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ABSTRACT 

The Johannesburg Dome – a tonalite-trondhjemite-granodiorite (TTG)-dominated terrane in the 

central Kaapvaal Craton – contains a suite of ultramafic-mafic complexes that are concentrated 

largely along its southern rim. These > 3.3 Ga ultramafic-mafic complexes have recently been re-

interpreted as fragments of an Archaean ophiolite (Anhaeusser 2006a), challenging a longstanding 

hypothesis whereby the complexes represent the intruded remnants of an Archaean greenstone 

belt. As with similar interpretations of ultramafic-mafic units in other Archaean cratons, the 

ophiolite hypothesis is used as evidence in favour of Phanerozoic-style plate tectonic processes 

having operated in the Archaean, with this geodynamic regime the prevailing explanation for the 

rocks and structures displayed by the Kaapvaal Craton. Through detailed new geological mapping of 

the scarcely studied Modderfontein Complex, alongside petrography, bulk-rock geochemistry and 

mineral chemistry, we here assess the validity of both hypotheses. Moreover, having experienced 

amphibolite-facies metamorphism and substantial hydrothermal alteration, we assess the degree of 

element mobility experienced by the Modderfontein Complex and discuss the implications for 

subsequent geodynamic interpretations. The 1 km2 area mapped comprises separate northern and 

southern domains, with the former dominated by homogenous serpentinite that contains 

irregularly-shaped chromitite lenses, and the latter comprising coarsely-layered peridotite, 

pyroxenite, gabbro and amphibolite. The data indicate that the Modderfontein Complex has 

experienced significant mobility of Pd, the fluid-mobile lithophile elements (e.g., Ba, Rb and Cs) and 

potentially some elements generally considered immobile. Mobility of Pd is restricted to chromitite 

lenses, where Pd was originally hosted by sulphide mineral phases (e.g., pentlandite). This element 

was immobile in all other Modderfontein lithologies, where it is hosted by nano-scale PGM, 

demonstrating that PGE mobility is, in-part, controlled by the host phase(s).  Moreover, based on a 

variety of petrographic and geochemical characteristics, including PGE mineralogy and spinel mineral 

chemistry, it is considered unlikely that the Modderfontein Complex represents an ophiolite 
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fragment. Instead, the Complex is interpreted as the intrusive remnant of a greenstone belt that was 

subsequently intruded by TTG magmas. 

Keywords: Archaean geodynamics; PGE; Johannesburg Dome; Kaapvaal Craton; chromitite; 

geochemical fingerprinting; metasomatism 
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1.0 INTRODUCTION  

In recent decades, a Phanerozoic-style plate tectonic framework – involving mid-ocean ridges and 

subduction in a globally linked system of tectonic plates (Stern 2005, 2008) – has been increasingly 

applied to rocks of Archaean age (De Wit et al. 1987, 1992, Polat et al. 2009, Gerya et al. 2015), with 

some authors maintaining that the current geodynamic regime has probably been in operation since 

4 Ga (Kusky et al. 2001, Furnes, et al. 2007a, 2007b, Kusky 2010). Other authors state that the 

distinctive rock associations, geochemical signatures and metamorphic/structural styles of Archaean 

cratons are inconsistent with Phanerozoic-style plate tectonic processes, with alternative 

suggestions varying widely (e.g., Van Kranendonk et al. 2004, Bédard 2013, Kamber 2015, Johnson et 

al. 2017, Smithies et al. 2018, Bédard 2018, Brown and Johnson 2018). For example, Archaean 

blueschists and paired metamorphic belts, which represent hallmarks of subduction-accretion 

processes, are absent in Archaean cratons (Stern 2005, 2008, Brown 2008). In response, the 

proponents of Phanerozoic-style plate tectonic models for the Archaean Earth state that these 

occurrences were likely destroyed by subsequent overprinting/metamorphic events (e.g., Wyman 

2013), and point to the existence of proposed Archaean ophiolites as evidence (e.g., De Wit et al. 

1987, Kusky et al. 2001, Furnes, et al. 2007a, Kusky and Li 2008, Dilek and Polat 2008, Furnes et al. 

2009, Kusky 2012, Grosch and Slama 2017). Although these Archaean ophiolite occurrences remain 

highly contested (Bédard et al. 2013, Bédard 2013, Kamber 2015), were they to be unequivocally 

shown to represent ancient ophiolites, they would provide crucial evidence in favour of Phanerozoic-

style plate tectonics having operated during the Archaean (Bédard et al. 2013, Kamber 2015).  

The proposed Archaean ophiolites (summarised in Table 1) range in age from 3.8 to 2.5 Ga, cover 

areas of between 18 and 350 km2, and comprise a variety of ultramafic to felsic and 

metasedimentary lithologies that have generally been metamorphosed to amphibolite and/or 

granulite-facies. For example, the Tartoq Group occurrence, located in the Greenlandic portion of 

the North Atlantic Craton, comprises pillow lava, gabbro, serpentinite, talc-schist, greenschist and 
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amphibolite, with all lithologies invaded by tonalite-trondhjemite-granodiorite (TTG) magmas (Table 

1; Kisters and Szilas 2012; Szilas et al. 2013; Szilas et al. 2014). Ancient ophiolite interpretations are 

generally based upon a lithological assemblage that is comparable to Phanerozoic ophiolites (albeit 

often fragmented and incomplete; Furnes et al. 2009), and occasionally trace-element geochemistry 

(i.e., the Nb anomaly for suprasubduction zone (SSZ) ophiolites; Yellappa et al. 2012; Table 1). 

However, residual mantle rocks that exhibit similar geochemical characteristics to those from 

Phanerozoic ophiolites remain notably absent from proposed Archaean examples, with none of 

those proposed withstanding detailed investigation (e.g., Szilas et al. 2015, 2018).  

The Kaapvaal Craton of South Africa represents one of the oldest (3.6 to 2.7 Ga) and best-preserved 

portions of lithosphere on Earth (Poujol et al. 2003). The craton, which comprises both TTG gneiss 

and greenstone belts (Anhaeusser 1973), is generally interpreted to have resulted from the 

amalgamation of several crustal blocks that nucleated by processes akin to Phanerozoic plate 

tectonics, although the exact number of blocks and the location of their boundaries remain disputed 

(Anhaeusser 1973, 1999, De Wit et al. 1992, Poujol et al. 2003, Zeh et al. 2013). While it remains 

controversial (Hamilton 1998, Van Kranendonk et al. 2014), evidence cited in favour of this 

interpretation includes the presence of ultramafic-mafic suites, which occur in broadly linear arrays 

along the northern flank of the Barberton Greenstone Belt, the southern edge of the Johannesburg 

Dome and the southern edge of the Murchison Greenstone Belt (Viljoen and Viljoen 1970, 

Anhaeusser 1985, 2006a). These ultramafic-mafic suites comprise a combination of extrusive and 

intrusive lithologies, with the intrusive complexes sometimes displaying pronounced magmatic 

differentiation and cyclical layering (Viljoen and Viljoen 1970, Anhaeusser 1977, 1978, 1985, 2001, 

2006b). Traditionally, the extrusive rocks were interpreted as representing oceanic plateau 

assemblages, with the layered complexes representing contemporaneous intrusions that were 

emplaced at shallow crustal levels and were derived from “komatiitic” magmas (Viljoen and Viljoen 

1970). More recently, these ultramafic-mafic suites have been reinterpreted as ophirags (ophiolite 

fragments incorporated into continental crust; Anhaeusser, 2006a) that collectively mark Archaean 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

suture zone(s), with de Wit et al. (1987) previously interpreting the intrusive ultramafic complexes as 

mantle rocks. 

In this paper, we assess the validity of the previously proposed hypotheses for the origin of the 

ultramafic-mafic complexes in the Johannesburg Dome and evaluate the effects of element mobility. 

We present a new geological map, field observations, petrography, bulk-rock geochemistry and 

mineral chemistry for the Modderfontein Complex, which is a large exposure of ultramafic and mafic 

rocks located in the eastern Johannesburg Dome (Fig. 1). The only previous (and un-published) 

mapping of the Modderfontein Complex was conducted by Chaumba (1992), with this mapping area 

now covered over by urban developments (Fig. 1). Such ongoing urban development continues to 

drastically reduce exposures of ultramafic and/or mafic rocks in the Johannesburg Dome, with the 

area studied in this paper (Fig. 1) representing the largest remaining exposure of the Modderfontein 

Complex at the time of writing.  

2.0 REGIONAL GEOLOGY 

The Johannesburg Dome – a 700 km2 basement inlier located in the central domain of the Kaapvaal 

Craton – is overlain by the Neoarchaean to Neoproterozoic Witwatersrand, Ventersdorp and 

Transvaal Supergroups, and Phanerozoic Karoo Supergroup (Fig. 1; Poujol et al., 2003). It is 

dominated by Palaeo- to Mesoarchaean TTG gneiss and contains volumetrically subordinate 

ultramafic-mafic rocks (Fig. 1; Anhaeusser 1973, 1999, 2006b), with the TTG gneisses derived from a 

number of magmatic events between 3.34 and 3.11 Ga. The oldest TTG gneiss in the Johannesburg 

Dome – the 3.34 Ga Lanseria Gneiss – occupies the northern part of the dome (Fig. 1; Robb and 

Meyer 1995, Barton et al. 1999, Poujol and Anhaeusser 2001). The trondhjemitic and tonalitic 

magma invaded, fragmented, metamorphosed and migmatised a pre-existing ultramafic-mafic crust 

that is now manifest as centimetre-scale xenoliths to kilometre-scale remnants enclosed within the 

Lanseria Gneiss (e.g., Zandspruit; see Anhaeusser, 2015). The 3.20-3.17 Ga hornblende-biotite 

tonalite (known as the Linden Gneiss; Fig. 1) occupies the southern edge of the Johannesburg Dome 
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(Barton et al. 1999, Poujol and Anhaeusser 2001, Robb et al. 2006), while the 3.12-3.11 Ga 

Bryanston, Honeydew and Victory Park granodiorites dominate the remaining southern portions of 

the Johannesburg Dome (Fig. 1; Poujol and Anhaeusser 2001, Robb et al. 2006). The TTG gneiss and 

ultramafic-mafic rocks of the Johannesburg Dome are all cross-cut by: numerous ca. 3.0 Ga 

pegmatites; a suite of 3.12-3.11 Ga, NW-SE to NE-SW-trending lamproite dykes; and a NE-SW-

trending shear zone (Fig. 1; Barton et al. 1999, Poujol and Anhaeusser 2001, Prevec et al. 2004, Robb 

et al. 2006). 

A suite of ultramafic-mafic rocks, which is intermittently exposed along the southern rim of the 

Johannesburg Dome, is exclusively associated with the Linden Gneiss (Fig. 1; Anhaeusser, 2006a,b). 

Based on field observations and major-element geochemistry, the complexes are interpreted to 

contain a combination of extrusive (komatiite, basaltic komatiite, high-Mg basalt and tholeiite) and 

intrusive rocks (peridotite, pyroxenite, gabbro, gabbronorite and norite; Anhaeusser 1977, 1978, 

1999, 2006b). Although the ultramafic-mafic rocks have not been directly dated (as is common with 

Archaean ultramafic rocks; Guice et al. 2018a), field relationships constrain them as older than the 

local, 3.34 Ga TTG gneiss (Poujol and Anhaeusser 2001, Anhaeusser 2004). The complexes occupy 

relatively flat, low-lying ground, with serpentinite commonly forming small ridges (Anhaeusser, 

2006b). Detailed field descriptions of individual occurrences at Muldersdrift, Roodekrans and Cresta-

Robindale (Fig. 1) can be found in Anhaeusser (1977, 1978, 2004, 2006a,b).  

3.0 THE MODDERFONTEIN COMPLEX  

The Modderfontein Complex (previously referred to as the Edenvale-Modderfontein Complex; 

Anhaeusser, 2004, 2006b) is a 10 km2 area of ultramafic and mafic rocks located 10 km NE of the 

Johannesburg City Centre (Chaumba 1992). This poorly-exposed and scarcely studied complex 

reportedly contains serpentinite, tremolite-bearing amphibolite and pyroxenite (altered to talc-

schist and amphibolite; Chaumba, 1992; Anhaeusser, 2004, 2006b). Steeply-dipping cyclical units of 

serpentinite and amphibolite – interpreted as representing metamorphosed intrusive rocks 
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(Anhaeusser 2004, Chaumba 1992) – are reported in the W of the Complex, with serpentinite 

forming low ridges interspaced with poorly-exposed amphibolite (Anhaeusser 2004). Although the 

complex has not been directly dated, its age is constrained as older than the cross-cutting 3.34 – 

3.20 Ga trondhjemite gneiss on its western side (Poujol and Anhaeusser 2001, Anhaeusser, 2006).  

This investigation focuses on a previously un-mapped and un-reported 1 km2 area in the E of the 

Modderfontein Complex (Figs. 1 and 2). The exposure is flanked by the R25 road to the N, housing 

developments to the E and W, and industrial developments to SE and NW (Fig. 2).  

3.1 New mapping and field relationships  

Mapping of the Modderfontein Complex was conducted in 2016 and utilised Google Earth basemaps 

and a Garmin eTrex 10 Handheld GPS. Separated by a poorly-exposed and steeply-dipping (70° 

towards the SW) shear zone that strikes roughly NW-SE, the area can be subdivided into two 

domains that exhibit distinct lithological assemblages (Fig. 2). The northern domain is dominated by 

massive serpentinite, while the southern domain comprises layered (on a scale of tens of metres) 

peridotite, pyroxenite, amphibolite and gabbro (Fig. 2). Ultramafic rocks (serpentinite, peridotite and 

pyroxenite) generally occur on small hillocks that are better exposed and slightly more vegetated 

than the surrounding areas (Fig. 3a), while amphibolite and gabbro are poorly-exposed, and occupy 

the low ground.  

3.1.1 Northern Domain 

Exposures of massive serpentinite in the NW of the northern domain exhibit distinctly brown 

weathered surfaces (Fig. 3a), with dark fresh surfaces comprising fine-grained serpentine. In the NW 

of the domain, serpentinites contain fine-grained magnetite that sporadically forms patches < 2 cm 

in diameter (Fig. 3b). The SW of the northern domain contains rare, enclaves (on a scale of tens of 

centimetres) of irregularly-shaped amphibolite that have sharp contacts with the host serpentinite 

(Fig. 3c). In the SE of the northern domain (Fig. 2), serpentinites contain sporadically distributed and 

irregularly-shaped chromitite lenses that range from millimetre-scale stringers to centimetre-scale 
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pods (Fig. 3d-f). Contacts with the host serpentinite are generally sharp (e.g., Fig. 3d), although 

chromitite is occasionally interspersed with sub-millimetre- to millimetre-scale serpentine patches 

(e.g., Fig. 3f).  

3.1.2 Southern Domain 

The southern domain is dominated by peridotite and pyroxenite, with volumetrically subordinate 

gabbro and amphibolite in the E and W respectively (Fig. 2). The lithological distribution of gabbro, 

pyroxenite (with subordinate peridotite), peridotite (with subordinate pyroxenite) and amphibolite 

suggests that this portion of the Modderfontein Complex exhibits NE-SW-trending layering on a 

scale of tens of metres (Fig. 2). The orientation and scale of such layering is supported by satellite 

imagery (from 2004) and mapping (Chaumba 1992) of an area of the Modderfontein Complex 

located 2 km W of the study area (before the area was developed and built upon; see supplementary 

material). Massive peridotite outcrops are well-exposed and exhibit brown-weathered surfaces, with 

rare millimetre- to centimetre-scale patches of fine-grained magnetite. The coarse-grained 

pyroxenites are relatively well-exposed, with millimetre-scale clinopyroxene crystals prominent on 

the light-brown weathered surfaces. Amphibolites form poorly-exposed, grey-brown outcrops that 

display a prominent schistosity and light grey fresh surfaces.  

4.0 SAMPLES AND ANALYTICAL METHODS 

Thirty-two samples were collected in 2016, and of these 21 bulk-rock samples were analysed for 

major and trace-elements, 7 bulk-rock samples were analysed for platinum-group elements (PGE) 

and Au, and 14 samples were subject to petrographic analysis. The locations of the analysed samples 

are detailed in Figure 2b, with grid references provided in the supplementary material.  

4.1 Bulk-rock geochemistry 

The samples were crushed in a Mn steel jaw-crusher and ground to a fine powder in an agate ball 

mill, with loss on ignition (LOI) determined gravimetrically. Major and trace-elements were analysed 

using inductively coupled plasma optical emission spectrometry (ICP-OES) and inductively coupled 
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plasma mass spectrometry (ICP-MS), with samples prepared using the methods and instrumentation 

described by McDonald and Viljoen (2006). Accuracy was constrained using international reference 

materials JB1a, NIM-N, NIM-G and NIM-P, and precision was constrained by analysing duplicates of 5 

% of samples. The raw data can be found in Table 2, with duplicate analyses, precision calculations 

and standard reference materials included in the supplementary material. PGE and Au analyses were 

conducted using ICP-MS after sample preparation by Ni sulphide fire assay and Te co-precipitation 

(Huber et al. 2001, McDonald and Viljoen 2006). Accuracy was constrained using international 

reference materials TDB1, WPR1 and SARM64 (see supplementary material), with PGE and Au 

analyses included in Table 3.  

4.2 Mineral chemistry 

Quantitative mineral analyses were conducted at Cardiff University, using a Zeiss Sigma HD Field 

Emission Gun Analytical Scanning Electron Microscope (A-SEM) equipped with two Oxford 

Instruments 150 mm2 EDS detectors. Operating conditions were set at 20kV and analytical drift 

checks were carried out every 20 minutes using a Co reference standard. The EDS analyser was 

calibrated using suites of standards from ASTIMEX and Smithsonian, with secondary standard checks 

performed every hour. Details of the secondary standard checks, including precision calculations, are 

included in the supplementary material. The raw data were recalculated to element oxide 

percentages, with Fe2+ and Fe3+ calculated using the stoichiometric method of Droop (1987). 

Representative spinel compositions can be found in Table 4, with the full mineral chemical datasets 

(amphibole, clinopyroxene, feldspar and serpentine and spinel) included in the supplementary 

material.  

5.0 RESULTS 

5.1 Petrography 

Serpentinites (n= 4; Fig. 4a) comprise (in modal %): > 93 % serpentine and < 7 % tremolite, with 

accessory magnetite and Cr-spinel. Serpentine grains, which are euhedral to subhedral, elongate and 
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< 0.1 mm long, collectively represent the serpentinised pseudomorphs of olivine and/or 

orthopyroxene (Fig. 4a). Fine-grained (< 0.1 mm diameter) magnetite is sporadically distributed 

between and within serpentine, and occasionally occurs as rounded amalgamations (as seen on the 

outcrop scale) < 2 mm in diameter.  Rounded, 1.5 mm diameter clusters of tremolite are composed 

of individual, 0.2 to 0.6 mm long, fibrous grains (Fig. 4a).  

The serpentinite-hosted lenses of chromitite (n= 1), which occur in the E of the northern domain 

(Fig. 2), comprise < 0.8 mm diameter, subhedral to euhedral chromite grains (Fig. 4b). On the µm-

scale, the chromite grains sometimes appear skeletal, comprising parallel blades of chromite that 

display sharp boundaries with the surrounding silicate material (see section 5.3 for more details). 

Such silicate material also forms the boundaries to individual chromite grains (Fig. 4b).  

Peridotites (n= 3; Fig. 4c) comprise (in modal %): 55 to 70 % serpentine, 14 to 35 % tremolite and < 

31 % relic clinopyroxene, with accessory Cr-spinel and magnetite. Subhedral to anhedral serpentine 

is fine-grained (< 0.1 mm diameter), with subhedral clinopyroxene < 4 mm in diameter. Relic 

clinopyroxene is variably replaced by fine-grained (< 0.1 mm diameter) tremolite that may 

pseudomorph entire clinopyroxene grains, while fine-grained (< 0.15 mm diameter) magnetite is 

also associated with serpentine as an accessory phase.  

Pyroxenites (n= 3; Fig. 4d) comprise (in modal %): 17 to 39 % serpentine, < 2 % amphibole (tremolite 

and actinolite) and 60 to 81 % (fresh) clinopyroxene, with accessory spinel and magnetite. Large 

patches of serpentine (< 1 mm diameter), which represent olivine and/or orthopyroxene 

pseudomorphs, comprise small (< 0.1 mm diameter), subhedral serpentine grains (Fig. 4d) and rare, 

fine-grained (< 0.3 mm diameter) magnetite (Fig. 4d). Clinopyroxene is subhedral, occasionally 

altered to tremolite and < 2 mm in diameter (Fig. 4d). Tremolite is randomly distributed within 

clinopyroxene and forms anhedral grains < 0.2 mm in diameter (Fig. 4d). 

One gabbro sample (Fig. 4e) comprises (in modal %): 77.5 % clinopyroxene, 1.5 % amphibole 

(tremolite and actinolite) and 21 % sericitized plagioclase feldspar. Large (< 3 mm diameter), 
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subhedral to euhedral clinopyroxene grains exhibit distinctive twinning and limited alteration to 

tremolite (Fig. 4e). These anhedral to subhedral, < 0.15 mm diameter tremolite grains commonly 

form rims on clinopyroxene grains (Fig. 4e). Plagioclase is generally highly altered (to sericite), with 

relic subhedral to anhedral grains appearing to be intercumulus to the clinopyroxene (Fig. 4e).  

Amphibolites (n= 2; Fig. 4f) comprise (in modal %): > 90 % amphibole and < 10 % serpentine. 

Amphiboles are generally anhedral to subhedral and < 0.4 mm in diameter, although larger (< 1 mm 

diameter) pseudomorphs of clinopyroxene are also preserved. Fine-grained (< 0.15 mm diameter), 

anhedral serpentine is rare, but occasionally forms large (< 2 mm diameter) pseudomorphs of olivine 

and/or orthopyroxene (Fig. 4f).   

5.2 Bulk-rock geochemistry 

5.2.1 Major and minor elements 

With the exception of the two samples that contain significant chromite, the serpentinites of the 

northern domain exhibit relatively restricted ranges in their anhydrous major and minor element 

compositions, with tight ranges in SiO2 (42.9 to 45.3 wt. %), TiO2 (< 0.1 wt. %), Al2O3 (0.9 to 3.5 wt. 

%), Fe2O3 (9.1 to 14.7 wt. %), MgO (38.4 to 43.3 wt. %), CaO (< 1.1 wt. %), NiO (0.3 to 0.4 wt. %) and 

Cr2O3 (0.4 to 0.8 wt. %). Relative to these serpentinites, chromitite-bearing serpentinites (7.6 to 9.0 

wt. % Cr2O3) contain less SiO2 (33.3 to 33.9 wt. %) and MgO (31.0 to 36.3 wt. %), and more TiO2 (0.2 

to 0.4 wt. %), Al2O3 (3.1 to 4.2 wt. %) and Fe2O3 (18.0 to 21.2 wt. %). The greater range of lithologies 

in the southern domain is reflected by their major and minor element compositions (supplementary 

material), with moderate to broad ranges in SiO2 (42.3 to 53.0 wt. %), Al2O3 (1.8 to 11.8 wt. %), MgO 

(14.5 to 41.5 wt. %), CaO (1.7 to 11.5 wt. %), Na2O (0.1 to 0.9 wt. %) and K2O (< 1.1 wt. %), but tight 

ranges in TiO2 (< 0.2 wt. %), Fe2O3 (6.9 to 10.6 wt. %), Cr2O3 (0.1 to 0.6 wt. %) and NiO  (< 0.2 wt. %; 

Table 2). Collectively, the Modderfontein rocks show significant overlap with the fields for intrusive 

and extrusive ultramafic-mafic rocks from the Barberton Greenstone Belt, but, importantly, are 

distinct from those of residual mantle rocks (see supplementary material). 
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5.2.2 Lithophile trace elements 

Except for Hf, the northern domain rocks display poor correlations between Zr and individual 

elements generally considered immobile (R2 = < 0.32), and no correlation between Zr and individual 

elements generally considered mobile (R2 = < 0.10; Fig. 5). In contrast, the southern domain rocks 

generally exhibit strong correlations between Zr and Nb, Ti, Ta, Hf and Th (Fig. 5; R2 = 0.77-1.00), 

moderate correlations between Zr and Y, Yb and Ho (R2 = 0.41 – 0.50), and no correlation between 

Zr and Al2O3 (Fig. 5; R2 = 0.01). These rocks exhibit weak to moderate correlations with the LREE 

(light rare earth-elements; R2=0.29-0.51), and no correlation between Zr and other mobile elements 

(Fig. 5; R2 = < 0.06).  

On chondrite-normalised rare earth-element (REE) plots (Fig. 6a), the northern domain serpentinites 

exhibit flat heavy-REE (HREE) patterns ([Gd/Lu]N = 0.7-1.6) and negatively sloping light-REE (LREE) 

patterns ([La/Sm]N = 1.4-3.2; [La/Lu]N = 2.1-5.3), with chondrite-normalised REE abundances ranging 

from 0.7 to 7.3. On the primitive mantle-normalised trace-element plots (Fig. 6b), these rocks display 

negatively sloping patterns ([Th/Yb]N = 4.9-18.2). Within this broad pattern, the incompatible 

elements show negative slopes ([Th/Eu]N = 2.5-11.2) and the compatible elements display relatively 

flat patterns ([Eu/Yb]N = 0.7-2.7) mostly punctuated by mild negative Nb-Ta-Zr-Hf-Ti anomalies, 

negative Sr anomalies and positive Ba anomalies. The chromitites display REE and trace-element 

patterns broadly comparable to the serpentinites (Fig. 6a-b), although these rocks display positive Ti 

anomalies while the serpentinites show negative Ti anomalies (Fig. 6b).  

The southern domain rocks display generally flat REE patterns ([La/Lu]N = 0.8-3.5), with flat HREE 

patterns ([Gd/Lu]N = 0.6-1.3), gently sloping LREE patterns ([La/Sm]N = 1.3-2.4) and chondrite-

normalised REE abundances ranging from 0.9 to 7.1 (Fig. 6c). On primitive mantle-normalised trace-

element plots (Fig. 6d), these rocks exhibit generally flat patterns ([Th/Yb]N = 0.7-4.6) that are 

punctuated by negative Nb-Ta-Zr-Hf-Ti anomalies, negative Sr anomalies and positive Ba anomalies 

(Fig. 6d). The one gabbro sample analysed displays a positive Sr anomaly and significant enrichment 
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in Rb (Fig. 6d). The chondrite-normalised REE and primitive mantle-normalised trace-element 

compositions of the Modderfontein rocks (both in the northern and southern domains) show 

significant overlap with the field for intrusive ultramafic-mafic rocks from the Barberton Greenstone 

Belt and are distinct from the field for ophiolites and abyssal peridotites (Fig. 6a-f).    

5.2.3 Platinum-group elements (PGE) 

Northern domain serpentinites (n= 3) display mildly fractionated patterns ([Pd/Ir]N = 1.7-5.0) that 

exhibit flat Pt-group PGE (PPGE) patterns ([Pd/Rh]N = 0.5-4.0; Fig. 7a), positive Ru anomalies and 

positive Au anomalies (Fig. 7a). Relative to these serpentinites, the analysed chromitite-bearing 

serpentinite (n= 1; Cr2O3 = 9.0 wt. %) is enriched in all PGE except Pd by 1-2 orders of magnitude (Fig. 

7b). The normalised pattern for this sample is comparatively flat from Ir to Pt ([Pt/Ir]N = 1.8), with 

significant depletion in Pd and Au (Fig. 7b). By contrast, the southern domain pyroxenite and 

peridotite consistently exhibit distinctly fractionated patterns ([Pd/Ir]N = 8.3-77.7), with positively 

sloping Ir-group PGE (IPGE) ([Ru/Os]N = 6.5-11.1), flat to mildly fractionated PPGE ([Pd/Rh]N = 0.6-4.5) 

and negative Au anomalies (Fig. 7c-d). Excluding the chromitite-bearing serpentinite sample, the 

Modderfontein samples show a moderate correlation between Pt and Pd (R2 = 0.5). However, when 

the chromitite-bearing serpentinite is included, the Modderfontein samples show no correlation 

between Pt and Pd (R2 = 0.1; see supplementary material). The northern domain PGE patterns are 

comparable to both komatiite and residual mantle fields (Fig. 7a), while the southern domain PGE 

patterns are IPGE-poor relative to these fields (Fig. 7c-d).  

5.3 Platinum-group minerals (PGM) 

A total of 20 PGM (summarised in Table 5), which range from 0.4 to 4 µm in diameter and are 

generally subhedral, were identified in the chromitite sample (for which bulk-rock PGE data are 

shown in Fig. 7b). Erlichmanite (OsS2; n= 7), laurite (RuS2; n= 6) and sperrylite (PtAs2; n= 3) are the 

dominant PGM species, with individual occurrences of platarsite (PtAsS), platarsite-hollingworthite 

(PtAsS-RhAsS), hollingworthite-irarsite (RhAsS-IrAsS) and irarsite (IrAsS; Table 5; Fig. 8). The majority 
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of PGM are associated with chromite grains (n= 13; Fig. 8a-b), with a smaller number associated with 

silicate-chromite boundaries (n= 3) and silicates (n= 1; Fig. 8c). A further 3 PGM are associated with 

silicate material located between µm-scale chromite blades (Fig. 8d), with some of the chromite-

hosted PGM located within chromite blades (Fig. 8b).  

5.4 Spinel mineral chemistry  

Additional to secondary magnetite derived from serpentinisation, spinel is present within the 

chromitite lenses, serpentinite, pyroxenite and peridotite of the Modderfontein Complex. In 

chromitite lenses, chromite occurs as 0.2 to 0.5 mm diameter, generally subhedral grains that exhibit 

altered rims. In pyroxenite, peridotite and serpentinite, spinel is generally subhedral to anhedral and 

ranges from 0.02 to 0.3 mm in diameter, with some grains displaying altered rims < 0.03 mm thick 

(Fig. 9a-b). 

Two-hundred and forty-seven analyses were conducted on spinels from chromitite, serpentine, 

peridotite and pyroxenite lithologies (Table 4), with spinel compositions subdivided into two 

populations based on Fe3+ numbers (calculated as molar Fe3+/(Cr+Al+Fe3+)). Group 1 spinels (n= 118) 

display Fe3+ numbers of < 0.35, with group 2 (n= 129) spinels exhibiting Fe3+ numbers of > 0.64 (Table 

4). Group 1 spinels contain high abundances of MgO, Al2O3, TiO2, MnO and Cr2O3, and low 

abundances of FeO relative to group 2 spinels (Table 4). Group 2 compositions reflect analyses from 

both spinel cores and altered rims, whereas group 1 spinels were only found from analyses of spinel 

cores (Fig. 9). 

Both spinel populations were assessed according to the key compositional parameters of Barnes and 

Roeder (2001). Although the composition of the group 1 spinel population is not entirely consistent 

with any of the established fields of Barnes and Roeder (2001), they plot almost completely within 

the komatiites field on the Fe2+ versus Fe3+ diagram (Fig. 10a) and show significant overlap with this 

field on the Fe2+ versus Cr#, Fe3+ versus TiO2 and Cr-Al-Fe3+ ternary plots (Fig. 10b-d). The group 1 

population also overlaps with the greenschist to amphibolite-facies magnetite rims field on the Fe2+ 
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versus Cr# plot, but is compositionally distinct from this field on all other plots (Fig. 10a-d). This 

spinel population is compositionally distinct from the layered intrusion field on the Cr-Al-Fe3+ plot 

(Fig. 10d), but shows partial to complete overlap on all other plots (Fig. 10a-c). The group 2 spinel 

population (Fig. 10e-g) shows partial to complete overlap with the greenschist to amphibolite-facies 

magnetite rims field on all plots, indicating that they were derived from secondary processes (see 

Section 6.1.3).  

On the Cr2O3 versus Al2O3 and Cr2O3 versus TiO2 plots (Fig. 11a-b), the composition of group 1 

(primary) spinels (from both domains of the Modderfontein Complex) is distinct from those for 

podiform chromitite, but shows some overlap with the field for stratiform chromitite. On the Al2O3 

versus TiO2 plot (Fig.13c), the northern domain group 1 spinels generally fall outside of any 

established field, with a few analyses plotting within the arc field.  In contrast, the southern domain 

group 1 spinels generally fall within the arc field, but also show some overlap with the 

suprasubduction zone peridotite and deep mantle chromitite fields (Fig. 11c). 

6.0 DISCUSSION 

6.1 Effects of metamorphism and element mobility 

Like the ultramafic-mafic rocks elsewhere in the Johannesburg Dome (e.g., Anhaeusser, 1977, 1978, 

2006a), the Modderfontein Complex has undergone a protracted magmatic and metamorphic 

history, resulting in amphibolite-facies mineral assemblages and extensive hydrothermal alteration 

(including serpentinisation). Amphibolite-facies metamorphism and serpentinisation, along with the 

previously reported invasion of the Modderfontein Complex by TTG magmas (Anhaeusser 2004), are 

commonly accompanied by metasomatism, including contact metasomatism, diffusion 

metasomatism and infiltration metasomatism (Barton and Ilchik 1991, Yardley 2013, Guice et al. 

2018b). We assess the degree of element mobility experienced by the Modderfontein Complex, to 

avoid over-interpretation of the geochemical data.  
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6.1.1 Lithophile element mobility 

As indicated by the lack of correlation between Zr and the fluid mobile elements (e.g., Ba, Rb, Cs; Fig. 

5), these elements experienced significant mobility in both domains of the Modderfontein Complex 

– a common effect of serpentinisation (Deschamps et al. 2013). The bivariate plots of Figure 5 also 

hint at mobility of the LREE and some elements considered immobile in many geological settings, 

such as Yb, Ho, Y, Al and Ti. While extremely pronounced in the northern domain, this mobility 

appears negligible in the southern domain, as highlighted by the respective correlations between Zr 

and these “immobile elements” (and LREE) for the two domains (Fig. 5; section 5.2.2). This apparent 

element mobility may be the product of melt/rock interaction, as suggested by Deschamps et al. 

(2013). In this scenario however, LREE mobility by melt/rock interaction must have either exclusively 

operated in the northern domain or been inefficient in the southern domain (to explain the 

disparate apparent mobilities in the northern and southern domains), which appears unlikely. 

Moreover, mapping of the Modderfontein Complex records no evidence of the gradational zonation 

typically produced by such melt-rock interaction (e.g., Zhou et al. 1996).  

Alternatively, the apparent geochemical discrepancy between the two domains of the 

Modderfontein Complex may be controlled by modal abundances of alteration minerals, which in 

turn reflect the modal abundance of primary olivine (± orthopyroxene). Comprising > 92 modal % 

serpentine, the originally high proportions of olivine (± orthopyroxene) in the northern domain rocks 

amplifies the chemical effects of alteration (including serpentinisation). In contrast, the lower modal 

abundance of olivine (± orthopyroxene) in the southern domain rocks supress the chemical effects of 

alteration, leading to a less pronounced apparent mobility of the aforementioned elements (Fig. 12). 

This interpretation is consistent with the evidence for the mobility of Ba and Cs, which is a common 

chemical effect of serpentinisation (Deschamps et al. 2013); but may initially appear at odds with the 

notable depletion in Sr displayed by all-but-one of the Modderfontein samples (Fig. 6), as 

serpentinisation is commonly associated with Sr-rich fluids that often generate bulk-rock Sr 
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enrichment (Deschamps et al. 2013). Despite this caveat, we consider the hydrothermal alteration 

hypothesis to be more likely than the melt/rock interaction hypothesis (Fig. 12).  

6.1.2 PGE mineralogy and mobility 

The moderately strong positive correlation between Pt and Pd in most samples (section 5.2.3) 

suggests that these elements were immobile in the majority of the Modderfontein Complex rocks. In 

the chromitite sample however, Os, Ir, Ru, Rh and Pt concentrations are an order of magnitude 

higher than the Pd concentration (Fig. 7), suggesting that this sample either: (i) experienced 

considerable depletion of Pd during secondary processes; or (ii) experienced considerable 

enrichment of Os, Ir, Ru, Rh and Pt (but not Pd) through either magmatic or hydrothermal processes.  

Of the 20 PGM identified in the chromitite sample, 13 are sulphides and 7 are As-bearing phases. 

Arsenic-bearing PGM species can be the products of either secondary or high temperature processes 

(e.g., Gauthier et al., 1990; Prichard et al., 1994). The Os and Ru sulphides (erlichmanite and laurite, 

respectively) on the other hand are nearly always magmatic and, coupled with the absence of any 

IPGE alloys, are most consistent with relatively high fS2 conditions and sulphide saturation during 

formation of the chromitite (Brenan and Andrews 2001, Holwell and McDonald 2007). The close 

spatial association between sulphide and arsenide-sulpharsenide PGM suggests that many of the 

latter have either primary or (at least) late-magmatic origin(s) analogous to the high temperature 

arsenide PGM recorded in settings such as the Great Dyke (Coghill and Wilson 1993), Lavatrafo 

Complex, Madagascar (McDonald 2008) and Sudbury (Dare et al. 2010). Once formed, these PGM 

often remain stable during serpentinisation and supergene alteration and may effectively fix the 

IPGE (+ Rh and Pt) budgets of the rocks even at very high degrees of alteration (Mcdonald et al. 

1999, Suárez et al. 2010, Smith et al. 2014).  

In sulphide-bearing chromitites, Pd may be accommodated in both PGM and solid solution in 

pentlandite (Godel et al. 2007, Osbahr et al. 2013, Junge et al. 2014, Holwell and McDonald 2007). 

Removal of sulphides during alteration, and pentlandite in particular, may potentially liberate 
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significant amounts of Pd, particularly where semi-metals ligands (to form secondary Pd-PGM) are 

absent (Holwell et al. 2017). Consequently, we consider it most likely that Pd was preferentially 

mobilised (and removed) from former (interstitial) sulphides in the chromitite-bearing serpentinite 

sample during a secondary process(es). As with the lithophile element mobility (Section 6.1.1), it is 

possible that Pd mobility is associated with the hydrothermal alteration of the Modderfontein 

Complex, with this suggestion supported by research conducted by Barnes and Liu (2012). These 

authors suggest that Pd is more soluble than Pt in sulphide mineral phases during hydrothermal 

alteration, and that it will be more readily mobilised as a result. Moreover, these authors suggest 

that such mobility can be achieved by relatively low-temperature (~300 °C) hydrothermal fluids 

(Barnes and Liu 2012), further the supporting the hypothesis that Pd was mobilised by hydrothermal 

fluids associated with hydrothermal alteration (possibly serpentinisation).  

This selective Pd mobility – whereby Pd is immobile in the majority of Modderfontein rocks, but 

mobile in the chromitite – can likely be attributed to the different mineral phases hosting the PGE in 

the respective lithologies. In the majority of the Modderfontein rocks, the PGE are probably hosted 

by nm-scale PGM inclusions in silicate minerals, whereas these elements are demonstrably hosted 

by PGM sulphide mineral phases (and a primary base metal sulphide assemblage that is now absent) 

in the chromitite. This hypothesis – whereby the differential mobility of Pd in the Modderfontein 

rocks is a function of different primary sulphide assemblages (Fig. 12) – is supported the work by 

Barnes and Liu (2012), who described Pt and Pd as well correlated in S-poor environments, where 

the PGE are hosted by silicate phases.  

6.1.3 Spinel mineral chemistry 

Spinel grains are subdivided into two compositionally distinct groups, with group 1 spinels enriched 

in TiO2, Al2O3, MnO, MgO and Cr2O3, and depleted in FeO relative to the group 2 spinels. The group 2 

spinel compositions show almost complete overlap with the greenschist- to amphibolite-facies rims 

field on all plots (Fig. 10e-g; Barnes and Roeder, 2001), demonstrating that they were derived from 

secondary processes. These altered (group 2) spinel compositions most commonly occur as rims on 
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group 1 spinels (e.g., Fig. 9a) suggesting that they were derived from alteration of the latter. This 

alteration led to decreases in the TiO2, Al2O3, MnO, MgO and Cr2O3 contents, and increases in the 

FeO contents of the group 1 spinels. In addition, some group 1 spinels have been completely altered 

to group 2 compositions (e.g., Fig. 9b; Fig. 12). In contrast, the group 1 spinels are geochemically 

distinct from those of greenschist- to amphibolite-facies rims, recording compositions that are likely 

primary and show significant overlap with the komatiite and layered intrusion fields (Fig. 10a-d). It 

should be noted however, that the group 1 spinels may have experienced some enrichment in the 

most immobile elements (e.g., Cr and Ti) as a result of the alteration to group 2 compositions, with 

this process potentially generating some of the observed geochemical scatter within the group 1 

compositions. 

As spinels are used as a petrogenetic indicator in rocks of various ages and metamorphic grades 

(Wood 1990, Barnes and Roeder 2001), including in regions that have experienced multiple phases 

of amphibolite- to granulite-facies metamorphism (Kusky and Jianghai 2010, Szilas et al. 2014, 2015, 

Guice et al. 2018b), these data demonstrate that a rigorous assessment of spinel texture and 

composition should be undertaken prior to invoking any such interpretation. Despite the partial- to 

complete-alteration of spinel grains and significant element mobility identified using the bulk-rock 

data (see Sections 6.1.1 and 6.1.2), the Modderfontein Complex records spinel compositions that are 

interpreted as close to primary and that can therefore be utilised to aid petrogenetic interpretations. 

Consequently, although caution is advised, spinel is an important tool for petrogenetic 

interpretations in areas that have experienced significant metamorphism, alteration and associated 

element mobility. 

 

The preceding sections outline the extensive evidence for element mobility experienced by the 

Modderfontein Complex rocks, further outlining the requirement for rigorous petrographic and 

geochemical assessments (on a case-by-case basis) prior to applying geochemical-based geodynamic 

interpretations to Archaean rocks, as demonstrated by several previous authors (Collerson and 
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Kamber 1999, Condie 2003, 2005, Babechuk and Kamber 2011, Guice et al. 2018b). In the case of the 

Modderfontein Complex, amphibolite-facies metamorphism led to: recrystallisation of some 

chromite grains in the serpentinite-hosted chromitite; alteration of spinel compositions to those 

with higher abundances of Fe2O3 and FeO, and lower abundances of TiO2, Al2O3, MnO, MgO and 

Cr2O3; and the amphibolitisation of clinopyroxene to tremolite and cummingtonite (Fig. 12). The 

subsequent hydrothermal alteration (including serpentinisation) of the Modderfontein Complex had 

more profound effects on the bulk-rock geochemistry, resulting in (Fig. 12): significant mobility of 

lithophile elements, including selected elements generally considered immobile; and some removal 

of Pd and Au from the chromitite-bearing serpentinite. Importantly, our data indicate that the modal 

% of olivine in the primary Modderfontein Complex rocks controlled the degree of lithophile 

element mobility, while the mobility of Pd is controlled by its host phase(s).  

6.2 Origin and petrogenesis of the Modderfontein Complex 

While the origin of the Modderfontein Complex itself has not been previously assessed, the 

ultramafic-mafic complexes of the Johannesburg Dome have been collectively interpreted as 

representing either: fragment(s) of an Archaean ophiolite(s) (e.g., Anhaeusser, 2006a); or the 

intrusive and/or extrusive remnants of Archaean greenstone belts (e.g., Anhaeusser, 1977). The 

succeeding discussion evaluates the various merits of the two previously proposed hypotheses for 

the Modderfontein Complex in the context of the data presented in this investigation.  

6.2.1 Ophiolite fragment  

The distinctive presence of chromitite lenses, which occur in association with the northern domain 

serpentinites, may be interpreted (based on field observations alone) as podiform chromitites, with 

this interpretation suggestive of an ophiolitic origin for the Modderfontein Complex. In this scenario, 

the Complex would represent residual upper mantle, where podiform chromitites commonly form in 

association with dunite melt channels through peridotite (Arai and Yurimoto 1994, Arai and Miura 

2015, 2016). This interpretation is supported by some aspects of the PGM mineralogy (Section 5.3), 
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with 14 of the 20 PGM identified being IPGE-rich species (e.g., erlichmanite, laurite and irarsite; 

Table 5). This is consistent with podiform chromitites in Phanerozoic ophiolites, which are generally 

dominated by IPGE-PGM (González-Jiménez et al. 2009b), although PPGE-rich PGM species are 

prominent in some examples (Tarkian and Prichard 1987, Prichard and Lord 1990, Prichard et al. 

1994, Ahmed and Arai 2003). Moreover, laurite-erlichmanite (solid-solution series) is the most 

common PGM in the Modderfontein Complex, which is also consistent with the Phanerozoic 

ophiolites generally (Stribrny et al. 2000, Ahmed and Arai 2003, González-Jiménez et al. 2009a). 

However, this hypothesis is inconsistent with other aspects of the PGM and PGE geochemistry 

recorded by the Modderfontein Complex. First, although laurite-erlichmanite (solid-solution series) 

are the most common PGM, ophiolites characteristically contain IPGE alloys that are entirely absent 

at Modderfontein (Ahmed and Arai 2003, González-Jiménez et al. 2009a). Second, the bulk-rock PGE 

pattern for the Modderfontein chromitite (Fig. 7) was originally positively fractionated with Rh and 

Pt enriched over the IPGE (Section 6.1.2), whereas those for ophiolitic chromitite generally exhibit 

IPGE-rich/PPGE-poor patterns (Barnes et al. 1985). Third, as described in Section 6.1.2, the PGM 

species are consistent with sulphur-saturation and relatively high fS2 conditions, with this 

phenomenon rare in ophiolites.  

The residual mantle (ophiolite) hypothesis is also inconsistent with the major- and trace-element 

geochemical characteristics of the Modderfontein Complex (including those of the chromitite 

lenses), which are distinct from the established characteristics of residual mantle rocks (Figs. 6-8). 

First, the composition of the chromite within chromitite lenses is distinct from chromitite within 

Phanerozoic podiform chromitites (Fig. 11). Relative to Phanerozoic podiform chromitites, the 

Modderfontein Complex chromitite lenses are depleted in Cr2O3 and Al2O3, and enriched in TiO2 (Fig. 

11). Second, primary (group 1) spinel from all lithologies (and both domains) is compositionally 

distinct from the field for ophiolites and oceanic peridotites (Fig. 10). Third, the trace-element 

abundances displayed by the Modderfontein Complex rocks are at least 2 orders of magnitude 

greater than those for oceanic mantle residue (Fig. 6), with no evidence for systematic enrichment of 
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all trace-elements by secondary processes (section 6.1.1). Fourth, the major- and trace-element 

compositions/trends displayed by the Modderfontein rocks are distinct from those of Phanerozoic 

ophiolites (Fig. 5; supplementary material).  Based on the discussed petrographic and geochemical 

characteristics, we consider it unlikely that any part of the exposed Modderfontein Complex 

represents an ophiolite fragment, as proposed by Anhaeusser (2006a).  

6.2.2 Intrusive greenstone belt remnant  

The coarse grain size of the un-serpentinised lithologies and presence of layering on a scale of tens 

of metres (Fig. 2) is suggestive of a layered intrusion origin for the Modderfontein Complex, with this 

interpretation supported by several petrographic and geochemical characteristics. First, 100 % of the 

PGM identified from the Modderfontein Complex are either PGM sulphides or PGM arsenides, with 

PGM in layered intrusions generally hosted by either PGM bismuthides, sulphides or arsenides 

(Stribrny et al. 2000). Second, a significant part of the Pd budget in layered intrusions is hosted by 

base-metal sulphides such as pentlandite (Godel et al. 2007, Holwell and McDonald 2007, Osbahr et 

al. 2013, Junge et al. 2014), with a pentlandite-bearing sulphide fraction likely to have been removed 

from the Modderfontein Complex chromitite by secondary processes (Section 6.1.2). Third, the 

chondrite-normalised PGE patterns for the Modderfontein Complex are generally mildly to 

moderately fractionated, which is characteristic of layered intrusions (Barnes et al. 1985). However, 

this hypothesis is questioned slightly by the composition of spinel, which only shows partial overlap 

with the stratiform chromitite field on the Cr2O3 versus Al2O3 plot (Fig. 11a). Despite these small 

inconsistencies, we consider it most likely that the Modderfontein Complex represents an intrusive 

complex, whereby the ultramafic-mafic rocks represent metamorphosed and altered cumulates.  

The bulk-rock geochemical characteristics described in Section 5.2 indicate that the Modderfontein 

Complex crystallised from melts derived from moderately high degrees of partial melting (Arndt 

2003), with this magmatic affinity suggestive of a greenstone belt association. Rocks from both 

domains of the Complex show significant overlap with the field for Komatii Formation komatiites on 

chondrite-normalised REE and primitive mantle-normalised trace-element plots (Fig. 6). Further, the 
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Modderfontein rocks often display compositions and trends comparable to those shown by Komatii 

Formation komatiites on major-element bivariate plots (supplementary material). Finally, the 

composition of spinel shows consistent overlap with the previously established field for komatiites 

(Fig. 10; Barnes and Roeder 2001). These characteristics are consistent with an interpretation 

whereby the Modderfontein Complex represents the intrusive remnant of an Archaean greenstone 

belt, supporting the original suggestion of Anhaeusser (1977, 1978), who interpreted the 

Johannesburg Dome ultramafic-mafic complexes as various intrusive and/or extrusive remnants of 

an Archaean greenstone belt.  

7.0 SUMMARY AND CONCLUSIONS 

The mapped portion of the Modderfontein Complex comprises lithologically distinctive northern and 

southern domains that are separated by a discrete, NW-SE-trending shear zone. The northern 

domain, which is dominated by massive serpentinites, contains irregularly-shaped, millimetre- to 

centimetre-scale lenses of chromitite. Although field relationships suggest that these chromitite 

lenses may represent Archaean podiform chromitite, this hypothesis is inconsistent with the PGM, 

bulk-rock geochemistry and spinel mineral chemistry. The southern domain comprises volumetrically 

dominant peridotite and pyroxenite, and volumetrically subordinate gabbro and amphibolite, with 

these lithologies coarsely layered on a scale of tens of metres. The Modderfontein Complex 

preserves amphibolite-facies mineral assemblages and has experienced significant hydrothermal 

alteration, leading to significant mobility of Pd, the fluid-mobile elements (e.g., Ba, Rb and Cs) and 

potentially some elements considered immobile (e.g., the LREE). Mobility of Pd is restricted to 

chromitite lenses, where Pd was likely hosted by sulphide mineral phases (e.g., pentlandite). This 

element was immobile in all other Modderfontein lithologies, where it is hosted by nano-scale PGM, 

demonstrating that PGE mobility is, in-part, controlled by the host phase(s). Based on several 

petrographic and geochemical characteristics, we consider it unlikely that the Modderfontein 

Complex represents an ophiolite fragment, as previously proposed for the ultramafic-mafic 
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complexes of the Johannesburg Dome (Anhaeusser, 2006a). Instead, our detailed geochemical and 

petrographic investigation suggests that the Modderfontein Complex most likely represents part of a 

layered intrusion that crystallised from a magma derived from high degrees of partial melting. 

Consequently, it is likely that that the Complex represents the intrusive remnant of an Archaean 

greenstone belt, as initially proposed for the ultramafic-mafic complexes of the Johannesburg Dome 

(Anhaeusser, 1977).  
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FIGURES AND CAPTIONS 

 

Fig. 1: Simplified geological map of the Johannesburg Dome, detailing the spatial distribution of 

ultramafic-mafic rocks (redrawn after: Poujol and Anhaeusser 2001, Anhaeusser 2006b, Robb et al. 

2006, Anhaeusser 2015).  
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Fig. 2: (a) Exposure map of studied portion of the Modderfontein Complex. Satellite imagery from 

Google Earth (2016); (b) Interpreted geological map of the Modderfontein Complex, detailing 

sample locations (black dots and associated text) and distribution of exposures (represented by the 

darker colours). Grid references are in decimal degrees (coordinate system: WGS1984) and 

geographical features are in grey.  
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Fig. 3: Field photographs from the Modderfontein Complex. (a) massive peridotite forming a small 

hillock in the NW of the northern domain. (b) millimetre-scale patches of fine-grained magnetite in 

serpentinite from the NW of the northern domain. (c) decimetre-scale enclave of amphibolite within 

serpentinite in the SW of the northern domain. (d) decimetre-scale chromitite lens in the SE of the 

northern domain. Note sharp contacts with surrounding serpentinite. (e .) millimetre-scale lenses of 

chromitite in the SE of the northern domain. (f) irregularly-shaped, centimetre-scale chromitite lens 

in the SE of the northern domain, exhibiting interspersed chromitite and serpentinite. Pencil length = 

15 cm; compass length = 10 cm. 
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Fig. 4: Photomicrographs detailing the petrographic characteristics of the Modderfontein Complex 

rocks. All photomicrographs were taken using crossed-polarised light, with the exception of (b), 

which was taken using plane-polarised light. (a) fine-grained serpentinite containing 500 µm 

diameter patch of tremolite, from the northwest of the northern domain; (b) podiform chromite 

from the E of the northern domain; (c) peridotite from the southern domain, containing serpentine 

and tremolite; (d) pyroxenite from the southern domain, comprising coarse-grained clinopyroxene, 

minor tremolite, and serpentine pseudomorphs of olivine and/or orthopyroxene; (e) gabbro from 

the southern domain, comprising clinopyroxene, minor tremolite and interstitial plagioclase; (f) 
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amphibolite from the W of the southern domain, containing fine-grained amphibole (tremolite and 

actinolite) and a rare serpentine pseudomorph. amf = amphibole; Cr = chromite; cpx = 

clinopyroxene; plag = plagioclase; srp = serpentine; trm = tremolite; white scale bar = 500 µm. 

 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

Fig. 5: Bivariate plots detailing the trace-element geochemistry of the Modderfontein rocks. The 

studied Modderfontein rocks are compared to: extrusive mafic-ultramafic rocks from the 

Onverwacht Group of the Barberton Greenstone Belt (data from: Brévart et al. 1986, De Wit et al. 

1987, Lahaye et al. 1995, Cloete 1999, Blichert-Toft and Arndt 1999, Anhaeusser 2001, Maier 2003, 

Parman et al. 2003, Chavagnac 2004, Hofmann and Harris 2008, Robins et al. 2010, Thompson 

Stiegler et al. 2012, Robin-Popieul et al. 2012, Puchtel et al. 2013, Greber et al. 2015); intrusive 

mafic-ultramafic rocks from the Barberton Greenstone Belt (data from: Viljoen and Viljoen 1969, De 

Wit et al. 1987, Anhaeusser 2001, Chavagnac 2004, Furnes et al. 2012, Robin-Popieul et al. 2012); 

and residual mantle rocks from Phanerozoic ophiolites and abyssal peridotites (data from: Godard et 

al. 2000, Paulick et al. 2006, Godard et al. 2008). 
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Fig. 6: Chondrite-normalised rare earth-element and primitive mantle-normalised (McDonough and 

Sun 1995) trace-element plots for the Modderfontein Complex. The data for the intrusive-

ultramafic-mafic rocks are from the Barberton Greenstone Belt (Robin-Popieul et al. 2012, Furnes et 
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al. 2012), while the oceanic residue field is for abyssal peridotites (Paulick et al. 2006, Godard et al. 

2008) and ultramafic rocks within the Oman Ophiolite (Godard et al. 2000). 

 

Fig. 7: Chondrite-normalised (Lodders 2003) platinum group-element patterns for the 

Modderfontein Complex. Melt data are for Barberton Greenstone Belt (Komatii Formation) 

komatiites (Maier 2003, Puchtel et al. 2014). Mantle residue data are for abyssal peridotites (Luguet 

et al. 2003) and ultramafic mantle rocks from the Oman ophiolite (Hanghòj et al. 2010).  
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Fig. 8: Back-scattered electron images detailing the morphology of representative platinum-group 

minerals from the Modderfontein chromitite. (a) chromite-hosted platarsite-hollingworthite grain; 

(b) laurite grain hosted by chromite blade; (c) silicate-hosted (Al-rich serpentine) sperrylite; (d) 

separate sperrylite and hollingworthite-irarsite grains hosted by the silicate material (Al-rich 

serpentine) between a skeletal chromite. White scale bar = 10 µm. 

 

Fig. 9: Secondary electron images detailing the morphology of spinel grains from the Modderfontein 

Complex. (a) 120 µm diameter group 1 spinel from the northern domain (sample JB16-16; Fig. 2), 
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with altered rim (of group 2 spinel composition) < 20 µm thick. (b) 110 µm diameter group 2 spinel 

from the southern domain (JB16-33; see Fig. 2). White scale bar = 50 µm.  

 

Fig. 10: Group 1 and 2 spinel compositions for the northern and southern domains of the 

Modderfontein Complex. Fields after: Barnes and Roeder (2001). Representative analyses can be 

found in Table 5 and the full dataset is available in the supplementary material. 
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Fig. 11: Composition of the Group 1 spinel population (as outlined in text) on various discrimination 

diagrams. (a) Cr2O3 versus Al2O3 plot, with fields after Arai et al. (2004). (b) Al2O3 versus TiO2 plots, 

with fields after Kamenetsky et al. (2001) and Rollinson (2008). (c) Cr2O3 versus TiO2 plot, with fields 

Arai et al. (2004). Abbreviations: LIP = large igneous province; OIB = ocean island basalt; MORB = 

mid-ocean ridge basalt; SSZ = suprasubduction zone.  

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

 

 

Fig. 12: Schematic diagrams summarising the microscopic petrographic and geochemical effects of 

amphibolite-facies metamorphism and hydrothermal alteration on the primary Modderfontein 

Rocks. Amf = amphibole; chl = chlorite; cmgt = cummingtonite; cpx = clinopyroxene; ol = olivine; 

PGM = platinum group mineral; px = pyroxenite; spn = spinel; srp = serpentine; sulph = base-metal 

sulphide; trm = tremolite.  

 

TABLE CAPTIONS 

 

Table 1: Summary of some proposed Archaean ophiolites from the North Atlantic, North China and 

Dharwar Cratons. Abbreviations: SSZ = suprasubduction zone 
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Name Age 
(Ga) 

Size 
(km

2
) 

Lithological assemblage Metamorphic 
grade 

Interpret-
ation 

Key evidence cited Key 
references 

North Atlantic Craton - Greenland     

Ivissartoq-
Ujarassuit 

3.08 ~22 Pillow lava, volcanic 
breccia, picritic 
clinopyroxene cumulate, 
gabbro-diorite dyke, 
serpentinite, actinolite 
schist, 
anorthosite/leucogabbro, 
calc-silicate rocks, felsic 
schists 

Amphibolite-
facies 

SSZ 
ophiolite 

- Lithological assemblage 
similar to Phanerozoic 
(forearc) ophiolites 

- Trace element 
characteristics of the least 
altered samples, including 
negative HFSE anomalies 
and LILE enrichment 

(Polat et al. 
2008, 
Ordóñez-
calderón et 
al. 2009) 

Tartoq 3.19  ~50 Pillow lava, gabbro, 
serpentinite, talc-schist, 
greenschist, amphibolite 

Greenschist- 
to granulite-
facies 

SSZ 
ophiolite 

- Trace element 
characteristics , including 
similarity to Phanerozoic 
arc-related rocks and 
negative HFSE anomalies. 

- Lithological assemblage 
comparable to oceanic 
crust 

- Structural studies 
suggesting that Tartoq 
was accreted in a 
convergent margin 

(Kisters 
and Szilas 
2012, 
Szilas et al. 
2013, 
2014) 
 

Isua  3.80 
- 
3.70  

87 Metabasalt, metagabbro, 
ultramafic rocks.  

Amphibolite-
facies 

SSZ 
ophiolite 

- It "contains all the major 
lithological units of a 
typical Penrose type 
complete ophiolite 
sequence" (Furnes et al. 
2009). 

- O isotopes and 
petrographic features 
consistent with sea-floor 
hydrothermal alteration.  

(Furnes et 
al. 2007a, 
2007b, 
Friend and 
Nutman 
2010, 
Hoffmann 
et al. 2010) 

North China Craton     

Dongwanzi-
Zunhua 

2.51 ~350 Banded Iron Formation, 
pillow lava, picritic 
amphibolites, gabbro, 
pyroxenite, cumulate 
ultramafic rocks 
(serpentinised dunite, 
pryoxenite, wehrlite and 
harzburgite), podiform 
chromitite 

Amphibolite-
facies 

SSZ 
ophiolite 

- Lithological assemblage 
comparable to 
Phanerozoic ophiolites. 

- Geochemistry of 
chromitites. 

(Kusky et 
al. 2001, 
2007, Zhao 
et al. 2007, 
2008, 
Kusky and 
Jianghai 
2010) 

Dharwar Craton      

Devanur 2.53 80  Websterite, gabbro, 
mafic dykes, amphibolite, 
trondhjemite and 
pegmatite 

Granulite-
facies 

SSZ 
ophiolite 

- Trace element 
geochemistry, including 
negative HFSE anomalies 
and associated LILE 
enrichment. 

(Yellappa 
et al. 2012) 
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Table 2: Bulk-rock major and trace element data for the Modderfontein Complex samples. 

Abbreviations: am = amphibolite; cr = chromitite-bearing serpentinite; gb = gabbro; per = peridotite; 

px = pyroxenite; srp = serpentinite. 

Sample 
 

JB16-
13 

JB16-14 JB16-15 JB16-16 JB16-17 JB16-18 JB16-19 JB16- 
19CR 

JB16-20 JB16-21 JB16-22 

Domain N N N N N N N N N N N 

Litholog
y 

srp srp srp srp srp srp srp cr srp srp srp 

Major elements (wt. %)          

SiO2 39.97 38.57 38.08 39.40 39.98 37.53 40.49 30.77 40.75 39.27 38.36 

TiO2 0.04 0.06 0.08 0.08 0.10 0.06 0.07 0.37 0.08 0.05 0.05 

Al2O3 1.32 1.44 1.37 2.02 3.05 1.41 1.15 3.89 0.92 0.80 1.05 

Fe2O3 9.64 10.07 11.00 8.09 8.14 7.48 13.12 19.51 13.87 10.75 9.86 

MnO 0.14 0.17 0.14 0.11 0.09 0.08 0.20 0.53 0.18 0.14 0.10 

MgO 37.75 37.50 37.72 37.43 35.38 35.51 34.56 28.55 37.25 38.14 38.10 

CaO 0.01 0.09 0.05 0.57 0.95 0.07 0.05 0.12 0.13 0.06 0.13 

Na2O 0.02 0.03 0.02 0.01 0.03 0.02 0.03 0.07 0.08 0.03 0.04 

K2O 0.02 0.03 0.02 0.03 0.02 0.03 0.02 0.03 0.03 0.01 0.02 

P2O5 0.01 0.10 0.03 0.06 0.02 0.00 0.01 0.01 0.02 0.03 0.01 

Cr2O3 0.44 0.63 0.32 0.66 0.67 0.68 0.39 8.32 0.73 0.48 0.45 

LOI 11.18 11.58 11.01 12.11 11.80 16.88 11.13 8.39 7.12 10.28 12.21 

Trace elements (ppm)          

Sc 4.1 3.2 6.6 6.8 8.2 4.4 3.2 6.3 4.4 3.1 3.6 

V 20.1 21.0 23.7 39.4 50.4 29.4 22.3 268.4 37.6 18.9 19.1 

Co 130 127 130 111 100 103 133 192 162 134 113 

Ni 2922 2807 2706 2366 2031 2696 2632 2177 2726 2292 2867 

Cu 3.21 8.50 12.88 4.15 5.16 14.91 27.58 14.29 20.22 12.95 6.6 

Zn 53.52 78.00 55.30 58.08 74.43 60.64 80.05 854.31 92.12 83.06 73.9 

Ga 2.37 2.74 1.92 2.99 3.04 2.19 2.50 9.15 2.74 1.67 1.4 

Ge 0.86 1.07 0.78 0.79 0.74 0.62 1.19 1.35 1.19 0.84 0.6 

Rb 0.54 1.74 4.53 1.31 0.74 1.10 1.47 2.09 0.95 0.48 0.2 

Sr 2.23 7.00 2.01 20.21 16.52 4.39 5.49 4.96 4.47 2.64 4.9 

Y 2.81 2.00 2.73 2.31 2.48 2.63 1.45 1.03 1.56 1.56 2.3 

Zr 2.67 21.44 4.67 9.22 4.42 17.08 6.03 4.04 3.65 3.72 2.8 

Nb 0.50 0.60 0.63 0.76 0.55 0.68 0.47 0.48 0.51 0.40 0.51 

Cs 0.44 1.11 3.64 1.68 1.73 0.58 0.48 0.59 0.33 0.21 0.09 

Ba 42.69 47.46 28.53 55.95 154.92 51.44 51.17 31.88 101.52 69.36 29.7 

La 1.40 1.34 0.84 1.72 1.63 1.55 0.90 0.61 1.63 1.37 1.21 

Ce 2.77 2.68 2.31 3.85 3.72 2.78 1.74 1.54 2.95 3.00 2.33 

Pr 0.45 0.30 0.28 0.45 0.43 0.49 0.22 0.18 0.34 0.40 0.28 

Nd 1.88 1.31 1.27 1.84 1.81 2.14 0.99 0.86 1.39 1.60 1.20 

Sm 0.47 0.33 0.38 0.38 0.42 0.49 0.27 0.20 0.32 0.34 0.28 

Eu 0.11 0.09 0.06 0.15 0.08 0.10 0.09 0.06 0.08 0.10 0.10 

Gd 0.37 0.28 0.33 0.33 0.37 0.43 0.19 0.17 0.26 0.27 0.24 

Tb 0.07 0.04 0.06 0.06 0.06 0.07 0.04 0.03 0.04 0.04 0.04 

Dy 0.39 0.29 0.43 0.37 0.43 0.41 0.23 0.19 0.26 0.26 0.31 

Ho 0.08 0.06 0.09 0.07 0.08 0.09 0.04 0.04 0.05 0.05 0.06 

Er 0.23 0.16 0.27 0.22 0.25 0.26 0.14 0.12 0.15 0.12 0.18 

Tm 0.03 0.03 0.04 0.04 0.03 0.04 0.02 0.02 0.02 0.02 0.02 

Yb 0.19 0.17 0.26 0.21 0.22 0.22 0.16 0.11 0.12 0.11 0.15 

Lu 0.04 0.04 0.05 0.04 0.04 0.04 0.03 0.02 0.02 0.02 0.03 

Hf 0.06 0.39 0.14 0.26 0.11 0.41 0.14 0.10 0.08 0.09 0.09 

Ta 0.03 0.05 0.06 0.08 0.05 0.06 0.05 0.04 0.04 0.03 0.04 

Pb 5.09 4.77 2.50 6.59 7.53 2.92 1.93 4.30 6.26 2.45 0.29 
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Th 0.59 0.56 0.31 0.39 0.21 0.30 0.19 0.35 0.21 0.18 0.13 

U 0.03 0.07 0.03 0.06 0.02 0.04 0.02 0.02 0.05 0.04 0.02 

 

 

Sample 
 

JB16-23 JB16-27 JB16-29 JB16-30 JB16-31 JB16-32 JB16-33 JB16-35 JB16-38 JB16-40 

Domain N S S S S S S S S S 

Lithology cr gb per px per px per px srp amf 

Major elements (wt. %)         

SiO2 31.03 51.22 39.49 47.99 41.88 46.76 36.86 46.56 38.31 44.54 

TiO2 0.22 0.10 0.05 0.11 0.07 0.07 0.19 0.08 0.07 0.20 

Al2O3 2.87 11.39 4.61 2.23 2.69 1.17 3.59 1.69 2.89 5.43 

Fe2O3 16.45 6.86 7.18 6.64 9.39 7.45 7.48 7.97 9.39 9.52 

MnO 0.41 0.14 0.14 0.19 0.18 0.16 0.13 0.13 0.12 0.12 

MgO 33.21 13.99 34.70 26.24 33.00 29.25 36.15 30.53 36.30 27.30 

CaO 0.21 10.89 2.25 10.94 3.13 8.00 1.89 6.48 1.50 5.74 

Na2O 0.09 0.88 0.13 0.25 0.17 0.21 0.19 0.12 0.07 0.61 

K2O 0.04 1.10 0.04 0.03 0.03 0.02 0.03 0.02 0.02 0.07 

P2O5 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.01 0.00 0.02 

Cr2O3 6.96 0.13 0.34 0.35 0.45 0.32 0.50 0.45 0.28 0.33 

LOI 9.24 2.99 10.64 4.51 8.56 5.78 13.56 5.98 11.77 5.56 

Trace elements (ppm)         

Sc 7.8 25.3 15.2 34.8 19.2 27.5 7.3 30.2 12.8 21.5 

V 134.4 80.2 55.1 86.0 55.1 71.8 54.1 70.7 52.2 104.7 

Co 233 49 82 69 97 84 105 87 91 86 

Ni 2675 275 1472 748 1197 787 1107 1292 1800 1316 

Cu 25.9 48.99 6.95 8.71 13.35 25.81 36.35 11.33 6.05 14.48 

Zn 409.5 44.98 64.83 43.82 76.50 35.40 57.91 70.58 61.09 117.34 

Ga 6.1 6.90 3.02 2.75 2.35 1.79 4.95 2.04 2.36 5.06 

Ge 0.9 0.88 0.65 1.01 0.88 0.95 0.78 0.90 0.78 1.04 

Rb 1.2 82.16 0.69 2.50 1.52 0.70 1.35 1.76 0.52 1.46 

Sr 3.8 188.13 10.83 16.32 10.89 10.00 14.90 9.26 10.26 26.75 

Y 1.4 3.94 3.21 4.99 3.33 2.49 5.75 2.51 2.30 5.09 

Zr 2.7 3.84 1.89 4.15 2.16 2.43 17.09 3.49 5.89 9.85 

Nb 0.31 0.34 0.22 0.28 0.21 0.29 1.29 0.24 0.36 0.52 

Cs 0.20 5.15 1.76 1.51 1.22 1.27 1.05 0.54 1.28 0.29 

Ba 22.6 143.76 32.51 61.40 94.15 28.66 34.21 37.21 84.65 46.31 

La 0.45 1.10 0.52 1.31 1.44 0.67 1.68 0.97 0.58 1.00 

Ce 1.15 2.10 1.25 2.78 2.05 1.68 4.25 2.48 1.19 2.01 

Pr 0.13 0.31 0.11 0.44 0.34 0.18 0.56 0.31 0.11 0.35 

Nd 0.58 1.48 0.44 1.82 1.36 0.97 2.60 1.32 0.53 1.61 

Sm 0.19 0.46 0.13 0.63 0.36 0.31 0.76 0.37 0.19 0.52 

Eu 0.07 0.22 0.05 0.21 0.08 0.12 0.25 0.12 0.07 0.19 

Gd 0.17 0.45 0.19 0.69 0.47 0.32 0.79 0.39 0.20 0.65 

Tb 0.03 0.08 0.05 0.12 0.08 0.06 0.14 0.07 0.04 0.12 

Dy 0.20 0.62 0.37 0.82 0.52 0.38 0.90 0.47 0.32 0.85 

Ho 0.04 0.13 0.09 0.16 0.11 0.08 0.17 0.09 0.06 0.18 

Er 0.15 0.38 0.34 0.48 0.34 0.24 0.54 0.28 0.23 0.57 

Tm 0.02 0.06 0.06 0.07 0.05 0.04 0.08 0.03 0.03 0.08 

Yb 0.15 0.39 0.38 0.45 0.28 0.20 0.50 0.23 0.24 0.52 

Lu 0.03 0.06 0.07 0.07 0.04 0.04 0.08 0.04 0.04 0.08 

Hf 0.07 0.12 0.05 0.13 0.08 0.07 0.48 0.11 0.16 0.26 

Ta 0.02 0.03 0.02 0.02 0.02 0.02 0.12 0.02 0.02 0.04 

Pb 1.66 2.58 5.66 1.13 2.11 8.90 4.68 0.73 0.37 4.40 

Th 0.13 0.10 0.05 0.07 0.04 0.05 0.41 0.12 0.04 0.09 
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U 0.01 0.01 0.01 0.01 0.01 0.02 0.06 0.02 0.01 0.01 

 

Table 3: Bulk-rock platinum-group element and Au data for the Modderfontein Complex samples. 

Abbreviations: cr = chromitite-bearing serpentinite; per = peridotite; px = pyroxenite; Srp = 

serpentinite. 

Sample JB16-13 JB16-15 JB16-19 CR JB16-21 JB16-30 JB16-32 JB16-33 

Domain N N N N S S S 

Lithology srp srp cr srp px px per 

Platinum group-elements and Au (ppb)     

Os 0.81 0.73 23.53 0.32 0.36 0.09 0.16 

Ir 0.86 0.57 23.69 0.29 0.48 0.17 0.25 

Ru 5.83 6.68 59.42 4.07 3.36 1.44 1.54 

Rh 0.97 0.64 83.98 0.39 1.92 0.87 0.91 

Pt 3.96 4.45 93.28 1.73 13.95 14.35 7.74 

Pd 4.51 1.21 2.87 1.85 4.93 16.34 10.08 

Au 1.78 1.48 0.98 1.60 0.63 0.47 0.70 

 

Table 4: Representative analyses of group 1 and 2 spinel from the Modderfontein Complex. The full 

dataset is available in the supplementary material. 

 group 1 spinel 

Sample JB16-19 JB16-19 JB16-19 JB16-19 JB16-30 JB16-32 JB16-32 JB16-16 JB16-16 JB16-16 

Domain N N N N S S S N N N 

Lithology cr cr cr cr px px px srp srp srp 

SiO2 0.15 0.15 0.15 0.17 0.21 0.24 0.19 0.21 0.21 0.24 

TiO2 2.54 2.29 2.74 2.27 0.20 0.33 0.53 0.08 1.17 1.32 

Al2O3 1.17 2.49 1.40 1.08 14.66 12.64 7.63 12.91 3.14 1.78 

FeO 51.34 52.14 52.57 53.60 25.73 28.21 41.62 30.68 42.29 43.74 

Fe2O3 0.34 0.39 0.37 0.31 0.17 0.14 0.22 0.15 0.32 0.29 

MnO 2.17 1.74 1.73 2.10 0.26 0.37 0.66 0.32 2.44 2.57 

MgO 0.68 0.98 1.13 0.61 8.47 6.77 2.72 5.16 1.72 1.56 

V2O3 0.59 0.39 0.57 0.57 0.24 0.34 0.46 0.20 0.44 0.42 

Cr2O3 36.69 34.42 34.80 34.70 47.81 49.71 44.12 47.15 43.58 42.81 

Total 95.66 95.00 95.45 95.40 97.75 98.75 98.15 96.86 95.31 94.72 

Cations on the basis of 4 oxygens        

Si 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

Ti 0.08 0.07 0.09 0.07 0.01 0.01 0.01 0.00 0.04 0.04 

Al 0.06 0.12 0.07 0.05 0.59 0.51 0.34 0.54 0.15 0.09 

Fe
2+ 

1.33 1.33 1.34 1.35 0.69 0.77 1.11 0.85 1.16 1.20 

Fe
3+ 

0.30 0.32 0.32 0.35 0.02 0.03 0.13 0.04 0.17 0.20 

Mn 0.08 0.06 0.06 0.07 0.01 0.01 0.02 0.01 0.08 0.09 

Mg 0.04 0.06 0.07 0.04 0.43 0.35 0.15 0.27 0.10 0.09 

V 0.02 0.01 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.01 

Cr 1.20 1.13 1.14 1.15 1.28 1.35 1.30 1.32 1.38 1.38 

Total 3.11 3.12 3.12 3.12 3.04 3.03 3.08 3.04 3.09 3.10 
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Mg# 2.51 3.54 4.03 2.20 37.39 30.30 10.90 23.41 7.17 6.37 

Cr# 95.46 90.25 94.35 95.58 68.63 72.51 79.50 71.02 90.31 94.18 

Fe
2+

# 0.97 0.96 0.95 0.97 0.62 0.69 0.88 0.76 0.92 0.93 

Fe
3+

# 0.19 0.20 0.21 0.23 0.01 0.01 0.07 0.02 0.10 0.12 

 

 group 2 spinel 

Sample JB16-33 JB16-33 JB16-33 JB16-33 JB16-33 JB16-32 JB16-32 JB16-32 JB16-16 JB16-16 

Domain S S S S S S S S N N 

Lithology per per per per per px px px srp srp 

SiO2 0.26 0.21 0.32 0.28 0.30 0.34 0.21 0.62 0.24 0.28 

TiO2 0.35 0.25 0.15 0.18 0.15 0.10 0.05 0.07 0.00 0.00 

Al2O3 0.23 0.23 0.09 0.08 0.00 0.00 0.13 0.19 0.00 0.00 

FeO 80.86 82.13 82.54 82.67 84.02 88.65 84.82 85.98 84.30 88.32 

Fe2O3 0.32 0.32 0.34 0.29 0.36 0.00 0.34 0.38 0.00 0.00 

MnO 0.39 0.28 0.26 0.30 0.18 0.12 0.21 0.14 0.13 0.09 

MgO 0.33 0.27 0.38 0.36 0.35 0.28 0.20 0.27 0.41 0.41 

V2O3 0.36 0.33 0.21 0.29 0.26 0.00 0.08 0.00 0.00 0.00 

Cr2O3 9.59 8.27 7.50 7.53 6.83 0.32 5.85 4.09 4.74 1.34 

Total 92.67 92.29 91.80 91.98 92.44 89.81 91.89 91.73 89.82 90.45 

Cations on the basis of 4 oxygens        

Si 0.01 0.01 0.02 0.01 0.01 0.02 0.01 0.03 0.01 0.01 

Ti 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 

Al 0.01 0.01 0.01 0.00 0.00 0.00 0.01 0.01 0.00 0.00 

Fe
2+ 

1.27 1.24 1.22 1.22 1.20 1.04 1.17 1.16 1.14 1.06 

Fe
3+ 

1.36 1.44 1.48 1.48 1.53 1.91 1.60 1.64 1.67 1.86 

Mn 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 

Mg 0.02 0.02 0.03 0.03 0.03 0.02 0.01 0.02 0.03 0.03 

V 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 

Cr 0.37 0.32 0.30 0.30 0.27 0.01 0.23 0.16 0.19 0.06 

Total 3.10 3.09 3.08 3.08 3.08 3.02 3.07 3.06 3.06 3.03 

           

Mg# 0.91 0.73 1.04 0.99 0.94 0.74 0.54 0.71 1.12 1.09 

Cr# 96.59 96.07 98.16 98.53 100.00 100.00 96.74 93.56 100.00 100.00 

Fe
2+

# 0.98 0.98 0.98 0.98 0.98 0.98 0.99 0.98 0.97 0.97 

Fe
3+

# 0.78 0.81 0.83 0.83 0.85 0.99 0.87 0.90 0.90 0.97 

 

Table 5: Summary of the platinum-group mineral species and mineralogical associations found in the 

Modderfontein chromitite (sample JB16-19Cr). 

Mineral Chemical 
Formula 

Number 
identified 

Mineralogical association Grain size (µm) 

     Silicate-
Chromite 
boundary 

Chromite Silicate 
blades in 
chromite 

Silicate Max Min Average 

Erlichmanite OsS2 7 2 5 0 0 4 0.8 2.1 

Laurite RuS2 6 1 4 1 0 2 0.2 1.0 

Sperrylite PtAs2 3 0 1 1 1 1.0 0.4 0.6 

Platarsite PtAsS 1 0 1 0 0 2.0 2.0 2.0 

Platarsite- 
Hollingworthite 

PtAsS- 
RhAsS 

1 0 1 0 0 0.9 0.9 0.9 
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Hollingworthite-
Irarsite 

RhAsS 
IrAsS 

1 0 0 1 0 1.0 1.0 1.0 

Irarsite IrAsS 1 0 1 0 0 0.5 0.5 0.5 

TOTAL   20 3 13 3 1    
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Highlights 

 The Complex comprises lithologically distinctive domains separated by a shear zone 

 Chromitite lenses are geochemically distinct from Phanerozoic podiform chromitite 

 It is unlikely that the Modderfontein Complex represents an ophiolite fragment 

 The Complex likely represents the intrusive remnant of a greenstone belt 
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