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The Platreef Unit is a deceptively complex sequence of layered cumulates located in the northern limb of the 2.055 Ga-old Bushveld Complex. The unit includes the Platreef, a thick, richly mineralized stratabound PGE orebody which differs markedly from the comparatively thin, predominantly stratiform Merensky Reef found in the Upper Critical Zone of the eastern and western limbs. The Platreef Unit is, however, interpreted as a localized facies of the Upper Critical Zone, despite layering being neither as systematic nor as clearly defined as in the equivalent stratigraphy found in the other limbs. The Platreef Unit in the Akanani project area includes well-defined layers of feldspathic harzburgite and norite, in addition to the ubiquitous feldspathic orthopyroxenite-melanorite that characterizes other sections. The paucity of floor-rock xenoliths is an additional feature.

The relatively well-developed nature of the layering and paucity of xenoliths in the Platreef Unit at Akanani is explained by separation of the unit from the floor of the intrusion by a thick succession of ultramafics assigned to the Lower Critical Zone.

We identify three lithological subgroups in the Platreef Unit at Akanani. They do not define an upwardyounging stratigraphy. The primary stratigraphy, or PU1 subunit, is dominated by multiple layers of feldspathic orthopyroxenite, melanorite, and norite. This subunit built up from incremental addition of relatively small magma pulses. Repeated magma replenishment induced concomitant partial melting of earlier-formed layers. The PU1 subunit includes thin chromite stringers that contain Cr-spinels with unusual, amoeboidal textures consistent with several stages of growth and re-equilibration. The feldspathic harzburgite of the younger PU2 subunit was emplaced non-sequentially into the already complexly-layered PU1 subunit as a series of sinuous lenses or syn-intrusive sills. One of the PU2 sills contains the richest and most consistent of the mineralized sections at Akanani, i.e.,

Introduction

The Platreef Unit is part of the Rustenburg Layered Suite, the most intensively studied component of the Bushveld Igneous Complex, South Africa. This unit contains an unusually thick and richly mineralized stratabound PGE orebody i.e., the Platreef. The Platreef is restricted to the northern limb of the complex, and was recognized at an early stage as representing the lateral equivalent of the thin, predominantly stratiform Merensky Reef of the eastern and western Limbs [START_REF] Wagner | The Platinum Deposits and Mines of South Africa[END_REF]. More recent investigations interpret the Platreef as comparable with the entire Upper Critical Zone (e.g., [START_REF] Viljoen | The Mineral Resources of South Africa Handbook[END_REF][START_REF] Mcdonald | Geology of the Northern Bushveld Complex and the setting and genesis of the Platreef Ni-Cu-PGE deposit[END_REF][START_REF] Viljoen | The Bushveld Complex: Host to the worlds' largest platinum, chromium and vanadium resources[END_REF]. We recommend usage of the term Platreef Unit, as proposed by Mitchell & Scoon (2012), rather than simply Platreef, in order to facilitate the discussion of the weakly mineralized or barren lithologies associated with the richly mineralized components as part of the same overall phenomenon.

The Akanani project area is located several hundred kilometres north of Pretoria, near the regional centre of Mokopane (Fig. 1). The resource occurs at depth, and is known only from an extensive drilling program [START_REF] Mitchell | A Review of the Geology of the Platreef on the Akanani Properties, with Particular Emphasis on the Southern Priority Area[END_REF]. The sequence that hosts the mineralization at Akanani is relatively thick and multiple mineralized intervals are recognized (Yudovskaya et al., 2011;Mitchell & Scoon, 2012;Van der Merwe et al., 2012). Akanani is located on the western boundary of several large open pit deposits, and a view of the plateau in this area shows the paucity of outcrop (Fig. 2a). The open pit resources have been described in great detail (e.g., [START_REF] Armitage | Platinum-group element mineralization in the Platreef and calc-silicate footwall at Sandsloot, Potgietersrus district, South Africa[END_REF]Hutchinson & Kinnaird, 2005;[START_REF] Kinnaird | Petrology and mineralization of the southern Platreef: northern limb of the Bushveld complex, South Africa[END_REF][START_REF] Mcdonald | Geochemistry and mineralogy of the Platreef and "Critical zone" of the northern lobe of the Bushveld Complex, South Africa: implications for Bushveld stratigraphy and the development of PGE mineralization[END_REF][START_REF] Sharman-Harris | A new look at sulphide mineralization of the northern limb, Bushveld complex: a stable isotope study[END_REF][START_REF] Holwell | limb of the Bushveld Complex[END_REF][START_REF] Holwell | Sulfur Isotope Variations within the Platreef Ni-Cu-PGE Deposit: Genetic Implications for the Origin of Sulfide Mineralization[END_REF], but there are several advantages of studying the Platreef Unit at Akanani. First, the succession is more prominently layered than in the open pits and includes feldspathic harzburgite and norite in addition to the ubiquitous feldspathic orthopyroxenite-melanorite.

Second, the Platreef Unit at Akanani is separated from the floor of the intrusion by a thick sequence of ultramafics which are equated with the Lower Critical Zone. Floor-rock xenoliths which severely affect the near-surface resources (Fig. 2b), as described by, for example, [START_REF] Buchanan | The genesis of sulphide mineralization in a portion of the Potgietersrus limb of the Bushveld Complex[END_REF] and [START_REF] Harris | Crustal contamination and fluid-rock interaction during formation of the Platreef, northern limb of the Bushveld Complex, South Africa[END_REF], are almost entirely absent from the Platreef Unit at Akanani.

The samples for the new study are mostly from drill-hole ZF-1, located in the southeastern part of the Akanani project area (Fig. 3). Detailed logging of this drill-hole has confirmed the deceptively complex nature of the layering within the Platreef Unit. Petrographic descriptions and electron microprobe analyses are presented for some of the ultramafic layers. Cr-spinels with unusual, amoeboidal textures are described from thin chromite stringers. New whole-rock Sr and Nd isotopic data are presented for the Platreef Unit, together with parts of the overlying (Lower Main Zone) and underlying (Lower Critical Zone) stratigraphy. These data are compared with published isotopic data for the Lower Main Zone and Platreef Unit from the Sandsloot and Overysel sections.

Syn-magmatic Sills

The layering of the Platreef Unit at Akanani is far more complex than is generally recognized and is unlikely to represent a simplistic, upward-younging layercake stratigraphy.

Individual layers cannot necessarily be correlated between the drill-cores at Akanani and some layers are clearly discordant [START_REF] Mitchell | A Review of the Geology of the Platreef on the Akanani Properties, with Particular Emphasis on the Southern Priority Area[END_REF]. We revisit the hypothesis of Mitchell & Scoon (2012) that some ultramafic magma sheets at Akanani were injected as syn-magmatic sills into a pre-existing, subsolidus cumulate sequence. This hypothesis is consistent with http://www.petrology.oupjournals.org/ Downloaded from https://academic.oup.com/petrology/advance-article-abstract/doi/10.1093/petrology/egaa032/5805395 by CNRS user on 15 June 2020 the possibility that the majority of ultramafic layers that are intercalated with noriticanorthositic cumulates in the RLS, including the Merensky Reef, may have a similar origin [START_REF] Mitchell | Compositional cyclicity in a pyroxenitic layer from the Main Zone of the western Bushveld Complex: evidence for repeated magma flux[END_REF][START_REF] Mitchell | The Merensky Reef at Winnaarshoek, Eastern Bushveld Complex: a primary magmatic hypothesis based on a wide reef facies[END_REF][START_REF] Voordouw | Intrusive origin for Upper Group (UGI, UG2) stratiform chromitite seams in the Dwars River area, Bushveld Complex, South Africa[END_REF][START_REF] Mungall | U-Pb geochronology documents out-of-sequence emplacement of ultramafic layers in the Bushveld Igneous Complex of South Africa[END_REF][START_REF] Scoon | Chemistry, morphology and origin of magmaticreaction chromite stringers associated with anorthosite in the Upper Critical Zone at Winnaarshoek, eastern limb of the Bushveld Complex[END_REF]Mitchell et al., 2019a). The hypothesis of syn-magmatic sills to explain some of the complexities of the Upper Critical Zone layering in the eastern and western limbs of the intrusion has, however, caused some debate (e.g., [START_REF] Latypov | Arguments against syn-magmatic sills in the Bushveld Complex, South Africa[END_REF], but this has arisen in part due to a number of misconceptions and over-simplifications, as discussed by [START_REF] Scoon | Discussion of "Arguments against Syn-magmatic Sills in the Bushveld Complex, South Africa[END_REF]. The hypothesis of syn-magmatic sills is consistent with the field knowledge and has an important bearing on the current study. Comparisons between some of the PGE mineralized intervals of the northern limb and the eastern/western limbs are justified, and we do not subscribe to an approach whereby the Platreef Unit is treated as an entirely separate phenomenon.

Regional Geology

The oldest component of the Bushveld Igneous Complex i.e., the Rooiberg Group, was a giant extrusive event that flooded the centre of the Transvaal Basin with sheets of rhyolite (felsite) and granophyre up to 6 km thick [START_REF] Walraven | A chronostratigraphic framework for the north-central Kaapvaal craton, the Bushveld Complex and Vredefort structure[END_REF]. The Rustenburg Layered Suite (RLS) was primarily intruded beneath the Rooiberg felsites and granophyres into the uppermost part of the Transvaal Supergroup, i.e., the Pretoria Group [START_REF] Hall | The Bushveld Igneous Complex of the central Transvaal[END_REF]. In part of the northern limb, the RLS cuts into the cratonic basement (Fig. 1). The RLS is overlain (and partly intruded) by thick sheets of granite and granophyre, collectively known as the Lebowa Granite Suite. The granitic sheets have displaced the older felsites as the roof to the RLS throughout the northern limb.

Geochronology

The Rooiberg Group has been dated at 2.061 Ga [START_REF] Cawthorn | Emplacement and crystallization time for the Bushveld Complex[END_REF] and the RLS at 2.055 Ga [START_REF] Scoates | Precise Age of the Platiniferous Merensky Reef, Bushveld Complex, South Africa, by the U-Pb Zircon Chemical Abrasion ID-TIMS Technique[END_REF]. The precise U-Pb geochronology of [START_REF] Mungall | U-Pb geochronology documents out-of-sequence emplacement of ultramafic layers in the Bushveld Igneous Complex of South Africa[END_REF] indicates that the RLS formed over a period of at least 0.6 Ma (2056.28±0.15-2055.54±27 Ma). The principal component of the Lebowa Granite Suite, the Nebo Granite, has an age of 2.054 Ga [START_REF] Walraven | Geochronology of the Nebo Granite, Bushveld Complex[END_REF]. All three components of the Bushveld Igneous Complex may have formed in a relatively short interval, possibly due to a mantle plume [START_REF] Hatton | Evidence for synchronous extrusive and intrusive Bushveld magmatism[END_REF][START_REF] Cawthorn | Emplacement and crystallization time for the Bushveld Complex[END_REF][START_REF] Zeh | The Bushveld Complex was emplaced and cooled in less than one million years -results of zirconology, and geotectonic implications[END_REF].

The Rustenburg Layered Suite at Akanani

Subdivision of the RLS into well-defined zones (Fig. 4a), i.e. from the base upwards Marginal (MaZ), Lower (LZ), Lower Critical (LCZ), Upper Critical (UCZ), Lower Main (LMZ), Upper Main and Upper, is based on the original work of [START_REF] Hall | The Bushveld Igneous Complex of the central Transvaal[END_REF]), Wager & Brown (1968), and Von [START_REF] Gruenewaldt | The Bushveld Complex: Introduction and review[END_REF], and as recommended by the South African Committee for Stratigraphy (SACS) (1990). The boundaries shown here are based on the conventional approach which to a large extent is that also recommended by SACS. A characteristic feature of the northern limb is the drastically thinned nature of the RLS (e.g., [START_REF] Viljoen | The Mineral Resources of South Africa Handbook[END_REF].

The MaZ has not been identified in the vicinity of Akanani, but a thick, sill-like body of ultramafics located to the east of the RLS may be correlated with the LZ (Fig. 3). This interpretation is consistent with the highly irregular (and discordant nature) of the basal contact of the RLS (Fig. 4a). The individual sill-and stock-like bodies of ultramafics located east of the northern limb may connect with the RLS at depth (Fig. 4b). The most well-known of these occurrences is the Uitloop stock, located between Akanani and Mokopane ( Van der Merve, 1976;[START_REF] Clarke | Structural and compositional constraints on the emplacement of the Bushveld Complex, South Africa[END_REF]. We have logged and sampled a 500 m-deep drillhole from Uitloop comprised entirely of serpentinized dunite. The presence of thick layers of dunite in the LZ of the eastern and western limbs is well known (e.g., Cameron, 1980;[START_REF] Teigler | The Lower and Critical zones of the western limb of the Bushveld Complex as intersected by the Nooitgedacht boreholes[END_REF], but the occurrence of stock-like bodies comprised only of dunite is unusual. Moreover, a connection between the disjointed occurrences of LZ at depth is consistent with the findings of [START_REF] Yudovskaya | Petrogenesis of the lower zone olivine-rich cumulates beneath the Platreef and their correlation with recognized occurrences in the Bushveld Complex[END_REF] who described a thick tongue of LZ (that was not previously known) within the floor rocks at Sandsloot. The occurrence of the LCZ at Akanani, as discussed by Mitchell & Scoon (2012), and shown in a cross-section (Fig. 4b), was possibly the first mention of this subzone in the northern limb. A longitudinal section presented by [START_REF] Viljoen | The Bushveld Complex: Host to the worlds' largest platinum, chromium and vanadium resources[END_REF] shows the LCZ as a regional feature underlying the PU in the entire southern part of the Northern Limb. To the east of the Akanani project area, the Platreef Unit (PU) rests on either dolomite of the Transvaal Supergoup (in the southern part) or Archaean granite-gneiss (northern part) (Fig. 3). The thickened nature of the PU at Akanani is consistent with its location a substantial distance down-dip from the floor (Fig. 4b).

To the south of the Akanani project area, a deep resource of Platreef occurs at the Turfspruit locality. Turfspruit reveals a thick section of the PU and also includes both ultramafic and noritic layers (Yudovskaya et al., 2017a;[START_REF] Grobler | Litho-and chemostratigraphy of the Flatreef PGE deposit, northern Bushveld Complex[END_REF]. However, Turfspruit and Akanani occur in separate subchambers and there may be considerable stratigraphic differences between the two sections (we have commented on the early compartmentalization of the RLS previously: [START_REF] Scoon | Platinum-group element mineralization in the Critical Zone of the western Bushveld Complex: I. Sulfide-poor chromitites below the UG-2[END_REF].

The PU throughout the Northern Limb is overlain by the LMZ, of which the lowermost few hundred metres at Akanani is comprised of medium to coarse-grained norite with distinctive layers of coarse-grained mottled (oikocrystic) anorthosite, some of which are sufficiently resistant as to form outcrop (Van der Merve, 1976;Mitchell & Scoon, 2012). This is a general feature of the LMZ throughout the RLS [START_REF] Mitchell | The stratigraphy, petrography and mineralogy of the Main Zone of the north-western Bushveld Complex[END_REF]; South African Committee for Stratigraphy, 1990). The PU and LMZ are generally interpreted as being in stratigraphic succession, as discussed by [START_REF] Holwell | Observations on the relationship between the Platreef and its hangingwall[END_REF], but there is a possibility of the PU having intruded beneath and partly into the LMZ. This suggestion was made on the basis of regional mapping (Van der Merwe, 1976) and is consistent with observations that in the northern part of Akanani, as well as on the adjacent property of Drenthe [START_REF] Gain | The geological setting of the platinoid and base metal sulphide mineralization in the Platreef of the Bushveld Complex in Drenthe, north of Potgietersrus[END_REF], parts of the PU may be intercalated within the LMZ (Mitchell & Scoon, 2012).

Stratigraphy of ZF-1

A detailed stratigraphic log for part of drill-hole ZF-1 illustrates the subdivision into three zones i.e., LMZ, PU, and LCZ (Fig. 5). The basal part of the LMZ in the section described here is comprised of homogenous norite with little discernible layering. The contact between the LMZ and the distinctly more mafic PU occurs at a depth of 1013.71 m (Fig. 6). The PU consists of ultramafic and noritic lithologies. We follow our earlier contribution in recognizing three subunits: PU1, PU2, and PU3; this methodology is fundamental to our study as subunits do not define an upward-younging succession (Mitchell & Scoon, 2012).

The long-held tendency to describe the Platreef by a simplified stratigraphy divided into a series of units, labelled from the bottom up as A-B-C [START_REF] White | The Potgietersrus Prospect -Geology and exploration history: 15 th CMMI Congress[END_REF]Viljoen & Schurmann, 1998;[START_REF] Viljoen | The Bushveld Complex: Host to the worlds' largest platinum, chromium and vanadium resources[END_REF] is, therefore, misleading. The layering is far more complex than has been previously reported and individual layers cannot necessarily be correlated between drill-cores.

The base of the PU in ZF-1 is positioned at a depth of 1110 m, although the contact with the LCZ is both gradational and subjective. The PU1 subunit is dominated by intercalated sequences of feldspathic orthopyroxenite and melanorite (Fig. 5). The modal proportion of orthopyroxene and plagioclase is variable. Clinopyroxene is relatively abundant in both lithologies, but possibly more so in the melanorite. This subunit also includes a welldefined layer of norite. Some of the ultramafic layers in the PU1 contain accessory olivine and may also contain >10 modal percent disseminated chromite. Several thin chromite stringers occur within this subunit. The PU2 subunit is comprised of well-defined layers of poikilitic feldspathic harzburgite and orthopyroxenite (± olivine). From earlier studies, we found that the PU2 subunit layers are discordant and do not occur at the same stratigraphic height in cores from neighbouring drill-holes. We reserve the PU3 subunit for coarsegrained, pegmatoidal assemblages as they are rather irregularly developed, even patchy, and only constitute well-defined layers in a handful of examples. The composition of the "pegmatoids" varies considerably and can include orthopyroxenite (± olivine), feldspathic orthopyroxenite, melanorite, and norite.

The lack of evidence for fractional crystallization cycles in the Akanani sequence was commented on by Mitchell & Scoon (2012). The upper part of the PU sequence in ZF-1 (depth of 1014-1022 m) is comprised of poorly-defined layers of coarse-grained melanorite and medium-grained feldspathic orthopyroxenite (PU1). Well-defined layers of poikilitic feldspathic harzburgite and orthopyroxenite occur at a depth of 1022-1027 m (PU2). This component of the sequence includes pegmatoidal lithologies (PU3). Intercalated layers of melanorite and feldspathic orthopyroxenite (PU1) at a depth of 1027-1065 m are broadly similar to the sequence in the uppermost part of the unit. The thick layer of norite (PU1) intersected at a depth of approximately 1065 m reveals prominent inch-scale layering in the basal part.

The norite is underlain at a depth of 1089-1094 m by a second group of ultramafic layers (PU2), some with pegmatoidal textures (PU3). The basal part of the PU at a depth of 1094-1110 m is comprised of a complex sequence of feldspathic orthopyroxenite (PU1) and olivine-bearing orthopyroxenite (PU2). Cr-spinel is notably abundant in the upper part of this interval.

The layers of poikilitic feldspathic harzburgite assigned to the PU2 subunit are very similar to the well known Tarantaal marker in the Pseudo Reef Unit of the Swartklip facies, Western

Limb (Mitchell & Scoon, 2012). The diagnostic speckled texture arises from the presence of interstitial plagioclase (15-20 modal %) together with large oikocrysts of orthopyroxene within a matrix of olivine [START_REF] Viljoen | The Amandelbult Section of Rustenburg Platinum Mines Limited, with reference to the Merensky Reef[END_REF][START_REF] Mitchell | The Upper Critical Zone of the Rustenburg Layered Suite in the Swartklip Sector, north-western Bushveld Complex, on the farm Wilgerspruit 2JQ: I. Stratigraphy and PGE mineralization patterns[END_REF]. The harzburgite at

Akanani is partially serpentinized (Fig. 7a) which has caused some confusion with xenolithic material. The patchy development of the pegmatoidal texture in some of the layers of orthopyroxenite is emphasized (Fig. 7b). The thin chromite stringers located at a depth of approximately 1097 m occur parallel to the primary layering (Fig. 7c). The harzburgite from the LCZ is notably less felsic in comparison to that from the PU2 (Fig. 7d).

Mineralization in ZF-1

The PU1 subunit is typically weakly mineralized, and the richer grades in ZF-1 (and other drill-cores at Akanani) are associated with the PU2 and PU3 subunits (Fig. 8). The relationship between PGE and well-defined layers of poikilitic feldspathic harzburgite at Akanani was highlighted by Mitchell & Scoon (2012). Multiple ore-layers are definable, but the principal mineable reserve, constrained by both grade and lateral continuity, is the Main Mineralized Reef (MMR). The MMR is associated with the stratigraphically highest occurrence of the PU2 subunit in all of the drill-holes described by Mitchell & Scoon (2012),

including ZF-1. The thickness of the MMR is variable, in part as it may incorporate some of the adjacent PU1 subunit. The pattern of mineralization in ZF-1 is rather unusual as the MMR is not particularly well developed and richer peaks (described here as Lower Reefs) are identified.

Sampling

Quarter sections of drill-core were obtained from two drill-holes, ZF-1 and MO-3 (Fig. 3).

Samples are referenced relative to depth (Table 1). The main batch of samples submitted for isotopic analysis is from ZF-1 (25 samples). The ZF-1 samples are divided into the following stratigraphic groups LMZ (5 samples), PU (17 samples), and LCZ (3 samples).

Samples are constrained to identifiable uniform layers (Fig. 5) with the exception of ZF-1/1085.8 (inch-scale layered pyroxenite-norite), and ZF-1/1096.8 and ZF-1/1097.2 (chromite stringers). Four samples were analysed from MO-3.

Analytical Methods

Polished thin sections were prepared from selected samples, with EPMA data acquisition performed at Rhodes University on a Jeol JXA 8230 Superprobe using 4 WD spectrometers.

Analytical conditions employed for quantitative analysis of mafic silicates (olivine, and diluted in 2% HNO 3 of 1:4000 shortly before analysis together with blanks. Two mafic international standards (BIR1, BCR2) were used as calibration external standards and dunite JP1 used as an unknown for accuracy. For the isotopic Sr and Nd separation, samples were processed through four columns following the method of [START_REF] Pin | Concomitant separation of strontium and samarium-neodymium for isotopic analysis in silicate samples, based on specific extraction chromatography[END_REF] and [START_REF] Pin | Sequential separation of light rare-earth elements, thorium and uranium by miniaturized extraction chromatography: Application to isotopic analyses of silicate rocks[END_REF] for JNdi-1. Total procedural blanks were <1 ng for both Sr and Nd.

Petrography

The medium-to coarse-grained feldspathic orthopyroxenite, the dominant lithology of the PU1 subunit, is comprised of large grains of orthopyroxene together with interstitial clinopyroxene and plagioclase (Fig. 9a). Closely-packed grains of orthopyroxene reveal triple boundaries due to annealing (Fig. 9b). Large oikocrystic grains of orthopyroxene and small grains of amphibole may enclose earlier-formed Cr-spinel (Fig. 9c). The chromite stringers illustrated in Fig. 7 are comprised of small, rounded grains of Cr-spinel, together with interstitial orthopyroxene and flecks of biotite (Fig. 9d). Large oikocrysts of orthopyroxene in the pegmatoidal feldspathic orthopyroxenite juxtaposed with the chromite stringers enclose an earlier generation of orthopyroxene (Fig. 9e). Some of the orthopyroxene oikocrysts reveal clinopyroxene exsolution (Fig. 9f). This exsolution is not the classic geometric type, but is patchy and appears to cluster in the oikocrysts proximal to the grains of Cr-spinel.

The chromite stringers may include unusual amoeboidal grains in addition to rounder grains of Cr-spinel. Some of the amoeboidal grains contain prominent silicate cores (Figs. 10a-b).

Similar features have been described by [START_REF] Yudovskaya | Bushveld symplectic and sieve-textured chromite is a result of coupled dissolution-reprecipitation: a comparison with xenocrystic chromite reactions in arc basalt[END_REF] from the Turfspruit locality. Euhedral grains of Cr-spinel may contain silicate inclusions (Figs. 10c-d). Silicate inclusions are probably melt inclusions and preliminary analytical data (not presented here)

demonstrates a broad range of compositions. The presence of apparently coalesced grains of Cr-spinel with silicate inclusions is also observed (Figs. 11a-d). The harzburgite from the LCZ is distinguished from the feldspathic harzburgite of the PU by the absence of plagioclase and presence of large oikocrysts of orthopyroxene (Fig. 12a). The olivine in the harzburgite from the LCZ is quite severely serpentinized (Fig. 12b).

Mineral Chemistry

Mineral chemistry in part supplements the data of Mitchell & Scoon (2012) and assist with discrimination of lithologies from the PU and the LCZ (see also Supplementary Data). To recap, the latter authors reported the composition of the olivine in the poikilitic feldspathic harzburgite of the MMR as having a composition of Fo 81.2-80.4 and NiO content of 0.36-0.39%. [START_REF] Yudovskaya | Petrogenesis of the lower zone olivine-rich cumulates beneath the Platreef and their correlation with recognized occurrences in the Bushveld Complex[END_REF] reported the presence of up to 0.5 wt% NiO in olivine from the feldspathic harzburgite (MMR) at Akanani. These data may be compared with the anomalously Ni-rich nature of olivine from the potholed Merensky Reef at Union Section, western limb [START_REF] Scoon | The relationship of olivine cumulates and mineralization to cyclic units in part of the Upper Critical Zone of the western Bushveld Complex[END_REF]. The presence of Ni-rich olivine confirms the magmatic origin of the MMR feldspathic harzburgite (i.e. the olivine is not xenolithic:

Mitchell & Scoon, 2012). Moreover, the composition of the olivine in the MMR is comparable with olivine from both the Pseudo Reef harzburgite and Merensky Reef of the Amandelbult and Union Sections, western limb [START_REF] Scoon | The relationship of olivine cumulates and mineralization to cyclic units in part of the Upper Critical Zone of the western Bushveld Complex[END_REF][START_REF] Mitchell | The Upper Critical Zone of the Rustenburg Layered Suite in the Swartklip Sector, north-western Bushveld Complex, on the farm Wilgerspruit 2JQ: I. Stratigraphy and PGE mineralization patterns[END_REF]. In comparison, the olivine from the LCZ at Akanani (Fo 88 ; NiO=0.33-0.39%; sample ZF-1/1111.2) is distinctly more magnesian and can be compared with data of [START_REF] Teigler | The Lower and Critical zones of the western limb of the Bushveld Complex as intersected by the Nooitgedacht boreholes[END_REF] for the LCZ, western limb.

The orthopyroxene from the PU yields an X Mg ratio of 0.83-0.89 (samples ZF-1/1096.8 and ZF-1/1097.2) and the orthopyroxene from the LCZ an X Mg ratio of 0.95 (sample ZF-1/1111.2).

The plagioclase in sample ZF-1/1097.2 has a broad compositional range (An 58.0-64.6 ) which is typical of the UCZ (e.g., Eales et al., 1986). The Cr-spinel in the chromite stringers (sample ZF-1/1097.2) has relatively low concentrations of chromium (Cr 2 O 3 = 41.39-43.43%), typical of occurrences in the uppermost part of the UCZ [START_REF] Eales | Cryptic variations within chromitites of the Upper Critical Zone, north-western Bushveld Complex[END_REF]. The 40-cm wide chromitite layer from the LCZ, which was analysed by Mitchell & Scoon (2012a), has a composition typical of the Lower Group chromitites (average Cr 2 O 3 = 49.98%).

Whole-rock Geochemistry

Selected whole-rock trace element data are presented in The low concentration of Sr (10.3±1.6 ppm) in the harzburgite from the LCZ confirms the paucity of Sr at this height. The generally positive trend between the concentrations of Sr and Y (Fig. 13a) is consistent with the broad stratigraphy i.e. LCZ (relatively primitive)

through PU (intermediate) to LMZ (relatively evolved). The scatter in samples from the PU is in part due to the modal variations noted above. The distinctly higher concentrations of Y in the PU3 subunit (despite some samples having an ultramafic composition) are significant as they may indicate a higher proportion of trapped melt. The high degree of scatter on the plot of Sr vs. Rb is largely a function of modal variations and the proportion of trapped melt (Fig. 13b).

Plots based on Zr, widely recognized as a highly incompatible element in most rock-forming silicates, can be tentatively used as an indicator of the proportion of trapped melt (Fig. 14).

The plot of Zr vs. Nb is consistent with the generalized fractional crystallization trend noted above: samples from the LCZ are the least fractionated, the PU reveals a range in fractionation, and the norite from the LMZ is the most fractionated. Most of the other plots, including Zr vs. V, Zr vs. Y and Zr vs. Sr reveal degrees of scatter due to combinations of modal effects and varying proportions of trapped melt. The scatter on the plots of Zr vs.

Ni and Cu is related to the presence of relatively small amounts of base-metal sulphides.

Plots of Zr vs. Sm and Zr vs. Nd reveal broad correlations with some degree of scatter (Fig. 15a,b). The plot of Sm vs. Nd shows a good correlation. The LCZ and LMZ are clearly discriminated, as is the intermediate position of the PU (Fig. 15c). An interesting observation apparent both here, and on the plots of Zr vs. Sm and Zr vs. Nd, is the relatively primitive nature of the PU2 samples relative to the PU1 (they represent a reversal).

Sr Isotopic Systematics

The new whole rock Sr isotopic data are presented in Table 3 (initial ratios were normalized to an age of 2.055 Ga). Averages for the new data are compared with averages of some published data in Table 4. The five samples of the LMZ from drill-hole ZF-1 have a relatively tightly constrained Sr-initial ratio (average of 0.70892). The samples from the PU (excluding PU2) report a slightly higher Sr-initial ratio (average of 0.70972), but with a noticeably poorer standard deviation. A degree of scatter is evident when these data are plotted against the vertical log (Fig. 16). This scatter is thought to be a primary feature, not due to localized contamination (noting the absence of xenolithic material). The samples from the MMR report a distinctly higher Sr-initial ratio (average of 0.71113). The LCZ reveals a range of Sr-initial ratios, albeit the two samples of the harzburgite are tightly constrained. The anomalous Rb/Sr ratio of sample ZF-1/1111.2 possibly reflects the paucity of Sr in this sample. A plot of the Sr initial ratio vs. Zr shows a high degree of scatter with little evidence of modally-controlled variations (Fig. 15d). The four samples from drill-hole MO-3 (LMZ and PU) yield similar initial ratios to data from ZF-1.

In comparing the new data with published analyses we have had some difficulties due to problems with stratigraphic correlations. Averages for some of the published data presented in Table 4 are based on our assumptions of the stratigraphy. The PU at Akanani is largely uncontaminated by xenolithic material, and we have therefore excluded the published data in this regard from our discussion. The new data for the LMZ at Akanani are comparable to one sample from Overysel (data of [START_REF] Cawthorn | Interaction of floor rocks with the Platreef on Overysel, Potgietersrus, Northern Transvaal[END_REF]. Samples from Overysel and Sandsloot (data of [START_REF] Harris | Crustal contamination and fluid-rock interaction during formation of the Platreef, northern limb of the Bushveld Complex, South Africa[END_REF][START_REF] Pronost | Relationship between footwall composition, crustal contamination, and fluid-rock interaction in the Platreef, Bushveld Complex, South Africa[END_REF], however, report significantly higher Sr-initial ratios. The PU at Overysel (data of [START_REF] Cawthorn | Interaction of floor rocks with the Platreef on Overysel, Potgietersrus, Northern Transvaal[END_REF] reveals distinctly higher Sr-initial ratios in comparison to the Akanani data (although note that all of the Overysel samples were obtained from a restricted locality close to the granitic floor). These data were argued by Cawthorn et al. to be unaffected by footwall contamination. The data of [START_REF] Pronost | Relationship between footwall composition, crustal contamination, and fluid-rock interaction in the Platreef, Bushveld Complex, South Africa[END_REF] for the PU at Overysel, described as from a contaminated sequence, reveals higher initial ratios in comparison to the Akanani data.

Pronost et al. concluded that the Sr-isotope system in the Platreef "is more strongly perturbed" in localities where the floor is comprised of Archaean granite-gneiss (Overysel), as compared with the Sr-poor dolomite footwall (Sandsloot). We have excluded the isotopic data of [START_REF] Walraven | A chronostratigraphic framework for the north-central Kaapvaal craton, the Bushveld Complex and Vredefort structure[END_REF] from our comparisons as the samples are from Turfspruit, which as we noted earlier occurs in a separate subchamber. Moreover, [START_REF] Walraven | A chronostratigraphic framework for the north-central Kaapvaal craton, the Bushveld Complex and Vredefort structure[END_REF] described the samples as "mostly norite" and did not include a stratigraphic log.

In summary, we suspect that there are few regional differences in the Sr-isotopic ratios for the section described here i.e. Sandsloot, Zwartfontein, Overysel, and Akanani. The slightly lower Sr-isotopic ratio for the PU at Akanani may be a consequence of our sampling of a sequence not contaminated by xenoliths. The Sr initial ratio of the PU is not entirely dissimilar from the LMZ and the distinct geochemical break between the UCZ and the LMZ, so widely discussed from the eastern and western limbs (e.g., [START_REF] Sharpe | Strontium isotope evidence for preserved density stratification in the eastern Bushveld Complex[END_REF]Kruger & Marsh, 1985;[START_REF] Kruger | Filling the Bushveld Complex magma chamber: lateral expansion, roof and floor interaction, magmatic unconformities, and the formation of giant chromitite, PGE and Ti-V-magnetitite deposits[END_REF][START_REF] Lee | Cyclicity in the Sr isotope stratigraphy through the Merensky and Bastard Reef Units, Atok Section, eastern Bushveld Complex[END_REF], is not so apparent in the northern limb.

The new data support earlier findings that both the PU (i.e. UCZ equivalent) and the LMZ have distinctly higher Sr-initial ratios in the northern limb as compared with the equivalent successions in the eastern and western limbs.

Nd Isotopic Systematics

The whole rock Nd isotopic data are presented in Table 3 (initial ratios were normalized to an age of 2.055 Ga). Averages for the new data are compared with averages of some published data in Table 4. The five samples of the LMZ from drill-hole ZF-1 have a relatively tightly constrained Ԑ Nd value (average of -6.73). Samples from the PU (excluding PU2) report a lower Ԑ Nd value (average of -7.84), but with a noticeably poorer standard deviation.

They yield a degree of scatter when plotted against the vertical log (Fig. 16). The three samples of the MMR are excluded from this average as they report a distinctly lower Ԑ Nd value (average of -11.35). We note that the Ԑ Nd value of one of the three samples is not dissimilar from the PU1 data; this may be due to some contamination (with earlier-formed PU1) in the basal part of this group of ultramafic layers. The three samples of the LCZ yield Ԑ Nd value (average of -6.85) similar to the LMZ. Plots of the Nd isotopic data against Zr reveal a degree of scatter (Fig. 15e,f). The four samples from drill-hole MO-3 (LMZ and PU) yield similar initial ratios to data from ZF-1. plagioclase Ԑ Nd values of -1.13 to -3.37).

Discussion

The classic cumulus theory, based on the concept of gravitative crystal settling (Wager & Brown, 1968), is no longer universally accepted. There is currently no consensus on an alternative mechanism for formation of igneous layering, although several possibilities have been suggested since the role of crystal settling in tholeiitic magmas was questioned (e.g., [START_REF] Bottinga | Densities of liquid silicate systems calculated from partial molar volumes of oxide components[END_REF][START_REF] Mcbirney | Crystallization and layering of the Skaergaard Intrusion[END_REF][START_REF] Naslund | Mechanisms of formation of igneous layering[END_REF]. Detailed geochemical studies of the RLS, specifically of the UCZ in the western limb, led Eales et al. (1986;1988) to suggest a hypothesis invoking in situ growth of crystals with multiple recharge events. Recharge was primarily ascribed to basal flows i.e., in the manner of [START_REF] Huppert | The fluid dynamics of a basaltic magma chamber replenished by influx of hot, dense ultrabasic magma[END_REF]. Volumetrically relatively small basal flows of ultramafic magma were implied to have subsequently mixed with much larger reservoirs of tholeiitic magma.

This hypothesis also addressed formation of chromitite layers [START_REF] Eales | Upper Critical Zone chromitite layers at R.P.M. Union Section Mine, western Bushveld Complex[END_REF]Eales & Reynolds, 1987) and represented a major improvement on earlier concepts in which recharge of the Bushveld chamber was restricted to a handful of giant events (e.g., Wager & Brown, 1968;[START_REF] Sharpe | Strontium isotope evidence for preserved density stratification in the eastern Bushveld Complex[END_REF][START_REF] Gruenewaldt | The Bushveld Complex: Introduction and review[END_REF].

The mechanism of basal flows for the RLS has not, however, held up to close scrutiny, and despite us being amongst the original principal proponents of the model, we have realised there are serious flaws. The thermodynamics of flows which extend laterally for many tens of kilometres are problematic, particularly as regards maintaining the integrity of the upper contact with the postulated overlying magma reservoir. We would envisage a gradational boundary between the crystallization products of basal flows and the overlying resident magma (Mitchell et al., 2019a). The concept of a large convecting magma chamber may, in fact, be entirely inapplicable to the RLS, particularly when the relatively shallow crustal position is taken into account [START_REF] Scoon | Discussion of "Arguments against Syn-magmatic Sills in the Bushveld Complex, South Africa[END_REF]. The maximum thickness of partially liquid material in the intrusive at any given time may have been less than a few tens of metres.

Field relationships are consistent with the RLS having formed by incremental emplacement of thousands of thin magma sheets (Scoon & Mitchell, 2012;2018;Mitchell, 2019a) similar to the growth mechanism of some granitic plutons (e.g., Miller et al., 2012). This hypothesis was favoured by geologists involved in regional mapping of the Bushveld Igneous Complex (e.g., [START_REF] Truter | Modern concepts of the Bushveld Igneous Complex[END_REF][START_REF] Coertze | Intrusive relationships and ore deposits in the western part of the Bushveld Igneous Complex[END_REF][START_REF] Schwellnus | The geology of the Olifants River area, Transvaal[END_REF], i.e., prior to conceptualization of the RLS as a frozen magma chamber. The incremental build-up of layering is supported by the irregularity of the basal contact to the RLS (Fig. 4) and the sill-like shape of the eastern and western limbs [START_REF] Scoon | Platinum-group element mineralization in the Critical Zone of the western Bushveld Complex: I. Sulfide-poor chromitites below the UG-2[END_REF]Mitchell et al., 2019a). The thickening of the RLS with depth at Akanani is consistent with the layering having built up incrementally, layer-bylayer. Attenuated sequences on the flanks of floor-rock domes reveal an extreme development of this offlap relationship (Marlowe & [START_REF] Marlow | The geology and potential economic significance of the Malope area, northeastern Bushveld Complex[END_REF]Sharpe & Chadwick, 1986;[START_REF] Uken | Diapirism initiated by the Bushveld Complex, South Africa[END_REF][START_REF] Scoon | A new occurrence of Merensky Reef on the flanks of the Zaaikloof dome, northeastern Bushveld Complex: Relationship between diapirism and magma replenishment[END_REF][START_REF] Clarke | Folding of the Rustenburg Layered Suite adjacent to the Steelpoort Pericline: implications for syn-Bushveld tectonism in the eastern Bushveld Complex[END_REF]. Floor rocks may have been highly mobile during emplacement of the RLS (Mitchell et al., 2019a). Early compartmentalization of the RLS is consistent with stratigraphic differences between subchambers (e.g., Sandsloot/Akanani and Turfspruit).

The floor contact of the RLS contrasts markedly with the planar nature of the roof contact with felsite of the Rooiberg Group. The absence of an upper chill (there is no Upper Border Group equivalent to the Skaergaard Intrusion) is significant. Felsite of the Rooiberg Group, the oldest component of the intrusion, reveals evidence of thermal metamorphism [START_REF] Hall | The Bushveld Igneous Complex of the central Transvaal[END_REF]Von Gruenewaldt, 1973), albeit the roof geometry is complicated by intrusion of the younger granites and granophyres [START_REF] Cawthorn | Geometrical relations between the Transvaal Supergroup, the Rooiberg Group and the mafic rocks of the Bushveld Complex[END_REF]. The UZ, although widely interpreted as the fractionated residue of the underlying zones, may have crystallized from incremental addition of ferrobasaltic magmas sourced from deeper staging chambers (Scoon & Mitchell, 2012). These observations place important constraints on our understanding of the underlying zones, including the UCZ (and PU).

In a departure from the basal flow hypothesis, [START_REF] Mitchell | Compositional cyclicity in a pyroxenitic layer from the Main Zone of the western Bushveld Complex: evidence for repeated magma flux[END_REF] and [START_REF] Mitchell | The Merensky Reef at Winnaarshoek, Eastern Bushveld Complex: a primary magmatic hypothesis based on a wide reef facies[END_REF] suggested pyroxenitic layers in the LMZ and UCZ, respectively, may have crystallized from magma injected as sills into a pre-existing (and already layered) noritic-anorthositic subsolidus cumulate sequence. Detailed documentation of inch-scale layering, i.e., in a pyroxenite layer located in the LMZ (western limb) and in the Merensky Reef (eastern limb)

is consistent with the sills being linked to multiple pulses of magma. Each magma pulse may have thicknesses of only a few tens of cm. Chromitite layers may also be linked to the hypothesis of syn-magmatic sills [START_REF] Voordouw | Intrusive origin for Upper Group (UGI, UG2) stratiform chromitite seams in the Dwars River area, Bushveld Complex, South Africa[END_REF][START_REF] Mungall | U-Pb geochronology documents out-of-sequence emplacement of ultramafic layers in the Bushveld Igneous Complex of South Africa[END_REF][START_REF] Scoon | Chemistry, morphology and origin of magmaticreaction chromite stringers associated with anorthosite in the Upper Critical Zone at Winnaarshoek, eastern limb of the Bushveld Complex[END_REF]. The two mechanisms of magma recharge, i.e., basal flows (or possibly more descriptively recharge of the resident magma) and syn-intrusive magma sheets should not, however, be seen as mutually exclusive [START_REF] Scoon | Discussion of "Arguments against Syn-magmatic Sills in the Bushveld Complex, South Africa[END_REF].

The Platreef Unit (PU) at Akanani is comprised of igneous layers far too complex to be interpreted as an upward-younging fractional crystallization sequence. We reconcile the new data to the hypothesis of multiple phases of magma recharge, including non-sequential replenishment by syn-intrusive sills, as presented by Mitchell & Scoon (2012). Within the constraints of this hypothesis, the PU1 subunit constitutes the primary stratigraphy. The PU1 subunit developed from magmas constrained within the ultramafic (U-type) and tholeiitic (A-type) lineages of [START_REF] Sharpe | Melting relations of two Bushveld chilled margin rocks and implications for the origin of chromitite[END_REF]. We prefer to refer to the parental magma-types as lineages and do not subscribe to the popularly held view that there are a number of precisely-defined compositions. The incremental build up of the PU1 stratigraphy involved recharge by combinations of basal flows (mostly A-type) and magma sheets (mostly U-type). The height of the magma column was not sufficient to support bulk mixing events and the layering is primarily constrained by the composition of the parental magmas. A huge range in parental magmas is suspected. The repetition of olivine-and chromite-rich layers in the ZF-1 stratigraphy (Fig. 5) supports the concept of multiple episodes of magma replenishment by U-type magmas, possibly picritic compositions, as discussed by [START_REF] Scoon | The relationship of olivine cumulates and mineralization to cyclic units in part of the Upper Critical Zone of the western Bushveld Complex[END_REF] in context of the interval containing the UG2, Pseudo

Reefs and Merensky Reef in the western limb.

The younger PU2 subunit was suggested by Mitchell & Scoon (2012) to have been emplaced

as a series of sinuous lenses or sills into the older, and already complexly-layered, PU1

subunit. This mechanism is similar to that proposed by [START_REF] Bédard | Peridotite sills and metasomatic gabbros in the Eastern Layered Series of the Rhum complex[END_REF] for the harzburgite layers in the Rum Intrusion, Scotland. The PU3 subunit was interpreted by Mitchell & Scoon (2012) as reconstituted (recrystallized) earlier-formed lithologies.

Recrystallization is ascribed to heat associated with multiple intrusions during build up of the PU1 subunit and the later emplacement of the PU2 sills.

Evidence of fractional crystallization within the ZF-1 stratigraphy is restricted to the broad zonal framework. The LCZ is relatively primitive and the LMZ is relatively fractionated.

These zones can also be ascribed to variants of the U-and A-magma lineages, respectively, as discussed by [START_REF] Eales | Caveats in defining the magmas parental to the mafic rocks of the Bushveld Complex, and the manner of their emplacement: review and commentary[END_REF] for the western/eastern limbs. The PU reveals intermediate compositions, a feature which is consistent with the UCZ from the western/eastern limbs.

We should point out that the UCZ-LMZ contact, at least in the western limb, is a geochemical continuum rather than the sharp break envisaged by many [START_REF] Mitchell | The stratigraphy, petrography and mineralogy of the Main Zone of the north-western Bushveld Complex[END_REF].

Similarities between the olivine-rich lithologies of the PU2 subunit at Akanani and the Pseudo Reefs of the UCZ were described earlier. The bifurcation of the multiple layers of harzburgite in the Pseudo Reef unit along strike in the Swartklip facies, together with the occurrence of magmatic-reaction chromite stringers on their upper and lower contacts offers compelling evidence of syn-intrusive sills (Mitchell et al., 2019a).

A necessary caveat to understanding the UCZ (and the LCZ) is the problem of the chromium budget. U-type magmas charged with phenocrysts of Cr-spinel [START_REF] Eales | Implications of the chromium budget of the Western limb of the Bushveld Complex[END_REF], sufficiently abundant in some instances as to form crystal slurries [START_REF] Eales | Caveats in defining the magmas parental to the mafic rocks of the Bushveld Complex, and the manner of their emplacement: review and commentary[END_REF], were most likely sourced from deeper staging chambers [START_REF] Eales | Crustally contaminated komatiite: primary source of the chromitites and marginal, lower, and critical zone magmas in a staging chamber beneath the Bushveld Complex[END_REF]. Chromitites are relatively scarce in the PU, but the occurrence of thin chromite stringers at Akanani is of interest. We restrict ourselves to suggesting the unusual, amoeboidal textures of some of the Cr-spinel grains are indicative of several stages of growth and re-equilibration, i.e., consistent with multiple replenishment events. [START_REF] Yudovskaya | Bushveld symplectic and sieve-textured chromite is a result of coupled dissolution-reprecipitation: a comparison with xenocrystic chromite reactions in arc basalt[END_REF] came to a similar conclusion from a more detailed study of similar Cr-spinels from the Turfspruit locality.

The new isotopic data for the Akanani section are consistent with the concept of multiple recharge events (Fig. 17). Each zone i.e. LCZ, PU, and LMZ is ascribed to recharge by isotopically-distinct magmas i.e. LCZ (U-type), PU (U-and A-types), and LMZ (A-type). The A-type magmas within the PU1 subunit are isotopically-distinct from those associated with the LMZ, yet crystallized noritic lithologies which are petrographically (and macroscopically) broadly similar. In the western and eastern limbs, the norite from the LMZ is discriminated from the norite of the UCZ by the paucity in the Cr content [START_REF] Mitchell | The stratigraphy, petrography and mineralogy of the Main Zone of the north-western Bushveld Complex[END_REF], but whether this is broadly applicable we are unsure. The anomalously high Sr-initial ratio of the PU (in comparison to the UCZ of the eastern and western limbs) is probably a primary feature (and is unrelated to footwall contamination), a conclusion also reached by [START_REF] Cawthorn | Interaction of floor rocks with the Platreef on Overysel, Potgietersrus, Northern Transvaal[END_REF].

http://www.petrology.oupjournals.org/ The unusually high Sr-initial ratio of all three zones investigated at Akanani may indicate this is a regional feature of the northern limb. The range in Ԑ Nd values is consistent with multiple injections of three or more discrete magma-lineages. The complexity of the RLS is such that we cannot pinpoint all of the parental magmas. Recharge from deeper staging chambers implies an almost unlimited compositional variation within the constraint of the generic U-and A-type lineages. This interpretation may explain the scatter in the Sr initial ratio within the PU1 subunit, i.e., exclusive of complexities introduced by intrusion of the later PU2 sills and recrystallization of the PU3 lithologies. Partial melting of earlier-formed PU1 lithologies in situ, triggered by persistent magma recharge during development of the PU1 stratigraphy, as well as associated with emplacement of the PU2 sills, adds an additional complexity (Mitchell et al., 2019a). Moreover, each magma pulse may have contained varying proportions of phenocrysts (including Cr-spinel and olivine in the picritic magmas), which adds another complexity to unravelling parental magmas.

A comparison of the Akanani isotopic data with averages for the lithosphere defined by [START_REF] Zindler | Chemical geodynamics[END_REF] emphasizes these differences (Fig. 17). The LCZ may be associated with magma derived from an Enriched Mantle 1 source. The PU1 and LMZ may be associated with magma derived from an Enriched Mantle 2 source with varying degrees of crustal contamination. Contamination occurred in deeper staging chambers.

The possibility of the general upward-fractionation in the RLS being related to progressive contamination [START_REF] Maier | Progressive crustal contamination of the Bushveld Complex: evidence from Nd isotopic analyses of the cumulate rocks[END_REF] is consistent with the new data presented here, with the exception of the data pertaining specifically to the MMR. The variation in the Sr initial ratio of the PU1 (and relatively tightly constrained Ԑ Nd value), as compared with the LMZ, indicates this part of the stratigraphy (i.e., associated with the most complexly layered section of the stratigraphy) reflects far greater degrees of crustal contamination (Fig. 17).

Moreover, the relatively low Sr-initial ratios of some samples from the PU1 subunit may suggest an enriched mantle source (EM2), with the higher initial ratios consistent with a trend towards a depleted mantle source (DM).

The parental magma associated with the MMR reports an anomalously high Sr initial ratio and a markedly low Ԑ Nd value. The olivine-saturated and unusually PGE-rich parental magma associated with the MMR was derived from a localized mantle source (EM1). The mantle source may have been anomalously rich in garnet-peridotite (e.g., [START_REF] Wasch | An alternative model for silica enrichment in the Kaapvaal subcontinental lithospheric mantle[END_REF]. This melt has, however, appeared to have experienced a greater degree of crustal contamination than the parental magmas associated with the PU1 subunit and the LMZ.

The isotopic data for the MMR are broadly similar to the findings of [START_REF] Prevec | Sm-Nd isotopic evidence for sampling of multiple sources during the emplacement of the Upper Critical Zone, Bushveld Complex, South Africa[END_REF] from a study of the Merensky Reef in the eastern limb. Both studies are, however, of a preliminary nature and additional data are required to confirm these trends.

A localized mantle-source (EM1) can also be envisaged for the two samples of harzburgite from the LCZ at Akanani. The low Sr initial ratio and low Ԑ Nd values are consistent with relatively low levels of crustal contamination. The possibility of olivine-rich magmas being derived from a mantle source, with little influence from a crustal staging chamber, may explain why the harzburgites at this height in the stratigraphy are either barren or poorly mineralized.

Conclusions

We have not commented on the origin of mineralization in the Platreef Unit as our study is primarily directed at unravelling the complexities of the layering. A necessary caveat to formation of PGE-rich orebodies in the RLS may, however, be derivation of unusual, olivinesaturated magmas from a mantle source. Most recent studies, including the Re-Os and S isotopic study of Yudovskaya et al. (2017b), also indicate the importance of orthomagmatic processes. We conclude that some PGE-rich orebodies (e.g., Platreef and Merensky Reef) are related to ultramafic magmas injected as syn-magmatic sills into an already complexlylayered substrate. The unique isotopic fingerprint of the PGE-rich parental magma associated with these specific orebodies reflects the unusual combination of a localized mantle source and a high degree of crustal contamination. The interpretation of reef-style deposits as orthomagmatic sills has important consequences for both current and future mining operations. 
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  ). Samples ZF-3/34 and ZF-3/36 report

	mining assays of 10.52 g/t and 16.94 g/t (3PGE+Au); (b) Feldspathic orthopyroxenite from	
	the PU reveals patchy development of pegmatoid (sample ZF-1/1096.8); (c) Chromite	
	stringer from the PU (sample ZF-1/1097.2c) enclosed by orthopyroxenite (sample ZF-	
	1/1097.2b,d) with irregular development of notably more plagioclase-rich pegmatoid (sample ZF-1/1097.2a,e); (d) Partially serpentinized poikilitic harzburgite from the LCZ reveals light grey mottles of orthopyroxene (sample ZF-1/1111.2).	Downloaded from https://academic.oup.com/petrology/advance-article-abstract/doi/10.1093/petrology/egaa032/5805395 by CNRS user on 15 June 2020
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Table 1 :

 1 Downloaded from https://academic.oup.com/petrology/advance-article-abstract/doi/10.1093/petrology/egaa032/5805395 by CNRS user on 15 June 2020 List of Samples

	Fields labelled DMM (Depleted Mantle), HIMU, EM1 (Enriched Mantle 1) and EM2 (Enriched
	Mantle 2) after Zindler & Hart (1986). The general trend suggests an extremely enriched
	mantle source, characteristic for old, recycled lithospheric mantle.
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Table 2 :

 2 Selected Trace Elements

	Drill Hole	Depth	V	Cr	Ni	Cu	Rb	Sr	Y	Zr	Nb
		m									

Table 3 :

 3 Radiogenic Isotope DataDownloaded from https://academic.oup.com/petrology/advance-article-abstract/doi/10.1093/petrology/egaa032/5805395 by CNRS user on 15 June 2020

	Drill Hole Depth	Rb	Sr	87 Rb/ 86 Sr	87 Sr/ 86 Sr	2SD	87 Sr/ 86 Sr0	Sm	Nd 147 Sm/ 144 Nd 143 Nd/ 144 Nd
	m		ppm	pm				2.055 Ga	ppm	ppm		
	ZF-1	1001.5	3.2	162.8	0.0547	0.71045 0.0000047	0.70883	0.8181	3.5911	0.1372	0.51153
	ZF-1	1005.7	8.1	217.8	0.1049	0.71243 0.0000070	0.70932	0.9761	4.4232	0.1329	0.51143
	ZF-1	1010.2	5.0	177.6	0.0797	0.71119 0.0000092	0.70883	0.9722	3.8822	0.1509	0.51167
	ZF-1*	1011.8	4.3	171.0	0.0715	0.71076 0.0000090	0.70865	0.9519	3.9947	0.1436	0.51148
	ZF-1	1012.8	8.1	217.4	0.1056	0.71211 0.0000061	0.70899	0.9047	4.3052	0.1266	0.51141
	ZF-1*	1016.2	2.3	51.9	0.1238	0.71560 0.0000050	0.71193	0.2601	1.1148	0.1406	0.51158
	ZF-1	1019.3	5.7	46.6	0.3439	0.71865 0.0000053	0.70846	0.3433	1.4163	0.1460	0.51165
	ZF-1	1022.6	3.8	52.6	0.2033	0.71687 0.0000057	0.71085	0.2132	0.7647	0.1679	0.51161
	ZF-1	1025.1	5.6	37.0	0.4300	0.72427 0.0000073	0.71154	0.2611	0.9762	0.1611	0.51146
	ZF-1	1026.0	5.1	25.8	0.5566	0.72747 0.0000074	0.71099	0.2932	1.1570	0.1527	0.51164
	ZF-1	1027.8	5.9	112.4	0.1484	0.71336 0.0000070	0.70897	0.5804	2.2971	0.1522	0.51171
	ZF-1	1033.3	2.3	49.1	0.1312	0.71272 0.0000076	0.70884	0.8778	3.3469	0.1580	0.51162
	ZF-1	1039.6	3.6	100.5	0.1006	0.71398 0.0000066	0.71100	0.7939	3.3504	0.1427	0.51157
	ZF-1	1041.5	4.9	77.0	0.1814	0.71556 0.0000072	0.71019	0.5965	2.4666	0.1457	0.51155
	ZF-1	1044.8	3.4	44.6	0.2142	0.71575 0.0000085	0.70940	0.8839	3.6541	0.1457	0.51165
	ZF-1	1059.2	11.7	102.8	0.3218	0.72105 0.0000066	0.71152	0.5407	2.4035	0.1355	0.51152
	ZF-1	1075.2	19.9	178.1	0.3160	0.71833 0.0000078	0.70898	0.4627	2.0409	0.1366	0.51148
	ZF-1	1085.8	5.7	93.3	0.1722	0.71489 0.0000048	0.70979	0.4812	2.0152	0.1438	0.51154
	ZF-1	1095.7	11.7	68.3	0.4834	0.72352 0.0000075	0.70921	0.4056	2.1557	0.1133	0.51115
	ZF-1	1096.8	7.4	60.9	0.3422	0.71928 0.0000068	0.70915	0.4737	2.0702	0.1379	0.51155
	ZF-1	1097.2	11.2	91.3	0.3478	0.71993 0.0000065	0.70963	0.3921	1.7710	0.1334	0.51141
	ZF-1	1097.6	13.6	93.9	0.4088	0.72115 0.0000124	0.70904	0.3246	1.4557	0.1343	0.51186
	ZF-1	1111.2	9.3	9.1	2.8768	0.78928 0.0000076	0.70410	0.3928	1.8236	0.1298	0.51134
	ZF-1	1123.6	2.0	11.4	0.4993	0.72059 0.0000054	0.70581	0.1449	0.5070	0.1721	0.51193
	ZF-1	1138.2	5.4	43.7	0.3466	0.72260 0.0000069	0.71233	0.1578	0.5288	0.1798	0.51212
	MO-3	1330.7	6.4	93.7	0.1933	0.71455 0.0000066	0.70883	0.3527	1.5797	0.1345	0.51150
	MO-3	1333.7	5.4	84.3	0.1799	nd	nd	nd	0.2749	1.3164	0.1258	0.51138
	MO-3	1341.8	5.9	89.7	0.1853	0.71717 0.0000062	0.71168	0.2353	1.0187	0.1391	0.51148
	MO-3	1346.5	19.4	167.5	0.3266	0.72188 0.0000063	0.71221	0.2477	1.1444	0.1304	0.51143
	*Duplicate Sm and Nd										
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Table 4 :

 4 Summary of Isotopic Data (averages) for Akanani and Up-dip Areas

	Zone or	Area		87 Sr/ 86 Sr0			ԐNd		Age
	Subzone		Number	Avg	S.D.	Number	Avg	S.D.	Ga
	LMZ	Akanani (ZF-1)	5	0.70892 0.00025	5	-6.73	1.14	2.055
	LMZ	Akanani (MO-3)	1	0.70883	-	1	-5.81	-	2.055
	LMZ	Overysel 1	1	0.70790	-	1	-	-	2.050
	LMZ	Overysel 2	6	0.71344 0.00869	5	-7.84	0.65	2.060
	LMZ	Sandsloot 3	1	0.71037	-		-	-	2.060
	PU	Akanani (ZF-1)	14	0.70972 0.00106	13	-6.75	1.21	2.055
	MMR	Akanani (ZF-1)	3	0.71113 0.00037	3	-11.35	3.11	2.055
	PU	Akanani (MO-3)	2	0.71194 0.00037	3	-6.42	0.83	2.055
	PU	Overysel 1	6	0.71598 0.00443				2.050
	PU	Sandsloot 3	2	0.71309 0.00086	2	-7.15	0.26	2.060
	LCZ	Akanani	3	0.70741 0.00435	3	-6.85	1.09	2.055
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Data of Cawthorn et al. (1985);

Data of Pronost et al. (2008);

Data of[START_REF] Harris | Crustal contamination and fluid-rock interaction during formation of the Platreef, northern limb of the Bushveld Complex, South Africa[END_REF] http://www.petrology.oupjournals.org/ Downloaded from https://academic.oup.com/petrology/advance-article-abstract/doi/10.1093/petrology/egaa032/5805395 by CNRS user on 15 June 2020
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