degrees to serpentine, although this 
assemblage changes to talc-magnesite in proximity to 
contacts, faults, and late lamprophyre dykes. 
 
4.2 Fenelon area 

 
In the Fenelon area, located ~7 km to the northwest of 
the Grasset deposit, diamond drilling in late 2018 
discovered a new, and as yet unnamed, occurrence of Ni-
Cu-PGE mineralization. This new discovery is hosted at 
the base of a ~200 m thick sequence of komatiitic flows 
(Figure 2). The host sequence is comprised of at least 
five stacked komatiite flow units overlain and locally 
interbedded with a thick felsic volcanic sequence (Figure 
2). Individual komatiite flows consist of a variably 
brecciated flow top, which attains thicknesses of up to 5 

Figure 1. Geological map of the Grasset area. Grasset deposits are indicated by red (H3) and yellow (H1) polygons. Geologic succession 
has a SW younging direction. 
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m, locally grading into a spinifex textured zone. The basal 
portion of each flow sequence is dominated by a thicker, 
uniform textured cumulate layer. The volcanic sequences 
sit atop a basement of dominantly tholeiitic basalt flows 
and subvolcanic sills with locally intercalated fine-grained 
sedimentary units. The komatiitic flow sequence is 
overlain by thick (~200 m) homogenous olivine ortho-
mesocumulate that appears to cut the host felsic volcanic 
stratigraphy. Ultramafic rocks are pervasively altered to 
serpentine. 
 
5 Nickel Mineralization 
 
Exploration by Balmoral Resources Ltd. in 2012 led to the 
initial discovery of what would, following additional 
discoveries in 2014, become the Grasset Nickel Deposit. 
Renewed exploration in 2018 led to the new discoveries 
in the Fenelon area which remain unnamed. Drill testing 
between the two areas has also identified numerous 
occurrences of Ni-Cu-(PGE) bearing sulphide 
mineralization at various stratigraphic levels throughout 
the GUC.  
 
5.1 Grasset 
 
The Grasset deposit is comprised of two distinct 

mineralized zones – Horizon 1 and Horizon 3. The vast 
majority of the higher grade mineralization within the 
deposit is located in the Horizon 3 zone, which is located 
in the upper portion of the host undifferentiated ultramafic 
unit, proximal (~50 m) to the hangingwall contact. The 
Horizon 3 zone is dominantly comprised of disseminated 
to weakly net-textured sulphide mineralization with rare 
massive sulphide intervals intersected to date. Sulphide 
mineralization is, predominantly 
pyrrhotite>>pentlandite>chalcopyrite with lesser pyrite 
locally. The Horizon 1 zone is present at the lower 
footwall contact of the host unit. This mineralized zone 
exhibits a similar mineral assemblage to Horizon 3. 
Horizon 1 locally features textures indicative of sulphide 
segregation and settling with narrow massive sulphide 
intervals common at the actual footwall contact.  

The Horizon 3 zone of the Grasset deposit may be 
interpreted as a “Type 2” komatiite-associated Ni-Cu-
(PGE) deposit due to its stratigraphic position within host 
ultramafic unit, the sill type morphology, generally 
disseminated sulphide mineralization, and the lack of 
clear evidence for sulphide settling textures. However, 
the overall sulphide content and the grades of the 
mineralization are quite high for traditional “Type 2” 
mineralization. It is possible that Horizon 3 mineralization 
could be an internal “Type 1” deposit, occurring at the 
base of an indistinct subunit within the thick olivine 

Figure 2. Geologic map of the Fenelon area. Newly discovered mineralized horizon indicated by red outlines. Geologic succession has a SW 
younging direction.   
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cumulate body. 
At present, the Grasset deposit hosts an indicated 

resource of 3.5 million tonnes @ 1.56 wt. % Ni, 0.17 wt. % 
Cu, 0.03 wt. % Co, 0.34 g/t Pt and 0.84 g/t Pd (Richard 
and Turcotte, 2016). Nickel grades within the Grasset 
deposit are variable, ranging from 0.35 to 18.95 wt. % Ni 
with the average within net textured mineralization being 
1-3 wt. % nickel. Massive sulphide zones in Horizon 3 are 
rare but can locally produce in excess of 18 wt. % nickel. 
Calculated nickel tenors through the deposit range from 
8-10 wt% however, locally remobilized zones can 
demonstrate values as high as 15 wt%.  
 
5.2 Fenelon 
 
The recently discovered nickel sulphide mineralization in 
the Fenelon area occurs in distinct volcanic facies of the 
komatiitic succession, unlike the nearby Grasset Deposit. 
Sulphide mineralization is present at or near the lower 
contact of the basal unit of this komatiitic succession. 
Sulphide zones appear to exhibit typical sulphide 
segregation and settling textures, with disseminated 
zones at the top grading into net-textured zones below 
and further grading into massive sulphide lenses at the 
base of the unit. Given the stratigraphic location of these 
discoveries and the style of mineralization, the 
discoveries are interpreted to be “Type 1” komatiite-
associated Ni-Cu-(PGE) mineralization. Massive 
sulphide zones observed to date range from 50 - 150 cm 
in thickness. The sulphide mineral assemblage is also 
typical of magmatic sulphide, being composed of 
pyrrhotite>>pentlandite >chalcopyrite.  

Given its very recent discovery there is no resource 
calculation for the zone. Drill intercepts from the massive 
sulphide mineralization reach a high of 4.14 wt. % Ni, 0.26 
wt. % Cu, 0.18 wt. % Co, 1.9 g/t Pt and 0.81 g/t Pd over 
0.65 m within a broader 7.58 meter thick mineralized 
intercept grading 1.05 wt. % Ni, 0.31 wt. % Cu, 0.05 wt. % 
Co, 0.20 g/t Pt and 0.48 g/t Pd.  
 
6 Concluding Remarks 
 
The GUC represent an extensive subvolcanic-volcanic 
komatiitic succession that hosts one of the largest 
komatiite-associated Ni-Cu-(PGE) deposit discovered so 
far in the AGB. Preliminary results indicate that several 
styles of mineralization occur in this succession. Nickel 
sulphide mineralization is hosted, dominantly all cases, 
within massive olivine mesocumulate units either at the 
base of intrusive and extrusive members of the sequence 
or within broader, undifferentiated intrusive members.  

The discovery of the Grasset deposit highlights the 
potential for the discovery of significant nickel deposits in 
the AGB, outside the traditionally recognized prospective 
nickel-bearing assemblages such as the Kidd-Munro and 
Tisdale assemblages, in particular within the extensive 
overburden covered northern segment of the belt. New 
discoveries in the GUC, within Deloro-correlative 
assemblages potentially yield new opportunities for 
additional discoveries in other parts of the AGB. This 
discovery reinforces the fact that regardless of their age 

or geochemical type, almost all komatiitic rocks in the 
AGB are prospective to host Ni-Cu-(PGE) mineralization 
with the most critical factor being the right physical 
volcanology as pointed it out by Sproule et al. (2005), 
Houlé and Lesher (2011), and Houlé et al. (2017). 
Whether portions of the AGB possess similar nickel 
endowments to those of the Eastern Goldfields remains 
to be proven, the potential emergence of a new nickel 
district related to the GUC certainly improves the 
perceived prospectivity for komatiite-associated Ni-Cu-
(PGE) mineralization elsewhere in the Abitibi greenstone 
belt.  
 
Acknowledgements 
 
The author thanks the Balmoral technical team, with 
special thanks to Ken Kuiper for his assistance in figure 
preparation. Thanks to Sarah Jackson-Brown for her 
assistance with editing and formatting. 
 
References 
 
Arndt N, Lesher CM, and Barnes SJ (2008) Komatiite. Cambridge 

University Press, New York, 465 pp  
Faure S (2015) Prolongement de la faille Sunday Lake (mine Detour 

Gold, Ont.) au Québec et son potentiel pour les 
minéralisations aurifères et en métaux de base. CONSOREM 
Project Report 2013-02, 41 pp 

Houlé MG and Lesher CM (2011) Komatiite-Associated Ni-Cu-
(PGE) Deposits, Abitibi Greenstone Belt, Superior Province, 
Canada. Rev Econ Geol 17:89-121 

Houlé MG, Lesher CM, and Préfontaine S (2017) Physical 
Volcanology of Komatiites and Ni-Cu-(PGE) Deposits of the 
Southern Abitibi Greenstone Belt. Rev Econ Geol 19:103–132 

Lacroix S (1994) Géologie de la partie oust du sillon Harricana-
Turgeon, Abitibi. Ministère des Ressources naturelles du 
Québec, MB 94-54, 26 pp 

Lacroix S, Simard A, Pilote P, and Dubé LM (1990) Regional 
geologic elements and mineral potential resources of the 
Harricana-Turgeon belt, Abitibi of NW Quebec. In: Rive M 
Verpaelst P, Gagnon Y Lulin JM, Riverin G, and Simard A (eds). 
The northwestern Quebec Polymetallic Belt: A summary of 60 
years of mining exploration. Proceedings of the Rouyn-Noranda 
1990 symposium, Canadian Institute of Mining and Metallurgy 
43, pp 313–326 

Richard PL, Turcotte B (2016) Technical report and mineral 
resource estimate for the Grasset Ni-Cu-PGE deposit. NI-43101 
report, 194 pp 

Sproule RA, Lesher CM, Houlé MG, Keays RR, Ayer JA and 
Thurston PC (2005) Chalcophile element geochemistry and 
metallogenesis of komatiitic rocks in the Abitibi greenstone belt, 
Canada. Econ Geol 100:1169−1190 



Magmatic Sulfide and Oxide Systems  501 

 

The enigma of the Ni-Cu-PGE sulphide ores of the Sudbury 
Igneous Complex: what was the source of the metals? 
Reid R.Keays 
School of Earth, Atmosphere and Environment, Monash University, Australia 
 
Peter C. Lightfoot 
Lightfoot Geoscience, Sudbury, Canada 
 
 
Abstract. Geochemical studies combined with U-Pb 
zircon age dating on the newly discovered Frood 
Intrusion and on the Sudbury Gabbro demonstrate that 
they are members of the 2.45 Ga Matachewan Large 
Igneous Province (LIP) and the ~2.2 Ga Nipissing 
Diabase LIP, respectively.  The Frood Intrusion has very 
similar extended spidergrams patterns and geochemistry 
to other members of the Matchewan LIP including the 
East Bull Lake and River Valley intrusions.  The 
similarities in geochemistry between Sudbury Gabbro 
and the Nipissing Diabase demonstrate that the former is 
a more MgO-rich variant of the latter. Our 2421 ± 3 Ma 
age of the Frood Intrusion is within error of ages for other 
EBL intrusions while our 2203 ± 11 Ma and 2168 ± 11 Ma 
ages for two of the Sudbury Gabbro sills are within error 
of published ages for the Nipissing Diabase.  Mass 
balance considerations provide strong support for the 
concept that the metals in the Sudbury Ni-Cu-PGE 
sulphide deposits were sourced from protores associated 
with mafic intrusions in the country rocks that were 
incorporated into the melt sheet that was formed by the 
impact of the meteorite that formed the SIC.  
 
Keywords: Sudbury Ni-Cu-PGE sulphides, metal source 

 
1 Introduction 
 
There is an overwhelming consensus that the Sudbury 
Igneous Complex (SIC) and its Ni-Cu-PGE sulphide ores 
are the products of a meteorite impact at 1.85 Ga and that 
the 3 km thick melt sheet produced by that impact was 
entirely of crustal origin (Lightfoot, 2016). However, the 
source of the ore-forming metals within the SIC remains 
problematic because significant Ni-Cu-PGE sulphide 
deposits are normally only produced by mantle-derived 
mafic magmas.  In addition, Sudbury is the only example 
of economic Ni-Cu-PGE sulphide mineralisation that is 
associated with the products of a meteorite impact.  

The Ni and Cu contents of the felsic country rocks 
which make up ~80% of the rocks in the Sudbury area 
are provided by the analyses of the Sudbury Breccia 
reported by O’Callaghan et al. (2016).  The Sudbury 
Breccia is a pseudotachylite produced by the shock 
waves generated by meteorite impact; O’Callaghan et al. 
(2016) argued that their analyses of Sudbury Breccia 
were representative of the rocks in which the breccias 
were developed.  The Sudbury Breccias occuring in the  

felsic country rocks have median Ni and Cu contents of 
only 18.1 and 20 ppm, respectively.  

Most of the mafic rocks in the Sudbury region belong 
to one of two Large Igneous Provinces (LIPs).  The 2.45 
Ga Matachewan includes the Matachewan and Hearst 
Dyke Swarms, the East Bull Lake intrusive (EBLI) suite, 
and bimodal volcanics and felsic plutons that occur in the 
footwall of the SIC .  The 2.2 Ga Nipissing Diabases are 
comagmatic with the Senneterre Dyke Swarm and 
represent the remnants of an eroded continental flood 
basalt province.   

A major aim of this project was to see if the newly 
discovered Frood Intrusion was a member of the EBL 
intrusive suite and if the Sudbury Gabbro was a member 
of the Nipissing Diabase LIP. These are important 
questions because the Frood Intrusion is directly 
associated with Ni-Cu-PGE sulphide mineralization in the 
large Frood and Stobie mines and one of the Sudbury 
Gabbro sills is directly associated with mineralization in 
the Totten Mine which is located in the Worthington Offset 
Dyke.  
 

 
Figure 1. Geological map of the Sudbury region showing the 
outcrops of the East Bull Lake intrusive suite and the Nipissing 
Diabase (modified after Holwell et al. (2014)). 
 

The salient question for the origin of the Sudbury Ni-
Cu-PGE sulphide ores is whether there is a sufficent 
amount of metal in the unmineralized mafic rocks or if a 
significant proportion of metals was sourced from pre-
existing LIP-related magmatic sulphide deposits similar to 
those that occur in the mafic sills of both the Matchewan 
and Nipissing Diabase LIPs.  
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2 Geological relationships in the Sudbury 
Region  

 
The Sudbury Ni-Cu-PGE sulfide deposits are closely 
associated with the SIC which consists of the Main Mass 
overlain by the Onaping Formation and underlain by the 
Sublayer which is a fragment-rich unit that occurs in 
“embayment” structure at the base of the SIC.  From the 
top down, the Main Mass comprises the Granophyre, 
Transition Zone Quartz Gabbro, and the Norite.  
Approximately 60 % of the Ni-Cu-PGE sulfide resource is 
associated with the Sublayer and 40% is hosted by the 
Offset Dykes which are directly related to the SIC and 
occur in its country rocks.  The composition of the chilled 
margins of the Offset Dykes is believed to represent the 
composition of the impact melt sheet that formed the SIC 
and its Ni-Cu-PGE sulphide deposits (Lightfoot et al. 
1997). 
      The SIC straddles the boundary between the 
Archaean granitoid rocks of the Superior Province and 
the Paleoproterozoic (Huronian) mafic and felsic 
metavolcanic rocks and metasedimentary rocks of the 
Southern Province of the Canadian Precambrian Shield 
(Fig. 1). The Huronian rocks are cut by granite plutons (cf 
Fig. 2) and intruded by mafic intrusive rocks (the Nipissing 
Gabbro, Sudbury Gabbro), and early Proterozoic 
intrusions of the East Bull Lake suite of intrusions. 
 

 
 
Figure 2. Geological map of the Frood Intrusion (modified from 
Lightfoot, 2016) showing locations of samples analysed in this study. 
 
      The Frood Intrusion is broken up into several 
discontinuous bodies of metagabbro and amphibolite that 
are enveloped in Sudbury Breccia (Fig. 2).  The Frood 
Intrusion is a coarse grained to very coarse grained 
amphibolite some of which contains felsic megacrysts are 
up to 8 cm across. Discontinuous segments of the 
amphibolite comprise the footwall and hanging-wall of the 
Frood Deposit, and this rock type occurs as inclusions in 
the semi-massive sulfides at Frood and Stobie. The 
Frood Intrusion typically occurs within an envelope of 
Sudbury Breccia which commonly contains inclusions of 
amphibolite from the Frood Intrusion (Fig. 2), which 
provides un-equivocal evidence that the intrusion pre-
dated the impact event at 1.85Ga. 

A number of the mafic intrusive bodies within both the 
Matchewan and Nipissing Diabase LIPs host significant 
amounts of Cu-Ni-PGE sulphide mineralisation.  For 
example, the River Valley Intrusion, which is a part of the 
EBL suite of intrusions, has a resource of 91 million 
tonnes averaging 0.02 % Ni, 0.0.06 % Cu, 0.22 g/t Pt, 
0.58 g/t Pd and 0.04 g/t Au (Holwell et al. 2014) and the 
Shakespeare Intrusion, one of the Nipissing Diabase 
intrusions, has a resource of  11.3 tonnes grading 0.33 % 
Ni, 0.35 % Cu, 0.33 g/t Pt, 0.37 g/t Pd and 0.19 g/t Au 
(Sproule et al. 2007). 
 
3 Methods 
 
Samples collected from the Frood Intrusion and also from 
the Totten and the Nairn Sudbury Gabbro sills were 
crushed using soft steel plates and ground in soft steel 
ring mills. Whole rock major element oxides were 
determined by wavelength dispersive X-ray 
Fluorescence on glass disks while the trace elements 
were determined by inductively-coupled plasma mass 
spectrometry on fused beads.  Samples collected from 
the same sites for U-Pb geochronology were first crushed 
and the zircons in them concentrated using the Wilfley 
Table and heavy liquid.  The heavy minerals so obtained 
were prepared as a grain mounts in polished thin 
sections. The zircons in the thin sections were identified 
and located using an SEM; the SEM was also used to 
collect cathode luminescence images of the zircon 
grains.  The zircon analyses were performed with an 
Agilent 7700x ICP-MS coupled to an ASI RESOlution 
Excimer laser.  Zircon standard 91500 was used for 
calibration and drift and downhole fractionation 
correction. The spot sizes for most of the zircons were 18 
microns; however, for a few of the smaller zircons, a 12 
micron spot size was used.  We also re-evaluated 
geochemical data for diabase inclusions in the Sublayer 
at the Whistle mine that Lightfoot et al. (1997) had 
suggested might have been derived from one of the 
Matchewan dykes.  

For comparative purposes we use analytical 
data for the Nipissing Diabase from Lightfoot and Naldrett 
(1989), Lightfoot et al (1993), Sproule et al. (2007), and 
Jobin-Bevans (2004). The data for the East Bull Lake 
Suite of rocks comes from the East Bull Lake Intrusion 
(Peck et al. 1995), the River Valley intrusion (Holwell et 
al. 2014), and the Agnew intrusion (Vogel et al. 1998).  

 
4 Results 
 
Our geochemical data as well as scattergrams and 
extended spidergram plots prepared from these data 
show that there are considerable similarities in the 
composition of the Frood Intrusion of that of the other EBL 
intrusive suite.  This also the case with the Sudbury 
Gabbro and the Nipissing Diabase intrusions. 
        The Sudbury Gabbro in the Totten, Nairn and 
Makada intrusions, as well as inclusions of Sudbury 
Gabbro that occur in the Worthington Offset Dyke, is 
generally considerably more mafic than the Nipissing 
Diabase (Fig. 3).  Some of the Nipissing Diabases that 
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occur in the Sudbury area are also more mafic than the 
regional Nipissing Diabases and these tend to contain 
some magmatic sulphides giving them elevated Ni 
contents (Fig. 3). The elevated Ni contents of some of the 
Sudbury Gabbro inclusions in the Worthington Offset 
Dyke may be due to infiltration of sulphides from the 
Quartz Diorite host rocks.  For those samples in which 
there is no sulphide Ni, there is a continuum in Ni and 
MgO values from the Nipissing Diabase to the Sudbury 
Gabbro. Continua in composition between the Sudbury 
Gabbro and the Nipissing Diabase are shown on other 
scattergrams such as Ce vs Pb plots.  There are also 
continua in composition between the Frood Intrusion and 
other members of the EBL intrusive suite.  
 

 
 
Figure 3. Scattergram of Ni vs MgO for both regional and Sudbury 
area Nipissing Diabases, the mineralized Shakespeare Nipissing 
Diabase intrusion, and Sudbury Gabbros from the Nairn, Totten, 
Makada sills and as inclusions in the Worthington Offset Dyke 
 
      The Frood Intrusion has a similar pattern to those of 
other members of the EBL intrusive suite including the 
East Bull Lake, River Valley, and Agnew intrusions on an 
extended spidergram (Fig. 4).  In addition, diabase 
inclusions in the Sublayer at Whistle mine have a similar 
extended spidergram pattern to other members of the 
EBL intrusive suite; this provides a strong argument that 
the precursors to these inclusions was a Matchewan 
dyke, as suggested by Lightfoot et al. (1997).  The 
Sudbury Gabbro has a similar pattern to that of the 
Nipissing Diabase on spidergrams constructed for these 
rocks. 
       The Frood Intrusion has a discordant U-Pb zircon 
age of 2421 ± 32 Ma (Fig. 5).  This is within error of the 
2441 ± 3 Ma of the Falconbridge Township intrusion 
reported by Prevec and Baadsgaard (2005); the latter, 
which is a member of the EBL intrusive suite, occurs in 
the immediate footwall of the SIC (Fig. 1).  The Nairn 
Sudbury Gabbro intrusion has a U-Pb zircon age of 2203 
± 11 Ma which is within error of the 2209 ± 3.5 Ma age of 
the Triangle Mountain Nipissing Diabase sill reported by 
Noble and Lightfoot (1992); the U-Pb zircon 2168 ± 11 
Ma age of the Totten Sudbury Gabbro sill is slightly 
younger than of the Nairn intrusion. 
 
5 Discussion 
 

Both the geochemistry and the age of the Frood Intrusion 
confirm that it is a member of the Matchewan LIP and the 
EBL suite of intrusions.  Similarly, the geochemistry and 
the age of the Sudbury Gabbro confirm that it is a more 
mafic member of the Nipissing Diabase suite of 
intrusions. 
     The demonstration that the Frood Intrusion is a 
member of the EBL suite of LIP intrusions and that the 
Sudbury Gabbro sills are mafic members of the Nipissing 
Diabase LIP has important implications for both the 
petrogenesis of the SIC melt sheet and the Ni-Cu-PGE 
ores associated with it.  Extrapolation of the known 
occurrences of both the EBL intrusive suite and the 
Nipissing Diabase LIP indicates that pre-existing 
members of these suites would have been incorporated 
into the impact melt sheet (cf Fig. 1).   
     Keays and Lightfoot (1994) demonstrated that there is 
very significant Ni, Cu and PGE depletion in the sulphide-
poor Main Mass rocks and that these rocks contain 
appreciably less of these metals than those in the 
parental impact melt sheet.  By modelling the distribution 
of Ni and Cu in the Norites, they were able to demonstrate 
that the metals in the contact ores segregated out of from 
the magmas that formed the Main Mass rocks. 
     Golightly (1994) estimated that the relative proportions 
of felsic and mafic rocks incorporated into the melt sheet 
was 80:20.  This means that the contribution of Ni and Cu 
(and other metals) in the mafic rocks to the melt sheet 
(and the ore deposits) was only 20% of the Ni and Cu 
(etc.) contents of the rocks. Figure 6 compares the 
contribution that the Nipissing Diabase and EBLI rocks 
would have made to the melt sheet with the composition 
of the parental melt SIC melt sheet given by the average 
composition of the chilled margins of the Quartz Diorite 
Offset dykes as reported by Lightfoot et al. (1997).  What 
is obvious is that none of these rocks have sufficient 
amounts of Ni and Cu in them to account for the Ni and 
Cu in the parental melt sheet.  
 

 
 
Figure 4.  Extended spidergram plot for average analyses of 
samples of the diabase inclusions from the Sublayer at Whistle 
Mine, as well as from samples from the Dury Township, Agnew, 
River Valley , East Bull Lake, and Falconbridge Township intrusions 
normalized against the average composition of the Frood Intrusion. 
 
       Holwell et al. (2014) suggested that the Cu-PGE-rich 
sulphides in the River Valley intrusion had been formed 
at depth and transported by the magma the formed the 
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River Valley intrusion to their current sites.  They also 
suggested that it is possible that only a small fraction of 
the sulfides formed at depth were transported to their 
current sites in the intrusions and that the remainder of 
the sulfides remained at depth somewhere along the  

 
 
Figure 5. Concordia plot showing results of U-Pb zircon age dating 
for sample RX355855 from the Frood Intrusion 

 

 
 
Figure 6. Scattergram of Ni vs Cu showing the contributions that the 
sulphide-poor rocks of the Matchewan and Nipissing Diabase LIPs 
would have made to the melt if they had been contributed in the ratio 
mafic rocks: felsic rocks =20:80.  Also plotted on the scattergram are 
the concentrations of Ni and Cu in the Felsic SUBX, the chilled 
margin of the offset dykes (Offset QD), the Huronian volcanic rocks 
and Granophyre, TZQG and Norite members of the Main Mass.  
 
magma conduit system.  If this had also been the case 
for the EBL intrusion suite and the Nipissing Diabases 
that had been incorporated into the melt sheet, then 
considerably more ore metals than those currently 
associated with their preserved mineralized cousins may 
have contributed to the melt sheet. 
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