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Abstract 13 

Chromitite from the Harold’s Grave locality in the mantle section of the Shetland ophiolite complex 14 

is extremely enriched in Ru, Os and Ir, at µg/g concentrations. Volumes were collected on micro-15 

cores from these chromitites using high-resolution X-ray computed tomography have been 16 

processed to determine the location, size, distribution and morphology of the platinum-group 17 

minerals (PGM). There are five generations of PGM in these chromitites. Small (average 5 µm in 18 

equivalent sphere diameter, ESD) euhedral laurites, often with Os-Ir alloys, are totally enclosed in 19 

the chromite and are likely to have formed first by direct crystallisation from the magma as the 20 

chromite crystallised. Also within the chromitite there are clusters of larger (50 µm ESD) aligned 21 

elongate crystals of Pt-, Rh-, Ir-, Os- and Ru-bearing PGM that have different orientations in different 22 

chromite crystals. These may have formed either by exsolution, or by preferential nucleation of 23 

PGMs in boundary layers around particular growing chromite grains. Thirdly there is a generation of 24 

large (100µm ESD) composite Os-Ir-Ru-rich PGM that are all interstitial to the chromite grains and 25 

sometimes form in clusters. It is proposed that Os, Ir and Ru in this generation were concentrated in 26 

base metal sulfide droplets that were then re-dissolved into a later S undersaturated magma, leaving 27 

PGM interstitial to the chromite grains. Fourthly there is a group of almost spherical large (80 µm 28 

ESD) laurites, hosting minor Os-Ir-Ru-rich PGM that form on the edge or enclosed in chromite grains 29 

occurring in a sheet crosscutting a chromitite layer. These may be hosted in an annealed late syn- or 30 

post magmatic fracture. Finally a few of the PGM have been deformed in localised shear zones 31 

through the chromitites. 32 
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The vast majority of the PGM – including small PGM enclosed within chromite, larger interstitial 33 

PGM and elongate aligned PGM – have Os isotope compositions that give Re-depletion model ages 34 

approximately equal to the age of the ophiolite at ~492 Ma. A number of other PGM – not confined 35 

to a single textural group – fall to more or less radiogenic values, with four PGM giving anomalously 36 

unradiogenic Os corresponding to an older age of ~1050 Ma. The 187Os/188Os isotopic ratios for PGM 37 

from Cliff and Quoys, from the same ophiolite section, are somewhat more radiogenic than those at 38 

Harold’s Grave. This may be due to a distinct mantle source history or possibly the assimilation of 39 

radiogenic crustal Os.   40 

1. INTRODUCTION 41 

1.1 Platinum-group elements and Os isotopes in ophiolites 42 

The study of the Re-Os isotopic system has become an important and widely used tool in 43 

investigations of mantle reservoirs and their evolution through Earth history. Owing to the mobility 44 

of Re during fluid interactions (e.g. Xiong, 2006), there is great benefit in measuring Os isotopes in 45 

situ in Re-poor grains to minimise uncertainties in correction for radiogenic Os ingrowth. Hence a 46 

number of studies (e.g. Walker et al., 2002b, González-Jiménez et al., 2014) have taken this 47 

approach using Os-Ir rich phases in mantle rocks, particularly chromite-rich rocks in ophiolite 48 

complexes. Such IPGE enriched chromitites have attracted much interest since the advent of Os 49 

isotope analysis, in that they provide data points constraining the Re-Os mantle growth curve and 50 

provide insights into the evolution of mantle reservoirs with time (e.g. Shirey and Walker, 1998). 51 

However, the mechanisms by which IPGE are concentrated within ophiolitic chromite remain a 52 

matter of debate, resolution of which is critical for the interpretation of the isotope data. 53 

Podiform chromitite in ophiolite complexes commonly hosts Ir-, Ru- and Os-bearing platinum-group 54 

minerals (IPGM) as for example in the Tiebaghi ophioite in New Caledonia (Page et al., 1982), various 55 

ophiolite complexes in Newfoundland (Page and Talkington, 1984), the Semail ophiolite (Augé 1986, 56 

Prichard et al., 1996; Ahmed and Arai, 2003), the Troodos ophiolite in Cyprus (Constantinides et al., 57 

1980; Prichard and Lord, 1990), the Luobusa Ophiolite in Southern Tibet (Zhou et al., 1996), the 58 

Kamuikotan zone in northern Japan (Arai et al., 1999) and in the Vourinos and Orthrys ophiolites in 59 

Greece (Economou-Eliopoulos, 1996). In situ Os isotope measurements have been applied to a 60 

number of these. On the whole, as expected, minerals in ophiolites give Re-Os model ages that are 61 

the same as that of the formation of the oceanic crust that becomes the ophiolite on emplacement. 62 

Some model ages are much older and appear to record a history prior to ocean crust formation with 63 

inherited de le o  a es  ro   rev o s  el    eve  s  Go   le -     e  e  al. (2014) review the 64 

evidence from in situ analysis of individual platinum-group minerals in ophiolitic chromitites and 65 

demonstrate that such grains may have highly variable Os isotope compositions. In some cases they 66 



3 
 

show that variable isotopic composition occurs in PGMs located within the same thin section. Thus, 67 

in some ophiolitic chromitites the PGM found in a single chromite deposit may show a spectrum of 68 

compositions that could be interpreted as Re-depletion (TRD) model ages. This poses an intriguing 69 

problem in the interpretation of such data. 70 

Some of the highest concentrations of Ir, Ru and Us (IPGEs) are found in the Unst Ophiolite in 71 

Shetland. The Shetland ophiolite belongs to the relatively rare group of ophiolites having chromitites 72 

that contain elevated Pt, Pd and Rh (PPGE). Examples of these PPGE enriched ophiolitic chromitites 73 

include Thetford Mines in Canada (Corrivaux and Laflamme, 1990), Leka in Norway (Pedersen et al., 74 

1993), Albanian ophiolites (Ohnenstetter et al., 1999), Al ‘Ays    Sa d  Arab a (Prichard et al., 2008a), 75 

Bragança in Portugal (Bridges et al., 1993), Pindos in Greece (Prichard et al., 2008b), Pirogues in New 76 

Caledonia (Augé et al., 1998), Acoje in the Philippines (Bacuta et al., 1988; Orberger et al., 1988) and 77 

Berit in Turkey (Kozul et al. 2014). Chromitites from the Shetland ophiolite belong to the IPGE and 78 

PPGE enriched group, with all six PGE being present at µg/g levels. Prichard et al. (2008a) and 79 

Prichard and Brough (2009) concluded that the Shetland chromitites formed from magmas that were 80 

close to sulfide liquid saturation, resulting in local accumulation of traces of strongly PGE-enriched 81 

sulfide liquid.  82 

The She la d occ rre ces,  ar  c larly  he very h  hly IPGE e r ched chro     es a  Harold’s Grave 83 

(Fig. 1), provide an opportunity to investigate the processes that lead to IPGE concentration and 84 

IPGM crystallisation in ophiolitic chromitite and also to investigate the detailed controls on the 85 

variability of Os isotope signatures at grain scale. In this contribution, we use detailed 2D and 3D 86 

petrographic observations at high spatial resolutions to address the grain-scale spatial distribution of 87 

PGM within  he Harold’s Grave chromitite. This is the first time that grain-scale 3D spatial 88 

information has been combined with in situ Os isotope data to investigate the origin of the IPGE 89 

enrichment and PGM formation and also the extent of grain scale isotopic heterogeneity and its 90 

significance. Our conclusions have implications for the phenomenon of PGE concentrations in 91 

ophiolitic chromitites and the mechanisms of concentration of PGEs in Reef-type deposits in layered 92 

intrusions, and also provide significant insight into the broader behaviour of the PGEs in mantle 93 

processes. 94 

1.2 Platinum-group elements in the Shetland ophiolite 95 

The Shetland ophiolite is exposed in obduction nappes on Unst and Fetlar, the most northerly islands 96 

of the Shetland Islands, NE of the Scottish mainland, UK. The lower parts of an ophiolite sequence 97 

are preserved with mantle harzburgite overlain by crustal dunite, wehrlite and clinopyroxenite. In 98 

turn these lithologies are overlain by gabbro, with dyke swarms above that mark the base of the 99 

sheeted dyke complex (Flinn, 1985; Prichard, 1985). The formation of the ophiolite occurred in an 100 
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ocean that opened at about 600 Ma and closed at about 500 Ma, obducting the ophiolite which was 101 

then affected by the intrusion of the Skaw granite in northern Unst at about 425.6 Ma (Flinn and 102 

Oglethorpe 2005). A zircon U-Pb crystallisation age of 492±3 Ma from an anatectic plagiogranite vein 103 

is accepted as the likely crystallisation age of the ophiolite, which was emplaced during closure of 104 

the Iapetus Ocean in the Grampian orogeny at ~470 Ma (O'Driscoll et al., 2012). 105 

The ophiolite hosts podiform chromitites surrounded by a dunite envelope in mantle harzburgite. 106 

Two of these, within the Baltasound area on Unst (Fig. 1), have particularly anomalously high ug/g 107 

values of PGEs: The Cliff locality is extremely enriched in Pt, Pd and Rh compared with ophiolitic 108 

chromitites worldwide; whereas, in contrast,  he Harold’s Grave local  y  s IPGE e r ched (Table 1), 109 

both containing total PGE concentrations in excess of 60 ug/g (Prichard and Lord, 1993). The PGE 110 

concentrations in the ophiolite and the history of their discovery are summarised in Brough et al. 111 

(2015). Detailed petrogenetic studies of the various chromitite pods within the Baltasound area 112 

highlight significant short-range variability in chemical and Os isotopic characteristics, implying 113 

derivation for a source with short-range heterogeneity feeding magmas through a series of distinct 114 

co d   s (O’Dr scoll e  al , 2012; Derbysh re e  al , 2013). 115 

1.3 Platinum-group elements and chromitite at Harold’s Grave 116 

The Harold’s Grave chromitite is located to the north of Baltasound, west of the road from 117 

Baltasound to Haroldswick (Fig. 1), within one of the largest dunite lenses in the mantle section of 118 

the ophiolite. The chromitite has been quarried and now is present mostly in spoil tips beside a 119 

quarry that is 15 m long and 2-3 m wide. However the surrounding dunite contains a few thin layers 120 

of chromitite that are still preserved in situ. The boulders of spoil show that the chromitite forms 121 

parallel layers a few cm thick and around 10 cm apart, separated by dunite. These chromitite layers 122 

are typically folded and fractured.  123 

The composi  o  o   he chro     e a  Harold’s Grave has bee  show   o be d s   c   ro   he o her 124 

chromitites in the ophiolite, having lower Mg#, a lower Fe3+/Fe2+ ratio and elevated concentrations 125 

of TiO2, V2O5 and Zn. These features are consistent with low oxygen fugacity conditions that favour 126 

the precipitation of the IPGE into PGM, due to the reduced solubility of the IPGE in silicate melts 127 

(Borisov and Palme, 1995, 2000; Brenan and Andrews, 2001; Brenan et al., 2005). Chromites imaged 128 

using high resolution X-ray co    ed  o o ra hy d s lay d s   c  ve s e  ed “ho  er”  ra   129 

boundaries suggestive of rapid crystallisation (Prichard et al., 2017). Analysis of eight chromitites 130 

 ro  Harold’s Grave s   es s  ha   he chro     e  s co s s e  ly e r ched    IPGE w  h val es ranging 131 

from 2-7ppm Ru, 1-3ppm Ir and 0.6-3 ppm Os. PPGE are also concentrated in these chromitites but 132 

at lower levels than the IPGE with ranges of 420 - 785 ppb for Pt, 257-422ppb for Rh and even lower 133 
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values of 36-69 ppb for Pd.  The samples chosen to study in this current research were those 134 

analysed for whole rock PGE as described in Brough et al. (2015) (Table 1). 135 

Fig 1  136 

1.4 Platinum Group Minerals in the Shetland ophiolite 137 

There has been a number of studies of PGM in the Shetland ophiolite. PGM located in different 138 

stratigraphic levels and in different chromitite pods within the mantle have been summarised in 139 

Prichard et al. (1994). (Note that we follow the convention of using the abbreviation PGM to refer to 140 

platinum-group-element dominant minerals, PGE to refer to the elements, IPGE to refer to Ir, Ru and 141 

Os, and IPGM for IPGE dominated minerals). PGM     he Cl    a d Harold’s Grave chro     es are 142 

described in Prichard and Tarkian (1988) and Tarkian and Prichard (1987).  At Cliff the PGM 143 

assemblage consists of sperrylite PtAs2, stibiopalladinite Pd5Sb2, hongschiite PtCu, PGE and Au alloys, 144 

potarite PdHg,  and Pt- and Pd-oxides as well as Os-, Ir- and Ru-rich PGM (IPGM)  including laurite 145 

(RuS2), irarsite (Ir,Ru, Rh,Os)AsS, hollingworthite (Rh,Pt,Pd)AsS, and native Os all accompanied by 146 

ruthenian pentlandite (pentlandite with > 50 mg/g Ru)   Exce    or Harold’s Grave, the rest of the 147 

chromitite pods in the mantle harzburgite are not enriched in PGE above the 10-100 ng/g levels 148 

expected for most podiform chromitites.  Occasional composite grains of PGM do occur, as in the 149 

chromitite pod at Nikkavord North which contains clusters of laurite, irarsite, hollingworthite, 150 

ruthenian pentlandite, Ni-Rh antimonide and native Os (Prichard et al. 1986). In sulfide-bearing 151 

dunites associated with chromitites, which form the crustal sequence overlying the mantle 152 

harzburgite, PGM include Pt-, Pd-rich stibiopalladinite Pd5Sb2, geversite Pt(Sb,Bi)2, genkinite 153 

(Pt,Pd)4Sb3, Pt-Fe-Cu alloys and Pt- and Pd-oxides. The wehrlite contains a mineral assemblage 154 

formed from a more fractionated magma consisting of Pd-Cu sulfide and Pd-Pb alloys + Pt and + Au 155 

in unaltered clinopyroxenite, with Pt and Pd arsenides, antimonides and tellurides in adjacent 156 

serpentinite.   157 

Arsenic- and Sb-bearing PGM are only found interstitial to the chromite grains and thus are 158 

associated with the serpentine rather than with melts associated with crystallisation of the chromite 159 

(Prichard et al. 1994). It has been suggested that the addition of the As and Sb occurred late as the 160 

ophiolite was emplaced and demonstrated by the presence of As up to 1% in serpentinites along the 161 

basal thrust contact (Prichard and Lord, 1993). Thus for example the sperrylite at Cliff is a late PGM 162 

formed by alteration of a primary PGM assemblage.  163 

1.5 Platinum Group Minerals at Harold’s Grave 164 

S  d es o   he IPGE    eralo y a  Harold’s Grave have revealed an assemblage dominated by laurite, 165 

ruthenian pentlandite (defined as pentlandite with >30 mg/g Ru), native Os and irarsite often 166 
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rimmed by hollingworthite. Other minerals recorded include genkinite, hongschiite, stibiopalladinite 167 

and an unnamed Rh-Ni-Sb (Prichard and Tarkian, 1988).  168 

There textural associations of the PGM are similar to those observed in other Shetland chromitites. 169 

Euhedral Os-bearing laurite grains are included within the chromite grains, whereas Os-barren 170 

laurite of irregular shape is found where the laurite is in contact with the serpentine interstitial to 171 

the chromite grains. This interstitial laurite is often accompanied by native Os, irarsite and ruthenian 172 

pentlandite forming composite PGM; the PPGE-bearing PGM are predominantly interstitial to the 173 

chromite grains (Prichard et al. 1986; Tarkian and Prichard, 1987; Prichard et al. 1994). This PGM 174 

assemblage described from the Harold’s Grave chromitite was the subject of an Os-isotope study by 175 

Badanina et al. (2016) with the observation that there are composite grains of laurite and Ru-Os-Ir 176 

alloys within the chromite grains. These authors also observed that the PGM within the chromite 177 

grains are smaller than those in interstitial positions.  178 

1.6 Osmium isotopes in the Shetland ophiolite 179 

There have been three previous studies of Os isotopes in the Shetland ophiolite. The first analysed 180 

whole rock powders of chromitites resulted in 187Os/188Os val es o  0 12523  or Harold’s Grave, 181 

0.12721 for Cliff, 0.12645 for a chromitite in the crustal dunite and 0.12790 for Quoys (Walker et al. 182 

2002b). A further study on whole rock chromitites and peridotites from the ophiolite found Re-Os 183 

isotope model ages of approximately 500 Ma as well as an earlier Mesoproterozoic melting event 184 

(O’Dr scoll e  al  2012)  A third study examined Os-bearing minerals in situ in a chromitite sample 185 

 ro  Harold’s Grave (Bada   a e  al  2016)  Tha  s  dy  o  d  ha  PGM    ers    al  o chro   e  ra  s 186 

generally displayed a range of 187Os/188Os, from 0.1235 to 0.1250, that is indistinguishable from 187 

those included in chromite.  They interpreted this as preservation of the ratios during alteration and 188 

serpentinisation in a closed isotopic system; with PGM enclosed in chromite grains representing a 189 

magmatic assemblage and interstitial PGM representing an alteration assemblage.    190 

The study presented here combines in situ Os isotope measurements with the 3 dimensional 191 

location of PGM, following the methodology of Godel et al. (2010, 2014), to investigate the genesis 192 

a d h s or es o  each  ro   o  PGM a  Harold’s Grave  Th s a  roach has bee    r her ex e ded  o 193 

Os-bearing PGM from the Cliff, Quoys and Nikkavord South chromitite lenses in the mantle of the 194 

Shetland ophiolite complex.   195 

2. MATERIAL AND METHODS  196 

Six micro-cores were drilled from samples of Harold’s Grave chromitite and were scanned using the 197 

XRADIA XRM 500 high-resolution 3D X-ray microscope system at the Australian Resources Research 198 

Centre (CSIRO Mineral Resources, Kensington, Western Australia). The characteristics of the micro-199 
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core, voxel sizes and number of projections used to volume reconstruction are provided in 200 

supplementary Table S1. The instrument was set-up (for each sample) to maximise phase contrast 201 

between chromite, Ru-pentlandite, the platinum-group minerals and sillicates. For long samples 202 

(HG6A and HGS), multiple tomographies were recorded along the vertical axis and stitched in 3D to 203 

provide an entire view of the samples. Chromite, silicates, Ru-pentlandite and PGM were segmented 204 

from the greyscale volumes using modified gradient watershed algorithm described in Godel (2013). 205 

Quantitative measurments (spatial location, volume, equivalent sphere diameter referred to as ESD, 206 

maximum and minimum Feret lengths, sphericity and 3D orientations of the elongation axes) were 207 

calculated for each PGM. These informations were used relocate PGM during the grinding and 208 

polishing processes to expose the PGM and perform their chemical and isotopic characterisation. It 209 

should be noted that PGM of size smaller than the spatial resolution (Table 2) were not quantified 210 

using the HRXCT. 211 

The PGM were identified using a Cambridge Instruments (ZEISS NTS) S360 scanning electron 212 

microscope (SEM), coupled to an Oxford Instruments INCA energy plus which included both an 213 

energy dispersive (ED) and a wave dispersive (WD) X-ray analytical system at Cardiff University. 214 

Chromite grains were analysed with a 20kV accelerating voltage, 20 nA beam current and fixed beam 215 

size (approximately 10-15 nm) with a live-time of 50 s for ED. A cobalt standard and separate 216 

chromite standard were used to monitor for instrumental drift. Many PGM (about 2,000) were 217 

analysed qualitatively but a few typical common ones and the rarer ones were analysed 218 

quantitatively.  219 

Osmium-bearing PGM were analysed for 187Os/188Os by laser ablation MC-ICPMS, using a New Wave 220 

UP 213 nm Nd:YAG laser system, coupled to a ThermoFinnigan Neptune MC-ICPMS at Durham 221 

Geochemistry Centre, Durham University. Full details are given in the Appendix.  222 

 223 

3. RESULTS 224 

3.1 Five Generations of PGM  225 

Overall five generations of PGM have been identified from the 3D volumes. These five groups consist 226 

of (i) small (1-22 m ESD) laurites often with IPGM enclosed in chromite grains, (ii) larger composite 227 

PGM hosting all 6 PGE, sometimes forming clusters, located either in serpentinized zones cross 228 

cutting chromite grains or on the edge outside chromite grains (referred to hereafter as interstitial 229 

grains) with individual composite PGM reaching 350 m ESD, and about 10% (in number) of grains 230 

exceeding 100 m. (iii) aligned elongate PGM (up to 100 m in length), occurring within a few 231 

chromite grains (hosting all PGE except Pd) (iv) almost spherical laurite (80 µm ESD) grains in a sheet 232 
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cross cutting a chromitite layer, and lastly (v) small (10 m ESD) elongate PGM associated with 233 

micro-shearing. The numbers and size range of PGM imaged in the different scans is shown in Table 234 

3.  235 

3.1.1 Group (i) IPGM hosted within chromite 236 

Group (i) PGM are those enclosed by the chromite grains and are the smallest PGM imaged. In 3D 237 

the PGM can be seen to form single equant grains or composite grains of equant and elongate PGM 238 

(Fig. 2 A-F, supplementary Fig. S1). The PGM are hosted within the chromite, not associated with the 239 

silicate inclusions that are also present within the chromite grains, and not associated with fractures. 240 

They are evenly distributed as shown by Fig. 2 G and H.  241 

Fig 2.  242 

A study of HG6 showed that within the chromite grains the PGM are almost exclusively equant 243 

laurite and elongate Os-Ir-Ru-Rh alloys with only two Pt-bearing PGM that form part of composite 244 

PGM. These PGM are small with laurite ranging from 0.5 x 0.5 m to 10 x 8 m in diameter and 245 

averaging 4.8 x 3.9 m in diameter, whereas the Os-Ir-Ru-Rh alloys range from 0.5 x 0.5 to 6 x 3 m 246 

in apparent cross section diameter with an average of 3.4 x 2.2 m. The number and area of PGM 247 

exposed on a 2D slice surface of HG6 are documented according to textural position and 248 

composition in Table 3 and Figs. 3 and 4. Energy-dispersive SEM analyses of the PGM are given in 249 

Supplementary Table S2. 250 

Fig 3  251 

Fig 4  252 

3.1.2  Group (ii) PGM interstitial to chromite grains 253 

The PGM in this group are interstitial to chromite, usually located on the edges of the grains, and 254 

occur in HG1, HG6, HG7, HG8 and HGS. Imaging in 3D appears to suggest that some large composite 255 

PGM are located within a single chromite grain, but EBSD analysis of the area around one PGM 256 

indicates that the surrounding chromite is in fact composed of 5 grains, and the PGM is located at 257 

the junction of two grains (Fig. 5, supplementary Figs. S2, S3). This suggests that other such PGM 258 

may also be located at the junctions of adjacent chromite grains, rather than being enclosed. 259 

Fig 5.  260 

These PGM have a very different composition to those in Group (i) (Supplementary Table S3) and are 261 

much larger and more abundant. A survey of HG6 revealed the variety of PGM in this group (Fig. 3). 262 

In contrast to the small laurite crystals and associated IPGM alloys enclosed in chromite belonging to 263 

Group (i), interstitial PGE-bearing minerals are more varied with predominantly laurite associated 264 

with native Os, irarsite and ruthenian pentlandite. Os-Ir alloys are a minor component of this 265 
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assemblage and the IPGM are accompanied by Pt-bearing PGM; small 1-2 m PGMs are 266 

predominant in terms of numbers of grains, but minor in terms of total volume or area (Fig. 3).  267 

The interstitial IPGM and ruthenian pentlandite (Fig. 7) are accompanied by Rh-Pt-Ni- antimonides, 268 

hollingworthite that rims irarsite, platarsite, Pt-Fe alloy and sperrylite. Os-poor laurite is commonly 269 

rimmed by Os-rich laurite. Rare oxidised PGM have been located: one Ru-oxide and one precursor 270 

Rh-Pt-Ni- antimonide. Millerite and heazlewoodite are relatively common, forming composite grains 271 

with IPGM. One grain of digenite was located (Fig. 7 I) as well as one grain of chalcocite and an 272 

unnamed silver copper sulfide, but Cu-bearing minerals are extremely rare. The abundance and area 273 

of different PGM, both enclosed in chromite and interstitial, is shown for each sample in 274 

Supplementary Figure S1. 275 

The imaged part of HG6 hosts one unusually large composite PGM grain, having a maximum 276 

diameter in 3D of 200 m (Fig. 9) and shown to be 110 x 100 m in diameter as exposed in the slice 277 

in 2D. This PGM consists of laurite, ruthenian pentlandite, irarsite and native osmium. 278 

Fig 6.  279 

The largest group or cluster of PGM that was imaged occurs in HG7 (supplementary Fig. S3) and 280 

extends over a volume of about 1 mm3. The PGM in this group are entirely interstitial to the 281 

chromite grains. In addition to the 3D image, this was verified by the examination of textural 282 

location of PGE-bearing minerals in 25 2D polished slices through the cluster (3D image and chart of 283 

PGM abundances in supplementary Figs S2, S3). The PGM and ruthenian pentlandite are wrapped 284 

around two chromite grains  o  or  a  ‘S’ sha ed cl s er (3D   a e a d char  o  PGM ab  da ces    285 

supplementary Figs S2, S3). Fifteen hundred PGM were located and analysed in this cluster. They 286 

include many composite PGM and all 6 PGE including most abundantly ruthenian pentlandite and 287 

irarsite but also the PGE-arsenides sperrylite, hollingworthite and platarsite, as well as laurite, Pt 288 

alloys and oxides, native osmium, rarer PGE antimonides and rare Pd-PGM, reflecting the low values 289 

of Pd in the whole-rock PGE analyses.   290 

3.1.3 Group (iii) PGM aligned within chromite grains  291 

Detailed observation of the 3D morphologies of PGM reveals local clusters of large (50 µm) elongate 292 

rod shaped grains with a distinct preferred orientation, enclosed within particular host chromite 293 

grains (Fig. 7). EBSD analysis of a chromite containing five PGM grains with mutually parallel long 294 

axes shows that the host chromite is a single crystal. PGM from this grain were analysed on sections 295 

cut through these PGM, and they were found to consist of composite PGM of native Pt and native 296 

Os, IrSbS (possibly tolovkite), laurite, irarsite and a Pt-Rh-Ni-antimonide representing all the PGE 297 

except Pd (supplementary Fig S1).    298 
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Fig 7 3d aligned PGMs 299 

3.1.4 Group (iv) PGM in a sheet crosscutting a chromitite layer 300 

A 3D tomography image of HGS, a chromitite taken from a small 2 cm thick in situ layer, showed the 301 

presence of 237 PGM within approximately 100 mm3 volume of rock, including several large (80 µm) 302 

almost spherical PGM in a sheet traversing the layer at an angle of approximately 60 degrees to its 303 

margins (Supplementary Fig. S4). SEM EDS analysis of these PGM within the sheet showed that they 304 

are laurite with small inclusions of Os-Ir alloys, irarsite, Rh antimonide and one Ni-Fe-sulfide.   305 

3.1.4 Group (v) deformed PGM 306 

The Harold’s Grave chro     es are  olded (Bro  h e  al  2015) a d c   by narrow shear zones. These 307 

samples show some evidence of this. For example HG6A displays at least 2 stages of local narrow 308 

zones of shearing. Even the PGM in these shear zones are deformed (supplementary fig s4). Such 309 

shearing of PGM is observed in 2D polished thin section but in 3D the deformation is more clearly 310 

observed in one case where the PGM (having probably once been a large composite PGM) are strung 311 

out in a line along the shear plane. The individual PGM in this shear are also elongated in a direction 312 

that is parallel to the shear-related lineation in the surrounding chromite (Fig. 15 C).   313 

3.2 Os isotopes 314 

Overall, initial 187Os/188Os data (n=90) for 2D- and 3D-  a ed PGM     he Harold’s Grave chro     e 315 

display a range of 187Os/188Os from 0.118 to 0.133 , with all but five being sub-chondritic.  They 316 

define a clear modal peak at around 0.1250, with 67 of the 90 PGM falling within uncertainty of the 317 

modal range, 0.1245-0.1255 (Fig. 8; see supplementary materials Table S4 for results; correction for 318 

ingrowth of 187Os is never larger than 0.00009 due to very low Re/Os). This modal peak matches 319 

whole-rock chro     e co  os   o s  ro  Harold’s Grave (O'Dr scoll e  al , 2012; Walker e  al , 320 

2002b) and corresponds to a range of Re-depletion (TRD) ages from 325 to 600 Ma, with a peak at 321 

~470 Ma, based on an ordinary (O) chondrite mantle Re-Os growth curve (present day 187Os/188Os = 322 

0.1283, 187Re/188Os = 0.422; Walker et al., 2002a), which is close to the formation age of the ophiolite 323 

(U/Pb in zircon from a cross-cutting plagiogranite gives a minimum age of ~492 Ma; Spray and 324 

Dunning, 1991). Use of a primitive mantle growth curve (Meisel et al., 2001) results in a considerably 325 

older age of ~650 Ma.  Most PGM belonging to groups (i) and (ii) have the same modal age close to 326 

492 Ma. Four of the five Group (iii) PGM have this 187Os/188Os modal value, with the other having the 327 

most radiogenic ratio recorded of 0.133, giving a future age.   328 

 Fig. 8. Os isotope data compilation 329 

The main modal range of 187Os/188Os is similar to a previously published PGM range mainly between 330 

of 0.124 and 0.125  (Badanina et al., 2016), although our modal peak is approximately 0.0005 higher 331 
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than that previous study.  There is no clear analytical reason for this, so we suggest that it may be a 332 

sampling effect, given that their range in encompassed by ours. The large range of 187Os/188Os within 333 

the modal peak, and the tails to older and younger (occasionally negative) TRD ages, emphasises that 334 

Os model ages are most robust where large datasets are available, and individual ages in small 335 

datasets carry significant uncertainty as to their meaning. 336 

Lower 187Os/188Os ratios also occur, with a cluster between 0.1200 and 0.1215 (n=4), and several 337 

others between 0.122 and 0.123 (n=6).  Some PGM with these lower ratios occur in the same 338 

polished section of chromitite as those with higher ratios; for example, two PGM from HG3 with 339 

similar locations (largely surrounded, but not completely enclosed within chromite) and both 340 

consisting of laurite, native Os and irarsite (probably group ii), have differing 187Os/188Os of 0.1208 341 

and 0.1247.  Thus, apart from their lower Os isotope ratios, these PGM are indistinguishable from 342 

some PGM whose model ages correspond to the age of the ophiolite. Most PGM with lower 343 

187Os/188Os ratios of 0.120-0.122 are enclosed in chromite (Fig. 17), while all are composite grains 344 

with laurite and in four cases are associated with Rh-bearing PGM (Fig. 17 A-L). One composite PGM 345 

gives an even lower 187Os/188Os ratio of 0.1183 (Fig. 17 M and N). This composite PGM (consisting of 346 

laurite, irarsite and native Os, partially surrounded by millerite) is unlike all the other PGM located at 347 

Harold’s Grave beca se     s located entirely enclosed in serpentine, more than 100  m from the 348 

nearest chromite grain. Almost all other interstitial PGM are either attached to the edge of a 349 

chromite grain or are within ~10 µm.    350 

There is a slight difference in the distribution of Os isotope values between enclosed and interstitial 351 

PGM.  A slightly lower proportion of 68% of enclosed PGM (both groups (i) and (iii), n = 41), fall 352 

within uncertainty of the overall modal range.  This compares to 75% of interstitial PGM (n = 16) and 353 

80% (n = 25) of PGM that could not be definitively categorised, but are likely in many cases to have 354 

been in contact with melt external to chromite. 355 

Only a very limited Os isotope dataset for PGM from other Shetland chromitites is presented here.  356 

Four PGM – one from Cliff and three from Quoys – gave 187Os/188Os values of 0.1270 - 0.1272 (Fig. 357 

18).  Using an O-chondrite evolution model, these ratios equate to Re-depletion ages between 150 358 

a d 175 Ma, yo   er ( ore e r ched/less de le ed)  ha   hose  ro  Harold’s Grave   O e add   o al 359 

PGM from Cliff, a laurite in serpentine, gave a future age (187Os/188Os = 0.1300).  The less radiogenic 360 

PGM from Cliff matches one bulk chromitite from that locality (Walker et al., 2002b), but a later 361 

study indicates that individual chromitites, even from the same locality, may have variable 362 

187Os/188Os (0.1292;  O'Driscoll et al., 2012).   363 

4. DISCUSSION 364 
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4.1 Locations and formation of the PGM 365 

Harold’s Grave chromitites contain abundant PGM, and the assemblage is dominated by IPGE-366 

bearing minerals. 3D imagery allows us to determine whether the PGM are completely enclosed in 367 

chromite grains or whether they have had direct contact with interstitial melt and minerals. This 368 

observation is very difficult to confirm any other way. PGM observed in 2D on polished thin sections, 369 

or obtained by a mineral separation technique, do not have enough textural information to allow 370 

these conclusions to be reached. The PGM in Group (i) are totally enclosed by the chromite and 371 

usually not associated with large silicate inclusions, with rare exceptions (Fig. 2C). Equally it is 372 

possible to confirm that the PGM within the cluster identified in HG7 are completely external to the 373 

chromite grains. This provides us with unambiguous spatial constraints on distinct origins of the 374 

PGMs in terms of the five groups delineated above, of which Groups (i) and (ii) account for the vast 375 

majority of grains imaged and analysed. 376 

4.1.1. Magmatic laurite and IPGE alloys of Group (i) 377 

The Group (i) PGM consist of small grains of laurite sometimes attached to Os-Ir-Ru alloys that form 378 

composite PGM all totally enclosed by chromite. These PGM are ubiquitous within the chromite 379 

grains. The PGM in Group (i) probably crystallised directly from the magma as the chromite grains 380 

crystallised. Such PGM have been produced experimentally (Brenan and Andrews, 2001) and 381 

proximity to the surface of the chromite is thought to induce IPGM formation due to a lowering of 382 

oxygen fugacity in boundary layers around growing chromite crystals, thus reducing the solubility of 383 

the IPGE in silicate melt (Finnigan et al. 2008). Brenan and Andrews (2001) observed that both 384 

laurite and Ru-Os-Ir alloys may occur, with alloys reducing in proportion as temperature falls and as 385 

sulfur fugacity increases.  386 

4.1.2. Interstitial PGM clusters of Group (ii) 387 

The Group (ii) PGM association largely accounts for the distinctively high IPGE contents of the 388 

Harold’s Grave chro     e  I   s also  he  os  challe       o ex la  ,  ar  c larly    v ew o   he fact 389 

that the modal Os isotope compositions of groups (i) and (ii) show a high degree of similarity. PGM 390 

belonging to Group (ii) are all external to the chromite grains, usually in composite grains that 391 

contain more than two PGM. Sometimes they form in polymineralic clusters, this being 392 

demonstrated most clearly in HG7. The assemblage is IPGM dominated along with ruthenian 393 

pentlandite but also variably present are Pt-Rh-dominant PPGM, rare Pd-PPGM, minor Ni-bearing 394 

PGM and very rare (only 3 grains located) Cu sulfides.  Based on their larger size and distinctly 395 

different chemistry, group (ii) PGM clusters are clearly not simply altered equivalents of the enclosed 396 
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Group (i) PGM assemblage (as inferred by Badanina et al., 2016) and they imply a distinctly different 397 

petrogenesis.  398 

Group (ii) PGM occur in clusters of multiple composite grains containing a small but consistent 399 

proportion of sulfide minerals. This suggests an initial magmatic PGE concentration mechanism akin 400 

to that proposed for the unusually PGE-enriched chromitites at Cliff: initial collection of PGE from a 401 

PGE-enriched magmatic sulfide component. This at Cliff was followed by a postulated episode of 402 

hydrothermal upgrading and S loss (Prichard et al., 1994). However, a simple hypothesis of sulfide 403 

collec  o  o   he PGE a  Harold’s Grave  a ls o  a    ber o   ro  ds: very h gh Pt/Pd ratios due to 404 

low Pd; a very low Cu content; and a sulfide assemblage dominated by Ru-rich pentlandite and a 405 

complete absence of pyrrhotite or pyrite. (Unmodified Ni-bearing magmatic sulfide assemblages 406 

always contain a component of Fe-sulfide as well as pentlandite, as a consequence of the restricted 407 

range of metal/S ratios in magmatic sulfide liquids – Naldrett 2004). The high metal/S ratio of the 408 

assemblage as a whole, as well as the absence of Cu, could potentially be explained by driving off S 409 

as a mobile component in late magmatic fluids, during interaction between chromite and sulfide 410 

(Naldrett et al., 1989) or during post-magmatic alteration. However, such a process fails to explain 411 

the very high Pt/Pd ratio, since simple S loss would be expected to leave the residual sulfide 412 

component strongly enriched in both Pt and Pd, as in the UG2 chromitites considered by Naldrett et 413 

al. (2009). Hydrothermal alteration related to serpentinisation of the host ultramafic rocks is very 414 

unlikely to preferentially remove Pd over Pt, on the evidence from komatiites that Pt and Pd are 415 

essentially immobile in serpentinising fluids (Barnes and Liu 2012). Unlike Cliff and crustal dunite 416 

chromitites, where native Cu indicates the altered remains of Cu sulfides (e.g. Prichard et al. 1994), 417 

there is an absence of native Cu at Harold’s Grave  F  ally, a y  rocess o  S loss wo ld also have  o 418 

efficiently remove Re, to account for the almost complete absence of Re in the Group (ii) clusters 419 

analysed (all but two PGM have Re/Os <0.0065, and all are <0.06).  420 

As an alternative, we consider the possibility that the Group (ii) association may have formed by 421 

direct precipitation of an assemblage of solid Os-Ir, Ru, Rh and Pt phases as a result of saturation of 422 

the parent silicate melt in these phases, in the absence of sulfide. However, this model has a number 423 

of major flaws. Firstly, it would require that these phases nucleated after cessation of chromite 424 

growth, rather than forming a crystallisation continuum with the enclosed population of Group (i) 425 

PGMs. It would require that these phases grew by a very efficient process of heterogeneous self-426 

nucleation to create the clusters, in contrast to the nucleation of the isolated laurite grains now 427 

preserved within the chromite. There is no obvious reason why this change in nucleation style would 428 

take place, and why it would be so particularly effective at this one locality. Furthermore, this model 429 

then requires an additional ad hoc explanation for the sulfide component.  430 
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We therefore return to a sulfide collection model, but an additional process is required to account 431 

for the observed discrepancies. This process may be PGM formation during re-dissolution of an 432 

original PGE-rich cumulus magmatic sulfide component. We base this model on a combination of 433 

three independently published ideas for behaviour of PGEs in magmatic sulfides: upgrading of PGE 434 

within sulfide liquid by partial re-dissolution into sulfide-undersaturated magma (Kerr and Leitch, 435 

2005); saturation of sulfide liquid with respect to IPGE alloys during partial melting of sulfide-bearing 436 

mantle (Fonseca et al., 2012); and stabilisation of PGE alloy during desulfidation of magmatic sulfide 437 

assemblages under conditions of declining sulfur fugacity (Peregoedova et al., 2004).  The model of 438 

Fonseca et al. (2012) is especially applicable to the problem at hand. 439 

During the process proposed by Fonseca et al. (2012), the initially solid mantle sulfide assemblage 440 

first melts, then progressively dissolves into the increasing volume of silicate partial melt with 441 

progressive melting of the mantle silicates. As a result of the extreme partition coefficients for PGEs 442 

into magmatic sulfide liquid (Mungall and Brenan 2014) the remaining sulfide liquid retains the 443 

entire PGE budget of the original source composition, and consequently becomes progressively 444 

enriched in PGE as the mass of sulfide drops. Close to the point at which the sulfide dissolves out 445 

entirely, the PGE content of the sulfide liquid increases rapidly to the point where it becomes 446 

saturated in PGM phases: Os-Ir alloys (Fonseca et al. 2012) and potentially also Pt-Fe alloy (Mungall 447 

and Brenan, 2014). With higher degrees of partial melting, the remaining sulfide completely 448 

dissolves into the silicate melt, which is now also constrained to be saturated in the same solid PGM 449 

phases. The solid PGM phases that precipitated from the sulfide component remain behind in the 450 

restite. 451 

A closely a alo o s  rocess  ay have o era ed w  h    he Harold’s Grave chro     es, wh ch are o  452 

course sulfide-bearing mantle rocks themselves. The PGE distribution, i.e. the presence of Pt-Pd 453 

enriched as well as IPGE enriched chromitites, within the Shetland ophiolite as a whole implies that 454 

the ophiolite belongs to the type formed from magmas on the cusp of sulfide saturation (Prichard et 455 

al., 2008a), such that the same deposition site may have been fed over time by both sulfide-456 

saturated and sulfide-undersaturated magmas. A MORB type magma was proposed to have formed 457 

 he chro     e a  Harold’s Grave (Brough et al. 2015) and re-dissolution may have been caused by a 458 

new S-undersaturated pulse of silicate magma probably of a more boninitic composition. This view is 459 

supported by the presence of boninitic and MORB-like dykes intruded into the upper parts of the 460 

gabbro in the Shetland ophiolite (Prichard and Lord, 1988). 461 

We propose that re-d ssol   o  o  s l  de  ook  lace a  Harold’s Grave,   v     he  ollow    462 

hypothetical sequence of events (Fig. 9).  463 

Fig. 9.  464 
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1. Crystallisation of chromite from a magma saturated in both chromite and laurite, giving rise 465 

to formation of the Group (i) assemblage; laurite grains nucleate in redox boundaries layers 466 

around the growing chromite grains, as demonstrated in experimental studies by Finnigan et 467 

al. (2008).  468 

2. Deposition of sulfide liquid droplets from transiently sulfide-saturated chromitite-forming 469 

liquid. These sulfides form at very high silicate/sulfide liquid mass ratios (R) giving rise to 470 

very high PGE, Ni and Cu contents in the sulfide liquid. Such Ni-Cu-rich sulfide melt 471 

compositions are potentially non-wetting against chromite, accounting for the dominant 472 

presence of the droplets interstitial to chromite rather than enclosed within them (Brenan 473 

and Rose, 2002). High R factors are the necessary consequence of co-precipitation of sulfide 474 

with chromitite: owing to the low solubility of chromite in mafic magmas, the chromite itself 475 

requires hundreds to thousands of times its own volume of magma to grow. The inferred 476 

original sulfide abundance in the rock (and in sulfide bearing chromitites in general) is much 477 

less than 1%, i.e. hundreds of times less than the chromite abundance; hence sulfides 478 

achieve R values potentially as high as millions, giving rise to PGE tenors as high as percent 479 

levels, calculated from the Campbell and Naldrett (1979) R-factor equation assuming initial 480 

abundances of the order of 10 ppb in the silicate magma. 481 

3. Continuing influx of sulfide-undersaturated, superheated magma through the accumulation 482 

site of the chromitite causes re-dissolution of the sulfide component, further upgrading the 483 

PGE content of the sulfide liquid (Kerr and Leitch 2005) and giving rise to an analogous 484 

sequence of events as that proposed by Fonseca et al. (2012) for partial melting of sulfidic 485 

mantle rocks. In this case, though, the sulfides are extremely PGE-enriched to begin with and 486 

at or very close to saturation in solid IPGM and Pt-Fe alloy. As the PGE tenors are driven 487 

upward within the diminishing volume of sulfide liquid, PGM saturation is attained and PGM 488 

phases nucleate and grow within the sulfide liquid, forming clusters or composite grains (Fig. 489 

9 G). The sulfide liquid component, carrying Cu, Ni, Pd and Re, eventually dissolves 490 

completely back into the silicate melt, leaving behind nothing but solid PGM. Of the PGE, 491 

only Pd is preferentially lost to the silicate melt owing to its inability to form solid PGM at 492 

magmatic temperatures (Mungall, 2014). The relative depletion of Pt over the IPGE is 493 

explained by a higher Pt solubility in silicate melt (Mungall and Brenan 2014), such that Pt 494 

alloy forms very close to the sulfide disappearance point (Fig. 20G). The result is the 495 

formation of the Group (ii) PGM associations, with the distinctive weakly Pt-depleted and 496 

strongly Pd-depleted PGE patterns. These (clusters) subsequently undergo post-magmatic 497 

alteration to form the presently preserved mineral assemblage, retaining non-radiogenic Os 498 



16 
 

isotopic compositions owing to efficient removal of the Re-bearing component at the 499 

magmatic stage.  500 

This mechanism explains many features of the Group (ii) interstitial mineral association, but still 501 

leaves a problem that requires further explanation: the common presence in the Group (ii) 502 

assemblages of ruthenian pentlandite. If this phase is derived from incompletely re-dissolved sulfide 503 

melt, then this melt component should also have retained Pd and Re. As we have noted, the Group 504 

(ii) PGM associations contain almost no Re. Four possible explanations have been considered. 505 

1. The sulfide dissolution process takes place at a temperature within the melting range of the 506 

sulfide, such that solid Ni-rich monosulfide solid solution (MSS) is stable and retained in the 507 

source, while the residual Cu-rich melt is re-dissolved or physically entrained and removed, 508 

as proposed by Ballhaus et al. (2006) to explain PGE fractionation during mantle melting. 509 

This explanation is not favoured, as it would still involve retention of Re in the MSS 510 

component, owing to the partition coefficient for Re into MSS from sulfide liquid being 511 

greater than unity (Brenan, 2002). It is possible that the melt may have been Re poor owing 512 

to melting during oxidizing conditions (Fonseca, pers comm. 2016) but there is no evidence 513 

in the compositions of the chromite grains that the parent melts were unusually oxidised; 514 

h  h V co  e  s    Harold’s Grave chro   e (Bro  h e al , 2015)    l es  he o  os  e  515 

2. A ruthenium- and Ni-rich sulfide PGM is stabilised within the contracting sulfide droplet at a 516 

higher temperature than the normal sulfide liquidus, possibly as a consequence of reaction 517 

of early formed laurite with highly Ni-enriched sulfide liquid. This phase is converted to Ru-518 

pentlandite during low temperature re-equilibration and/or alteration. 519 

3. The PGM aggregates formed by the process of complete re-dissolution of sulfide, then 520 

acquired their sulfide component by subsequent reaction between IPGM and infiltrating 521 

sulfide-saturated interstitial silicate melt. This process has been invoked by Barnes et al. 522 

(2016) to account for an association between primary magmatic Pt-rich PGM and small 523 

proportions of Ni-Cu sulfides. 524 

4. The Ru-pentlandite is entirely a product of low-T alteration of laurite formed as part of the 525 

solid PGM assemblage. This origin of Ru-pentlandite, a widespread mineral in altered 526 

ophiolitic chromitites, has been proposed for example by Genkin et al. (1974). There is no 527 

textural evidence for this process here, however. 528 

 529 

None of the mechanisms proposed are entirely satisfactory and are all (particularly explanation 3) 530 

somewhat ad hoc. Ru-pentlandite as a product of low-T alteration of laurite (explanation 4) is 531 

preferred for simplicity, and is consistent with previous interpretations of altered PGM assemblages, 532 



17 
 

but lacks textural evidence, while number 2 is more coherent with the overall model but would 533 

require experimental verification of the stability of a Ru-Ni-S phase at magmatic temperatures. 534 

Nonetheless, the sulfide re-dissolution model explains the bulk of the critical observations, and 535 

provides an    r       l  k be wee  Harold’s Grave a d o her  ore  e eral  rocesses o era     536 

within the mantle and within chromitites in general.    537 

We note that the very small difference in the distribution of Os model ages between the Group (i) 538 

enclosed and Group (ii) interstitial grains is consistent with a distinct derivation for the S-saturated 539 

and undersaturated magma components. The slightly less radiogenic interstitial component, derived 540 

from the S-undersaturated magma according to the model presented here, could have been derived 541 

from a mantle source with slightly lower time-integrated sulfide content, and hence a higher Os/Re 542 

ratio. 543 

4.1.3. Formation of the Group (iii) elongated aligned PGM 544 

Group (iii) PGM are distinct from the other groups in that they are entirely enclosed within chromite 545 

grains and aligned approximately parallel to each other within an individual chromite grain. They are 546 

considerably larger than Group (i) IPGM and they are composed of IPGM accompanied by Pt and Rh. 547 

These Group (iii) PGM may have formed in two ways: 548 

1. Those elongate aligned PGM that occur only in a few grains of chromite may have 549 

crystallised along crystallographic planes of the chromite as it crystallised. One explanation 550 

comes from the experimental studies by Finnigan et al. (2008) as outlined above (section 551 

4.2), which demonstrated that IPGM phases nucleate preferentially in anomalously reduced 552 

compositional boundary layers around growing chromite crystals. A redox gradient is 553 

generated in the boundary layer owing to the preferential partitioning of ferric iron into the 554 

chromite lattice; the resulting reduction of the silicate melt lowers the IPGE solubility, which 555 

is a very strong positive function of fO2 (e.g. Borisov and Palme, 1995; Brenan and Andrews, 556 

2001), which itself is defined by the Fe3+/Fe2+ ratio of the silicate melt. Finnigan et al. (2008) 557 

further suggested that such boundary layers might be best developed around chromite 558 

grains that were initially most chemically out of equilibrium with the host melt, such that 559 

particular grains might contain multiple IPGMs while other neighbouring grains contained 560 

none. This is consistent with the observations reported here for the Group (iii) PGM.   561 

2. Alternatively, there is increasing evidence that PGE can be incorporated in solid solution 562 

within chromite as it crystallises and then be ejected on cooling. This has been invoked to 563 

explain IPGE-enriched chromite phenocrysts in volcanic rocks and in Bushveld marginal sills 564 

(Park et al., 2012; Pagé et al. 2012; Pagé and Barnes 2013 and 2016). Experimental studies 565 
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suggest that the IPGE and Rh have chromite-melt partition coefficients in the range 40 to 566 

200 at fO2 around the Ni–NiO buffer (Brenan et al., 2012), and at higher fO2 (probably 567 

unrealistic for the case at hand) the values can approach 1000 (Righter et al., 2004). A recent 568 

study by Barnes et al. (2016) suggests that the IPGE entered in solid solution into the 569 

Stillwater chromite and then diffused into base metal sulfide inclusions forming laurite.  The 570 

very enriched PGE whole rock co  os   o s o  chro     es a  Harold’s Grave req  re  ha  571 

PGE from a large volume of magma all collected in the small volume of chromitite in this 572 

particular dunite lens, the largest in the mantle harzburgite section of the Shetland ophiolite 573 

(Bro  h e  al , 2015)  I   s  oss ble  here ore  ha  chro   es  ro  Harold’s Grave 574 

incorporated PGE into their structure and then on cooling these exsolved to form the 575 

parallel Group (iii) PGM observed in 3D. This interpretation would require that partition 576 

coefficients of Ru into chromite be considerably higher than the values indicated by Brenan 577 

et al. (2012), tending to favour explanation 1. 578 

 579 

4.2     Alteration 580 

The PGM assemblage that we observe today in these highly anomalous PGE-enriched samples from 581 

Harold’s Grave  s a seco dary al era  o  asse bla e;  he  r  ary asse bla es hav    bee  582 

overprinted during serpentinisation of the ophiolite especially during emplacement. The basement 583 

contact of the ophiolite is enriched up to 1% As (Prichard et al. 1993) swamping any magmatic As 584 

signature in these rocks. The late introduction of As and Sb on ophiolite emplacement has produced 585 

arsenides including sperrylite and those belonging to the irarsite, hollingworthite and platarsite solid 586 

solution series, and rarer antimonides including Rh-Sb and (NiRhPt)Sb (Supplementary material 587 

Table S3). Accompanying this alteration is the formation of abundant small 1-2  native Os grains 588 

within the composite IPGM interstitial to the chromite grains. Much of this Os is likely to have been 589 

derived from the alteration of Os-Ir-bearing laurite to pure RuS2. Subsequent weathering has 590 

produced rare PGE-oxides such as the Ru-oxide observed in HG6 (Supplementary material Table S3). 591 

PGE-oxides have previously been observed in the Shetland ophiolite chromitites (Prichard et al. 592 

1994). The Group (iii) PGM assemblage is also likely to be an alteration assemblage with the 593 

presence of PGM arsenides associated with late stage fluid influx along the sole thrust of the 594 

ophiolite (Brough et al., 2015). The Pt-Rh-Ni antimonide is also a characteristic mineral formed late 595 

with the introduction of antimony on ophiolite emplacement. The PGM alteration assemblages are 596 

very unlikely to have been remobilized into these aligned clusters of Group (iii) and are likely 597 

pseudomorphs of former PGM.  598 

4.3.  Osmium isotope constraints on chromitite and PGM formation 599 
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The existence of a large range of 187Os/188Os in Harold’s Grave PGM, sometimes within single 600 

sections (as described in results), has previously been observed in the Mayarí-Cristal ophiolite, Cuba 601 

(Marchesi et al., 2011), where comparable differences in 187Os/188Os of 0.1185 to 0.1274 were found 602 

in a single sample and 0.1185 to 0.1232 between two PGM only millimetres apart.  As the Re/Os 603 

ra  os o   he Harold’s Grave PGM are     or ly low, var able    s       row h o  187Os cannot account 604 

for the isotopic variations.  Such variable compositions, therefore, could either represent (a) 605 

inherited xenocrystic PGM; (b) pre-existing composition of the mantle through which the chromitite-606 

forming melts percolated; (c) contamination of some, but few, discrete melts by both crustal Os 607 

(radiogenic) or lithospheric Os (unradiogenic); or (d) distinct mantle sources of percolating melts 608 

(e.g. Marchesi et al., 2011).  No experimental constraints exist for PGM transport in percolating 609 

melts, but given the compositional and mineralogical similarity of PGM grains, regardless of their Os 610 

isotope signature, a xenocrystic origin of isotopic heterogeneity seems highly unlikely and would 611 

require extraordinary coincidence.  Inheritance of the isotopic signatures from the in situ mantle also 612 

seems unlikely given the small size (3 x 15 m) of the chromitite outcrop and that individual 613 

potentially isotopically heterogeneous pre-existing sulfides (e.g. Harvey et al. 2006) would not 614 

contain sufficient Os to account for the Os budget of an individual PGM.  Contamination cannot be 615 

ruled out, but is made less likely by the need for both radiogenic and unradiogenic contaminants 616 

that have only affected a small proportion of PGM-forming melts.  Thus, the most plausible 617 

mechanism is the precipitation of isotopically heterogeneous PGM from discrete PGE-enriched melts 618 

percolating through chromitite, which in some cases have distinct mantle source histories.  619 

This preservation of isotopically heterogeneous PGM requires their isolation from subsequent melt 620 

percolation. Gonzalez-Jimenez et al. (2012) found that interstitial PGM from the Dobromirtsi 621 

Ultramafic Massif, Bulgaria, show greater isotopic variation than those that are enclosed, which was 622 

interpreted to reflect the influence of metamorphic fluid flow.  Contrary to their findings, isotopic 623 

he ero e e  y  s rarer     he    ers    al PGM    o r Harold’s Grave sa  les,  erha s due to limited 624 

fluid flow.  Nonetheless, it is notable that isotopic variations are present in both enclosed and 625 

interstitial PGM.  This implies that (i) subsequent melts do not physically come into contact with the 626 

existing PGM, for example through the process of inclusion in chromitite which undoubtedly occurs 627 

(e.g. Fig. 3), and/or (ii) that the PGM are chemically unaffected by contact with the melt, at least in 628 

terms of exchange of osmium isotopes.  Given the high Os contents of the PGM, and their stability in 629 

high temperature melt systems, chemical isolation is not unexpected (e.g. see Marchesi et al., 2011).     630 

4.4. Long-term evolution of the source(s) of Shetland chromitites  631 

Of the 83 separate PGM analysed (90 a alyses)  ro  Harold’s Grave, 62 have 187Os/188Os ratios that 632 

fall within uncertainty of 0.1245-0.1255. Using an ordinary (O) chondrite reference model (Walker et 633 
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al., 2002a), the mode for the dataset (0.1250) corresponds to a Re-depletion age of ~470 Ma, which 634 

is similar to the formation age of the ophiolite (~492 Ma; Spray and Dunning, 1991).  The strong 635 

 ode w  h    h s da ase    d ca es  ha   he  el s  ha   or ed Harold’s Grave chro     es, a d  he 636 

PGM they contain, came predominantly from the same mantle source, or at least sources with 637 

similar histories.  Again assuming an O-chondrite model, this mantle was not strongly depleted or 638 

enriched, having gamma Os of close to zero (a mode of ~0.1) at 492 Ma (gamma Os is the deviation 639 

from the O-chondrite model in percent).  If, however, the more radiogenic primitive mantle 640 

evolution model is used (Meisel et al., 2001), then the modal composition would reflect a source 641 

with moderate long-term depletion (sub-chondritic Re/Os) having a modal gamma Os of around -1.  642 

There are several add   o al  so o  c s   a  res  rese      Harold’s Grave chro     es   The lowes  643 

187Os/188Os value recorded is 0.1183, found only in one composite interstitial PGM.  This corresponds 644 

to a Re-depletion age of ~1400 Ma.  A larger group of PGM (n=10) also have low 187Os/188Os ratios 645 

between 0.120 and 0.123, which may possibly comprise two distinct groups, one from 0.120 to 646 

~0.121 (n=4), and another between 0.122 and 0.123 (n=6).  The less radiogenic of these sub-groups 647 

corresponds to a Re-depletion age of 1000-1100 Ma.  While it would be unwise to suggest any global 648 

significance to the existence of this group, from this dataset alone, it is interesting to note that this 649 

Grenvillian age has also been found in numerous larger datasets of detrital mantle-derived PGM:  650 

Urals, Tasmania (Pearson et al., 2007), Dongqiao Massif, Tibet (Shi et al., 2007) and the Rhine river 651 

(Dijkstra et al., 2016).  In addition, some mantle peridotite datasets also contain a significant 652 

proportion of this signature, including abyssal peridotites (Brandon et al., 2000; Harvey et al., 2006) 653 

and Zealandia xenoliths (Liu et al., 2015; McCoy-West et al., 2013).  These combined data have led to 654 

the suggestion that this is a widespread (global?) mantle depletion signature (Dijkstra et al., 2016; 655 

Pearson et al., 2007).   656 

It has previously been noted, on a whole-rock scale, that distinct Shetland chromitite formations 657 

have differing Os isotope compositions (O'Driscoll et al., 2012).  Here we note that these differences 658 

and also reflected in our limited data for PGM from Quoys and Cliff chromitites.  The modal average 659 

187Os/188Os ra  o  ro  Harold’s Grave (~0 1245-0.1255) is absent from the five Quoys and Cliff PGM 660 

analysed, while the most common signature from Cliff and Quoys (~0.1272; four out of five PGM) is 661 

only found in one of 90 PGM analyses  ro  Harold’s Grave (F   re 17)   Th s  odal  so o e 662 

composition for Cliff and Quoys reflects that those PGM have a more enriched source (or have been 663 

contaminated by crustal material), tha  al os  all  ro  Harold’s Grave (85 o   o  90 PGM)        664 

The variable Os isotope signatures from individual PGM from within a single chromitite, and 665 

between chromitites, indicates heterogeneity of the Shetland chromitite mantle source in either 666 

space, time, or both, although it is unclear over what length- and time-scale such sources would 667 
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exist. Given the convergent margin origin of the Shetland ophiolite, it is plausible that different 668 

portions of mantle are sampled, both temporally and spatially, according to the dynamics of fluid 669 

fluxing and the corresponding partial melting.   670 

5. CONCLUSIONS 671 

X-ray computed tomography has been used to identify five distinct groups of PGM in the IPGE 672 

e r ched chro     es  ro  Harold’s Grave     he She la d o h ol  e, of which two are predominant. 673 

Group (i) PGM consist almost exclusively of laurite sometimes accompanied by IPGE alloys, entirely 674 

enclosed within chromite grains. The Group (ii) PGM association occurs interstitial to chromite grains 675 

with a much greater diversity of PGM than in Group (i) including laurite, native Os, irarsite-676 

hollingworthite and platarsite, sperrylite, (NiRhPtPd)Sb, PGE alloys and various PGE-oxides including 677 

Ru-oxide all accompanied by ruthenian pentlandite.  Group (ii) accounts for the bulk of the total 678 

mass of PGMs in the samples. Group (iii) PGMs are elongate and aligned, comprise an assemblage of 679 

native Pt and native Os, Pt-Os alloy, IrSbS (possibly tolovkite), laurite, irarsite and a Pt-Rh-Ni-680 

antimonide, and occur as multiple inclusions within particular individual chromite crystals only.  681 

In contrast to the previous interpretation by Badanina et al. (2016), we do not regard the interstitial 682 

Group (ii) aggregates as being simply altered equivalents of the Group (i) assemblage, but rather as 683 

having a distinct petrogenesis. The Group (i) IPGE-rich laurites and alloys crystallised directly from 684 

the silicate parent magma and were engulfed in the chromite as it grew around them. Group (ii) 685 

interstitial aggregates are attributed to a two stage process involving initial collection by a sulfide 686 

liquid at very high R factor, followed by re-dissolution of this sulfide liquid into a later influx of 687 

sulfide-undersaturated magma. PGM containing IPGE, Pt and Rh are stabilised during the progressive 688 

reduction of sulfide liquid mass, and retained in the rock after the sulfide liquid has been completely 689 

re-dissolved. This process is closely akin to that postulated by Fonseca et al. (2012) to form Os-Ir 690 

alloys during mantle melting. 691 

The general uniformity of 187Os/188Os ratios within the sample (67 of 90 PGM fall within uncertainty 692 

of 0.1245-0.1255) supports the contention of Badanina e  al  (2016)  ha   he Harold’s Grave 693 

chromitites have behaved as a closed system for Re and Os at outcrop scale since the time of 694 

formation of the ophiolite. A small proportion of anomalously low, unradiogenic 187Os/188Os PGM 695 

with one at 0.1183, and 10 between 0.120 and 0.123.  These ratios are probably a consequence of 696 

heterogeneities in the source of the parent magmas; specifically, long-term depleted sources.  A 697 

smaller proportion of anomalously radiogenic samples (187Os/188Os = 0.127-0.133; n = 5) attest to the 698 

rarer presence of melts from more enriched mantle sources. Regardless of the source, Os isotope 699 

heterogeneity is present among individual PGM, within a single hand specimen (cf. Marchesi et al., 700 

2011), requiring that PGM form from discrete melts, sometimes with distinct sources.   701 



22 
 

Detailed petrographic observations suggest a complicated sequence of PGM crystallisation. The 702 

proposed model for the composite interstitial PGM aggregates involves a complex and probably 703 

unusual sequence of events, which is reflected in the extreme rarity of chromitites like Harold’s 704 

Grave. However, the model of PGM formation by re-dissolution of sulfide may be a much more 705 

general hypothesis with applications to PGE geochemistry in a range of magma types and settings. 706 
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8. APPENDIX – analytical methods for Os isotopes 714 

Osmium-bearing PGM were analysed for 187Os/188Os by laser ablation MC-ICPMS, using a New Wave 715 

UP 213 nm Nd:YAG laser system, coupled to a ThermoFinnigan Neptune MC-ICPMS at Durham 716 

Geochemistry Centre, Durham University. All isotopes of Os were analysed, together with the key 717 

elements which potentially cause isobaric interferences, 182W and 185Re, in the configuration:   182W, 718 

184Os, 185Re, 186Os, 187Os, 188Os, 189Os, 190Os, 192Os in L4, L3, L2, L1, C, H1, H2, H3, H4 collectors, 719 

respectively.  Due to the low Pt contents and relatively small size of the beams used, it was not 720 

necessary to omit 192Os from the analytical procedure, although we did not use this isotope for the 721 

correction of mass bias, to avoid the potential effects of Pt interference on 192Os.  Instead, a 722 

normalisation value of 189Os/188Os = 1.21978 was used.  Gain calibration, baselines, peak centring 723 

and peak shape were all measured and checked at the start of each analytical session, with greater 724 

detail given in Nowell et al. (2008a).  Measurement consisted of 80 cycles each with 0.5-second 725 

integration time.   726 

In total, Os isotopes were analysed over 11 analytical sessions, from May 2013 to September 2014, 727 

due to the need to polish down samples to expose new PGM. At the start of each session, a 1 ppm 728 

DROsS osmium standard solution was analysed at least five times to assess instrumental accuracy 729 

and reproducibility, and the laser ablation data were corrected for the offset of the DROsS values 730 

from the accepted value (187Os/188Os = 0.160924; Nowell et al., 2008a), although the correction was 731 

never more than 0.000015).  Two variably doped 1 ppm DROsS solutions were also analysed to 732 

determine the factors required to correct for 184W, 186W and 187Re isobaric interferences during 733 

ablation analyses.  These solutions, D1 and D2, had concentrations of W at 0.05 ppm and 0.1 ppm 734 

and Re at 0.01 and 0.05 ppm.  Over the 11 sessions, the pure DROsS standards (n = 54) gave mean 735 

values of 187Os/188Os = 0.160919 ± 16 (2 s.d.), 186Os/188Os = 0.119917 ± 09 and 184Os/188Os = 0.001297 736 

± 14, eq a      o rela  ve re rod c b l   es o  98    , 73     a d 11 ‰, res ec  vely   Overall, 737 

including the two doped solutions (n = 21 D1 and 15 D2) mean values were 187Os/188Os = 0.160920, 738 

186Os/188Os = 0.119917 and 184Os/188Os = 0.001298 with relative uncertainties of 99 ppm, 74 ppm and 739 

11 ‰ (whe  correc ed  o 189Os/188Os = 1.21978), in excellent agreement with published data of 740 

(Nowell et al., 2008a).  The best fit 185Re/187Re and 182W/186W, used for interference correction, 741 

varied over the course of the 11 sessions by 115 ppm and 143 ppm, respectively, with average 742 

values of 0.598156 and 0.929215.  These variations are somewhat higher than the degree of 743 

uncertainty shown by DROsS values alone, but data from each analytical session was corrected with 744 

the corresponding values from that session.  The additional issue that these values are determined 745 

from solutions (wet plasma), and thus are not strictly identical to those of laser ablation, is 746 

insignificant at the minor proportions that the interfering elements are present in the studied PGM 747 
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grains compared to those of the doped standards: 182W/188Os Shetland PGM/182W/188Os doped standard is 748 

always <0.023; while 185Re/188Os Shetland PGM/185Re/188Os doped standard is <0.06 for all PGM.  Most 749 

importantly, the uncertainties for both the interference correction and the mean 187Os/188Os DROsS 750 

val e are  ar s aller  ha   he ra  e o   a  ral var a  o , wh ch  s ~85 ‰   751 

The methods for ablation and analysis closely followed those detailed in Nowell et al. (2008b), 752 

except that it was necessary to use smaller beam sizes of 12 to 30 µm, due to correspondingly small 753 

grain sizes.  At the smaller beam sizes, the power of the laser beam was always kept to 90-100% to 754 

minimise any potential fractionation at the ablation site.  Such fractionation is poorly understood 755 

and is mainly a consideration for inter-element fractionation, which is of secondary importance in 756 

this study because we use model age estimates rather than isochron dating methods.   Nonetheless, 757 

we undertook additional tests to investigate potential effects of low overall laser energy and lower 758 

Os beam intensities (resulting from small laser spot sizes), compared to previous studies (Dijkstra et 759 

al., 2016; Nowell et al., 2008b).  Tests on the Durham University in house standard, PGM sample 760 

36720 from the Urals, show that uncorrected effects on 187Os/188Os and 186Os/188Os do exist when 761 

the 188Os beam is less than 150 mV, due either to measurement effects or to lower overall laser 762 

power – the latter as a result of small laser spot sizes of 12 µm or less, or to lower laser power of 763 

~60-80% on intermediate spot sizes of 20-30 µm.  It has not been possible to completely deconvolve 764 

instrumental and laser power effects, but an instrumental effect is more likely due to the fact that 765 

187Os/188Os (and 186Os/188Os) ratios can deviate both above and below the accepted value for 36720 766 

(Grain 2) of 0.12395 (measured on beam sizes of >4 V of 188Os; Nowell et al., 2008b).  An error in the 767 

W or Re interference correction cannot account for the variation because both elements are present 768 

in similarly low proportions as in the Shetland PGM.  The source of this variation, therefore, is 769 

probably variation in the baseline, despite an increased baseline measurement time of 30 seconds 770 

for these small beam analyses, although an unknown interference effect cannot be ruled out.   771 

Regardless of the source, the tests indicate that when 187Os/188Os ratios deviate by more than 772 

0.0008, then 184Os/188Os and 186Os/188Os also deviate such that these analyses are effectively filtered 773 

out by the thresholds outlined below.  As 187Os/188Os deviations of less than 0.0008 are not always 774 

effectively screened out, the within run uncertainty on Shetland PGM analyses with 188Os beams 775 

<150 mV has been combined with an uncertainty of 0.00066, which is 2 s.d. on the range of offsets 776 

from the true value for PGM 36720 for tests with equivalent beam sizes.  A similar calculation of 777 

external precision has been done for larger beam sizes, with the following uncertainties from the 778 

36720 tests: 0.00045 for 188Os beams of 0.15 - 0.5 V, 0.00019 between 0.5 - 1 V, and 0.00007 for >1 779 

V.  While the resulting uncertainties are greater than many within-run uncertainties, they remain 780 

much smaller than the range observed between grains and relate to uncertainties in the Re-781 
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depletion model ages ranging from 94 to 10 Ma for the range of beam sizes outlined – well within 782 

the overall uncertainty on model ages due to choice of reference and much less than the difference 783 

between groups of PGM identified in this study.   784 

Mass bias and interfering element corrections were applied to each measurement, after which the 785 

analyses were s bjec   o a 2σ rejec  o   The  e hod a d correc  o s are d sc ssed     rea er de a l 786 

by Nowell et al. (2008b).  The relatively high power and small grains resulted in complete destruction 787 

of some PGM, in which case some cycles were omitted due to low beam sizes, below 40 mV of 188Os.  788 

A number of filters were applied to the overall dataset to avoid potential inaccuracies as discussed 789 

above for the tests on PGM 36720.  Average beam sizes below 40 mV 188Os were omitted due to the 790 

unreliability of ratios at this level, demonstrated for standard PGM 36720. Data were also required 791 

to fall (including 1 s.e. uncertainties) within the range of 0.0011 to 0.0015 for 184Os/188Os (natural 792 

ratio: ~0.0013) and also above 0.119500 for 186Os/188Os.  While this threshold value for 186Os/188Os is 793 

outside the range of permissible natural values (the solar system initial is ~0.119825; modern mantle 794 

is ~0.119835 (Brandon et al., 2000; Brandon et al., 2006)) this threshold ensures that no data 795 

reported deviates from the likely true value by more than 0.00035, even at 1 s.e. uncertainties.  Such 796 

a deviation is insignificant compared to the natural variations observed in the 187Re - 187Os system 797 

(whole 187Os/188Os range measured is 0.015, a factor of ~40 greater).  Thus, any further filtering of 798 

the data is unnecessary for meaningful 187Os/188Os comparison and has been avoided to ensure that 799 

the dataset was not skewed towards large PGM, which tend to be interstitial.  Uncertainties on 800 

184Os/188Os and 186Os/188Os were limited to 1 s.e. during filtering to ensure that imprecise data which 801 

deviated markedly from the true values were omitted.  Correction for ingrowth of 187Os was 802 

insignificant, because no filtered PGM had 187Re/188Os ratios greater than 0.031 (and only two of 803 

whole dataset were above this), but was performed nonetheless.    804 
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Figure Captions 1051 

Figure 1. Map of the Shetland ophiolite (diagram adapted from Brough et al. 2014). 1052 

Figure 2. A) to F) 3D computed tomography images of PGM in sample HG6 (PGM in blue) and sample 1053 

HG6A (PGM in red) showing individual laurite (round) and composite laurite and IPGE alloys 1054 

(elongate and angular). A) and B) are composite grains, C) shows a laurite attached to a silicate 1055 

inclusion (black) in the chromite which is not in contact with any external silicate, E) and F) are 1056 

laurites not associated with elongate Os-Ir alloys. The images show that the individual PGM and the 1057 

one PGM attached to a silicate inclusion are entirely enclosed in chromite; an observation that can 1058 

only be confirmed in a 3D image. G) PGM in HG6A shown within the two 3D computed tomography 1059 

partially imaged chromite grains (outlined in black and separated by serpentine in pale green), and 1060 

H) a close up of part of one of these grains shown by a box on G) revealing that the locations of PGM 1061 

(red and circled in red) are approximately evenly distributed and predominantly located away from 1062 

silicate equant shaped silicate inclusions (dark grey and blue) and silicate filled fractures (blue) that 1063 

cross the chromite grain. 1064 

Figure 3. Abundance of types of PGM enclosed in the chromite grains belonging to Group (i) 1065 

(enclosed in chromite grains – A and B) and Group (ii) PGE-bearing minerals interstitial to the 1066 

chromite grains in HG6 (C and D), A and C) classification by numbers of PGM grains observed and B 1067 

and D) by sectional area. 1068 

Figure 4. Back scattered scanning electron microscope images of polished thin sections of typical 1069 

examples of laurites (Lrt) and associated PGM alloys and silicate inclusions (dark grey or black) 1070 

located within chromite grains in HG6. B) and G) are composite grains of laurite, Os-Ir-Ru alloy and 1071 

very small Pt-bearing PGM. 1072 

Fig. 5 A-C. Group (ii) PGM are defined as those located interstitial to the chromite grains. Some large 1073 

composite PGM appear to be enclosed in chromite grains but EBSD reveals that the chromite grains 1074 

are often divided into groups of grains. A) A composite PGM belonging to group (ii) that appears to 1075 

be enclosed in a chromite grain shown in B). The PGM is marked by a white circle. C) EBSD image of 1076 

the chromite grain containing the PGM. The area of the EBSD analysis is marked by a white rectangle 1077 

shown in B). The EBSD image shows that the chromite grain is composed of several chromite grains, 1078 

with different orientations indicated by different colours,  and the PGM cluster is at the junction of 1079 

two of these grains. D-I, Typical examples of PGM located interstitial to chromite grains in HG6 1080 

observed as a back scattered SEM image in polished thin section. D) composite grain of laurite, 1081 

enclosing grains of irarsite and many smaller grains of native Os, E) laurite rimed by Os-rich laurite, F) 1082 

a composite grain of laurite rimed by Os-rich laurite containing abundant small grains of native Os, 1083 
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all attached to irarsite rimed by hollingworthite and a Pt-Fe alloy, and associated with a Ru-oxide 1084 

that is located adjacent to the laurite, G) sperrylite (PtAs2), H) a Rh-Ni-Pt-antimonide and 1085 

sulpharsenides associated with heazlewoodite and digenite and I) composite grain of laurite with 1086 

irarsite and heazlewoodite enclosing native Os. 1087 

Figure 6. Computed tomography 3D image of HG6 showing a circular slice of chromitite with 1088 

chromite grains shown in grey, silicate in black and PGM in blue. A) view looking at the image 1089 

oriented with the long axis of the sample core at right angles to the plane of view and B) view at 1090 

right angles to A). The large PGM is shown in Figure 10. C) view of the entire largest PGM grain and 1091 

associated smaller grains of ruthenian pentlandite and Pt-Rh-Sb, (all white) interstitial to chromite 1092 

grains (grey) and surrounded by silicate (black), D)Close up of the large grain showing that it is a 1093 

composite grain of ruthenian pentlandite, laurite, irarsite and many tiny grains of native Os, E) close 1094 

up of area outlined by a box in D) showing irarsite labelled 1 and 2 with 2 containing more Rh and 3 1095 

hollingworthite (analyses at locations 1-3 given in Table 5) surrounded by laurite and ruthenian 1096 

pentlandite both hosting native Os. Abbreviations used:- Lrt - laurite, (Ru-Pn) = ruthenian 1097 

pentlandite, Os = native Osmium. 1098 

Figure 7. 3D computed tomography image of HG1 showing PGM (red) above a view of a circular 1099 

basal slice through the core of chromitite with chromite (black) and interstitial silicate (blue). A) all of 1100 

the PGM imaged in red. B) close-up of the aligned PGM ringed in A) and coloured blue in Figure 13. 1101 

They occur in one chromite grain shown below the PGM with the lowest PGM just visible above the 1102 

grain. 1103 

Fig 8. Osmium isotope frequency plots – distribution of 187Os/188Os and corresponding Re depletion 1104 

(TRD) ages in Os-rich mono-mineralic or composite PGM grains  ro  Harold’s Grave. A, all 1105 

measurements; B, grains entirely enclosed in chromite; C, grains or clusters within interstitial silicate, 1106 

or with indeterminate relationships to chromite.  Any duplicate analyses were excluded (hence 83 1107 

analyses in total). The curves were calculated using Isoplot (Ludwig, 2003).  A     or  ‘ba dw  h’ 1108 

uncertainty of 0.0005 was used, which is slightly larger than the optimal bandwidths (0.0003 to 1109 

0.0004) accord     o S lver a ’s r le o   h  b (Silverman, 1986).  The increased bandwidth was 1110 

used to limit exaggeration of peaks produced by small numbers of isotopically distinct grains.   The 1111 

histograms provide an alternative representation. 1112 

Figure 9. Model of PGM formation, A) laurite and Os-Ir-Ru alloys crystallise as the chromite 1113 

crystallises, group (i), group (iii) also crystallise in a few chromite grains, B) remaining PGE are 1114 

collected by immiscible sulphide droplets that collect interstitially to the chromite grains with 1115 

silicates, C) sulfides dissolve into a passing PGE-undersaturated silicate magma while laurite 1116 
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continues to crystallise, D) further S loss to the silicate magma results in Os-Ir alloys forming, E) 1117 

further S loss allows Pt PGM to form close to the point of final dissolution of sulfide, while some 1118 

laurite reacts with the sulfide liquid to form Ru-pentlandite as Pd and Cu dissolve into the silicate 1119 

magma as all remaining sulfide liquid dissolves, F) PGM alter as As is introduced on emplacement of 1120 

the ophiolite; local shearing of chromite deforms PGM, G). Evolution of PGE contents of sulfide melt, 1121 

assuming initial formation from a boninite-like parent magma at high R value, followed by 1122 

progressive increase of PGE tenor as sulfide dissolves, to the point of saturation in Os-Ir phases after 1123 

~50% dissolution, and Pt PGM phase(s) close to final sulfide disappearance point. 1124 

 1125 

Electronic supplementary material 1126 

Figures/images:  1127 

Figure S1 was 8 Abundance of PGM enclosed in chromite or interstitial to the chromite and for HG1 1128 

abundance of elongate and oriented PGM enclosed in chromite. A) number of PGM in HG6, B) area 1129 

of PGM in HG6, C) number of PGM in HG1 and HG 8, D) area of PGM in HG 1 and 8 and E) areas of 1130 

PGM in the interstitial cluster in HG 7.  1131 

Figure S2 was 10. 3D computed tomography images of a cluster of PGM present in HG7, A) image 1132 

showing the distribution of PGM in the whole of the core imaged, B) close up of the cluster or group 1133 

of PGM located in HG7 showing the PGM (red) and the ruthenian pentlandite (pale green) with a 1134 

slice of chromitite below and in the background showing chromite grains (light grey) and interstitial 1135 

silicate (dark grey) and C) rotated image of the same cluster shown in B) revealing how the PGM 1136 

 or  a  ‘S’ sha e ca sed by  he PGM be    wra  ed aro  d  wo chro   e  ra  s (whose ed es are 1137 

outlined in white) . Vertical height of cluster = approx. 0.9 mm. 1138 

Figure S3 was 11. Relative abundance/area of IPGE-bearing minerals in the cluster of PGM in HG7 A) 1139 

plotted by area of IPGE-bearing minerals observed and B) also by area with the exclusion of the two 1140 

most abundant PGE-bearing minerals which are ruthenian pentlandite and irarsite (Shown in A). 1141 

Fig. S4 was 14. PGM located in a co-planar array that traverses a layer of chromitite probably filling 1142 

an annealed fracture. A, B) Perspective view of a 3D tomography image of a microcore showing 1143 

PGM. A), chromite in blue, silicates in red. B) same volume, with PGM shown in red. Note coplanar 1144 

array, ringed, C, perspective view showing orthogonal planes through the image (chromite darker 1145 

grey, silicate lighter) with one of these planes arranged parallel o the planar array of PGMs. D) and E) 1146 

are large laurites forming part of the planar array. 1147 
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Figure S5 was 15. 3D computed tomography image of chromitite in sample HG6A showing two 1148 

phases of shearing of the PGM within narrow shear zones cross cutting the sample. A) section of 1149 

HG6A showing a grain of chromite with serpentine filled undeformed pull-apart textures (p, two sub-1150 

vertical features centre and far right, shown in blue and black), silicate inclusions (i, shown as equant 1151 

dark areas) and a cross cutting shear (s, picked out by parallel rows of dark dots crossing the entire 1152 

area from bottom right to top left). D (deformed) and E (undeformed) PGM in the shear zone and 1153 

away from the shear zone respectively (red). B) another area of sheared PGM (red) shown as two 1154 

clusters (1 and 2) in the shear zone which is marked by a line of serpentine S that is picked out in 1155 

dark grey as it crosses the chromite grain (light grey) shown in a computed tomography imaged slice 1156 

below the PGM. The larger cluster forms a row of PGM that have been broken up and aligned within 1157 

the plane of the shear. C) Close up of the larger cluster of PGM (1) showing that it has been sheared 1158 

into a line and then sheared again deforming individual PGM in a second direction (shown as sub-1159 

horizontal). Shear directions indicated by black arrows. D) sheared PGM, E) unsheared PGM that is 1160 

not in the shear zone and F) photomicrograph of a sheared PGM as viewed in 2D in a polished block 1161 

   sa  le Q3  ro  Harold’s Grave  1162 

 1163 

Fig. S6 was 17. Composite Os-bearing PGM, that have low 187Os/188Os ra  os, all  ro  Harold’s Grave  1164 

Pairs of back scattered scanning electron microscope photomicrographs showing details of the 1165 

composite PGM at high magnification and textural sites of the PGM in chromite at low 1166 

magnification, Lrt = laurite, Ru-pn = ruthenian pentlandite, Chr = chromite and Si = altered silicate, 1167 

mainly serpentine but with some Cr-chlorite, A) to L) have ages that correspond to ~1150 Ma and M) 1168 

and N) have an age corresponding to ~1400 Ma. Os isotope data as follows: A) and B) HG3 1169 

187Os/188Os 0.1208; C) and D) HG5 187Os/188Os 0.12191; E) and F) HG10 187Os/188Os 0.1205; G) and H) 1170 

HG4 187Os/188Os 0.1220; I) and J) HG1 187Os/188Os 0.1211; K) and L) HG7 187Os/188Os 0.1211; M) and N) 1171 

HG4 187Os/188Os 0.1183. 1172 

Fig. S7 was 18. Composite Os-bearing PGM, from podiform chromitite in the mantle harzburgite in 1173 

o her s  es  ha  Harold’s Grave, A) a d B), Cl    C)-F) and Quoys G)-L). Pairs of back scattered 1174 

scanning electron microscope photomicrographs showing details of the composite PGM at high 1175 

magnification and textural sites of the PGM in chromite at low magnification, Lrt = laurite, Ru-pn = 1176 

ruthenian pentlandite, Chr = chromite and Si = altered silicate, mainly serpentine but with some Cr-1177 

chlorite, ages correspond to those of the ophiolite or slightly younger. Os isotope data as follows:  1178 

A)and B) Nikkavord South 187Os/188Os  of ~0.1266 (but data rejected due to low 186Os/188Os ratio), 1179 

C)and D) Cliff 187Os/188Os 0.1300, E)and F) Cliff 187Os/188Os 0.12721, G)and H) Quoys 187Os/188Os s 1180 

0.12708, I)and J) Quoys 187Os/188Os 0.12723, K)and L) Quoys 187Os/188Os 0.12720. 1181 
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SUPPLEMENTARY MATERIAL – Data Tables 1182 

 1183 

Table S1 – size and spatial resolution data on samples analysed by HRXCT 1184 

Table S2 - Semi-quantitative SEM analyses of laurite and IPGE alloys enclosed within chromite grains. 1185 

Table S3 - Quantitative analyses of PGM external to chromite grains 1186 

Table S4 - Table of complete Os isotope data (Excel file) 1187 

 1188 

 1189 

 1190 

 1191 



 

 

Table 1. PGE analyses of chromitites examined in this study (From Brough et al. 2014). 

 

Sample 
Number 

Pt Pd Rh Os Ir Ru 
Total 

PGE 

ppb ppb ppb ppb ppb ppb ppb 

HG1 474 40 349 1647 2040 3400 7950 

HG6 566 40 422 2968 2861 7311 14168 

HG7 785 69 397 1324 2270 3483 8328 

HG8 685 36 344 1479 2088 3183 7815 

 

Table 2. PGM imaged in the 5 samples analysed in 3D. HG8 is less massive chromitite than the other 
samples.  

Sample No.  Of Largest PGM Smallest PGM 

No. PGM Microns 
 

Microns 
 

 
imaged Length Width Length Width 

HG6A 51 22 15 1.4 0.7 

HG6  17 199 121 3.4 3.4 

HG1 74 293 224 19.8 19.8 

HG7 46 644 220 19.8 14.0 

HG8 7 222 158 19.8 19.8 
 

 

 

Table 3 Numbers and areas of PGM analysed in HG6 separated into interstitial and enclosed by 
chromite  

 
Interstitial Enclosed 

 

 
No.   Area  No.   Area  

 
PGM PGM PGM PGM 

Laurite 17 10580 9 221 

IrAsS 35 1231 
  Ru pent 13 1182   

 Native Os 115 490 
  (NiRhPt)Sb 7 52 
  RhIrAsS 3 43 
  PtFe 3 42 1 0.25 

RuO 1 32 
  PtAs 2 24 
  OsIr alloy 5 6 6 53 

PtIrAs 2 1 
       

 

Tables 1-2-3



2 km

Quoys

Cliff

Clibberswick

Baltasound

0 49'58'’W
o

60 47'15'’N
o

+
+ + +
+ +

+ + +

+

+ + +

+ + + + +
+

+ +

Gabbro

Dunite

Harzburgite

Serpentinite

Skaw Granite

Chromitite

Thrust

Pyroxenite, wehrlite

Dunite

Harzburgite

Chromitite
Fault
Trail

Harold’s
Grave

Keen of
HamarJimmies

quarry

Midgarth

Nikka Vord
East

Nikka Vord
South

Hagdale

MILL

Long quarry

MOHO
transition

Serpentinite

N500 m

Figure 1



F

B C

D E

A

10 µm 10 µm

10 µm

10 µm

20 µm 10 µm

GG
H

0.8 mm

Figure 2



A
B

Laurite

PtFe

Ru-Os-Ir-Rh alloy

Figure 3



10µm

Lrt

Os-Ir-Ru

Ir-Os-Rh

Pt-Fe-Ni

Lrt

Os-Ir-Ru

5µm

4µm 5µm 5µm

5µm 4µm 10µm

Lrt

Lrt

Lrt

Ru-Ir-Os

Ir-Os-Rh

Ir-Os-Ru-Rh
Lrt

Pt-Fe-Ni

Lrt

3µm4µm3µm

Lrt Lrt Lrt

Os-Ir-Ru-Rh

A B

C D E

F G H

I J K

Figure 4



25 µm

Lrt

Os

IrAsS

1 mm

A B                                          C

10 µm 30 µm 20 µm

4 µm
10 µm

10 µm

IrAsS

Lrt
Os

Lrt
Lrt

Os

Ru-O

Pt-Fe

IrAsS   Holl

PtAs2

RhPtPdAsSSb

[RhNiPt]Sb Ni S3 2

Os

Lrt

IrAsS

D E F

G H INi S3 2

Cu S3 2

Figure 5



BA

0.5 mm

60 µm

Ru-Pn
Os

150 µm 10 µm

Ru-Pn

Ru-Pn

1
2

3

Os
Lrt

Pt-Rh-Sb

D EC

Figure 6



A

B 1 mm

Figure 7



0

0

5

10

15

20

25

0

5

10

0.116 0.120 0.124 0.128 0.1300.1260.1220.118 0.132 0.134

R
e

la
tiv

e
p

ro
b
a

b
ilityH

is
to

g
ra

m
 N

u
m

b
e

r

187 188
Os/ Os

T ageRD ( ; O-chondrite reference frame)Ma

0

5

10

Enclosed, n = 41

Interstitial, n = 16

Unresolved textural location, n = 26

All PGM, n = 83 Mode:
0.1250 = 468 Ma

1200 1000 800 600 400 200 01400

Figure 8



Interstitial serpentine

Chromite grain

PGE-bearing S liquid

Pt-(Pd)-PGM gp (ii)

Ruthenian pentlandite gp (ii)

Irarsite hollingworthite gp (ii)

Os-Ir alloys gp (ii)

Laurite gp (ii)

Laurite with Os-Ir alloys gp (i)

B

A

F

PGM gp (iii)

PGM gp (iv)

PGM gp (v) in shear zone

D E

G

Pd

Pt

% mass of sulfide liquid
re-dissolved in silicate magma

P
G

E
 c

o
n
c
e
n
tr

a
ti
o
n
 i
n
 s

u
lf
id

e
 l
iq

u
id

 (
a
p
p
ro

x
 p

p
m

)
Os, Ir

Os-Ir alloy
saturation

Os-Ir alloys
form

Pt alloys
form

0 100%
10

10
2

10
3

10
4

Pt PGM
saturation

C

50%

Figure 9



Supplementary data table S1
Click here to download Electronic Annex: Table Supp S1 HRXCT_table.xlsx

http://ees.elsevier.com/gca/download.aspx?id=417816&guid=6aec286a-901f-4b53-868d-82c93b5bcb16&scheme=1


Supplementary data table S2
Click here to download Electronic Annex: table Supp S2 HG 2016.docx

http://ees.elsevier.com/gca/download.aspx?id=417817&guid=fb822bb1-f5bd-48bf-b28a-88e95cf244b6&scheme=1


Supplementary data table S3
Click here to download Electronic Annex: table Supp S3 HG 2016.docx

http://ees.elsevier.com/gca/download.aspx?id=417818&guid=f2d85ab3-85c5-462a-ad3b-68694d50dc9b&scheme=1


Supplementary data table S4
Click here to download Electronic Annex: Table Supp S4 Os isotopes_CD.xlsx

http://ees.elsevier.com/gca/download.aspx?id=417819&guid=1acf9cee-ee11-45b9-b52c-6259035fb21d&scheme=1


Supplementary figure S1
Click here to download Electronic Annex: Fig. S1 abundance PGM HG1 6 7.eps

http://ees.elsevier.com/gca/download.aspx?id=417823&guid=a1456cee-a94c-4cdc-a532-faf63d5d4714&scheme=1


Supplementary figure S2
Click here to download Electronic Annex: Fig. S2 3D big cluster.eps

http://ees.elsevier.com/gca/download.aspx?id=417821&guid=c510ce0c-0f9b-4a74-b330-24683d70156b&scheme=1


Supplementary figure S3
Click here to download Electronic Annex: Fig. S3 HG7 cluster pies.eps

http://ees.elsevier.com/gca/download.aspx?id=417822&guid=ad0863ca-a742-4089-9f9a-6d3d808709f9&scheme=1


Supplementary figure S4
Click here to download Electronic Annex: Fig. S4 planar array 3D.eps

http://ees.elsevier.com/gca/download.aspx?id=417824&guid=849d20f1-f65b-484b-8e8e-2b0d632e1042&scheme=1


Supplementary figure S5
Click here to download Electronic Annex: Fig. S5 HHG6a 3D.eps

http://ees.elsevier.com/gca/download.aspx?id=417825&guid=bd493a25-82d5-46a7-949c-420e160d0011&scheme=1


Supplementary figure S6
Click here to download Electronic Annex: Fig. S6 lowOs SEM.eps

http://ees.elsevier.com/gca/download.aspx?id=417826&guid=1dedb84b-53a9-4f5b-9b81-37f95dbdedb0&scheme=1


Supplementary figure S7
Click here to download Electronic Annex: Fig. S7 SEM notHG.eps

http://ees.elsevier.com/gca/download.aspx?id=417827&guid=139d4fc8-db5e-4781-9736-14a9394172ed&scheme=1

