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Abstract 10 

Low-grade Ni-laterite deposits are well-developed over the mafic/ultramafic protoliths in the 11 

northern Oman Mountains. Concentrations, distribution patterns and mobility of platinum-group 12 

element (PGE) are investigated in some Ni-laterite profiles of the Oman ophiolite as a possible 13 

unconventional PGE resource. The highest PGE contents (up to 253 ppb) in the Oman Ni-14 

laterites are mainly concentrated in the oxide/clay-rich zone of the laterite profiles. The PGE 15 

contents are substantially decreased toward the saprolite and underlying protoliths (average total 16 

PGE = 35 ppb). The highest PGE content in the oxide zone is mostly corresponding to Pt > Ru > 17 

Pd, while the lowest PGE content is mostly corresponding to Os < Rh < Ir, which shows a 18 

general positive trend of PGE distribution patterns. There is a general positive correlation 19 

between PGE contents and both Cr2O3 and Fe2O3 contents in the Ni-laterite profiles. This may 20 

reflect the formation of PGE-Fe nanoparticle alloys that are hosted by Fe-rich oxyhydroxides or 21 

due to the residual accumulation of chromite in the oxide/clay-rich zone during the lateritization 22 

process. The PGE distribution patterns and positive correlation with the ultramafic index of 23 

alteration (UMIA) indicate that PGE can be mobilized in different proportions in the surficial 24 

environment upon progressive lateritization processes. The high concentration of total PGE in 25 

the Oman Ni-laterite is in good agreement with the PGE-rich laterite deposits worldwide, which 26 

can be considered as an unconventional PGE resource if adequate extraction and refining 27 

processes can be applied for their recovery from the possible upcoming Ni production. 28 

 29 
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 32 

1. Introduction 33 

Platinum-group elements (PGE) are considered among the so-called critical metals which are 34 

essential for the high technological industry. However, the conventional PGE deposits (e.g., 35 

stratiform chromitite and magmatic sulfide deposits) from which these metals can be extracted 36 

are very limited in the world. The oxidation and supergene enrichment process, also known as 37 

the lateritization process, is a chemical weathering resulting in the dissolution, transportation, 38 

and redistribution of valuable metallic elements at or near the Earth’s surface. Laterite profiles 39 

produced by pervasive chemical weathering of mafic/ultramafic rocks were known to be an 40 

important source of metallic deposits such as nickel (Ni), cobalt (Co), and iron (Fe), which are 41 

known in literature as Ni-laterites (Evans, 1993; Freyssinet et al., 2005; Golightly, 2010; Thorne 42 

et al., 2012a, 2012b; Butt & Cluzel, 2013; Reich & Vasconcelos, 2015). This supergene 43 

enrichment process is also one of the important processes for residual and secondary enrichment 44 

of PGE and gold in these mineral deposits (Bowles et al., 1994; Gray et al., 1996; Varajão et al., 45 

2000; Traoré et al., 2008; Aiglsperger et al., 2015, 2016, 2017; Rivera et al., 2018; Tobόn et al., 46 

2020). There is a consensus that three main processes are possibly controlling the PGE 47 

concentration and distribution in terrestrial rocks. They are partial melting, crystal fractionation, 48 

and post-magmatic alteration (Barnes et al., 1985). Platinum (Pt) and gold (Au) are more mobile 49 

than the other PGE during the alteration processes, while palladium (Pd) might be mobilized by 50 

hydrothermal fluids (e.g., Keays et al., 1981, 1982; Barnes et al., 1985; Stumpfl, 1986). High 51 

concentrations (~ 4 ppm) of PGE and Au are reported from some Ni-laterite deposits such as 52 

those in Acoje (Philippines) and Musongati and Kapalagulu (Burundi) laterites (Bandyayera, 53 

1997). These may add values to the lateritization processes as a potential agent for PGE 54 

accumulation via chemical weathering of mafic/ultramafic rocks. Despite that, the effect of 55 

lateritization on PGE enrichment and platinum-group minerals (PGM) accumulation is still a 56 

matter of debate. In some places, PGE-rich (about 3 ppm) with accumulation of various types of 57 

PGM have been previously reported from Ni-laterites in the Falcondo laterite deposit of the 58 

Dominican Republic, which might be attributed to the presence of small chromitite pods 59 

associated with serpentinized dunite (Proenza et al., 2007; Zaccarini et al., 2009; Proenza et al., 60 
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2010; Aiglsperger et al., 2015). Although the Ir-subgroup (IPGE = Os, Ir, and Ru) is considered 61 

to be highly resistant than the Pd-subgroup (PPGE = Rh, Pt, and Pd) under the surficial 62 

conditions, several authors recognized that IPGE can also be mobilized under hydrothermal 63 

and/or lateritic weathering conditions (Stockman & Hlava, 1984; Garuti & Zaccarini, 1999; 64 

Zaccarini et al., 2005; Garuti et al., 2007, 2012). The lateritization process is occasionally 65 

producing secondary PGE alloys, sulfides, sulfarsenides, and/or oxides/hydroxides by alteration 66 

of primary magmatic PGM precursors (Cornelius et al., 2008; Ndjigui & Bilong, 2010). 67 

However, supergene formation of PGM without the presence of magmatic PGM precursors has 68 

previously been reported from the platiniferous Au-Pd belt of Minas Gerais of Brazil (e.g., 69 

Cabral et al., 2009, 2011).  70 

 71 

The Oman ophiolite represents one of the best-preserved oceanic lithospheres in the world, 72 

where a complete sequence of ophiolite stratigraphy is well-preserved and exposed from the 73 

upper mantle to the upper crust. The mantle sequence of the Oman ophiolite is essentially 74 

composed of tectonized harzburgite with minor dunites, lherzolites, and chromitites (Roberts, 75 

1986). The mineralogical classification and general chemical characteristics of some Ni-laterite 76 

profiles from the northern mountains of the Oman ophiolite were previously studied to 77 

characterize the mineralization zones and their economic importance (Al-Khirbash, 2015, 2016, 78 

2020; Al-Khirbash et al., 2014). The chromitite deposits of the Oman ophiolite were found to 79 

contain high concentration of PGE (Ahmed & Arai, 2002) and various types of PGM, which 80 

mainly comprised IPGE sulfides and, to a lesser extent, sulfarsenides (Ahmed & Arai, 2003). 81 

Oxidation of primary PGM sulfides into oxides is also described at low temperature conditions in 82 

the Oman ophiolitic chromitites (Ahmed et al., 2002). Desulfurization/oxidation is the main 83 

process in the surface environments that is responsible for the transformation of primary PGE 84 

sulfides into oxides and PGE-Fe alloys. To constrain the PGE distribution patterns, mobility, and 85 

concentration in supergene surficial environments, their distribution in the Ni-laterite of the 86 

Oman ophiolite is thoroughly studied in the present research. In this contribution, a detailed 87 

bulk-rock analysis and PGE geochemistry from six different Ni-laterite profiles of the Northern 88 

Oman Mountains is thoroughly studied with the aim to understand the behavior, distribution, and 89 

mobility of PGE in the oxidation and supergene environments. A comparison with world-class 90 
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laterite deposits is also done to assess the economic potentiality of the PGE in the Oman Ni-91 

laterites. 92 

 93 

2. Geologic settings 94 

The present study is located at about 180 km SW of Muscat and lies around Saqah town between 95 

N 22
o
 45` and 22

o
 50` and 58

o
 40` 58

o
 50` (Figure 1a). The area is covered by the Late 96 

Cretaceous allochthonous ultramafic/mafic rocks of the Semail ophiolite nappe that was 97 

emplaced as a result of the obduction of the Tethyan rocks onto Middle Permian to Middle 98 

Cretaceous shelf carbonate sequences of the Arabian passive continental margin (Glennie et al., 99 

1974; Coleman, 1981; Boudier et al., 1985; Dercourt et al., 1986; Lippard et al., 1986; Skelton et 100 

al., 1990; Searle & Cox, 2002; Peters et al., 2005; Searle, 2019). Small outcrops exposed on the 101 

eastern part of the study area consist of the deep marine limestone, adiolarian chert, and pelagic 102 

sediments (Hawasina window) and low-grade epidote greenschist facies metasedimentary rocks, 103 

cherts, marbles, and quartzites (metamorphic sole) (Cowan et al., 2014) (Figure 1b).  104 

 105 

The Ni-laterites from the Northern Oman Mountains are part of the Maastrichtian neo-106 

autochthonous post-obduction terrigenous clastic facies (Qahlah Formation) and lie 107 

unconformably on the obducted Semail ophiolite while they are capped by post-obduction Late 108 

Campanian/Maastrichian–Tertiary sedimentary rocks of the Simsima formation (Abbasi et al., 109 

2014). The presence or absence of the laterite soil in the Northern Oman Mountains might reflect 110 

the original irregular paleotopography, the existence of basins associated with syn-sedimentary 111 

structures, and the prevailing climatic conditions at the end of the Cretaceous Period that all 112 

initiated an intense and prolonged weathering process of the ophiolite (Nahon et al., 1982; Nolan 113 

et al., 1990; Al-Khirbash et al., 2010). 114 

 115 

Six laterite localities (1 to 6) have been investigated (Figure. 1b). Based on field work and 116 

mineralogical and physical characteristics, the studied laterite soil in the Northern Oman 117 

Mountains can be grouped into two main zones: the protolith zone and the laterite zone (Figure 118 

2). The protolith consists of either layered gabbro or serpentinized peridotite in the most 119 

localities (Figures 2, 3a, 3b). The laterite zone comprises the green to grayish saprolite horizon, 120 

the reddish to brown massive to pisolitic oxide horizon, the upper ferricrite/ironstone horizon, 121 
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and in some localities the compact clay horizon (Figures 2, 3c, d, e). A detailed field and 122 

mineralogical description of these zones was given by Al-Khirbash (2015, 2016). 123 

 124 

3. Sampling and analytical techniques 125 

Twenty-five samples were collected from six lateritic profiles in the Oman Mountains, (Figure 126 

2). Samples were selected based on the mineralogical and geochemical characteristics of 127 

previous studies (Al-Khirbash, 2015, 2016), particularly those which showed high concentration 128 

of Cr-Ni-Co elements. The rock samples were broken into small chips using a hydraulic rock 129 

splitter and then pulverized using a Fritsch Pulverisette 5 planetary mill for 30 to 45 minutes. 130 

Samples up to 60 g in size are fire assayed using a nickel sulfide (NiS) fire assay Neutron 131 

Activation Analysis (INAA) procedure. The nickel sulfide button is dissolved in concentrated 132 

HCl, and the resulting residue which contains all the PGE and Au are collected on a filter paper. 133 

This residue undergoes two irradiations and three separate counts to measure all the PGE and 134 

Au. One batch of 34 samples includes two blanks, three certified standards, and three duplicates. 135 

Detection limits are as follows: Os (2 ppb), Ir (0.1 ppb), Ru (5 ppb), Rh (0.2 ppb), Pt (0.5 ppb), 136 

Pd (2 ppb), and Au (0.5 ppb). All analyses were carried out at Activation Laboratories Ltd. 137 

(Ancaster, Ontario, Canada). Bulk major oxide geochemistry of the studied samples was taken 138 

partly from a previous study by Al-Khirbash (2016). 139 

 140 

4. Petrography 141 

Microscopic studies of the protoliths showed that the layered gabbro consists of fresh to altered 142 

plagioclase crystals with some altered pyroxenes (Figure 4a), and the serpentinized peridotites 143 

consist of pyroxene crystals that are altered to lizardite and chrysotile (Figure 4b). The above 144 

saprolite horizon comprises compact gray-greenish color rocks with abundant light-green 145 

lizardite and chrysotile minerals and commonly contain carbonate-filled fractures (Figure 4c). 146 

The oxide horizon is predominantly composed of hematite and goethite with rounded and 147 

ellipsoidal pisolite appearance (Figure 4d). The upper ferricrite/ironstone horizon consists mainly 148 

of massive hematite, goethite with magnetite, and inherited chromite grains that are replaced by 149 

hematite and authigenic chlorite (Figures 4d, e). XRD data confirmed the presence of these 150 

minerals (Figure 5). 151 

 152 
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5. Geochemistry 153 

5.1 Major and compatible trace element geochemistry 154 

Based on mineralogical characteristics as well as variations in physical properties such as 155 

texture, structure, and color, the laterite profiles of the Oman ophiolite can be classified into 156 

three categories: (1) protolith, which is represented by layered gabbro or serpentinized 157 

peridotites; (2) saprolite, which is the partly weathered zone overlying the protolith; and (3) 158 

oxide/clay-rich zone, which represents the uppermost part of the laterite profiles. Geochemically, 159 

there are slight differences in major and compatible trace elements contents between the protolith 160 

and saprolite zones. Thus, they will deal together in the following descriptions. On the other 161 

hand, the oxide/clay-rich zone shows significant geochemical differences compared with the 162 

protolith and saprolite zones. The major and selected compatible trace elements composition of 163 

the protolith, saprolite, and oxide/clay-rich zones of the studied laterite profiles is shown in 164 

Tables 1 and 2. 165 

 166 

5.1.1 Protolith and saprolite zones 167 

The Ni-laterite profiles of the Oman Mountains are essentially well-developed over serpentinized 168 

peridotites and/or over layered gabbros (Figure 2). The major outcome of the serpentinization 169 

process of ultramafic rocks is the addition of water into the system, where serpentinized 170 

peridotites can contain more than 13 wt.% of water in the produced hydrous mineral crystal 171 

structure (e.g., Deschamps et al., 2013). However, a careful description of the samples should be 172 

done because the loss on ignition (LOI) is not always correlated with the degree of 173 

serpentinization since the presence of other hydrous phases such as talc, brucite, chlorite, and 174 

clay minerals can influence this budget. Careful petrographic investigation and X-ray diffraction 175 

(XRD) analysis of the studied serpentinized peridotite protolith of the Oman laterite profiles 176 

confirm the absence of such hydrous minerals, except the lizardite, antigorite, and clinochrysotile 177 

that represent the major mineral phases in the studied serpentinized peridotite protolith (Al-178 

Khirbash, 2016). The peridotite protolith of all laterite profiles shows the same compositional 179 

ranges in terms of their LOI and major and compatible trace elements constituents. The LOI of 180 

the peridotite protolith varies from 14.60 wt.% to 16.18 wt.%, with an average of 15.52 wt.% 181 

(Table 1). The low CaO content (0.05–3.22 wt.%, with an average 1.30 wt.%) in the 182 

serpentinized peridotites revealed that serpentinization is the only process affecting the peridotite 183 
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protolith. The LOI in the saprolite zone shows comparable values to the underlying serpentinized 184 

peridotites, varying from 14.59 wt.% to 15.88 wt.%, with an average of 15.27 wt.%, and a 185 

similar range of CaO content (Table 1). The common major oxides (SiO2, MgO, Fe2O3, and 186 

Al2O3) do not show significant differences between the peridotite protolith and the overlying 187 

sparolite zone, where the average contents of these components are 37.22 wt.%, 35.85 wt.%, 188 

7.85 wt.%, and 1.04 wt.%, respectively, in the former and 38.69 wt.%, 35.96 wt.%, 7.77 wt.%, 189 

and 0.75 wt.%, respectively, in the latter (Table 1). The most compatible trace elements (e.g., 190 

Cr2O3, NiO, Co3O4, and MnO) show comparable values in both the saprolite zone and the 191 

underlying peridotite protolith. The average NiO and Co3O4 contents in the saprolite zone (0.28 192 

wt.% and 0.01 wt.%, respectively) are relatively higher than those in the underlying peridotite 193 

protolith (0.18 wt.% and 0.01 wt.%, respectively) (Table 1). The Cr2O3 and MnO contents are 194 

almost similar in the peridotite protolith and in the saprolite zone. They are averaging 0.34 wt.%, 195 

0.30 wt.%, and 0.35 wt.%, respectively (Table 1). 196 

 197 

5.1.2 Oxide/clay-rich zone 198 

The upper oxide and clay-rich zones of the laterite profiles show significant differences in terms 199 

of the LOI, major constituents, and compatible trace elements compared with their protolith and 200 

saprolite zones. In terms of the major constituents, the distinguishing feature of these uppermost 201 

parts of the laterite profiles is the substantial increase in Fe2O3 and Al2O3 contents and the 202 

extremely leaching of SiO2 and MgO contents compared with the underlying protolith and 203 

saprolite zones. The laterite profile at locality #1 seems to be the most highly weathered profile. 204 

It is highly carbonated where the CaO and LOI contents reached up to 30.31wt.% and 25.62 205 

wt.%, respectively (Table 2). Except for the profile at locality #1, the oxide and clay-rich zones 206 

of the other laterite profiles show comparable data of wide compositional ranges in terms of their 207 

major and compatible trace element constituents. SiO2 is the most prominent component that is 208 

progressively decreased from the protolith to the uppermost oxide/clay-rich zones. It displays 209 

reverse correlation with both total iron, as Fe2O3, and Al2O3 contents (Figures 6a, b). The SiO2 210 

content varies from 27.06 wt.% in the less lateritized samples down to 2.23 wt.% in the strongly 211 

lateritized ones (Table 2). The total iron, as Fe2O3, is highly increased with the increasing degree 212 

of lateritization. It varies from 16.82 wt.% in the less weathered samples up to 85.5 wt.% in the 213 

highly weathered ones (Figure 6a). The Al2O3 content shows the highest value in the clay-rich 214 
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zone, where it reaches up to 24.49 wt.%, and the lowest Al2O3 value (1.70 wt.%) is in the oxide-215 

rich zone (Figure 6b). The MgO content, on the other hand, is the most leachable component in 216 

the oxide/clay-rich zone of the laterite profiles. It is reduced to 0.37 wt.% in the highly lateritized 217 

samples and to 6.18 wt.% in the least lateritized ones (Figures 6c, d). The MgO content shows 218 

strong positive and negative correlations, respectively, with SiO2 (Figure 6c) and Fe2O3 (Figure 219 

6d). In terms of the compatible trace elements (Cr, Ni, Co, and Mn), they are highly (Cr and Ni) 220 

to slightly (Co and Mn) enriched in the oxide/clay-rich zones of the laterite profiles compared 221 

with the protolith and saprolite zones (Table 2). The Cr2O3 content is the most enriched 222 

compatible component in the uppermost oxide/clay-rich zone, where it reaches up to 11.44 wt.% 223 

(3.79 wt.% on average). Similarly, the NiO content in the oxide/clay-rich zone of the laterite 224 

profiles reaches up to 2.85 wt.% (1.07 wt.% on average). It is more or less positively correlated 225 

with Fe2O3 and Al2O3 contents (Table 2 and Figure 7a). The Co3O4 and MnO contents also 226 

relatively increase in the oxide/clay-rich zone, which reach up to 0.50 wt.% and 2.52 wt.%, 227 

respectively (0.11 wt.% and 0.36 wt.% on average), showing a good positive correlation with 228 

NiO and Fe2O3 contents (Table 2).  229 

  230 

5.2 Platinum-group elements (PGE) geochemistry 231 

5.2.1 Protolith and saprolite zones 232 

The PGE contents in the serpentinized peridotite and the saprolite zone are almost similar, with 233 

very limited variations (Table 1). The total PGE content of the serpentinized peridotite protolith 234 

ranges between 31 and 41 ppb (35 ppb on average), which shows approximately flat chondrite-235 

normalized PGE distribution patterns (Figure 8a) with slight positive fractionation ratios 236 

(average Pd/IrN and Ru/PtN = 1.76 and 0.95, respectively). It is noteworthy that the total IPGE (= 237 

Os, Ir, and Ru) is progressively increased along with the increase of PPGE (= Rh, Pt, and Pd) 238 

from the protolith to the saprolite and then to the oxide/clay-rich zones of the laterite profiles 239 

(Figure 8b). The saprolite samples of laterite profiles show relative enrichment in total PGE 240 

compared with the serpentinized peridotites, varying from 30 to 91 ppb (55 ppb on average), but 241 

with pronounced positive trend from Os to Ru and then depletion in Rh and positive again from 242 

Pt to Pd of the PGE distribution patterns (Table 1 and Figure 9b). The Pd/IrN and Ru/PtN 243 

fractionation ratios reflect the relative enrichment in the IPGE compared with the PPGE. The 244 

average ratios in the saprolite samples are 1.94 and 1.53, respectively. The Au content in the 245 
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peridotite protolith and saprolite zones is approximately similar, which varies from 1 up to 5 ppb 246 

(Table 1). 247 

 248 

5.2.2 Oxide/clay-rich zone 249 

The total PGE content in the oxide/clay-rich zone of the laterite profiles is comparatively very 250 

high with those in the protolith and saprolite zones. The enrichment factor reaches up to six 251 

times in the oxide/clay-rich zone. Total PGE content varies from 57 up to 253 ppb, with an 252 

average of 136 ppb (Table 2). Both IPGE and PPGE sub-groups are substantially increased in the 253 

oxide/clay-rich zone of the laterite profiles, showing a general positive trend from Os to Pd in the 254 

chondrite-normalized PGE distribution patterns (Figures 9b–d), except for the profile at locality 255 

#1, which shows erratic PGE distribution patterns (Figure 9a). There is an obvious enrichment in 256 

the total PGE contents, with promotion of the lateritization process from the protolith upward to 257 

the uppermost oxide and clay-rich zones, which is reflected by the substantial increase in Fe2O3, 258 

Cr2O3, and NiO contents (Figures 7b–d). The Pd/IrN and Ru/PtN ratios also reflect the general 259 

increase in both IPGE and PPGE in the PGE distribution patterns, which vary respectively from 260 

0.45 to 3.81 (1.43 on average) and from 0.51 to 7.75 (2.78 on average). The ∑IPGE/∑PPGE 261 

ratio varies from 0.3 to 0.86 (0.61 on average) in the peridotite protolith, from 0.52 to 2.11 (1.12 262 

on average) in the saprolite, and from 0.31 to 2.18 (1.16 on average) in the oxide/clay-rich zone, 263 

which reflects a progressive increase of both IPGE and PPGE upward from the protolith to the 264 

oxidized zone of the laterite profiles (Figure 8b). Osmium (Os) has the lowest values in all 265 

laterite profiles (Figures 9a–d). It is almost around the detection limit of the analysis, which is 266 

most probably due its volatile nature in the surficial environment. On the other hand, Ru shows 267 

the highest values among the IPGE metals in all laterite profiles, showing pronounced positive 268 

anomalies, which is most probably due to its presence as laurite, or as a Ru-Ir-Fe alloy, in the 269 

accumulated chromian spinel in the saprolite and oxide/clay-rich zones (Figures 9a–d). In the 270 

PPGE subgroup, Pd has the highest values in all laterite profiles (Figures 9a–d), except in a few 271 

samples in localities #1 and # 6, where Pt has the highest metal content among the PPGE 272 

(Figures 9a, d). The Au content in the oxide and clay-rich zones is relatively higher than those in 273 

the protolith and saprolite zones. It reaches up to 15 ppb in the clay-rich zone (Table 2). 274 

 275 

6. Discussion 276 
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6.1 Degree of lateritization 277 

When the mafic/ultramafic rocks are exposed to the surface, they undergo intense chemical and 278 

mechanical weathering processes, which are mainly controlled by climatic and topographic 279 

conditions (Golightly, 1981, 2010; Freyssinet et al., 2005). These oxidation and supergene 280 

processes lead to the leaching of major elements (i.e., MgO and SiO2) from the ferromagnesian 281 

minerals (olivine and pyroxenes) in parent rocks, whereas other elements (e.g., Ni, Mn, and Co) 282 

can be enriched up to the economic values (Aiglsperger et al., 2016). Water-insoluble metals 283 

such as Fe2O3, Al2O3, and Cr2O3 are also residually accumulated in situ as oxides and 284 

oxyhydroxides, which play an important role as metals-retention phases in the uppermost part of 285 

the laterite profiles (Butt & Cluzel, 2013; Bowles et al., 2017). To evaluate the degree of 286 

lateritization and chemical changes in ultramafic rocks during the formation of Ni-laterite, 287 

Aiglsperger et al. (2016) defined a factor called ultramafic index of alteration (UMIA), which is 288 

mainly based on the index of lateritization (IOL) proposed by Babechuk et al. (2014). The UMIA 289 

is calculated using the molar ratios of the major element oxides from the wt.% contents of the 290 

whole rock analysis (Duzgoren-Aydin et al., 2002), and the IOL is calculated as the wt.% of the 291 

major oxides (Babechuk et al., 2014; Aiglsperger et al., 2016; Tupaz et al., 2020). The following 292 

equations are used to calculate the UMIA and IOL: 293 

UMIA = 100 x [(Al2O3 + Fe2O3(T))/(SiO2 + MgO + Al2O3 + Fe2O3(T))] 294 

IOL = 100 x [(Al2O3 + Fe2O3(T))/(SiO2 + MgO + Fe2O3(T))] 295 

 296 

These weathering indexes depend on the composition of ultramafic rocks (i.e., peridotites) that 297 

are essentially dominated by MgO and SiO2, with negligible amounts of CaO, Na2O, and K2O 298 

(Babechuk et al., 2014). The breakdown of primary minerals is occasionally followed by the 299 

development of secondary minerals such as serpentine, chlorite, clay minerals, and oxyhydroxide 300 

phases (e.g., Fe-Mn oxides and hydroxides) (Rivera et al., 2018). Thus, the values of UMIA and 301 

IOL indexes give important information about the weathering trend of ultramafic rocks, which 302 

can also be shown as ternary diagrams of A-SM-F [(Al2O3-(SiO2+MgO)-Fe2O3] and AF-S-M 303 

[(Al2O3+Fe2O3)-SiO2-MgO] (Figures 10a, b), and the IOL is shown as ternary S-A-F (SiO2-304 

Al2O3-Fe2O3) ternary diagram (Figure 10c). The UMIA of the ultramafic protolith of the Oman 305 

Ni-laterite ranges from 3% to 5%, with an average of 4%, and the less weathered saprolite 306 

samples are more or less similar to the underlying protolith where the values of UMIA vary from 307 
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3% to 4% (Figure 10a). The oxide/clay-rich zone of the laterite profiles has UMIA values 308 

between 38% and 89%, with an average of 70% (Figures 10a, b). The IOL, on the other hand, is 309 

comparable with the UMIA values, where the average values in the protolith, saprolite, and 310 

oxide/clay-rich zones are 4%, 4%, and 79%, respectively (Figures 7a–c). Except one sample 311 

from locality #1 where the Al2O3 content is exceptionally high, the Ni-laterite profiles of the 312 

Oman ophiolite are characterized by constantly high Fe/Al ratios (Figures 10a–c and Table 2).  313 

It is obvious that both Al2O3 and Fe2O3 contents are progressively increased with the increasing 314 

degree of lateritization (i.e., UMIA) toward the surface of the laterite profiles. There is a good 315 

direct relationship between the two components, from the ultramafic protolith to the oxide/clay-316 

rich zones (Figure 11a). The Ni and Co, which are mainly hosted by ferromagnesian minerals 317 

(e.g., olivine and pyroxenes) in the parent rocks, are also progressively increased with the 318 

increasing degree of lateritization (Figure 11b), as concluded by Al-Khirbash (2016), and are 319 

hosted by goethite, chlorite, kaolinite, and other Ni-bearing serpentine and talc (Al-Khirbash 320 

2015). The residual accumulation of chromite in the uppermost part of laterite profiles is also 321 

obvious, which clearly increases with the increasing process of lateritization (Figure 11c). This is 322 

also clearly shown by the increase of total PGE with the increase in Cr2O3 contents in the laterite 323 

profiles. This is because chromite is considered as one of the main hosts of PGE in general and 324 

IPGE in particular (Figures 8a–8d). Based on the calculated UMIA and IOL values, the Oman 325 

Ni-laterite are in a good agreement with the moderately lateritized profiles worldwide (Babechuk 326 

et al., 2014; Rivera et al., 2018). 327 

 328 

6.2 PGE enrichment in Ni-laterite 329 

In general, the total PGE contents in Ni-laterites around the world are ranging between ≤ 100 330 

ppb and up to few hundreds ppb in concentration (Augé & Legendre, 1994; Eliopoulos & 331 

Economou-Eliopoulos, 2000; Ndjigui & Bilong, 2010; Aiglsperger et al., 2015, 2016; Rivera et 332 

al., 2018). However, in some places, exceptionally enriched lateritic crusts with 2 ppm, as well 333 

as more than 4 ppm total PGE, were reported in the Ora Banda Sill in Western Australia (Gray et 334 

al., 1996) and in Burundi (Maier et al., 2008). In all of the studied Ni-laterite profiles from the 335 

Northern Oman Mountains, the uppermost oxide/clay-rich zone shows the highest PGE contents 336 

compared with the saprolitic zone and the underlying serpentinized peridotite/layered gabbro 337 

protolith. The selective concentration of PGE contents in the upper levels of the weathering 338 
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profile, compared with their initial low concentrations in the underlying bedrocks, as well as the 339 

positive correlation between the UMIA and total PGE contents (Figure 11d), indicate that PGE 340 

can be mobilized in different proportions throughout the weathering profile (e.g., Aiglsperger et 341 

al., 2016; Rivera et al., 2018; Tobόn et al., 2020). From the PGE distribution patterns (Figures 342 

9a–d), it is clearly shown that Ru, Pt, and Pd are more mobile than Ir and Rh, while Os shows the 343 

lowest resistant metal in the supergene surficial environment where it is mostly leached out from 344 

the weathered profiles. The pronounced Ru positive anomalies from all of the studied laterite 345 

profiles are mostly attributed to its presence as laurite (RuS2) crystals, or as Ru-Fe alloys, within 346 

the residually accumulated chromite grains in the weathered laterite profiles. Although PGM 347 

grains were not reported from the studied Ni-laterite profiles (it needs more careful observations 348 

under high magnifications), it is confirmed from previous studies on the Oman ophiolite where 349 

the main PGE mineralogy are laurite in the primary chromite (Ahmed & Arai, 2003) and PGE 350 

oxides in weathered lithologies (Ahmed et al., 2002). The PGE mobility in surficial 351 

environments can be attributed to the lateritization processes that resulted in the migration of 352 

these metals toward the oxide and oxyhydroxide zones (Eliopoulos & Economou-Eliopoulos, 353 

2000; Talovina & Lazarenkov, 2001; Ndjigui & Bilong, 2010; Aiglsperger et al., 2015). The 354 

possible controlling factors of PGE mobility and redistribution within the laterite profile are (1) 355 

the Eh–pH ratio of the weathering solutions, (2) the Cl concentration in the laterite profile, and 356 

(3) the mode of occurrence of PGM in the parent rocks before weathering (Bowles et al., 1994a, 357 

1994b; Salpéteur et al., 1995; Ahmed & Arai, 2002, 2003; Ahmed et al., 2002). In addition to the 358 

Pt-Pd-Cl complexes, the Pt and Pd as redox metals can also be mobilized as inorganic complexes 359 

in low temperature conditions (Colombo et al., 2008). The highly accumulated chromite grains in 360 

the uppermost part of the weathered profiles of the Oman ophiolite (Figure 11c) could be 361 

accompanied by the enrichment of total PGE, in general, and IPGE, in particular. The IPGE, 362 

which have higher melting points than the PPGE, tend to be concentrated in refractory phases 363 

(i.e., chromite) and in early cumulates relative to PPGE, which are more incompatible and tend 364 

to be retained in the residual melt and crystallized with the interstitial sulfide phase (Barnes et 365 

al., 1988; Edwards, 1990; Prichard et al., 1996a, 1996b). Thus, PPGE could be easily mobilized 366 

and redistributed during the chemical weathering of parent rocks than the IPGE, which are 367 

mainly related to the chromite accumulation. Both mechanisms, the leaching of PPGE from the 368 
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interstitial sulfide phase and the accumulation of IPGE with chromite, will lead to the increase in 369 

both of them in the oxide zone of the laterite profiles (Figure 8b).  370 

Previous studies on the mobility of PGE during lateritization processes revealed that acidic 371 

conditions (pH < 6 and Eh > 0.4) could lead to the dissolution of PGE-bearing minerals, 372 

especially PPGE phases, and then they would undergo subsequent transportation in solution and 373 

accumulation in the oxidized Fe-rich laterite profiles (Plimer & Williams, 1988; Bowles et al., 374 

1994a, 1994b; Talovina & Lazarenkov, 2001). The PGE are accumulated as PGE-rich alloys, 375 

which coprecipitate with Fe and Mn oxides under such acidic conditions (Bowles et al., 1994a, 376 

1994b; Salpéteur et al., 1995; Ndjigui & Bilong, 2010; Tobόn et al., 2020). Complex Pt-Ir-Fe-Ni 377 

alloys were recently found as inclusions and packed nanoparticles within pore spaces of Fe 378 

oxides and oxyhydroxides of the Loma Peguera Ni-laterite deposit in the Dominican Republic 379 

(Aiglsperger et al., 2015, 2016) and in the Planeta Rica Ni-laterite profiles of Northern Colombia 380 

(Tobόn et al., 2020). These observations are in good agreement with the previous studies, which 381 

indicated that the high concentrations of Pt, Pd, and Ru, as well as the transition metals such as 382 

Ni, Co, Cu, and Zn, in laterite profiles, are essentially hosted by secondary minerals like Fe-oxy-383 

hydroxides or smectite clay minerals (Oberthür & Melcher, 2005; Ndjigui & Bilong, 2010). The 384 

high total PGE contents in the oxide/clay-rich zone of the Oman Ni-laterite profiles are in 385 

accordance with this idea and could be accumulated as PGE-Fe alloys that co-precipitated with 386 

oxides and oxyhydroxides. The newly formed supergene PGE alloys could be formed in situ 387 

during serpentinization and/or lateritization processes by dissolving the primary magmatic PGM 388 

precursor (Aiglsperger et al., 2016). 389 

 390 

6.3 Possible economic potentiality 391 

Although the total PGE contents (< 300 ppb) in the Ni-laterite profiles of the Oman ophiolite do 392 

not reach the economic values, they are mostly comparable to the total PGE contents reported 393 

from PGE-rich Ni-laterite profiles around the world, such as Ni-laterite deposits of Falcondo in 394 

the Dominican Republic, Cuba (Aiglsperger et al., 2015, 2016), and New Caledonia (Traoré et 395 

al., 2008); Ni-laterite from Centinela Bajo, south-central Chile (Rivera et al., 2018); and those 396 

from the Cerro Matoso and Planeta Rica Ni-Laterite deposits, Northern Colombia (Tobόn et al., 397 

2020). For example, the Ni-laterite deposit of Falcondo of the Dominican Republic has PGE 398 

values before processing between 250 and 640 ppb. However, the final product obtained after 399 
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pyrometallurgical extraction shows an increase in total PGE contents up to 2 ppm (Aiglsperger et 400 

al., 2015, 2016). Similarly, in the Ni-laterite deposits of Cuba, the PGMs are mainly collected in 401 

the sulfide concentrates and the Ni-end products during the ore dressing in the Nikaro and Moa 402 

ore dressing plants, where the PGE contents reach up to 6 ppm (Lazarenkov et al., 2005). Such 403 

final PGE values are considered as a potential unconventional PGE resource from the Falcondo 404 

and Cuba Ni-laterite deposits. 405 

In the Ni-laterite profiles of the Oman ophiolite, the PGE contents in the oxide/clay-rich zone 406 

reach up to 253 ppb (up to 6 magnitude as those in the parent ultramafic rocks), which is almost 407 

comparable to those reported from worldwide PGE-rich Ni-laterite deposits (Figure 12). The 408 

PGE enrichment in the oxide zone of the laterite profiles corresponds to an increase in NiO, 409 

Co3O4, Cr2O3, Fe2O3, and Al2O3 contents, as well as to the highest calculated degrees of 410 

lateritization (average UMIA ~70%) (Figures 11a–d). The formation of secondary nanoparticles 411 

of PGE alloys in the oxide and oxyhydroxide zones of the Oman laterite profiles needs more 412 

careful investigation using ultrahigh magnification tools such as the field emission scanning 413 

electron microscope (FESEM) and/or Raman spectroscopy techniques, which is beyond the 414 

scope of this article. In addition, further field investigations and systematic sampling are needed 415 

to focus on the profiles having more concentration of Cr2O3 contents and progressive high 416 

degrees of lateritization. Although the PGE contents in the oxidized horizons of the Oman Ni-417 

laterite profiles are not economic in its current natural form, applying adequate extraction and 418 

refining methods in the future could increase the PGE contents, which might be recovered as by-419 

products. If it is applied in the future, the Ni laterite of the Oman ophiolite can be considered as 420 

unconventional PGE deposits.  421 

 422 

6. Conclusions 423 

1. The Ni-laterite profiles of the Oman ophiolite characterized by the progressive increase in 424 

Fe2O3 Al2O3, Cr2O3, NiO, and Co3O4 concentrations from parent ultramafic rocks to the 425 

oxide/clay-rich zone in the uppermost part of the laterite profile. This also corresponds to the 426 

strong leaching of SiO2 and MgO contents from the oxidized zone of the laterite profiles. 427 

2. The highest PGE contents in the Ni-laterite of the Oman ophiolite are concentrated in the 428 

oxide/clay-rich zone, which reached up to six times as their concentration in the saprolite and 429 

unweathered peridotite protolith. The PGE distribution patterns and their positive correlation 430 
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with the UMIA, as well as the Cr2O3 contents in the laterite profiles, indicate that the PGE 431 

can be mobilized in different proportions.  432 

3.  Ru, Pt, and Pd are more mobile than Os, Ir, and Rh. Osmium, by far, is the less-resistant 433 

PGE metal under the surficial weathering environment. The positive correlation between 434 

IPGE and PPGE with the increasing degree of lateritization is indicative of their 435 

mobilization, redistribution, and enrichment in the Fe-rich oxides and oxyhydroxides of the 436 

laterite profiles. The IPGE are most probably linked with the residual accumulation of 437 

chromite in the oxide zone, while the PPGE are most probably leached from the interstitial 438 

sulfides and co-precipitated as nanoparticles of PGE alloys with the Fe oxide and 439 

oxyhydroxide materials. 440 

4. The PGE contents of the Oman Ni-laterite are in accordance with the PGE values from the 441 

worldwide Ni-laterite deposits. It can be considered as an unconventional PGE resource if 442 

adequate extraction and refining processes are applied to increase the PGE contents in the 443 

final products. 444 

5. Further field investigations focusing on the Ni-laterite profiles with high degrees of 445 

lateritization and those enriched in Cr2O3 contents are needed to check the existence of PGE 446 

enrichment in these laterite profiles. A detailed mineralogical study using ultrahigh 447 

magnification tools is also needed to identify the possible presence of PGE-Fe alloy 448 

nanoparticles in the oxide and oxyhydroxide zones of the Ni-laterites.  449 
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(modified after Mattern et al., 2020). (b) Geological map of the studied area with the studied 691 

sections (modified after Al-Khirbash, 2015).  692 
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Figure 2: Lithological sections of the six studied laterites (localities 1–6) (modified after Al-694 

Khirbash, 2015). 695 
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Figure 3: Field photographs of the laterite horizons in the study area: (a) massive layered gabbro 697 

protolith, locality #3; (b) general view of the peridotite protolith, locality #5; (c) saprolite horizon 698 

with less altered peridotite blocks, locality #4; (d) massive oxide horizon, locality #6; and (e) 699 

pisolitic reddish color oxide horizon, locality #6. 700 

 701 

Figure 4: Photomicrographs of the protolith and laterite horizons: (a) fresh plagioclase (Pl) 702 

crystals and altered pyroxenes (Cpy) in layered gabbro, XPL, locality #3; (b) pyroxene (Cpy) 703 

crystals that are altered to lizardite (lz) and chrysotile (Ctl) in serpentinized peridotites, XPL, 704 

locality #2; (c) lizardite (lz) and chrysotile (Ctl) minerals cut by carbonate-filling (Cb) fracture in 705 
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core (Chl) pisolites in the oxide horizon, XPL, locality #4; and (e) hematite (Hem) and goethite 707 

(Gth), with magnetite (Mag) and inherited chromite (Chr) grains and authigenic chlorite (Chl), 708 

reflected XPL, locality #1. 709 

 710 

Figure 5: XRD pattern of the representative sample of some selected laterite horizons: (a) 711 

saprolite zone, locality # 2; (b) saprolite zone, locality #4; (c) oxide zone, locality #5; and (d) 712 

oxide zone, locality # 6. Minerals: Ctl = chrysotile, Nep = nepouite, Lz = lizardite, Cal = calcite, 713 

Hem = hematite, Mag = magnetite, Ilm = ilmenite, and Tr = trevorite. 714 

 715 

Figure 6: Compositional binary variation diagrams of major oxides of the studied Ni-laterite of 716 

the Oman Mountains. a, b, and c are variations of SiO2 vs. Fe2O3, Fe2O3, and MgO wt.%, and d is 717 

the variation of Fe2O3 vs. MgO wt.%.  718 

 719 

Figure 7: Compositional variation diagrams of (a) NiO vs. Fe2O3 wt.%. b, c, and d are variations 720 

of total PGE (ppm) vs. Fe2O3, Cr2O3, and NiO wt.%, respectively. 721 
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Figure 8: (a) Chondrite-normalized PGE distribution diagram of the studied Ni-laterite profiles 723 

of the Oman Mountains. (b) Variation diagram of IPGE vs. PPGE of the studied Ni-laterite 724 

profiles. Normalizing values are taken from Naldrett and Duke (1980; cf. 514, 540, 690, 200, 725 

1,020, and 545 for Os, Ir, Ru, Rh, Pt, and Pd, respectively). 726 

 727 

Figure 9: a, b, c, and d are chondrite-normalized PGE distribution patterns of the studied Ni-728 

laterite profiles of the Oman Mountains. Chondrite-normalizing values are taken from Naldrett 729 

and Duke (1980). 730 

 731 

Figure 10: Ternary plots (in molar %) of Al–Fe–Mg–Si space showing the weathering trends of 732 

ultramafic rocks, defined as the ultramafic index of alteration (UMIA): (a) A–SM–F ternary plot 733 

illustrating the weathering trend with respect to Al2O3 enrichment or Fe2O3 enrichment. (b) AF–734 

S–M ternary plot illustrating the general weathering trend of peridotites with the initial loss of 735 

MgO, followed by the loss of SiO2 and concomitant enrichment of Al2O3 and Fe2O3. Ternary 736 
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variation diagrams are from Aiglsperger et al. (2016). (c) Al2O3-Fe2O3-SiO2 space shows the 737 

index of lateritization (IOL) in wt.% (after Rivera et al., 2018). 738 
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Figure 11: (a, b) Variation diagrams of Al2O3 vs. Fe2O3 wt.% and NiO vs. Co3O4 wt.% of the 740 

studied Ni-laterite profiles showing the lateritization trend from the protolith to the overlying 741 

saprolite and oxidized zones. (c) Variation diagram showing the enrichment of Cr2O3 with the 742 

increase of the ultramafic index of alteration (UMIA). (d) Variation diagram showing the 743 

enrichment of total PGE with the increase of the UMIA. 744 

 745 

Figure 12: Chondrite-normalized PGE distribution patterns of the studied Ni-laterite profiles 746 

compared with the compositional fields from the Moa Bay and the Falcondo mining areas, 747 

including both the pre- and the post-processing materials of PGE concentration. Normalization 748 

values from Naldrett and Duke (1980). 749 
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Table 1 

Zone   Protolith Saprolite 

Loc # loc-1 loc-1 loc-1 loc-2 loc-5 loc-6 loc-2 loc-3 loc-4 

SiO2 37.67 37.11 36.74 37.17 37.11 36.12 38.96 40.66 36.92 

Al2O3 0.92 0.94 1.12 2.76 0.67 0.75 0.75 0.91 0.38 

Fe2O3(T) 8.28 7.21 9.60 8.46 7.22 7.77 7.78 9.16 6.39 

MnO 0.16 0.13 0.12 0.20 0.10 0.12 0.11 0.12 0.09 

MgO 35.78 36.57 35.33 32.87 37.63 35.16 36.43 31.91 37.00 

CaO 1.60 0.58 0.68 2.82 0.05 0.67 0.76 1.19 3.25 

Na2O n.d. n.d. n.d. 0.01 n.d. 0.02 0.01 0.01 0.01 

K2O 0.01 0.02 0.01 0.02 0.00 0.09 0.01 0.03 0.01 

TiO2 0.02 0.02 0.03 0.08 0.01 0.01 0.01 0.02 0.01 

P2O5 0.01 0.01 n.d. n.d. n.d. 0.00 0.01 0.05 0.04 

Cr2O3 0.45 0.36 0.31 0.37 0.29 0.23 0.35 0.46 0.32 

NiO 0.16 0.15 0.18 0.12 0.18 0.19 0.29 0.33 0.25 

Co3O4 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 

LOI 15.72 16.18 15.81 15.67 15.20 15.10 14.60 15.88 15.86 

Total 100.79 99.29 99.95 100.56 98.48 96.25 100.09 100.74 100.54 
          

UMIA 4 3 5 5 3 4 3 4 3 

IOL 4 3 5 5 3 4 4 4 3 

PGE 

(ppb) 

         

Os <2 <2 5 <2 <2 3 <2 <2 < 2 

Ir 4 5 7 4 5 5 5 5 11 

Ru 6 6 7 7 7 7 6 16 41 

Rh 3 2 2 1 2 2 2 2 5 

Pt 15 8 10 10 11 10 10 21 23 

Pd 6 9 10 9 9 7 11 14 12 

Au n.d. n.d. n.d. 3 n.d. n.d. n.d. 5 1 
          

∑ PGE 34 30 41 31 34 34 34 58 91 

∑  IPGE 10 11 19 11 12 15 11 21 52 

∑  PPGE 24 19 22 20 22 19 23 37 40 

Pd/IrN 1.49 1.78 1.42 2.18 2.29 1.78 1.39 3.02 1.10 

Ru/PtN 0.59 1.11 1.04 0.89 1.04 0.95 1.04 1.13 2.65 



 



Table 2 

Zone oxide  clay-rich oxide  oxide  oxide 

Loc # loc-1 loc-2-4 loc-5 loc-6 

SiO2 7.32 12.24 4.35 2.23 8.42 27.06 26.9

3 

16.6

2 

6.14 12.55 5.75 3.67 10.84 3.08 4.01 6.59 5.43 10.2

0 

4.78 

Al2O3 7.11 9.28 4.37 1.70 6.54 24.49 8.00 8.93 7.17 6.11 7.93 4.02 12.34 6.65 6.86 12.13 12.10 8.70 7.46 

Fe2O3 

(T) 

33.31 62.70 50.5

3 

31.1

4 

72.8

2 

16.82 45.1

4 

59.2

0 

71.6

9 

63.11 71.13 85.50 63.02 75.87 78.1

8 

65.99 67.49 52.3

6 

73.3

9 

MnO 0.54 0.18 0.65 2.52 0.18 0.18 0.46 0.31 0.26 0.19 0.10 0.04 0.11 0.05 0.12 0.32 0.19 0.17 0.33 

MgO 1.93 3.57 1.10 1.37 0.37 3.80 6.18 2.81 3.07 6.14 0.40 0.69 1.03 0.70 0.87 4.14 3.37 3.94 2.48 

CaO 24.30 1.33 18.5

9 

30.3

1 

0.20 1.30 0.61 0.39 0.47 0.32 0.06 0.07 0.29 0.51 0.92 1.88 1.28 6.36 2.81 

Na2O 0.06 0.06 0.04 0.21 0.10 0.14 0.06 0.05 0.01 0.01 0.45 0.01 0.09 0.08 0.20 0.03 0.05 0.17 0.05 

K2O 0.02 0.03 0.01 0.01 0.01 0.84 0.05 0.02 0.02 0.03 0.10 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 

TiO2 0.08 0.09 0.06 0.03 0.11 0.57 0.21 0.19 0.06 0.26 0.24 0.11 0.11 0.13 0.17 0.16 0.14 0.04 0.07 

P2O5 0.04 0.01 0.01 0.01 0.03 0.01 0.01 0.03 0.06 0.05 0.12 0.08 0.06 0.09 0.06 0.01 0.01 0.01 0.01 

Cr2O3 2.48 3.36 1.96 2.51 2.04 11.44 3.65 4.39 3.87 3.40 3.69 3.27 3.77 5.70 2.69 3.17 5.35 3.46 2.12 

NiO 0.04 0.16 0.03 0.07 0.05 0.12 0.10 0.11 0.11 0.50 0.07 0.02 0.06 0.01 0.05 0.10 0.08 0.21 0.20 

Co3O4 0.51 1.49 0.58 1.14 0.38 2.01 1.41 0.79 1.67 1.85 0.21 0.18 0.76 0.11 0.31 1.18 0.65 2.85 1.34 

LOI 22.41 6.37 16.6

7 

25.6

2 

8.02 12.59 7.11 4.99 5.17 6.06 10.42 3.23 10.67 10.46 4.87 4.87 4.27 10.6

5 

4.48 

Total 100.1

5  

100.8

6  

98.9

4  

98.8

8  

99.2

8  

101.3

7  

99.9

2  

98.8

3  

99.7

7  

100.5

8  

100.6

7  

100.9

0  

103.1

6  

103.4

5  

99.3

2  

100.5

8  

100.4

2  

99.1

5  

99.5

3  

                         

UMI

A 

62  62  78  75  78  39  38  57  74   56  83  88    71   89    86  71  76  61  79  

IOL 74  71  86  80  86  53  41  64  83  60  95  94  86  99  96  85  91  69  89  

PGE (ppb) 

Os 12   < 2  9  14   < 2  18   < 2  < 2 < 2 < 2  < 2   < 2   < 2   < 2   < 2   < 2   < 2   < 2   < 2  

Ir 30  16  36  27  7  30  13  17 18 17 17  6  16  19  14  15  15  13  18  

Ru 49  39  54  56  21  73  35  35 57 48 41  22  47  45  43  40  45  38  53  

Rh 12  6  15  10  1  4  4  6 7 6.1 6  3  5  6  6  6  5  4  8  



Pt 111  19  26  36  5  14  18  29 42 33 34  15  27  14  36  116  29  32  30  

Pd 38  10  16 21  7  37  25  26 68 29 18  11  20  10  12  56  12  28  20  

Au 2  2  4  3  1  15  3  2 8.6 0.8 3  3  1  1  1  1  1  1  1  

                        

∑ 

PGE 

       

252  

         

90  

       

156  

       

163  

         

41  

       

176  

         

95  

       

112  

       

191  

       

133  

       

115  

         

57  

       

115  

         

94  

       

112  

       

233  

       

106  

       

115  

       

129  

∑ 

IPGE 

         

91  

         

55  

         

99  

         

97  

         

28  

       

121  

         

48  

         

52  

         

75  

         

65  

         

58  

         

28  

         

63  

         

64  

         

57  

         

55  

         

60  

         

51  

         

71  

∑ 

PPGE 

       

161  

         

35  

         

57  

         

67  

         

13  

         

55  

         

47  

         

61  

       

117  

         

68  

         

58  

         

29  

         

52  

         

30  

         

54  

       

178  

         

46  

         

64  

         

58  

Pd/Ir

N 

      

1.25  

      

0.64  

      

0.45  

      

0.78  

      

1.04  

      

1.23  

      

1.86  

      

1.56  

      

3.81  

      

1.69  

      

1.07  

      

1.76  

      

1.22  

      

0.54  

      

0.83  

      

3.72  

      

0.79  

      

2.13  

      

1.09  

Ru/Pt

N 

      

0.66  

      

3.05  

      

3.09  

      

2.31  

      

6.24  

      

7.75  

      

2.89  

      

1.79  

      

2.02  

      

2.16  

      

1.79  

      

2.18  

      

2.59  

      

4.77  

      

1.77  

      

0.51  

      

2.31  

      

1.76  

      

2.62  
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