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Ine project nas qocumentea tne existence ot several previousLy UnKNown
platinum group element (PGE) mineralizations in Norwegian ophiolites, of a
type previously not well-documented anywhere, i.e. stratiform platinum-
palladium-gold mineralization in ultramafic cumulates in ophiolites. PGE-
bearing podiform chromitite and high level Ni-Cu sulphide mineralizations
It has been documented that PGE-enrichment in the
ultramafic bodies hosting the podiform chromitites is confined to the
chromitite bodies. Both the podiform chromitite and Ni-Cu sulphide miner-
alizations are of such limted tonnage that they have no economic interest.
The stratiform PGE mineralizations found so far, in the Leka and Lyngen
ophiolites are submarginal but are sufficiently rich and of sufficient
dimensions that they are considered to indicate a possible potential for
mineralizations of economic interest in these complexes and in all others
with well developed, laterally extensive sequences of olivine-rich
cumulates. This conclusion has relevance for prospecting in general for
PGE-mineralizations, and could be particularly important if the present
supply-demand situation for the PGE were to change.
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1. INTRODUCTION
1.1 Project concept and organization

The current project was preceded by a pilot project entitled:
Geochemistry of platinum metals in rocks and ores in Norway: Pilot Project
(Barnes et al. 1987). The pilot project involved the analysis of 385
samples from a range of geological environments for platinum group elements
(PGE) and gold. The environments included Ni-Cu deposits, of which two in
oceanic crustal rocks, chromite deposits in ophiolitic rocks and chromite-
bearing rocks from ophiolites.

The most important conclusion reached during the pilot project was that:
"Results from only one of the geotopes sampled, ophiolites and related
rocks, give an indication of possible economic interest." The following
recommendations for further work in this respect were made: "The specific
targets located so far considered to merit further study are:

- chromite-olivine cumulates in the Leka ophiolite

- chromite-bearing harzburgites forming isolated ultramafic bodies,
i.e. Osthammeren, Skamsdalen, Aurtand and @rnstolen

- the potential for further Cu-Ni-PGE mineralizations of the Fzoy
type in the Karmey ophiolite.

Critical topics to be examined in the Leka ophiolite will be the lateral
and vertical extent of the Os-Ir-Ru enrichment, geochemical variations
within the enriched zone, the mineralogical residence of the PGE and the
processes leading to their concentration.

In the isolated harzburgite bodies the critical question in an economic
evaluation will be whether the PGE are exclusively linked to chromite. All
the chromite mineralizations found to date are very small."

The present project was formulated with the aims of examining these
topics. It encompasses an evaluation of the processes leading to PGE
enrichment, in both petrological and economic-geological contexts.

Organization

Much of the project was carried out through collaboration between the
Geological Survey of Norway (NGU) and the Geological Institute, Div. 3,
University of Bergen (UiB). The project was led from NGU and carried out by
workers from NGU (R. Boyd and L.-P.Nilsson) and UiB (R.-B. Pedersen and
G.M. Johannesen). The project has thus been able to benefit from the
considerable expertise on ophiolites which has been built up at UiB over
the last 10-15 years. During the lifetime of this project NGU has carried
out work on three scientifically related but organizationally unrelated
projects, on parts of the Lyngen ophiolite (T.Grenne), on PGM in heavy
mineral concentrates from the Raudberget talc deposit, Vik, Sogn (S.Bakke,
T.Boassen, L.-P. Nilsson) and on the Lillefjellklumpen Ni-Cu-PGE
mineralization in N-Trgndelag (A.Gregnlie): these projects are also covered
in this report for the increase in scientific completeness which they
allow.



The project has also involved collaboration with geoscientists from the
Geological Institute at the University of Trondheim (NTH); Dept. of Earth
Sciences, Open University, England; Sciences de la Terre, Universite du
Quebec, Canada; Dept. of Earth Sciences, Memorial University of
Newfoundland, Canada. Most of the analytical work for PGE and gold was
carried out by Sheen Analytical Services, Perth, Australia because methods
with the detection levels and precision required were/are not available on
a commercial basis, and probably not from research laboratories either, in
Europe. Further analytical work was carried out by Caleb Brett
Laboratories, St.Helens, UK (Pt,Pd and Au analyses in the pilot project)
and by X-Ray Assay and Chemex Laboratories, Toronto, Canada (PGE and Au
analyses on Lillefjellklumpen). Control analyses were carried out at
Memorial University of Newfoundland.

Scope of the project

The project has, in its broadest sense, i.e. including work not financed by
NTNF, encompassed studies of the following:

- isolated ultramafic complexes and related chromitite
mineralizations, mainly in the Roros area and in Nordland
(Nilsson)

- heavy-mineral fractions from the Raudberget talc deposit,Vik,
Sogn (Bakke, Boassen,Nilsson)

~ chromitites in dunite/pyroxenite lenses, dykes and veins in the
Leka ophiolite (Pedersen, Johannesen)

- ultramafic cumulates and related chromite, sulphide and arsenide
enrichments in the Leka ophiolite (Pedersen, Johannesen)

-~ a reconnaissance of several ultramafic pods and of ultramafic/mafic
cumulates in the Lyngen ophiolite (Grenne)

- the Lillefjellklumpen Ni-Cu-PGE mineralization in the Gjersvik
island arc complex (Grenlie)

~ the PGE geochemistry of the volcanic suites in the Karmey ophiolite
(Pedersen). The Fxgy Cu-Ni-PGE mineralization which is part of the
dyke complex in the Karmey ophiolite was not studied because it is
currently the topic of a thesis being carried out at Memorial
University.

The location of the areas studied is shown on a tectonostratigraphic base
map (modified from Roberts & Gee 1985 and Furnes, Roberts, Sturt, Thon and
Gale 1980) in Fig.l and their position in an idealized ophiolite pseudo-
stratigraphy in Fig.2. Fig. 2 also shows the position of certain types of
gold mineralization being considered in a parallel NTNF project led by
Professor F.M.Vokes, geologisk inst., NTH.

Almost all of the subprojects indicated above will result in manuscripts
for publication in scientific journals, some already have. The report has
therefor, in order not to delay this process, been compiled largely from
manuscripts in varying degrees of readiness for publication. The report
has been written in English for this reason, and in order to make the
report itself readily accessible to the international prospecting industry.
Volume 1 gives brief descriptions of the work carried out, with emphasis on
the conclusions reached: the complete papers/manuscripts are given in
Volume 2. For certain subprojects such manuscripts have not yet been
completed (Karmgy and Lyngen).
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1.2 Background information on the platinum metal geochemistry of ophiolites

Until the advent of the Inductively Coupled Plasma-Mass Spectrometer (ICP-
MS) in the latter half of the 1980s the technology for analysis of all the
PGE and gold at, or close to background levels in the rocks of ophiolite
complexes was not readily available. Thus Crocket (1981), in an exhaustive
survey of the literature to that date, could present only very limited data
on the Os,Ru and Rh contents of chromite-free ultramafic rocks in
ophiolites and no data for the contents of these elements in sulphide-free
mafic rocks in ophiolites. Barnes et al. (1988) presented a summary of
analytical data on the PGE-content of several suites of volcanic rocks,
showing that the contents of these elements was still only loosely
constrained in boninites and ocean floor basalts, both at the lower and
upper levels of the assumed range of concentration.

A summary of the data available on the PGE and Au contents of chromite-
/sulphide-free rocks from oceanic crustal environments is given in Table 1.

ROCK TYPES Os Ir Ru Rh Pt Pd Au n
Boninites - <0.01-0.1 - - - 6.9-35 0.68-3.3 12
MOR-basalts <0.086  0.0011-0.116 - - - <0.1-6.29 - 12
Mafic cumulates 0.02 0.017-0.033 .- - - oo 4.5 . 3.0-3.1 -~ 017 . .11
U.mafic cumulates 0.02-0.21 0.05-2.4 - - 17-28 0.9-29 0.52-2.2 35
Harzburgite 3.95-6.7 2.2-7.29 - 4.99-10 2.04-9.5 0.33-1.8 35

2 9.2 4.4 1.4 114

Mantle ave. 4.2 4.4 6

1aple 1: PGE and Au contents of rocks in oceanic crustal environments (from Barnes et al.1985:
Barnes et al. 1988)

The harzburgites which are assumed to represent tectonized mantle have
PGE and Au concentrations of the same order of magnitude as the mantle
values which is as to be expected if they can be regarded as undepleted,if
tectonized mantle. The ultramafic and mafic cumulates which are
specifically not chromite-bearing, are depleted in Os and Ir (and probably
also in Ru), i.e.the sub-group of the PGE known as IPGE, which can be
explained by the prior fractionation of chromite, in which these elements
are enriched.

MOR-basalts are also characterized by a high ratio of PPGE (Rh+Pt+Pd) to
IPGE which is again consistent with prior removal of chromite. However
normal models for the formation of MORB indicate 10-20% melting of the
mantle which would suggest that all sulphide would have melted, with all
the PPGE partitioning into the sulphide. This would give a content of PPGE
one to three orders of magnitude higher than that which is observed (Barnes
et al. 1985). Possible explanations are (Barnes et al. 1985):

- retention of some sulphide (and PPGE) in the mantle.
- prior depletion of PPGE from the mantle from which the MORB melted.
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- removal of sulphides from MORB before its extrusion (Czamanske & Moore
1977).

The work done within this project tends to confirm the feasibility of the
third explanation.

Available data indicates that boninites have PGE concentrations of the
same order of magnitude as MORB but that they are depleted in Cu, Au and
possibly Ni relative to MORB (Barnes et al. 1988) which could indicate a
prior melting event (Hamlyn et al. 1985). Hypothetical primary magmas of
boninitic character have been considered as one of the two magma types
involved in the formation of the Bushveld and Stillwater layered intrusions
(Irvine & Sharpe 1982)

1.3 Known platinum metal mineralizations in ophiolites

The literature contains documentation of several types of PGE-bearing
mineralization in ophiolite complexes. These are:

-~ podiform chromitites in mantle harzburgite (many examples)

- stratiform chromitite in ultramafic cumulates (two examples)

- stratiform sulphide in ultramafic cumulates (two examples)

~ stratiform sulphide in mafic cumulates (one example)

- hydrothermal sulphide/arsenide mineralizations at various levels (several
examples)

- massive sulphides at higher levels in ophiolites (several examples).

Podiform chromitites in mantle harzburgite

Among the areas/ophiolite complexes in which podiform chromitites have been
analyzed for PGE are southwest Oregon (Page 1969: Page et al. 1975), the
Semail Ophiolite, Oman (Page et al. 1979), New Caledonia (Page et al. 1982)
and Morocco (Fischer et al. 1988). Chromitites from a number of ophiolites
in the Caledonian orogen have been analyzed for PGE: these include the Bay
of Islands and White Hills complexes on Newfoundland (Page & Talkington
1984) and the Unst ophiolite on Shetland (Gunn et al. 1985:Prichard et al.
1986). In almost all cases these mineralizations are enriched in IPGE with
total PGE rarely exceeding 1 ppm: in a study involving 323 samples from
deposits in California and Oregon 10% of the samples were found to have
more than 0.17 ppm Ir, 0.32 ppm Ru, 0.026 ppm Rh, 0.064 ppm Pt and 0.01 ppm
Pd (Page et al. 1986): the richest individual sample reported from the same
study contained 2.93 ppm Ir, 4.93 ppm Ru, 0.074 ppm Rh, 1.18 ppm Pt and
0.005 ppm Pd. The Cliff mineralizations on Unst are an exception in
relation to all podiform chromitites described so far in the literature as
regards their absolute concentration of PGE (up to >70 ppm PGE) and the
predominance of PPGE in relation to IPGE (Pd/Ir ratios of 10-12 while
‘normal' podiform chromitites have Pd/Ir ratios of 0.01-0.1).

Numerous papers have described the platinum group minerals (PGM) in
podiform chromitite deposits ( Chang et al. 1973: Talkington et al. 1984:
Legendre & Auge 1986: Prichard et al. 1986: Auge 1988 among others): these
show that most deposits, the Cliff type obviously being an exception, are
dominated by laurite (RuS,), IPGE alloys and IPGE arsenides.
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Few papers give information on the economic significance or otherwise of
the PGE content of the chromitite deposits, some of which reach a size of
two million tons (Auge 1988). An exception is Page et al. (1986) who
conclude that the potential supply of by-product PGE from mining podiform
chromite deposits is small: their estimate of the total world resource of
Pt in podiform chromite deposits was roughly one-sixth of the quantity
imported annually to the United States. World annual consumption of the
IPGE which are predominant in most podiform chromite deposits is met by by-
product production from Pt-Pd and Ni-Cu deposits and would probably not
justify any additional capacity even if the deposits had tonnages of
sufficient grade to be of theoretical interest in relation to the metal
prices. An exception again would be mineralizations of the Cliff type,
because of their high content of Pt and Pd, if these could be found with an
adequate tonnage: indications are that the mineralizations on Unst itself
are much to small to be of economic interest in themselves.

Stratiform chromitite in ultramafic cumulates

The first example of this type of mineralization to be described is in the
Acoje block of the Zambales Ophiolite in the Philippines (Abrajano & Bacuta
1982: Bacuta et al. 1988). The mineralization was earlier known purely as a
stratiform Ni-Cu sulphide mineralization with by-product Pt (Hulin 1950:
Parangit 1975). Unfortunately both of the first-mentioned references are
abstracts only. The mineralization is described as being a visible Ni-Cu
sulphide mineralization associated with stratiform chromitite in dunite-
wehrlite cumulates. Its PGE content is given as 30-460 ppb Ir, 830-1100 ppb
Ru, 2.6-759 ppb Rh, 2.8-5958 ppb Pt and 2.3-8351 ppb Pd: no indication is
given as to values which could be regarded as representative of the deposit
as a whole but it is indicated indirectly that the deposit has considerable
dimensions and that it is of potential economic interest.

PGE-enrichment in chromite cumulates has also been described from the
3.5 Ga-old Jamestown Ophiolite Complex in S. Africa (de Wit & Tredoux
1988). The mineralization is reported to be enriched in PPGE but it is of
extremely limited extent (20-30 cm thick with a strike length of 10m).

Stratiform sulphide in ultramafic cumulates

Orberger et al. (1988: 1989) also describe PPGE enrichment associated with
Ni-Cu sulphides in the Acoje block of the Zambales ophiolite: they describe
this mineralization however as being independent of any chromite
accumulation. It is not entirely clear whether this is a separate
mineralization from that described by Bacuta et al. (1988). Afurther
example, in the Wadi Onib-Hamisana ophiolite, Sudan, is mentioned in an
abstract by Abdelrahman & Matheis (1990): no grades are

given.
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Stratiform sulphide in mafic cumulates

The one definite example known to the authors is in the Semail ophiolite
and was described in a recent abstract by Lachize et al. (1990). It occurs
in gabbronoritic cumulates and includes disseminated and massive (30-40%)
sulphides. An analysis of "one of the richest layers" gives <8ppb Os, <3ppb
Ir, 32 ppb Ru, 4 ppb Rh, 37 ppb Pt, 130 ppb Pd and 150 ppb ARu. This implies
that the contant of PGE+Au in total sulphides is fairly low; at four times
the absolute values it would be 1.4 ppm.

Hydrothermal sulphide/arsenide mineralizations at various levels
This group includes several types of mineralization:

- cobolt-arsenide mineralization in carbonate lenses in serpentinized
harzburgite in the Bou-Azzer Ophiolite, Morocco (Fischer et al. 1988):
this mineralization is rich in gold (>10 ppm) and generally contains
< 100 ppb PGE but locally has values of Pt up to > 2 ppm.

- Cu-Ni-Co sulphide at the periphery of podiform chromite bodies in the
Othris Ophiolite (Economou & Naldrett 1984): the analyses show values up
to 256 ppb Pt, 213 ppb Ru and 525 ppb Au. Pd is >10 ppb and the high
Pt/Pd ratio coincident with a high Cu/Ni ratio is among the factors
indicating a hydrothermal origin. The mineralizations are small (the
chromite deposits do not exceed 40,000 tons).

- Cu-sulphide in chloritite in shear zones in the Troodos and Leka
ophiolites (Vokes 1987). The mineralizations at Leka contain up to
240 ppb Pd (Vokes pers. comm. 1989) but have Au values up to 4.2 ppm.

Massive sulphides at higher levels in ophiolites

Deposits of this type include the Lillefjellklumpen deposit in the Gjersvik
Island Arc Complex (Gregnlie 1988), the Fapy deposit in the Karmgy Ophiolite
(Boyd et al. 1988) and the Illinois River deposit in Oregon (Foose 1986).
All of these are Cu-Ni sulphide deposits with up to several ppm of both Pt
and Pd in massive sulphides though they occur at differing positions in the
pseudostratigraphy, the Illinois River deposit in mafic cumulates, the Faoey
deposit as a lens in a sheeted dyke complex and the Lillefjellklumpen
deposit in a small high-level gabbroic intrusion. All three are small.
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2. PLATINUM METALS IN ISOLATED ULTRAMAFIC BODIES AND PODIFORM CHROMITITES

2.1 Summary

Samples of chromitite mineralization and host rock from 39 isolated
ultramafic complexes have been analyzed for PGE and Au (Tables 2-5). The
anomalous PGE values found are confined to samples from the chromite
mineralizations the size of which is such that they are not of economic
interest even with the theoretical added value of their PGE-content.

The majority of chromitite deposits sampled and analyzed for all PGE
would appear to have weakly or, less commonly, strongly anomalous
concentrations of IPGE. A few have, at least locally, anomalous
concentrations of PPGE: these include the Osthammeren and @rnstolen
mineralizations which have been studied in detail. The richest single
analysis is from a sample of chromitite from the Osthammeren body in the
Roros area: it contains 11 ppm total PGE, of which 9.3 ppm Pt. The average
of 12 samples from Osthammeren is 1.5 ppm total PGE which is also the
highest average for any single field of chromitite deposits.

The chromitites are, in some cases, of considerable mineralogical
interest. Numerous platinum group minerals not previously reported in
Norway have been found: several of these appear not to have been recorded
elsewhere either. The mineralogical studies allow the division of the PGM
into primary magmatic or late magmatic/hydrothermal minerals and secondary
hydrothermal minerals and increase our knowledge of the degree of solid
solution between the PGE-sulpharsenides.

2.2 Platinum-group mineral inclusions in chromitite from the Osthammeren
ultramafic tectonite body; south central Norway

This subproject has involved a study of the PGE-geochemistry of the
Osthammeren chromitite mineralization and its host serpentinite and a
detailed examination of the platinum group minerals: the latter is the main
topic of a brief paper which is in press (Nilsson 1990), of which a fuller
version, as submitted for publication in Norsk Geologisk Tidsskrift, is
included in Vol. 2 of this report.

Twelve samples of chromitite from Osthammeren and ten of the host
serpentinite have been analyzed for all the PGE and Au (Table 6), in
addition to the initial analysis for Pt, Pd and Au in the pilot project.
The average content of PGE+Au in the serpentinite samples was 39.6 ppb
while the chromitite samples averaged 1500 ppb. This strong indication that
significant PGE enrichment is confined to the chromitite rules out any
economic potential in this mineralization.

The contents of the PGE and Au found in the serpentinite are within, or
close to the ranges reported for the contents of these elements in mantle
harzburgite by Barnes et al. (1985) except for Au which is 3.5 ppb higher
at Osthammeren. The contents of the individual PGE in the average of the
results from Osthammeren are similar to those reported from several
chromitites described in the literature, e.g. Skyros (Economou 1986) and
Harold's Grave, Unst (Prichard et al. 1986: Gunn 1989)(see Fig. 9 in the
paper in Vol.2). The single sample containing 9.3 ppm Pt is atypical in
relation to the other samples.
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Content of Au, Pt and Pd (ppb) in chromitite from ophiolite fragments and solitary ultramafic complexes, central

Norway.

A compilation of datafrom the pilot project.

Location Sample No.Au Pt Pd Ore type
Redaya ophiolite fragment,
Vefsn district:
1. "Karoline" claim, close to
Redeygardene LP 1 28 43 110 massive, with little gangue
2. Top of Redayfjellet LP 2 13 5 12 medium-grained moderate impregnation
Velfjord ophiolite fragment,
South Helgeland district:
3. Claim SW of Nzvernes - LP 3 9 9 2 medium-grained moderate impregnation
4, Claim SW of Navernes LP 4 2 22 5 massive ore/very strong impregnation
5. Holmen claim LP 5 7 26 16  weak impregnation
6. Stort Haab mine LP 6 2 13 <2 medium-grained strong impregnation
7. Fire Seskende claim Lp 7 2 12 <2 fine-grained impregnation
8. Haabet claim LP 8 5 16 4 medium-grained strong impregnation
Feragen solitary ultramafite,
Reros district:
9. Forssgket mine LP 9 41 7 <2 leopard
10. Geitsjsgruva mine LP 10 5 24 11  massive
11. Skalgruva mine LP 11 8 <3 <2 massive (very little gangue)
12. Loc. no. 70, mine LP 12 5 13 5 massive
13. Redtjerngruva mine LP 13 5 <3 <2 massive/very strong impregnation
14. Leighgruva mine LP 14 2 6 <2 fine-grained strong impregnation
15. Reragsgruva mine LP 15 5 11 <2 leopard (scattered)
16. Loc. 18 LP 16 4 4 <2 leopard (dense)
17. Skalgruva mine LP 17 4 6 <2 pique-ore
18. Jakobine mine Lp 18 5 a3 <2 fine-grained weak impregnation
19, Amalie mine LP 19 5 4 <2 schlieren impregnation
20. Redtjerngruva mine LP 20 4 a <2 fine-grained impregnation/leopard ore
21. Jacobine (?) mine LP 21 5 <3 <2 pique ore (3 parallel bands)
22. Jacobine (?) mine LP 22 2 8 <2 fine-grained impregnation/pique-ore
23. Stampen mine LP 23 5 10 <2 medium-grained strong impregnation/pique ore
(dense)
Raudhammeren ultramafite,
Reros district:
24. Loc. 118 LP 24 3 <3 <2 medium-grained strong impregnation/leopard ore
25. Loc. 119 LP 25 16 31 <2 massive ore (cross-cut by late cabonate-serpentine
veins
26. zoc. 121 LP 26 32 15 <2 massive ore
27. Loc. 124 LP 27 3 6 <2 patchy/banded impregnation (very uneven)
28. Loc. 124 LP 28 4 36 2 massive ore
29. Loc. 125 LP 29 2 8 <2 banded ore (mm-cm thick bands)
Storgrdberget ultramafite,
Reros district:
30. Loc. 132 tp 30 2 4 <2 massive ore/impregnation ore {very uneven)
31. Loc. 135 LP 31 2 <3 <2 massive ore
Osthammeren ultramafite,
Roros district:
32. Loc. 132 LP 32 8 760 <2 massive ore (very 1ittle gangue)
Brorhaugen ultramafite,
Reros district:
33. Loc. 141 LP 33 152 79 <2 massive ore (from vein)
Klettene uttramafite,
Reros district:
34. Loc. 145 LP 34 2 12 3 fine-grained impregnation/patches/
schlieren (very uneven)
35. Loc. 146 LP 35 4 4 <2 massive
36. Loc. 147 LP 36 4 4 <2 massive ore (strongly brecciated by late magnesite-
serpentine veins)
Tollefshaugen ultramafite, Grimsdalen,
37. Loc. 185 LP 37 6 <3 {2 medium-grained patchy/banded impregnation .
Raudhamran ultramafite, Haverdalen,
Dovre district:
38. Loc. 186 LP 38 3 5 {2 medium-grained impregnation ore
39. Loc. 187 LP 39 3 <3 2 fine-grained/patchy impregnation in bands
40. Lloc. 187 LP 40 2 7 {2 medium-grained patchy impregnation
41. Loc. 190 LP 41 <1 6 <2 fine-grained/medium-grained impregnation
Skamsdalen ultramafite,
Lesja district:
42. Skamsdalen mine LP 42 4 88 26 medium-grained strong impregnation/massive ore
43. Skamsdalen mine LP 43 120 178 156 massive ore
Nysetri ultramafite,
Lesja district:
44, Nysetri mines, Loc. 97 LP 44 3 16 <2 medium-grained impregnation ore
45. Nysetri mines, Loc. 95 LP 45 3 16 3 fine-grained to medium-grained patchy impregnation
46. Nysetri mines, Loc. 95 LP 46 3 11 <2

fine-grained to medium-grained patchy impregnation
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Table (&) cont.
Location Sample No.Au Pt Pd Ore type
Lesjehorrungane ultramafites,
Lesja district: . . .
47. Aurtand (= Sjong) mine LP 47 2 13 2 fine-grained to medium-grained impregnation ore
48. Aurtand (= Sjong) mine LP 48 5 427 104 medium-grained strong impregnation
49. Severine claim LP 49 4 <3 <2 medium-grained strong impregnation
50. Severine claim LP 50 3 12 2 rel. weak impregnation ore/leopard ore
51. Halvfarhei mine LP 51 2 4 <2 strong, patchy impregnation ore
Darkampen ultramafite,
Skjék district:
52. Derkampen, loc. 66 LP 52 3 13 <2 impregnation/leopard ore
53. Derkampen, loc. 68 LP 53 4 9 <2 impregnation/leopard ore
54. Dorkampen, loc. 69 LP 54 2 9 <2 medium-grained strong impregnation/
(compact ore)

Krosshs ultramafite, Grotli area,
Skjak district:
55. loc. 61 LP 55 3 7 <2 medium-grained impregnation
Feragen ultramafite,
Reros district:
56. Mynta mine LP 56 <1 <3 <2 leopard ore (coarse patches)
57. Falkestien mine LP 57 <1 <3 <2 pique ore
58. Skalgruva mine LP 58 <1 <3 <2 pique ore/leopard ore (dense)
59. Svinet mine LP 59 <1 <3 <2 medium-grained strong impregnation/pique ore
60. Leigruva mine LP 60 1 3 <2 leopard ore/banded ore
61. Leigruva mine LP 61 5 <3 <2 leopard ore (very coarse chr-patches)
62. Liegruva mine LP 62 2 7 6 pique ore (very weak); i.e. scattered)
63. Redtjerngruva mine LP 63 3 3 <2 leopard ore
64. Liegruva mine LP 64 1 7 3 massive (very 1ittle gangue)
Glupen ulitramafite,
Sunndal district:
65. Glupen mine LP 65 <1 6 <2 leopard ore (coarse patches within fine-grained
impregnation)
Brnstolen ultramafite,
Selspy, Redsy kommune,
North Helgeland district:
66. @rnstolen claims, loc. 1 AK 1 32 22 74
67. @rnstolen claims, loc. 2 AK 2 138 6 <2
68. Ornstolen claims, loc. 3 AK 3 11 56 63
69. @rnstolen claims, loc. 4 AK 4 718 299 1391
70. @rastolen claims, loc. 5 AK 5 10 7 10

of the 70 samples 66 are:

non-anomalous to weakly anomalous

Arithmetic mean (n = 66) 9.92 12.02 6.15

Geometric mean (n = 66) 3.80 6.66 1.80

where <x is calculated as X2

Anomalous samples (No. 32, 43, 48 and 69 are excluded)

Analyst: Caleb Brett Laboratories Ltd., St. Helens, UK (28-07-1986)
Method: Fire Assay and atomic absorption spectrometry.



vontent of platinum-group elements (PGE) and Au in ppb in 4 anomalous chromitite samples from a pilot study
comprising 70 chromitite samples (ref. Table

(sample LPN78-139.

16

). In addition analysis of host serpentinite from Osthammeren

Location Sample No. Os Ir Ru Rh Pt Pd Au
1. Osthammeren, LPN78-139 5.5 5.2 6.2 0.9 1.7 1.7 11.8
Roros district

2. LP32 174.2 674.4 B841. 65.2 323.4 2.9 4.9

3. LPN32-REP 166.3 659.2 835.8 64.9 316.1 3.0 5.2

4. Skarnsdalen, Lesja LP43 37.2 47.8 128.1 21.7 265.3 157.0 56.2

5. LP43-REP 36.1 46.7 120.2 20.6 252.6 149.7 52.8

6. Aurtand, Lesja LP48 20.2 51.8 67.9 36.1 88.9 29.3 6.1
LP48-REP 20.5 50.4 64.3 34.1 83.5 27.6 8.4

7. @rnstolen, Selssy, Redey AK4 10.5 25.0 40.9 9.7 397.7 1621.0 832.4

Analyst:

Method: Fire Assay and ICP-Mass Spec!

Table 3

Memorial University of Newfoundland,

St. John's, Newfoundland, Canada (ca. Dec.

19877).
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Content of platinum-group elements (PGE) and Au* 1n ppb in chromitite and host rocks and copper-magnetite
mineralizations from solitary ultramafites, central Norway. A compilation of data.

=
=

Ore type/host rock

Location Sample 0s Ir
1. Svartdsen, Reros district Svart-1 40 31
2. Kjemsjefjell, Alvdal v.fjell Kjems-~1 66 37
3. Raudkletten, Follda] district Raudk~1 160 100
4, . Raudk-~2 96 160
5. " " Raudk-4 10 19
6. Tolgenk]etten Tolga,N-@sterdalTolge-1 10 7.0 16
7. Fasteen,Tynset,N.-Bsterdal Faste-1 34 24
8. "o, "o, " Faste-3 54 38
9. "o, v, " Féste-4 60 31

10. David claim, Feragen,
Reros district
11. Vinkelen mine, "
Reros district
12. Elev claim,
Reros district
13. Bakos mine, "
Reros district
14. Pikhdgen, Selsgy, Redoy
15. Ornstolen, Selspy, Redsy
16' 8 [{
17. "
18. "
19. u
20. "
21. "
22. "

23. Brnstolen, Selsoy, Roday
24. Hatten, Hattfjelldal
ore

v . e e e e ow
R v Y

25. LI u
6. ", .
27, ", u
28. L "

29. Roddiken (Tuva), Hattfjelldal

Analyst: Analytical Services (W.A.) PTY.LTD. Perth, Western Australia (24-05-1988)
Method: Fire Assay and ICP-Mass Spec'.
* Recovery of Au is not quantitative at levels below 500 ppb.

Table 4

David-1 450 240
David-1 D 460 210 440
Vinke-1 24 22

Elev-1 20 17
Bako-1 54 30
Pikha-1 24 21
@rast.-1 12 12
Ornst.-3-1 38 36
@rast.-3-2 10 5.5 25
f@rnst.-3-3 4 <0.5
Ornst.-3-4 32 27
@grnst.-6 2 <0.5

Brnst.-9 62 31
Ornst.-14 4 <0.5

Ornst.-17 <2 <0.5

Hatt-1 2 2.0
Hatt-1 D (100) (10)

Hatt-2 1.0
Hatt-2 D (100) (9)

Hatt-5 2 0.5
Hatt-5 DUP (80) 8.5
Hatt-7 2.0
Hatt-8 4 2.0
Redd-1 6 5.0

- ~N
D=L OO MNOTNIOON

* o & o o »

SN wRaNN
toocnmonom

”~
.

impregnation ore
strong impregnation, compact ore
massive ore in small pods
massive ore in small pods
massive ore/dense leopard ore
schlieren impregnation
fine grained strong impregnation
massive ore in schlieren
massive ore in schlieren
massive ore

n

massive ore
massive ore
massive ore
impregnation/compact ore

fine-grained impregnation ore
fine grained impregnation ore

8 serpentinite-tremolite rock

tremolite rich ultramafic rock
strong impregnation/ compact ore

2 ultramafic rock

impregnation/compact ore

6 ultramafic rock PR

Pd Au
9.0 4
22 <2
15 12
8
1 <2
13 2
15 16
42 2
9.5 <2
9.5 4
6
2.0 7.5 4
0.5 9.0 2
54 <2

7.0 12
77 10
12 10
13 4
32 10
37 4
11 250
6.5 240
17 550
12 530
12 200
11 190
7.0 6
7.0 <2
6.0 <2

hornblendite
copper-magnetite

serpentin1te (altered dunite)
harzburgite)
Cumulate impregnation ore
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Content of platinum-group elements (PGE) and Au* in ppb in chromitite and sulphide mineralizations (No. 14 and 33) from
solitary ultramafites, central and northern Norway. A composition of data

Location Sampie No. Os Ir Ru Rh Pt Pd Au Ore type/host rocn

. 2.

1. Svarthelhaugen, Oppdal district -501 B 20 18 35 11 2.5 7.0 <2 1impregnation ore
" , " " -501 C/2 36 19 40 9.0 3.5 5.5 2 impregnation ore
3. Vindalskammen, " . -502 A/6 150 64 250 35 17 32 54-- massive ore
4, " . e " -502 B/2 1 27 45 12 3.0 20 <2 massive ore
5. Koppungen, Sunndal district -503 A 16 19 24 9.5 3.0 4.0 <2 massive ore
6. Grenvoldsteinen, Sunndal district -504 A 50 33 82 21 3.0 7.5 <2 massive ore (coarse grained)
7. o s " " -504 C 760 260 760 41 600 34 58 massive ore (fine grained,
strongly magnetic)
8. Storskarhe, " " -505 C/2 12 17 28 11 4.5 5,5 8 massive/strong impregnation ore
-505 C/2 DUP 14 17 30 11 4.0 5.0 8 " "
9. " , " u -505 C/3 6 12 20 6.0 4.0 2.5 8 " "
10. Tronfjell (N-slope), Alvdal -508 (A) 26 23 38 12 2.0 3.0 <2 strong impregnation/massive ore
11. " vy, -508 B 2 5.0 6.0 2.0 8.0 5.0 4 serpentinite/serp.dunite
12. " (Grytda, SE of top) Alvdal -509 <2 5.0 4.0 1.5 2.0 3.0 <2 serpentintie/serp.dunite
13. " ( S of top) " -510 <2 2.5 1.5 1.0 0.5 1.5 <2 olivingabbro
14. Hjelmkona, Halsa, Nord-More -511 (62) 8.5 5.5 3.0 11 10 100 sulphide-impregnation (strongly
weathered)
15. e, . -512 32 20 40 9.5 6.0 14 6 strong fine grained
impregnation/massive ore
16. o, o " ~-513 26 12 26 7.0 4.5 6.5 8 coarse grained, uneven,
impregnation ore
17. Sjemzingen, Gjemnes, Nord-Msre -514 D 44 24 43 11 5.0 5.0 <2 coarse-grained impregnation/
massive ore
18. " . L . -514 C/2 6 14 40 9.0 18 18 4 " "
-514 C/2 DUP 4 12 44 11 22 19 8 " "
19. Holberget, Kolletholen, Folldal -515 8 50 42 69 18 2.0 2.5 <2 massive ore
20. Rodeya (NE of Skarvhammeren),Vefsn =516 A 10 13 22 8.0 1.0 4.0 <2 medium grained impregnation ore
21. Redsya (Rosdpyvigen), Vefsn -516 B 16 4.0 20 7.5 5.5 12 <2 impregnation / massive ore
2. " ( " Y, -521 B 8 2.0 12 4.5 10 18 4 massive ore
23. " A " ), " -522 26 14 51 23 9.0 13 6 massive ore
24. ( g ), * ~-525 12 4.0 22 8.0 6.0 18 <2 massive ore
25, " ("Karoline") -527 18 5.5 35 15 4.0 12 <2 massive ore
26. Forhdgen, Kvaleya, Tromss -529 4 1.5 6.0 2.0 2.5 6.0 <2 weak impregnation in
serpentinite
27. " , o, u -531 3 5.5 30 6.5 4.5 10 <2 strong impregnation in
serpentinite
28. Kalvholmen, Hestmanney area JHLY-1 150 22 78 33 240 630 26 massive ore
29. Raudholmen, " JHLV-2 6 3.5 16 6.0 5.5 15 24 massive ore
30. Lille Esjeholmen, Nesgy area JHLY-3 8 3.5 13 6.5 4.5 15 6 massive ore
31. Ramberget, Hestmannay AK86-Kr 1B 10 2.0 6.5 3.5 10 15 16  impregnation ore
* ., DUP 12 2.0 7.0 4.0 11 17 10 "
32. " , " AK86-Kr 2 4 5.0 2.0 7.0 5.5 3.5 4 massive ore
33& ;H;rsjo“-bou]der, Harsje-farms, K (ca. 1946) 44 7.0 18 7.0 11 12 10 sulphide boulder with 12 % Cu
an Ni

Analyst: Sheen Analytical Services LTD, Perth, Western Australia (14-04-1989)
Method: Fire Assay and ICP-Mass Spec'.
* Recovery of Au is not quantitative at levels below 500 ppb.

Table 5
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TABLE AL,
Content of PGE and Au in ppb in chromitites and host serpentinite from the Osthammeren ultramafic tectonite bccy.
Sample no. Location Ore-type/ Zazlyst/
(claim no./ host rock zralyti-
loc. no. 2zl
ref. to zethed
. Fig. 3) Os Ir Ru Rh Pt Pd Au 70T
LFN78-138/2 g 760 <2 8 massive ore (PGM- 1
anomalous sample)
-138/2 9 174.2 674.4 841.0 65.2 323.4 2.9 4.9 massive ore (PGM- 2
DUP 166.3 659.2 835.8 64.9 316.1 3.0 5.2 anomalous sample)
' 2068.5  Average of two analyse:
-139 5.5 5.2 6. 0.9 1.7 1.7 11.8 serpentinite
LPN87-1/1 1 62 41 100 8.0 25 g.0 10 transition disseminat’z-/- 3
pup 54 39 100 9.0 7.5 30 10 massive ore
-2 2 130 160 160 130 9300 79 200 massive ore
REP 380 73 150 22 39 6.5 8
REP 86 79 170 28 49 8.5 12
-3 3 62 58 140 31 @ 83 11 2 massive ore
-4/1 4 140 130 230 19 79 28 6 massive ore in veins
DUP 130 110 190 28 120 6.0 6 and schiieren
-4/3 4 120 110 180 17 84 5.0 2 massive ore
-5 5 530 510 640 63 470 7.0 6 massive ore in vein
pup 130 110 750 78 480 11 10
-6/1 6 50 54 100 21 1000 19 20 massive ore in vein
REP 270 43 97 11 22 10 2
REP 44 44 130 13 24 40 2
-8/1 8 92 90 170 18 72 28 4 transition disseminatizn -
pupP 70 73 150 26 68 27 4 massive ore in fine veins
-9/1 9 550 420 580 34 160 22 12 massive ore in veins
REP 560 290 610 32 120 2.0 6
REP 560 430 550 35 180 34 8
-9/2 9 670 490 640 50 430 20 2 massive ore in veins
-10/1 10 570 470 520 27 210 8.5 10 massive ore in veins
-10/2 10 1400 810 1400 73 350 6.0 30 massive ore
DUP 1100 610 1100 54 230 8.0 32
346 243 336 35 449 17 14 1500 Average of samples
= 1/1 t2 10/2 n = 12
-1/2 1 6 5.0 4.0 <0.5 2.0 6.0 <2 serpentinite 3
-4/2 4 6 6.5 8. 1.0 «0.5 8.5 4 "
-6/2 6 4 3.5 14 1.0 2.5 21 6 b
-8/2 8 2 4.0 5. 1.0 7.0 5.5 4 "
-9/3 9 4 1.5 8. 2.0 4,5 19 <2 "
-12 12 2 2.0 5. 1.0 1.5 4.5 2 "
-13 i3 2 6.0 12 1.5 3.0 15 2 "
-14 4 2 2.5 35 1.5 ‘7.5 6.0 <2 "
-15 15 6 4.0 7. 1.0 3.0 14 24 "
-16 16 4 3.0 11 1.0 3.0 12 8 "
3.8 3.8 11. 1.1 3.4 11.2 5.3 39.6 Average of samples
T -1/2to16n =10
Analyst: Method:
1 Caleb Bictt taboratories Ltd., St. Helens, UK Fire Assay and atomic absorgtion
spectrometry

2 Memorial University, St. John's, Newfoundland, Canada
3 Analytical Services (W.A.) PTY.LTD, Perth, Western Austrailia

Fire Assay and ICP-Mass Spec'
Fire Assay and ICP-Mass Spec’
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The mineralogical studies have revealed the following two assemblages:

1. Os-,Ir-,Ru- and, to a lesser extent, Pt-bearing minerals in primary
magmatic, euhedral-subhedral, small (under 20 microns) inclusions in fresh
unaltered chromite. These consist of mainly single-phase inclusions of Osg-
free laurite, Os-laurite, osmiridium and a Pt-Ir-Os-Fe alloy. A few of the
inclusions are associated with small blebs of Na-bearing hornblende or
phlogopite, indicating the presence of volatiles at an early stage in the
formation of the PGM.

2. Secondary PGM occurring as anhedral-subhedral, texturally complex grains
or grain-aggregates up to 70 microns across and always found in cracks in
chromite, usually in association with ferrite-chromite, a hydrothermal
alteration product of chromite. These contain up to eight PGM plus Ni-
sulphide and Ni-arsenide. The phases found include Os-free laurite, Os-
laurite, erlichmanite, Ir-rich erlichmanite, native Os, iridosmine,
osarsite, irarsite, hollingworthite, Rh-rich platarsite, Ru-rich
platarsite, sperrylite, (Ir,Rh)SbS, IrsbsS, Pd-antimonide (probably
stibiopalladinite), (Ir,Pt,Pb)S5, (possibly a new mineral) and the
associated phases, pentlandite, heazlewoodite and niccolite.

2.3 Inclusions of platinum group minerals (PGM), base-metal sulphides
(BMS) and sulpharsenide in chromitite and host rocks from the
@rnstolen ultramafic tectonite body, north central Norway

Five chromitite samples from the @rnstolen ultramafic body were analyzed

for Pt, Pd and Au in the pilot project (Table 2). Three samples contained
100-200 ppb Pt+Pd+Au while one contained 299 ppb Pt, 1391 ppb Pd and 718

ppb Au, values later confirmed by reanalysis at Memorial University.

The subproject reported here has included further whole-rock analyses of
PGE and Au contents and a mineralogical study. Both are reported in full in
a draft manuscript included in Vol. 2 of this report.

A further nine samples were analyzed in the course of this project, four
chromitite samples and five samples of the host metaperidotite (see paper
in Vol.2). The host rocks contain a prograde metamorphic assemblage
consisting mainly of olivine, enstatite and tremolite, the only primary
phase being chromite. The metaperidotites proved to have low contents of
the IPGE, with an Ir content under half the estimated mantle average
(Barnes et al. 1988), while Pt-, Pd- and Au-values, while still low (all
single values <100 ppb) are significantly higher than the values reported
for mantle harzburgite by Barnes et al.(1985), by a factor of two for Pt
and Pd, and a factor of four for Au. None of the chromitite samples yielded
values comparable to the richest sample analyzed in the pilot project, the
highest values found being 383.5 ppb total PGE+Au, of which 160 ppb Pt. The
average of the five chromitite samples is 223.2 ppb total PGE+Au. The
strong enrichment in Pt, Pd and Au found in one sample analyzed during the
pilot project must be very local. The restriction of the anomalous values
to the chromitite precludes any economic potential in the area.

A few small PGM inclusions have been found in chromite grains in the
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chromitite samples: the PGM found are laurite, Os-laurite and irarsite. The
occurrence of an arsenic-bearing phase in what appears to be an inclusion
in chromite is unusual (they are common in later-formed hydrothermal
assemblages). A Pd-Bi-bearing phase was found in a sample of
metaperidotite. Details of the base metal sulphides and sulpharsenides
found are given in the complete report in Vol. 2.

2.4 Hydrothermal gold-enriched iron and iron-copper occurrences in the
Hatten ultramafic tectonite lens, Hattfjelldal

Chromitite samples from the Hatten ultramafic body in Hattfjelldal are
reported in the literature (Lunde & Johnsen 1928) as containing 0.83 ppm
Pt. A reconnaissance of the area was therefore carried out in order to
obtain samples of the chromitite: neither the locations nor the dimensions
of the chromitite showings are, however described in the above reference
and the mineralizations could not be found in the time available. Mineral-
izations containing magnetite and copper- and iron-sulphides, and located
on shear zones, as described by Corneliussen (1891) and Vogt (1894) were
however found and sampled.

The mineralizations sampled are of such limited extent that they have no
economic significance: they are probably of the same type as the
mineralizations described from the Troodos and Leka ophiolites by Vokes
(1987), these also, so far as is known of quite limited size. The
possibility of finding larger mineralizations of this type in other
ophiolite complexes should not be excluded.

Of five samples analyzed for all the PGE+Au three contain Au values
between 195 and 540 ppb, one of these also containing 140 ppb Pt (see paper
in Vol.2 for complete analytical data): we have no explanation for the
elevated Os and Ir contents reported for the three samples which were re-
analyzed. Au values are available for a further twelve samples (see Table 3
in the report in Vol. 2): ten of these have values >100 ppb with a maximum
of 3260 ppb. An examination of the mineralogy of the samples is in
progress.

2.5 Platinum group minerals (PGM), gold and associated minerals in the
Raudberg field ultramafic tectonites, Vik, Sogn og Fjordane, western
Norway

The Raudberg area contains several ultramafic lenses with a combined
surface area of just over 3 sqg.km.: they are concentrically zoned from
metadunite cores to serpentinite and then soapstone on their margins. The
soapstone is being evaluated as a source of talc. The soapstone contains
small amounts of sulphide and because of the ease with which these could be
beneficiated their mineralogy and chemistry has been studied despite their
low abundance.

Seventeen whole rock samples have been analyzed for all the PGE and
gold. The results show erratic weak enrichment in several of the elements
(see paper in Vol. 2 for complete analytical data). The richest single
sample contains 46 ppb Os, 13 ppb Ir, 170 ppb Ru, 41 ppb Rh, 7 ppb Pt, 17
ppb Pd and 2 ppb Au. The highest single values for Pt, Pd and Au are found
in a sample with 20, 62 and 16 ppb respectively. Samples of concentrate
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prepared by relatively simple methods give enrichment of at least an order
of magnitude, the richer of two concentrates giving 2.38 ppm PGE+Au, of
which 350 ppb Pt, 580 ppb Pd and 340 ppb Au.

Because of the sparsity of the ore minerals, and of the noble metal-
bearing phases within these, the mineralogical studies have been carried
out on concentrates and therefore do not include any consideration of
textural relationships between ore minerals and silicate matrix. The
predominant ore minerals, in addition to chromite, are heazlewoodite and
cobaltite in the metadunite, gersdorffite, heazlewoodite, cobaltite and
pentlandite in the serpentinite and pentlandite in the soapstone,
indicating decreasing As and Ni and increasing S contents from the cores of
the bodies outwards. Most of the PGM found, except for irarsite, are alloys
of Pt with other PGE. One PGE-telluride, michenerite, has been found and
small amounts of non-PGE-bearing tellurium minerals are common.
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3.PLATINUM METALS IN PODIFORM CHROMITITE IN DUNITE/PYROXENITE
LENSES/DYKES/VEINS IN MANTLE HARZBURGITE IN THE LEKA OPHIOLITE

The mineralizations considered in the above chapter occur in isolated
ultramafic lenses most of which are thought to have originated in sub-
oceanic mantle or lowermost oceanic crustal rocks (i.e. ultramafic
cumulates if they can be identified). By their nature it is not possible to
reconstruct their geological environment and their degree of alteration
/metamorphism often makes it difficult to determine their original
character. The presence of a complete ophiolite stratigraphy with excellent
exposure permits a much better understanding of the nature and origin of
the mineralizations on Leka.

The lowermost part of the Leka Ophiolite Complex (LOC) consists of
mantle harzburgite with a clear tectonic fabric and containing tabular
dunite bodies and dykes and veins of dunite and pyroxenite. The latter
contain, in many cases, a central zone, generally of disseminated chromite,
but locally with massive chromitite zones 10-20 cm thick. These
mineralizations do not have dimensions which give them any direct economic
significance but they are important for an understanding of the processes
controlling the distribution of the PGE in the complex.

Eighteen samples of chromite-free harzburgite, dunite and pyroxenite
have been analyzed for all the PGE+Au. They all yielded low values <80 ppb
total PGE+Au, compatible in general with the mantle average given by Barnes
et al. (1988), except for a slight positive Ru anomaly which could possibly
be an analytical artifact. Sixteen chromite~bearing samples were analyzed:
they revealed a range from mantle concentration levels up to 8510 ppb, of
which 4600 ppb Pt and 2700 ppb Pd. Comparison with Cr analyses shows a
strong positive correlation between Cr-content and total PGE+Au-content and
PPGE/IPGE exemplified by the Pt/Ir ratio (see Figs. 6 and 7 in the full
manuscript in Vel. 2). The enriched samples have PGE contents atypical in
relation to most podiform chromitites for which PGE~data is available in
their enrichment in PPGE: the distribution pattern of the PGE resembles
that found at the Cliff mineralization on Unst though at almost an order of
magnitude lower absolute concentration (Fig. 3).

The correlation with Cr-contents indicates that chromite is important
for the enrichment of the PGE though probably through the physical process
of accumulation rather than through solid substitution in chromite. The two
richest samples are from chromitite in pyroxenite dykes while almost all
the low-PGE chromitite samples are from dunites: this may indicate that
differentiation of the magma in the mantle is important for the formation
of PPGE-enriched chromitites in this type of deposit.
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4., PLATINUM METALS IN ULTRAMAFIC CUMULATES
4.1 Summary

The platinum metal geochemistry of parts of the sequences of ultramafic
cumulates in the Leka and Lyngen ophiolites has been examined. In the case
of Leka this study had the advantage of building on a very detailed
knowledge of the field geology, mineralogy and petrology of the rocks: the
work done on Lyngen must be regarded as a reconnaissance. That stratiform
enrichments of Pt,Pd and Au, albeit at subeconomic levels, were found in
both complexes after examination of relatively limited parts of them, would
seem to indicate a potential for richer mineralizations in both areas and a
clear potential for PGE-mineralizations in ultramafic cumulates in
ophiolites in general. The paper in Vol. 2 concludes with a model for the
formation of the type of PGE-enrichment found on Leka and gives criteria
which should be useful in a search for further mineralizations of this
type, either in the LOC or other ophiolites. These criteria include
association with reversals in the trend of cryptic variation in olivine
composition, the actual composition of the cumulus olivines and a
stratigraphic position above chromite-bearing horizons.

The stratiform mineralizations found on Leka are:

- Os-Ir-Ru-enriched chromitite with up to 500 ppb PGE+Au
- Pt-enriched olivine adcumulate with up to 1 ppm PGE+Au over 0.5 m
- Pd-enriched olivine adcumulate with up to 1 ppm PGE+Au over 0.5 m and

up to 3 ppm in hand samples.
The mineralizations have been followed over a strike length of 1500m and
have a probable total strike length of about 3000m. Hand samples from
mineralized horizons outside the area studied in detail have also proved to
be enriched in Pt, Pd and Au.

The mineralizations found in the Lyngen complex would appear to be of a
slightly different type, occurring higher up in the cumulate stratigraphy,
in association with Cu-dominated sulphides and without any, even indirect
association with chromitite enrichments. They do not appear to have the
same stratigraphic regularity as the mineralizations found on Leka. The
highest concentration found was 551 ppb, of which 150 ppb Pt, 240 ppb Pd
-and 150 ppb Au.

4.2 Platinum metal abundances in the ultramafic cumulates of the Leka
ophiolite

The examination of part of the sequence of ultramafic cumulates in the LOC
represents the largest single subproject reported here. It has built on the
work of H. Furnes and R.B.Pedersen and their colleagues at the University
of Bergen (see paper in Vol. 2 for reference list) but has involved
considerable additional hand sampling, the drilling of over 20 shallow
drill holes (down to a maximum depth of 30 m), the analysis of several
hundred samples for the PGE and Au, of a lesser number for other elements
and a mineralogical study of the PGE-enriched horizons which is still in
progress.

Analysis of hand samples collected at intervals of a few metres proved
the existence of relatively weak enrichments of the IPGE (of the order of a
few hundred ppb) in association with the most prominent chromitite horizon
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in the sequence (Fig. 4), and with a chromite-bearing horizon at the base
of a cyclic unit 100 m higher up in the stratigraphy (R6). The hand samples
also indicated the existence of three horizons enriched in the PPGE, of
which two contained >1000 ppb Pt+Pd. One of these was found immediately
above the main chromitite while the two others were found at the bases of
higher cyclic units.

In order to obtain complete intersections of the enriched horizons a
number of drillholes (max. depth 30 m) were drilled in three profiles, the
profiles having separations of 700 and 800 m (Fig. 5). Analysis of the
drillcore (0.5 m lengths) confirmed the existence of the PPGE-enrichment
just above the main chromitite (Figs. 4,5), showing that it consisted of
two horizons, and showed the presence of PPGE-enriched horizons associated
with the bases of the cyclic units immediately below (R2) and immediately
above (R4) the main chromitite (itself characterized as R3). The enrichment
associated with R6 was also found but the core samples had a maxirmum
content of PGE+Ru of 228 ppb, suggesting that the hand sample from this
horizon, which contained over 2.2 ppm was collected from the richest part
of the horizon. The enrichment found to be associated with R5 from the
analysigs of the hand samples was not intersected by any of the drillholes.

The richest drillhole intersection is in drillhole 87Al, across the
lowermost enrichment above the main chromitite (R3) in profile B (Figs.
4,5). It contains 0.5 m of core with 1099 ppb PGE+Au, of which 140 ppb Pt,
780 ppb Pd and 170 ppb Au, and averages 609 ppb PGE+Au over 1.5 m of core.
The last 0.5 m of drillhole 88B1 (Fig. 5) contains 966.5 ppb PGE+Au,
associated with the enrichment at R4, and averages 680 ppb PGE+Au over the
last 1.5 m of the hole: we do not know the average composition at this
locality because the hole stops in the middle of the mineralized zone. Hole
88B2 intersected the PPGE enrichment above R2, which gave 801 ppb PGE+Au,
of which 390 ppb Au, over 0.5 m: the following seven samples representing
3.5 m of core averaged over 370 ppb Au but showed only very weak enrichment
of Pt and Pd: this Au enrichment is thought to be hydrothermal.

The Pt-Pd-enriched horizons have a PGE-geochemistry similar to that
found in stratiform PGE mineralizations such as the Merensky and Johns-
Manville reefs, found in large layered intrusions in cratons, though at
somewhat lower absolute concentrations (Fig. 6). Further features in common
with these mineralizations are very limited thickness, large lateral extent
and a close relationship to the bases of cyclic units, i.e. pointing to a
genetic link with influx of fresh magma pulses and mixing of these with the
magma resident in the chamber. The Leka mineralizations contrast with those
mentioned above in that they occur much deeper in the cumulate
stratigraphy, in association with olivine adcumulates, while the well-known
reefs occur after the crystallization of cumulus plagioclase commences. The
variations in composition of the mineralizations on Leka indicate that the
Pt-enriched horizons occur just below those that are enriched in Pd and
that the former are well-developed close to the presumed magma feeder while
the reverse is the case for the Pd-enriched horizons.



R6

R5

R4

R3

R2

R1

—
189B4 !

TR

-
—
—
o

T

188B1:

r
—
o
o

59B9

58B7:

o

T
[e2}
[

871l

:

B

: ~

: 8BB2Z

T
8]
(=]

T

40

‘:nons

seps:

: ; E 2
S 5886 |
—

T
[N]
(]

10 100 10 100 10 100

Os+Ir+Ru in ppb

10 100 1000 10 100 1000 10 100 1000

Pt+Pd in ppb

sexyowr ul jysrey orydeadryeryg

28

Fig. 5: Relative positions of drillcores through PGE+Au mineralizations in

the ultramafic cumulates at Leka with data on IPGE- and PPGE+Au

contents.



29

10
A B C
1
N
=)
i)
5
) .1
o]
O
~
w4
© .
= i
[t B9lek9a . |. 0!
,%:5’ _ 89lek21a|
_____ 891lek27
........ - 89lekl7a
———— - 89lek25b
- .001
Os Ir Ru Rh Pt Pd Au Os Ir Ru Rh Pt Pd Au Os Ir Ru Rh Pt Pd Au
D
10
. 1
E 1
&
~
E .01
= \ !
............ Stillwater Chr —ee—m-=.- Merensky ‘R.
......... 87L8 —mimimee IM Reeef .
87p2 89LekSa -001
....... 88B1-30 :
Os Ir Ru Rh Pt Pd Au Os Ir Ru Rh Pt Pd A
Fig. 6: Chondrite-normalized patterns of PGE and Au contents for:

A) IPGE-enriched chromitites, B) Pt-dominated enrichments,
C) Pd-dominated enrichments and for D) the IPGE-enriched
chromitites and Stillwater chromitites (Page et al. 1976)
and for E) the PPGE-enriched horizons and the Merensky
and Johns-Manville Reefs (von Gruenewaldt 1979: Barnes &

Naldrett 1985).



30

The occurrence of the PPGE enrichments is related to the mixing of a
primitive magma in equilibrium with olivine of composition Fo93-92 with a
slightly more evolved magma (in equilibrium with Fo90-85): mixing of the
two magmas facilitated the preciptation of both chromite and sulphides
/arsenides, a model which builds on the work of Irvine (1977), Campbell et
al. (1983) and Naldrett & von Gruenewaldt (1989). Nd-isotope studies of the
PGE-enriched cumulates show that they crystallized from a magma with
MORB/IAT affinity: calculation of its probable original PGE content
suggests that it would be of roughly the same order as that of the
boninitic parental magmas postulated for the Bushveld and Stillwater
intrusions (Davies & Tredoux 1985: Zientek et al. 1986).

The model should enable the prediction of which type of cyclic unit in
the ultramafic cumulates of ophiolites should be favourable for the
occurrence of PPGE-enriched horizons: it is probable that further horizons
of this type can be found in the Leka ophiolite. It is regarded as highly
probable that many such horizons will be found in ophiolite complexes with
well-developed sequences of ultramafic cumulates, particularly when the PGE
geochemistry of the parts of cyclic units immediately above the chromite
horizons or the bases of cyclic units in general, whether marked by
chromite enrichment or not, are studied. Among the complexes in which the
preconcitions for mineralizations of this type would seem to be present are
the Semail ophiolite in Oman (Lippard et al. 1986), the Bay of Islands
ophiolite in Newfoundland (Dunsworth et al. 1986) and, of less well-known
examples, the Pozanti-Karsanti ophiolite in Turkey (Rahgoshay et al. 1987),
which is reported as containing chromite-bearing olivine cumulates over a 2
km thickness with several dm-thick chromitite horizons for every metre.

4.3 Platinum metal abundances in ultramafic cumulates in the Lyngen
ophiolite

A reconnaissance of ultramafic bodies in the more accessible parts of the
Lyngen ophiolite was carried out’'in 1987-88 as a collaborative project
between Norges geologiske undersgkelse and Troms fylkeskommune. The Lyngen
ophiolite is by far the largest in Norway, with a total strike length of
over 80 km, but it is also disrupted and strongly deformed and has an
incomplete stratigraphy. Mantle harzburgite and ultramafic cumulates are
present, but as tectonically emplaced pods of which the largest, at Russelv
in the northernmost part of the Lyngen peninsula, is about 6 km long. The
ophiolite is delimited to the west by a tectonically disturbed erosional
unconformity which is overlain by a sedimentary sequence which contains a
series of serpentinite lenses at a specific level just over 1 km above the
unconformity.

133 samples from ultramafic bodies on each side of Kjosen, east of
Russelv (Fig. 7) and from the serpentinite lenses in the sedimentary
sequence overlying the ophiolite were analyzed for PGE+Au. The 9
serpentinite samples gave uniformly low values, <30 ppb total PGE+Au. 73
samples from metadunitic budies, probably originally cumulates, at Kjosen
yielded values predominantly <50 ppb PGE+ARu, with a maximum of 106.5 ppb
PGE+Au, of which 83 ppb Pt. The weak enrichment found in these rocks is
consistently of Pt. 51 samples of metamorphosed olivine- and olivine-
clinopyroxene cumulates from the Russelv ultramafic body gave more positive
results: these rocks locally contain visible chalcopyrite-pyrrhotite



31

TEGNFORKLARING

LYNGSFJELLDEKKET
Balsfjordgruppen

RUSSELV )

SNy Fyllitt og kvartsitt. :
W Olabas (Svensbyformasjonen)

m Kvarlsitt og {Jegervannsformasjonen)
konglomerat :

Metagrdvakke,

konglomerat, fyllith, {Bjerndalsfjellform.)
serpentinitt, klorittskifer

Lyngsofiolitten
Metagabbro
l Serpentinisert peridotitt;
metapyroksenitt

Metagabbro, tonatitt og
grennstein; forgneiset

H]]I[ﬂm] Tonalitt
_..'r i Grennstein, grannskifer

Eidnasformasjenen

Fyllitt med kvartsittlag

REISADEKKEKOMPLEKSET

Granatglimmerskifer, marmor

——— Forkastninger

A A Skyvesone for Lyngsfjelldekket

A
VVVVVVVVY ‘a R
Gvvvvyvy yvvdl ©on
vvvvvvvy ivvy .
VVVVVYVVVYVYA L
vvvvvvvvvvyvl) <
vvvvvvvvvvvvvl < ¥,
VVVVVVVVVVVVV
VVVVVVVVVVVY
vvvvvvvvvvvgv

[>] ~—s—t [ntern, mindre skyvesone

3

VVvVvVvVVvVVvVvVVvVVayv
VVVVVVVVVVYRYV

VVVVVVVVVYVY
MVVVVVVVVVVVY

Fig. 7: Geology of the Lyngen peninsula (based on Boyd & Minsaas 1983 a,Db)

dissemination, altered to bornite and digenite: there is a positive
correlation between noble metal content and sulphide content. The richest
samples contain over 100 ppb each of Pt, Pd and Au, with a maximum of 550
prb PGE+Ru. The samples from Russelv have higher Au/Pt and Pd/Pt ratios
than those from the Kjosen area. The absolute grades are similar to those
reported from a mineralization in mafic cumulates in the Semail ophiolite
by Lachize et al. (1990) but the latter has a much higher modal % of
sulphides which indicates that the Lyngen mineralization in which the
actual volume of sulphides is only a few percent at most, would have a much
higher grade of noble metals on 100% sulphide, a frequently quoted
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parameter (e.g. Naldrett 1981).

The discovery of noble metal enrichments after such a limited
reconnaissance of a small part of the complex indicates that a potential
for finding further horizons of this type, possibly at higher levels in the
stratigraphy is present and that the possibility of finding richer
concentrations cannot be ruled out.
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5. PLATINUM METALS IN HIGHER LEVEL MINERALIZATIONS

All the Norwegian ophiolite complexes which have been studied
petrologically in any detail have been shown to contain components formed
in island arc environments, and are regarded as supra-subduction ophiolites
(Pedersen et al. 1988). If the definition of ophiolite is broadened to
include predominantly island arc~derived copmlexes, with lesser components
formed at ridges, then we have two high level PGE-bearing mineralizations
in ophiolites in Norway, the Fagy deposit in the Karmgy ophiolite, and the
Lillefjellklumpen deposit in the Gjersvik island arc complex. Both are
deposits of massive Ni-Cu sulphides with associated PGE and small amounts
of Au. For both deposits the samples analyzed average 1.8 ppm Pt: the
values from Fagy for Pd average 4.76 ppm while the corresponding average
for Lillefjellklumpen is 3.07 ppm. Gold contents average 101 and 219 ppb
respectively. The Lillefjellklumpen mineralization is tiny and that at
Faepy, small - its probable original tonnage was of the order of 40,000
tons: no further deposits of this type have been found in Norway and
deposits with similar characteristics in ophiolites in other parts of the
world also seem to be of very limited size: there would not seem to be a
potential for deposits of this type with economically interesting
dimensions but should this conclusion prove to be wrong, grades of Pt and
Pd of the level found in the two deposits in Norway would make deposits of
even a modest size economically attractive.

The Lillefjellklumpen deposit is located in the Gjersvik island arc
complex, north-east of Grong in N-Trendelag (see paper by Grenlie in
Vol.2). The host complex is interpreted as an ensimatic island arc, the
mineralization itself being associated with a small gabbroic intrusion at
the base of the volcanic level of the complex. The mineralization consists
of massive sulphide, dominated by pyrrhotite, pyrite, pentlandite and
chalcopyrite, with an average grade of 3.6% Ni and 1.2% Cu (Grenlie 1988).
The averages of eight samples analyzed for all the PGE+Au are 139 ppb Os,
170 ppb Ir, 189 ppb Ru, 214 ppb Rh, 1799 ppb Pt, 3068 ppb Pd and 219 ppb
Au. These values compare closely with those for typical mineralizations at
Sudbury (Naldrett 1981). The PGE are hosted in merenskyite, sperrylite,
moncheite and temagamite, the mineralization being very unusual in having
merenskyite as the dominant platinum group mineral.

Detailed study of the Fa¢y deposit has not been given high priority
because it has been the topic of an M.Sc. thesis being carried out by a
student from Memorial University, Newfoundland: unfortunately the
completion of this project has been delayed. The mineralization is a
massive sulphide deposit located in the dyke complex of the Karmgy
ophiolite. It outcrops at sea-level and most of the workings from mining
activity early in this century and late in the last are under water. It is
a Cu-Ni deposit but with highly variable Cu/(Cu+Ni) ratios, varying from
0.3 to 0.75. The average of six samples analyzed for PGE+Au is 234 ppb Os,
195 ppb Ir, 219 ppb Ru, 244 ppb Rh, 1794 ppb Pt, 4760 ppb Pd and 101 ppb
Au.
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PLATINUM METAL GEOCHEMISTRY OF SUCCESSIVE MAGMA TYPES IN THE KARM@Y

OPHIOLITE

The upper levels of the Karmgy ophiolite include volcanic rocks of several
different types - mid-ocean ridge basalts (MORB), island arc tholeiites
(IAT), boninites, calcalkaline and alkaline basalts. Investigation of the
PGE geochemistry of these rocks allows the following conclusions to be
drawn:

1)

2)

3)

4)

5)

6)

The boninites and calcalkaline basalts have higher PGE-contents than the
other series.

The boninites show a bimodal distribution of PGE abundance. The PGE-
enriched boninites have chondrite-normalized PGE patterns similar to
those found in boninites in modern island arcs, while the PGE-depleted
boninites have patterns resembling those in the other series (MORB, IAT,
alkaline).

The bimodal distribution of PGE abundance in the boninites is probably
related to sulphur saturation and enrichment of PGE in the sulphides,
the Fagy mineralization probably being a product of this process.

The considerable variations in ENd ratio in the boninites indicate that
the magma did not differentiate in a large steady-state magma chamber,
as did the MORB/IAT series. It would thus seem to be unlikely that large
layered intrusions of boninitic parentage and containing stratiform PGE
enrichments will be found in the Karmpy or other ophiolite complexes.
The apparent difference in PGE-content between MORB/IAT magmas and the
PGE-enriched boninites is also ascribed to later sulphur saturation in
the latter.

Rock complexes with boninitic parental magmas in ophiolites should not
be regarded as particularly favourable for PGE-enrichment in relation
to others with MORB/IAT parental magmas.
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7. CONCLUSIONS

The most important finding within the project is the discovery and
documentation of stratiform PPGE mineralizations in ultramafic cumulates in
the Leka ophiolite and of indications of similar mineralizations at a
stratigraphically higher level in the Lyngen ophiolite. The Leka
mineralizations are of a type the existence of which in ophiolites has not
been (well) documented before and which has several characteristics in
common with stratiform PGE enrichments in large layered intrusions. Though
subeconomic, the mineralizations indicate a possible potential for horizons
with higher PGE-contents in the two ophiolites examined and a clear
potential for PPGE mineralizations in ophiolites with well-developed
sequences of ultramafic cumulates in general. The model developed for the
mineralizations in the Leka ophiolite (see paper in Vol.2) gives criteria
which should assist in the selection of ophiolite complexes with PGE-
potential and the location of targets within them.

Samples from numerous podiform chromitite mineralizations have been
analyzed and several of the deposits have been studied in detail. Several
deposits, including those on Leka, have proved to be enriched in PPGE,
unlike most of the examples described in the literature which are enriched
in IPGE. The PGE enrichment is confined to chromite-bearing rocks and, at
least on Leka, shows a postive correlation with Cr-content: the small size
of the chromitite mineralizations precludes any economic potential in the
Norwegian examples. The largest examples described in the literature are
also relatively small (<5 million tons) which suggests that only the very
largest podiform chromitites could be interesting targets for PGE-
exploitation and then only if they were enriched in PPGE.

The PGE-enriched massive Cu-Ni sulphide and hydrothermal Cu-sulphide
mineralizations examined are also too small to have economic importance.

Studies of the isotope- and PGE-geochemistry of the different volcanic
suites in the Karmey ophiolite and of the cumulates in the Leka ophiolite
suggest that rock suites with boninitic parentage should not be regarded as
particularly favourable for PGE-enrichment in relation to suites with
parental magmas of MORB/IAT affinity.

The project has demonstrated that the availability of new analytical
technology (ICP-MS) which allows the rapid analysis of all the PGE at a
reasonable cost, can lead to the discovery of new mineralizations and
potentially to new mineralizations of economic significance. It shows
further the advantages which a well-developed, well-exposed ophiolite
complex has as a natural laboratory for the study of the processes
controlling PGE-enrichment (as opposed to many layered intrusions in
cratons) in that potential magma source rocks, feeder channels and the end
products of the magmatic evolution can be sampled as well as the immediate
host rocks and the mineralizations themselves.
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Because platinum readily forms arsenides but gold does not, the amount of
platinum that can be transported in arsenic-bearing hydrothermal solutions is very
low compared to gold.

REFERENCE
Westland, A. D. (1981). Inorganic chemistry of the platinum-group elements. In Platinum-

Group Elements: Mineralogy, Geology, Recovery, cd. L. J. Cabri, The Canadian
Institute of Mining and Metallurgy Special Volume 23, pp. 5-18.

12

The Use of Mantle Normalization and Metal Ratios in
Discriminating between the Effects of Partial Melting,
Crystal Fractionation and Sulphide Segregation on
Platinum-Group Elements, Gold, Nickel and Copper:
Examples from Norway

Sarati-Jane Barnes

Sciences de la Terre, Université du Quebéc, 555 Boulevard de I'Université,
Chicoutimi, PQ, Canada G7H 2B/

R. Boyp, A. KorNELIUSSEN, L-P. NiLsson, M. OFTEN
Norges Geologiske Undersgkelse, Postboks 3006, N-7002 Trondheim, Norway

R. B. PeperseN & B. Rosins
Geologisk Institutt, Universitet i Bergen, N-5000 Bergen, Norway

ABSTRACT

The distribution of noble metals, Ni and Cu in mafic and ultramafic rocks is thought
to be controlled by sulphides, chromite, olivine and platinum-group minerals
(PGM). One method for presenting noble metal, Ni and Cu data focuses on the
sulphide control by recalculating the data to 100% sulphides and presenting the data
chondrite normalized. The relative importance of the influence of sulphides,
chromite, olivine and PGM on the noble metals, Ni and Cu is examined here using
two alternative methods.

Firstly, the metals can be plotted in the order: Ni, Os, Ir, Ru, Rh, Pt, Pd, Auand
Cu and mantle normalized. The noble metals have a much higher partition coefficient
into sulphides than Ni or Cu. Therefore, if sulphides have segregated from the
magma or are retained in the mantle during partial melting, the magma and all rocks
that subsequently form from it will be depleted in noble metals relative to Ni and Cu
and the metal patterns will have an overall trough shape. Conversely any rocks
containing these sulphides will be enriched in noble metals relative to Ni and Cu and
the metal patterns will have an arch shape (characteristic of Pt reefs). Chromite-rich
rocks tend to be enriched in the elements Os, Ir and Ru relative to the magma from
which they form, therefore if chromite crystallizes from a magma or is retained in the
mantle during partial melting, the magma and any rocks that subsequently form from
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Jrom Os 1o Pd, flat from Pd 1o Cu and have a positive Ni anomaly. The rocks
containing cumulate chromite will be enriched in Os, Ir and Ru relative 1o the other
elements and the metal patterns have an overall negative slope with a down turn at Ni
(us seen in podiformy chromitites), Olivine concentrates Nioand under sonie
conduions Ir. therefore if olivine crystallizes from a magma or is retained in the
mantle during partial melting, Ni and Ir will be depleted in the magma and in any
rocks that subsequently form from it. The metal patterns have an overall positive
slope from Os to Pd, flat from Pd to Cu and no Ni anomaly. The cumulate will be
enviched in Nioand Ir and tend 1o have a flat metal [)(ll!(’l‘;l {e.g. in dunites from
koratiites and ophiolites).

A second approach to presenting noble metal, Ni and Cu data is suggested because
while the effects of sulphide, chromite and olivine control can be seen on the metal
patterns it is easier to distinguish these effects visuully using metal ratio diagrams,
Pd/1r versus Ni/Cu and Nif Pd versus Cullr.

These two approaches are useful petrogenetic and exploration tools. Rocks which
have trough-shaped metal patterns formed from magmas which were depleted in
noble metals, possibly by sulphide segregation. These rocks do not make good
exploration targets although there is the potential of a noble-metal deposit
stratigraphically below them. Rocks which are not enriched or depleted in Ni and Cu
relative to the noble metals formed from a magma that has not segregated sulphides
and therefore a noble metal deposit could lie stratigraphically above these rocks.

INTRODUCTION

Naldrett et al. (1979) showed that if noble metal (Os, Ir, Ru, Rh, Pt, Pd, Au)
analyses of sulphides are chondrite normalized and then plotted in order of
decreasing melting point, smooth curves are obtained. The use of such chondrite
normalized curves permits the distinction between sulphides that segregated from
primitive magmas such as komatiites, and sulphides which segregated from more
fractionated magmas, such as tholeiites. In their review of the noble metal
abundance data then available, Barnes et al. (1985) were able to extend this
approach to silicate rocks. They showed that it is possible to distinguish between
noble-metal patterns from silicate rocks thought to represent the upper mantle (flat
noble-metal patterns), komatiites (slightly Pd-enriched noble-metal patterns), and
podiform chromitites (Os-, Ir- and Ru-enriched noble-metal patterns). However,
the noble-metal patterns from; layered intrusions, ocean-floor basalts, continental-
flood basalts, alkaline rocks and the non-tectonized portions of ophiolites are not
unique and cannot be easily distinguished from cach other. This is because the
shape of the noble-metal pattern of a rock is influenced by the following factors:
(a) Whether any sulphides are present in the rock: noble metals tend to con-

centrate in sulphides, therefore the noble-metal pattern of any rock con-
taining sulphides will tend to be dominated by that of the sulphides, which in
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turn will be similar to that of the liquid at the time of sulphide saturation

(Kcays, 1982). Thus, despite the fact that the rock may be a cumulate it could

have the same shaped noble-metal pattern as the silicate liquid at the time of

sulphide suturation,

If no sulphides are present it is important to consider whether the rock

represents a cumulate, or liquid, composition. Olivine and chromite cumu-

lates tend to be enriched in Os, Ir and Ru (Agiorgitis & Wolf, 1977, 1978,

Kecays, 1982; Oshin & Crocket, 1982; Page et al., 1982a.b; Davies &

Tredoux, 1985; Crocket & MacRae, 1986). The mechanism by which this

enrichment takes place is a matter of debate. Some authors (e.g. Keays-&

Campbell, 1981; Barnes et al., 1985; Davies & Tredoux, 1985) suggest that

carly in the crystallization history of a magma it becomes saturated in Os-,

Ru-, Ir-bearing PGM (i.c. at the ppb level) and that these PGM crystallize

before the olivine and chromite and are then included within the olivine and

chromite. Support is lent to this suggestion by: the observation of Os-, Ir-

and Ru-bearing PGM in chromite-rich rocks (Prichard et al., 198l;

Stockman & Hlava, 1984; Talkington er al., 1984); the covariance ol

chromite and laurite compositions in the Bird River Sill (Ohnenstetter etal.,

1986) and by the work of Amosse et al. (1987) who showed that Ir has a far

lower solubility (<50 ppb) than Pt (<600 ppb) in basaltic melts. In contrast

some workers (Agiorgitis & Wolf, 1978; Brugmann et al., 1985) suggest that

Os, Ir and Ru enter the chromite and olivine by solid substitution. In any

event, a rock containing cumulate olivine or chromite may have a less

fractionated noble-metal pattern than the liquid from which it formed.

(¢) The relative timing of crystal fractionation and sulphide saturation (Keays &
Campbell, 1981; Barnes er al., 1985; Lee & Tredoux, 1986; Barnes &
Naldrett, 1987). As mentioned above Os, Ir and Ru tend to be enriched in
the olivine and chromite cumulates. Therefore, if no sulphide saturation
occurs the noble-metal patterns will become progressively fractionated.
Once sulphide saturation occurs most of the noble metals will tend to enter
the sulphide and any rock containing this sulphide will tend to inherit the
noble-metal pattern at the time of sulphide saturation. If sulphide saturation
occurs carly in the magma’s history and the sulphides do not settle out, then
the magmais likely to retain a relatively primitive noble-metal pattern despite
the fact that the silicate minerals have fractionated.

(b

~—

The simple noble-metal patterns are inadequate for discerning which pro-
cesses have occurred because they do not show the ratio of Niand Cu relative to the
noble metals, Therefore, two new methods for considering noble metal data have
been developed here:

(1) By normalizing the noble metal contents to average mantle values and
adding Ni and Cu to either end of the noble-metal pattern the ratio of Ni and
Cu to the noble metals may be illustrated. These patterns will be called
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mantle normalized metal patterns. Because Ni, Cu and the noble metals
have different partition coefficients into sulphides, olivine, chromite and
PGM, the relative timing of sulphide saturation, sulphide removal and
crystal fractionation may be deduced from the metal patterns;

(2) Although the effects of partial melting, crystal fractionation and sulphide
saturation on the metal patterns can be observed, it was found to be easier to
separate these effects visually using the metal ratio plots of Pd/Ir versus
Ni/Cu and Ni/Pd versus Cu/Ir.

In each case the method will be outlined by using a literature data base and then
demonstrated using new data from Norway.

IS NORMALIZATION TO 100% SULPHIDES ALWAYS JUSTIFIED?

Normalization to 100% sulphides assumes that most of the noble metals are present
in the sulphide portion of the rock, and such a recalculation allows a more
meaningful comparison between rocks with widely differing sulphide contents, by
removing the dilution effect of the silicate phases. However, a number of
assumptions are inherent in this procedure which are not necessarily valid,
particularly in sulphide-poor rocks. Firstly, normalizing to 100% sulphides assumes
that durng crystallization of the rocks all the noble metals entered a sulphide liquid
containing 36-38% sulphur. In rocks containing chromite or olivine some Os, Ir
and Ru may be present in the chromite or olivine, or as PGM. Sccondly, Ballhaus
and Stumpfl (1986) suggest that under certain circumstances the noble metals
partition into a fluid phase rather than into sulphides. Thirdly, it assumes that the
present sulphur content of the rock represents the original igneous value. Sulphuris
an extremely mobile element during hydrous alteration of rocks. Gain (1985) has
suggested that sulphur was removed from the UG-2 reef of the Bushveld during
cooling of the intrusion, so even rocks that do not contain hydrous minerals may
have suffered sulphur loss. Therefore, in order to avoid the potential errors that can
arise from recalculation to 100% sulphides the data in this work has not been
recalculated.

THE ORDER OF THE ELEMENTS ON A METAL DIAGRAM

Naldrett and Barnes (1986) added Cu and Ni next to Au on the chondrite
normalized noble-metal pattern (e.g. Fig. 1(a)). It is suggested here that Ni values
be placed to the left of Os, rather than to the right of Cu (Fig. 1(b)). Niis compatible
with most early crystallizing phases (e.g. olivine, pyroxene, spinel), Os, Ir and Ru
tend 1o be enriched in olivine- and chromite-rich rocks, therelore, it is logical that
Ni should be placed on the left-hand side of the diagram. Cu, on the other hand, isa
relatively incompatible element in mafic rocks, and hence the position of Cu to the
right of Au.
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THE ADVANTAGE OF MANTLE NORMALIZATION
OVER CHONDRITE NORMALIZATION

Simply moving Ni to the left of Os, however, does not produce a smooth chondri?e
normalized curve for mantle lherzolites (Fig. 1(b)) because the ratio of Niand Cuin
the mantle to C1 chondrites is approximately 0-13 and 0-17 respectively, and the
ratio of Ir and Pd in the mantle to Ir and Pd in C1 chondrites is about 0-008 15
(4-4/540). Therefore, if the metal values for a mantle derived rock are chondrite
normalized the Ni chondrite values will tend to be 16 times (0-13/0-008 15) the Ir
values and the Cu values will tend to be 21 times the Pd values, this gives rise to the
trough-shaped metal pattern in Fig. 1(b). As most terrestrial rocks are derived from
the mantle, it would be more realistic to normalize to mantle values than Cl
chondrites. The argument against mantle normalization has been that there is no
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FiG. 1. (a) Conventional chondrite normalized metal patterns showing the range of rock§ representing
mantle (sources for mantle indicated in Appendix). Note that from Au to Ni the‘pattem is not flat, (_b)
Metal pattern of mantle fragments with Ni to the left of Os and Cu to the right of Au; chondrite
normalized. Note the peaks at Ni and Cu which reflect the fact that there is 10-20 times more Ni u.nd Cu
chondrite normalized in the mantle than there are noble metals. 1f metal diagrams from ultramatic and
mafic rocks are chondrite normalized they too will have peaks at Ni and Cu because they are mantle
derived. (c) Revised metal pattern for the range of rocks representing mantle normalized to 2000 ppm
for Ni 28 ppm for Cu and 0-008 15 x chondrites for the noble metals. Note that the metal patterns are
now flat (triangles indicate the average value from the data base).
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TABLE |
Metal values
Location Rock type X n Ni% Cu S Os (ppb) Ir Ru Rh Pt Pd Au
World Mantle fragments  © 114 0:2 00028 0020 4.2 44 6 2 92 4.4 14
Estimate of mantle 0-00815 x CI¢ 4.2 4.4 56 1-6 83 4-4 12
Komaiiites .
Karasjok Volcaniclastics a 24 012 00124 0-08t 21 1.5 <10 <2 11 11 6
g 24 011 00050 0036 1-8 13 <10 <2 10 10 1-6
Rombak Chlorite-actinolite a 7 0-10 0-0019 0-017 <5 12 <10 16 <13 15 0-8
Fels g 7 0085 00013 0015 <5 08 <10 1.3 <13 14 07 &
Caledonide ophiolites £
Norway Normal podiform a 64 0-13 0-0019 0122 n.d. n.d. n.d. n.d. 11 1-6 4 5
| chromitites g 64 007 0-0006 0030 n.d. n.d. n.d. nd. 8 0-8 2:5 3
| Norway Enriched podiform a4 0-13 0-0056 013 n.d. n.d. n.d. n.d. 416 413 248 W
chromitites g 4 012 0-0044 0111 n.d. nd. n.d. n.d. 362 82 43 3
Leka Stratiform chromitite 1 019 00030 0339 1070 1760 770 40 <10 <10 8 é
Leka Chromite-rich dunitea 15 0-20 00027 0203 7-2 78 24 24 11 17 29 =N
g 15 019 00018 0241 4.5 33 17 2 10 15 1-5
Faedy Ni-richsulphides a 6 2-27 1.55 44.92 221 205 203 187 1503 4 066 34
6 227 1-41 4492 203 167 186 240 1450 3986 23
Cu-rich sulphides a 4 1-34 828 4407 252 211 247 235 2230 5 800 201
g 4 099 7-Q9 43-93 170 103 177 149 1630 5432 163
Weighted mean 10 2-10 2.69 77 225 206 210 195 1626 4360 62
Small possibly drift-related intrusions
Reinfjord  Tholeiitic dvkes a 10 0-10 00164 0338 <2 05 <10 <2 53 64 1-2
g 10 0-07 00139 0-263 <2 03 <10 <2 3 6 1
Melvann Alkaline dykes a 12 008 0-0242 0615 <2 04 <10 <2 6-4 S 1-3
g 12 0-08 0-0144 0241 <2 03 <10 <2 6 4 12
Lille Ultramafics a 6 008 00206 0-270 <2 06 <I10 <1 <10 7 3 W
Kufjord g 6 007 00200 0-270 <2 05 <10 <1 <10 6 1-4 §
Hosanger  Ni-richsulphides a 7 3-15 0350 342 27-8 20-8 39 8 71 105 87 =
g 7 296 0280 339 25 19 37 7 63 92 6 s i
Cu-richsulphides a 3 0:62 772 30-96 28 23 62 <20 1207 4 341 &
g 3 059 6-79 29-63 25 21 47 <20 60° 4 116 a
Weighted mean 10 2.72 0-93 33-47 25 19-2 38 <83 62-7 d 17 ,.A.Jn
Flat Ni-rich sulphides a 6 290 027 35-47 26 29 38 11 78 87 19-6 8
g 6 206 0-19 352 22 27 35 7 50 70 18 3
Cu-richsulphides a 5 150 1171 349 20 22 29 16 1594 1514 578 Q :
g 5 107 840 348 20 22 22 6 407 1007 441 3
Weighted mean 11 194 1-22 35-15 22 26 33 7 49 74 71 3
Ertelien Ni-rich sulphides a 8 2-12 0-35 42-5 9-4 65 14 10 9 198 459 s
g 8 176 023 423 2 1-7 88 6 7 179 175 &
Cu-richsulphides a 7 091 10-24 35-57 <5 065 <10 77 6034 1354 1319 m
g 7 068 540 348 <5 06 <10 2 657 707 591 T
Weighted mean 15 159 1-00 42.5 <25 1-5 <9 56 16 163 104 W.
Large proterozoic layered intrusion ow
Jotunheim  Pyroxenites a 14 0-01 0025 0-164 <2 03 <10 1 31 154 187 om
g 14 001 0-023  0-136 <2 025 <10 09 30 150 16 m.
“Because noble metals tend to have a log-normal distribution both arithmetic (a) and geometric (g) means are listed. nm
®Ni and Cu values from Sun (1982). S and noble metals from the sources listed in the appendix. 8
“C1 values listed in Naldrett (1981). g
4 Because of analytical difficulties the Pt and Pd numbers for these samples are not reliable. g
n.d. = not determined. b
5
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reliable estimate of the mantle abundances for noble metals, and the mantle is
heterogeneous so that any value chosen to represent it is somewhat arbitrary.
Despite these drawbacks, the advantages from mantle normalization (i.e.
normalizing to the probable source material) are significant. There are now over
100 published analyses, from 22 localities around the world, for the Ir and Pd
contents of samples which are thought to represent mantle material, The average
noble metal content of all the mantle material that has been analysed (spinel
lherzolites, garnet therzolites and harzburgites) is close to 0-008 15 X Ci chondrite
(col. I, Table 1). This value is similar to, but slightly higher than, the values
obtained by Morgan (1986) for his estimate of the Os, Ir, Pd and Au contents of the
upper mantle based on spinel lherzolites. Furthermore, 0-008 15 X C1 chondrite is
also surprisingly close to Chou et al.’s (1983) estimate that the mantle has ex-
perienced an addition of 0-74% chondrite material by bombardment from
meteorites after formation of the core. Therefore the mantle normalizing factors
for noble metals used in this work are 0-008 15 times chondrite (row 2, Table 1).
The mantle abundances for Ni and Cu quoted by Sun (1982) were used for these
clements.

The result of this mantle normalized approach can be seen by comparing Figs
1(a), (b) and (c). Figure 1(a) shows the range of metal patterns for the mantle
presented in the conventional fashion, note the sharp change in the slope of the
curve at Cu. Figure 1(b) shows the metal pattern, still chondrite normalized but
with Ni next to Os. Note the enrichment of Ni and Cu relative to the noble metals.
Figure 1(c) shows the same metal patterns but normalized to mantle, note that the
patterns are now smooth and almost flat.

In Fig. 2 the range of mantle normalized curves for the various rock types is
shown. The range was defined by drawing an envelope around the values from the
literature (see Appendix for the sources used). -

The metal patterns for komatiites (Fig. 2(a)) are only slightly fractionated
(Pd/Ir = 5-10) with the Ni and Cu mantle normalized values (mn) close to the
mantle normalized values for noble metals (Ni/Ir,,, = 1-5-2; Cu/Pd,, = 0-75-0-9).
This produces a fairly smooth metal pattern. The very wide range (0-5-500 times
mantle) of metal patterns for komatiites arises because the lower limit of the
komatiite field is defined by olivine-spinifex textured komatiites (Munro Town-
ship and western Australia; Crocket & MacRae, 1986; Keays, 1982) which lack
sulphides, whereas the upper limit is defined by massive sulphides in equilibrium
with komatiites (Abitibi Greenstone Belt, Green & Naldrett, 1981).

High-MgO basalts (Fig. 2(b)) in this work are regarded as rocks derived from
magmas containing 12-18% MgO. This division includes komatiitic basalt, high-
MgO basalts and tholciites but not boninites which have been included with
low-TiO, basalts Fig. 2(e). The lower limit of the field is defined by the chill zone of
Fred's Flow (a komatiitic basalt, Crocket & MacRae, 1986), and the upper limit is
defined by the sulphides from Katiniq, Cape Smith Fold Belt (Barnes et al., 1982);
the Katiniq sulphides are thought to have formed in equilibrium with a komatiitic
basalt. The noble metal portion of the patterns is slightly more fractionated
(Pd/Ir = 20-30) than the komatiite curves (compare Figs 2(a) and (b)); the Ni/Iry,
and Cu/Pd,, ratios are close to 1 and produce an overall smooth metal curve.
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FiG. 2. Range of mantle normalized metal patterns for a variety of rock types using data from the

literature: sourcesare indicated in the Appendix. (a) Komatiites and the sulphides associated with them.

(b) High-MgO basalts and sulphides associated with them. (c) Ocean floor basalts. (d) Podiform

chromitites from ophiolites. (¢) Boninites and low-TiO2 basalts. (f) Alkaline rocks. (g) Flood basalts

and sulphides associated with them. (h) PGE reefs (with the Pt-enriched chromites from the Cliff
locality of the Unst ophiolite shown as curve c).

Ocean floor basalts in this work include basalts from ridges, triple junctions and
‘type I’ lavas from the Thetford ophiolite (all the samples have flat or LREE
depleted REE patterns). Metal patterns from ocean floor basalts (Fig. 2(c)) cover
the range 0-003-3 times mantle. This range may be too narrow, because none of the
samples from the localities considered here contain appreciable amounts of
sulphides and none are from primitive ocean floor basalts (highest MgO content
9-2%). The noble metal portion of the patterns shows variable degrees of fractiona-
tion with Pd/Ir ratios from 20 to 200; Ni is enriched relative to Ir (Ni/Ir,, = 2-7)
and Cu is enriched relative to Pd (Cu/Pd,,, = 10-50). Consequently, unlike the
metal patterns for more primitive rocks, ocean floor basalts do not have smooth
metal patterns, but are trough shaped. This suggests that either some sulphides
have been retained in the mantle during partial melting and these have pre-
ferentially retained the noble metals over Ni and Cu (Hamlyn et al., 1985), or some
sulphides segregated from the magma en route to the surface and these pre-
ferentially removed the noble metals (Hertogen etal., 1980). If Hamlyn et al. (1985)
are correct, then all ocean floor material should be depleted in noble metals. If
Hertogen et al. (1980) are correct ocean floor basalts that have not segregated
sulphides, possibly primitive ocean floor basalts, should not be noble metal
depleted.

The wide range in Pd/Ir ratios from ocean floor basalts may be caused by the

01
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removal of Os, Ir and Ru either as PGM or by chromite crystallization, as has been
suggested by Hertogen et al. (1980) and Oshin and Crocket (1986). The most
remarkable feature of metal patterns from ophiolite chromites (Fig. 2(d)) is that
they are strongly enriched in Os, Ir, Ruand have Pd/Ir ratios of 0-01-0-1 and cover
the range 0-1-200 times mantle. Thus, the complementary metal patterns of ophio-
lite chromitites and ocean floor basalts can be understood if the chromitites
represent the cumulate portion and the ocean floor basalt the fractionated silicate
melt portions of a primitive mantle melt.

Some ocean floor material (¢.g. the ‘type I basalts at the Thetford ophiolite) that
has experienced chromite and olivine fractionation has relatively unfractionated
metal patterns (Pd/Ir = 10-15). If sulphide saturation occurs early in the magma’s
history (i.c. before appreciable chromite or PGM crystallization), then the magma
will inherit a primitive metal pattern. However, if chromite (or PGM) crystalliza-
tion occurs before sulphide saturation, then the chromite or PGM will prefer-
entially remove Os, Ir and Ru from the magma to produce a fractionated liquid and
an Os-Ir-Ru-enriched cumulate. Using this reasoning the contradictions between
the fractionated silicate geochemistry and the unfractionated noble metal patterns
of Thetford ‘type I’ basalts, may be explained by sulphide saturation before
chromite crystallization.

Boninites and low-TiO, lavas (Fig. 2(e)) exhibit a variable degree of noble metal
fractionation (Pd/Ir ratio = 20-200) and cover the range 0-002-10 times mantle. Ni
tends to be enriched relative to Ir, Ni/Ir,,, = 2-10and Cu s depleted relative to Pd,
Cu/Pd,,, = 0-01-0-7. Irivine and Sharpe (1982) suggest that one of the initial
magmas to the Bushveld Complex was boninite-like. Hamlyn er al. (1985) have
drawn attention to the similarity in the depletion of Cu relative to Pd in boninites
and the Merensky reef. They suggest that the Cu depletion results from a previous
meiting event and that this is important in generating the type of magma from which
Pt-reefs such as the Merensky reef of the Bushveld complex form. .

Alkaline rocks (Fig. 2(f)) have relatively unfractionated metal patterns
(Pd/Ir = 10-20), but the full shape of the metal pattern curve is not known because
Ni and Cu values are not available for the samples in which the noble metal levels
have been determined. Furthermore, the range of values indicated here may be too
small as the data base consists of only 3 localities. The upper limit is based on
kimberlites (Kaminskiy ef al., 1975) and the lower limit on basanites (Mitchell &
Keays, 1981).

Flood basalts (Fig. 2(g)) tend to have fairly fractionated metal patterns (Pd/
Ir = 100-200). The curves show a tendency towards enrichment of Ni and deple-
tion in Cu relative to the noble metals. The lower limit is defined by the inter-
national standard BCR-1 (Govindaraju, 1984), and the upper limit by sulphides
from Nor’ilsk (Naldrett, 1981). However, not all flood basalt related material is as
fractionated, the Insizwa Intrusion is associated with the Karroo flood basalts, but
the metal pattern is less fractionated than most other flood basalt related intrusions
(Pd/Ir = 20, Lightfoot et al., 1984). This anomaly may be explained by suggesting
that the Insizwa magma became saturated in sulphides early in its history and that

consequently the sulphides froze in the unfractionated metal pattern of the Insizwa
magma.
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The metal patterns for Pt-reefs are shown in Fig. 2(h). The UG-2 and Merensky
reefs of the Bushveld Complex, the JM reef of the Stillwater Complex and the Roby
zone of the Lac des Iles Intrusion are all considered in this group. Pt-reefs have also
been reported from the Penikat intrusion in Finland (Alapieti & Lahtinen, 19§6)
and from the Great Dyke of Zimbabwe (Wilson & Prendergast, 1987), but in-
sufficient noble metal data were available to include these localities here. The metal
patterns show a variable degree of fractionation in the noble metals; from the UG-2
reef which is the least fractionated (Pd/Ir approximately 20} to the JM reef (_Pd/ Ir
approximately 8000). The most distinctive feature of these metal patterns is the
overall arched shape, which is a result of the sharp down turn at each end of th_e
pattern at Ni and Cu respectively. One of the most distinctive features of Pt-reefs is
the low ratio of Ni and Cu to noble metals (Ni/lr,, <0-05, Cu/Pd,, <0-02).
Interestingly one other rock type has metal patterns similar to Pt-reefs and this' is
the Pt-cnriched chromitites from the CIiff locality of the Unst ophiolite (¢ on Fig,.

2(h)).

METAL RATIO DIAGRAMS

An alternative approach to presenting noble metal data is to use metal ratio plots. If
two metal ratios are plotted against each other, e.g. Pd/Ir versus Ni/Cu, then it is not
necessary to recalculate the data to 100% sulphides nor to normalize the data to
mantle or chondrite values. '

Pd/Ir versus Ni/Cu )

Figure 3(a) outlines the fields covered by the major magma suites on a plot of N'l/Cu
versus Pd/Ir. Because the number of samples for which the noble metals and Ni and
Cu have been determined is small the shape of these fields may change as more data
are obtained. Nonetheless this diagram was found to be useful in outlining the
processes that may effect the distribution of the noble metals, Niand Cu. These two
particular ratios were chosen because the metal patterns indicated that the Rd/[r
ratio increases as the magma suite becomes more evolved, while the Ni/Cu
decreases (Figs 2 (a-g)). Therefore, a plot of these two ratios agains} .each other
produces a separation of the various magma suites with the most primitive (mantle
material), at one end and the most evolved (continental flood basalts) at x.he. othe'r.
The effect of variations in the degree of partial melting and the variations in
composition of the source material on the Pd/Ir and Ni/Cu ratios‘may be estimated
empirically by drawing a line through mantle, komatiites, high-MgO busqlls,
ocean-floor basalts, boninites and continental flood basalts. More detailed possible
numerical models are presented clsewhere (Naldrett & Barnes, 1986; Barnes,
1987).

Th)e fields for layered intrusions, and for the intrusive portions of ophiolite§ are
also shown on Fig. 3(a). The effect of crystal fractionation on the Pd/Ir and Ni/Cu
ratios can be examined by considering the komatiite and ophiolite data. Some
olivine cumulates from komatiite flows (B on Fig. 3(a)) have lower Pd/Ir and higher
Ni/Cu ratios than the lavas from which they crystallized. Olivine concentrates Ni in
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Fic. 3. (a) Metal ratio diagram of Pd/Ir versus Ni/Cu based on literature data for discriminating
between the compositional fields of: mantle, komatiites and sulphides associated with them, high
MgO-has:.tIts and associated sulphides, ocean-floor basalts, boninites and low-TiQ 1 basalts, flood basalts
and sulphides associated with them, ophiolites, podiform chromitites from ophiol.ilcs, Pt-reefs, layered
intrusions of unknown affinity, and Cu-rich sulphides. D = dunites from Thetford ophiolite, B = B-
zones of komatiites and C = Cliff locality from Unst. The inset shows the displacement vectors on the
diagram fqr the effects of partial melting of the mantle (dotted), olivine removal or addition (dashed)
and chromite removal or addition (solid). (b) Diagram of the Pd/Ir and Ni/Cu ratios of Norwegian mafic
and ult.ramaﬁc rocks compared with selected compositional fields (others left out for the sake of clarity)
from Fig. 3(a). .Sy{nbols: D = dunites from Leka; K = Karasjok komatiites; S = Rombak komatiites;
O = Leka opbhiolite chromitite; F = Facdy ophiolite sulphides; R = Reinfjord Tholeiitic Intrusion:
M~ Melkvann Alkaline Intrusion; 1. - Lille Kufjord ‘Tholeiitic Intrusion; J = Jotun |)ymxcnilcs:

H = Hosanger sulphides; [ = Flatsulphides; 1 = Lrtelien sulphides, '

preference to Cu, therefore the higher Ni/Cu ratio in olivine-enriched portions of
the flows is reasonable. Some of the olivine cumulates are enriched in Ir, thus the
net effect of olivine crystallization is to displace the cumulate samples towards
lower Pd/Ir and higher Ni/Cu ratios and to displace the fractionated liquid towards
higher Pd/Ir ratios and lower Ni/Cu ratios (Fig. 3(a)).

Chromite crystallization has an effect similar to, but more intense than, olivine
crystallization. The difference can be seen by examining the relative positions of
chromitites and dunites within ophiolites. The dunites (D) show a large change in
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Ni/Cu ratio from the initial liquid (presumed to lic in occan foor basalt ficld) but a
relatively small change in Pd/Ir ratio, the chromitites show a large change in Pd/Ir
ratio and a small change in Ni/Cu ratio. Most of the variation in Pd/Ir and Ni/Cu
ratios for komatiites, ophiolites, boninites, flood basalts, high-MgO lavas and
layered intrusions may be accounted for by variation in conditions of partial melting
and olivine or chromite crystallization,

Cu-rich sulphide veins commonly occur as footwall veins associated with Ni-Cu
sulphide deposits, as at Sudbury (Hoffman et al., 1979) and Kambalda (Lesher &
Keays, 1984), but they may also occur as veins within the main ore zone as at
Katiniq (Dillon-Leitch ef al., 1986) or Rathburn Lake (Rowell & Edgar, 1986).
Cu-rich sulphide veins tend to be enriched in Au, Pd and at some localities Pt, but
depleted in Os, Ir and Ru relative to the bulk composition of the Ni—Cu sulphide
deposits with which they are associated. Consequently, the Cu-rich sulphide veins
have low Ni/Cu ratios, high Pd/Ir ratios and form a distinct field on Fig. 3(a). Most
authors consider these veins to have formed by hydrothermal remobilization of Cu,
Au and Pd from the associated Ni-Cu sulphide deposit. However, the situation is
complicated by the fact that many Ni-Cu sulphide deposits exhibit an internal
compaositional zonation with a Cu, Au, Pd, Pt enriched portion and a separate Os,
Ir, Ru enriched portion (Kambalda, Keays et al., 1981; Strachona & Leveck West,
Naldrett et al., 1982; Insizwa, Lightfoot et al., 1984; Alexo, Barnes & Naldrett,
1986; Lillefjellklumpen, Grénlie, in press). The Cu-rich ore is displaced relative to
the bulk ore in the direction of the Cu-rich sulphide veins but does not usually plot
in Cu-rich sulphide vein field. Naldrett ef al. (1982) suggested that at Sudbury the
Cu-rich ore is partly fractionated sulphide liquid produced after the crystallization
of monosulphide solid solution from an Fe-Ni-Cu sulphide liquid, and further-
more, that the Cu-rich sulphide veins are the final fractionated product. In contrast
Keays et al. (1981), suggest that the compositional zonation observed in the Ni-Cu
sulphide ores at Kambalda is the result of hydrothermal remobilization. Regardless
of which hypothesis is correct, it should be remembered when using these metal
ratio plots that the composition of Cu-rich ores tends to be displaced towards lower
Ni/Cu ratios and higher Pd/Ir ratios on Fig. 3(a) relative to the bulk ore.

The Pt-reefs show a narrow range of Ni/Cu ratios but have a wide range in Pd/Ir
ratios. Although the Ni/Cu and Pd/Ir ratios of Pt-reefs from the Bushveld Complex
lie in the field of layered intrusions, the JM-reef of the Stillwater Complex and the
Roby zone of Lac des Iles Intrusion are extremely Pd-enriched and overlap with a
ficld of Cu-rich sulphide veins. If Cu-rich sulphide veins form by hydrothermal
remobilization, then the overlap of the JM reef and Roby zone with the ficld of
Cu-rich sulphide veins could be interpreted as evidence of hydrothermal action in
the formation of these rocks. However, as will be discussed below the Ni/Pd and
Cu/Ir ratios of the M reef and Roby Zone do not support such an interpretation.
The Pt-enriched chromitites of the Unst ophiolite do not plot in the field of Pt reefs
on this diagram (C on Fig. 3(a)), but in the field of ophiolites, which is consistent
with their geological setting. The main difference between the Unst rocks and Pt
reefs is the higher Ni/Cu ratio of the Unst rocks.
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Ni/Pd versus Cu/Ir

Ni and Cu both have similar partition coefficients into sulphide liquid (Rajamani &
Nauldrett, 1978), therefore the segregation of a sulphide liquid from a silicate
magma doces noteffect the NifCu ratio of cither the remaining silicate magma orof a
cumulate which contains some sulphides. Partition cocfficients for Pd and Ir into a
sulphide liquid are unknown; estinmates range from 1000 1o 100 000 (Campbell &
Barnes, 1984), but the partition coefficients are usually assumed to be similar.
Therefore, as in the case of the Ni/Cu ratio, the Pd/Ir ratio of the silicate magma, or
cumulate is not changed by the segregation of a sulphide liquid. For this reason the
cffect of sulphide removal from the silicate magma, or sulphide addition to the
cumulate during the crystallization of a magma, is not visible on Fig. 3(a). In order
to study the effect of sulphide saturation the Ni and Cu to noble metal ratio must be
considered. Figure 4(a) shows the fields for some rock types on a plot of Cu/Ir
versus Ni/Pd.

Because the partition coefficients for Cu and Ni into sulphides are much less than
for noble metals, the segregation of sulphides from a silicate magma causes the
silicate liquid to become depleted in noble metals relative to Ni and Cu; thus any
cumulate containing these sulphides is enriched in noble metals relative to Ni and
Cu. The NifPd and Cu/lIr ratios of the remaining silicate magma increase, and the
composition of any rocks that subsequently form from it are increased (Fig. 4(a)).
The composition of the complementary cumulates containing the sulphides tend to
be displaced to lower Ni/Pd and Cu/Ir ratios. However, the decrease in Ni/Pd and
Cu/Ir ratios in the sulphides is also dependent on the amount of sulphides that
segregate (i.e. the R-factor) as discussed by Keays and Campbell (1981) for Cu and
Pd and Campbell and Barnes (1984) for Ni and Pt. If a small amount of sulphides
segregates, then the Ni/Pd and Cu/Ir ratios in the sulphides are lower than those of
the melt, but it a farge amount of sulphides segregates the NifPd and Cu/Ir ratios of
the sulphides approach but never exceed those of the melt from which they formed.
Thus any samples that plot above the fields outlined by the extrusive rocks on Fig.
4(a) probably formed from magmas that have segregated sulphides. These rocks
will not make good exploration targets for noble metals.

The effect of variations in the conditions of partial melting on the NifPd and
Cu/lr ratios, as illustrated by the trend of komatiites, high-MgO basalts, ocean-
floor basalts and flood basalts is to decrease the Ni/Pd ratio and to increase the
Cu/Ir ratio with decreasing degrees of partial melting. More detailed numerical
modelling for partial melting may be found in Naldrett and Barnes (1986) and
Barnes (1987).

Olivine crystallization increases the Ni/Pd ratio and decreases the Cu/Ir ratio of
the cumulates (Fig. 4(a)). The fractionated liquid shows a complementary trend of
an increase in Cu/lr and decrease in NifPd ratios. Chromite crystallization does not
appreciably change the Ni/Pd ratio of the magma but it does increase the Cu/Ir ratio
of the magma from which it fractionated because chromite or the PGM associated
with it preferentially removes Ir from the liquid. Therefore chromite crystallization
displaces the composition of the cumulate to lower Cu/Ir ratios but similar Ni/Pd
ratios and the liquids to higher Cu/Ir ratios (Fig. 4(a)).
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The Cu-rich sulphide veins are enriched in Cu and Pd but depl.eted inboth ll: and
Ni, and plot in a distinct field on Fig. 4(a). However, on this diagram 'there is no
overlap between the Cu-rich veins and the Pt-reefs as then? was on the Ni/Cu versus
Pd/Ir plot. The most distinctive feature of the Pt-reefs, their Ipw base t(? noble metal
ratio, is clearly illustrated on Fig. 4(a). Interestingly, the Pt-rich material from Unst
ophiolite (C) plots close to the Pt-reef field.

THE NORWEGIAN EXAMPLES

Analytical Methods S '
For noble metal analysis the samples were divided into two categories based on the

amount of chromite they contain. Samples containing <10% chromite were
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TABLE 2 ' §E
Comparison of metal values obtained for star}dards in this study with previously determined : L 2 E
values 3 o g%
: ] ES
Tv-84 Ax-26 SARM?7 % R T iz
. L
Source E A B ¢ A B D B - x 3 &, EE
n 2 1 4 10 1 1 - 2 S o E 3S8¢
Osppb <2 nd <2 <5 nd <2 63 62 3 & € 2%3
Ir 01 nd 023 2 n.d. 2.2 74 73 8 W F S pw g
Ru <10 nd. <0 <18  ad <10 430 470 - = -8
Rh 06 nd. <1 85 nd. 9 240 204 i Z £33
Pt 2 <3 <10 51 43 35 3740 3475 - 3 %;g..s;
Pd < <2 <10 7310 87 1530 1565 2 EZE
Au 59 10 12 12 28 8-8 310 275 -5 u‘: £E
. = L, o
A: Caleb (this work). z st 288
B: Becquerel (this work). 5 L2 =25 g
C: Barnes and Naldrett (1987). S - 522
D: Steele et al. (1975). " 223
E: Barnes (1987). o ;Q—‘g
analysed for noble metals by neutron activation analysis (NAA) after precon- o . - = -‘g %_’5_
centration into a Ni-sulphide bead by Beequerel of Toronto. Samples containing 2 e = E gQﬂ
>10% chromite are not suitable for analysis by NAA because not all of the = g
chromite melts during a normal fire assay and because incompletely dissolved Cr <5 Ei
results in interference during the NAA. Those samples containing >10% chromite - %ﬁ E
were analysed by atomic absorption using electrothermal atomization after pre- 2 3 EE8
concentration in a silver-lead bead, by Caleb Brett Ltd. This method is only [.° = 9'?,
. tay < ~ oo
suitable for the clements Pt, Pd and Au. Three samples were used to asscss the s P g5
performance of the laboratories. Tv-84 contains extremely low levels of all the H g = - SE8§
noble metals: Becquerel and Caleb found this sample to contain noble metal levels i o s/l & éz o £ ®°3
at, or close to, their detection limit (Table 2) indicating that no significant '\-:“§ ix 319 §§§ & 2 2 3
contamination occurred. Ax-26 contains intermediate noble metal contents and the %E{ 344 G 3 géé & E 25
agreement between Becquerel and Caleb values and previously determined values %é; & §f' AR Ted 18 ‘fi_ ‘% z
is reasonable (Table 2). SARM?7 contains high levels of the noble metals and 2 SF3
Becquerel’s values agree with the accepted values to within 10% for Os, Ir, Ru, Pt, e, § g %
Pd and to within 20% for Au and Rh (Table 2). -5 b ’f, z
InNAA Cucaninterfere with Pd and Rh determinations and the Crompton edge v“ 3 _Q‘E .:' § °§
from Au with Pt determinations. Therefore, in Cu-rich samples, which are also E Q 3 & g © £
Au-rich, it was not always possible to determine Rh, Pt and Pd. '-E p \ Wi 21t @ m<%
Ni and Cu were determined by X-ray fluorescence for the komatiites, the Jotun ' I 3§ W | 3% Elrs £E d
pyroxenites and the Lille Kufjord rocks. For all other rocks Ni and Cu were ; x gg IZ' ;:gg =8 E:,
determined by atomic absorption. S was determined by X-ray fluorescence. 2=l J SS : , L 1z g5
| : T 2 e %t o % o 2 % e
Presentation of the Data % T T T Q3ZITYWHON  3VLNYA s°
Table 1 presents the arithmetic mean for noble metals, Ni, Cuand § at cach of the ‘ "3
Norwegian localities considered here. However, noble metals tend to have 2 _ SE
log-normal rather than a Gaussian distribution and therefore the geometric means ! o
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are also presented in Table 1. On Figs 3(b), 4(b) and 5 the geometric means have
been plotted. Ni, Cu and S were present in all rocks at greater than the detection
limits, but this was not the case for the noble metals in some samples. At localities
where some samples contained noble metals at less than the detection limit, the
geometric mean was estimated using log-probability paper, and the arithmetic
mean calculated using a standard statistical formulae (Bury, 1975 p. 279 eqn (8.8)).

Atall of the Ni=Cu sulphide deposits two types of ore were found to be present,
i.c. Cu-rich and Ni-rich. The mean for each of these ore types at each deposit is
presented in Table 1 and plotted in Fig. 5. A simple average of the samples is
probably not representative of the sulphide deposits as a whole. The weighted
mean for each locality was calculated by weighting the two types of ores such that
the Ni/Cu ratio of the weighted mean is the same as that reported for each sulphide
deposit when it was mined (Boyd & Nixon, 1985). At most deposits the weighting
was 90% Ni-rich ore 10% Cu-rich ore.

Komatiites

Pyroclastic komatiites of Proterozoic age (2085 =85 Ma Sm/Nd; Krill et al., 1985;
Often, 1985) from the Karosjok Greenstone Belt of northern Norway (Fig. 6) have
been analysed for noble metals (Table 1). The noble metal portion of the metal
pattern is relatively flat (Pd/Ir = 8) and Ni and Cu are not fractionated relative to
the noble metals, thus the overall shape of the metal pattern is smooth (Fig. 5(a)).
Since these rocks are pyroclastic, the noble metal content of the rocks should be
similar to that of the magma. It is interesting to note that the Karasjok komatiite
metal patterns closely resemble the spinifex-texture komatiite metal patterns both
in shape and level (compare lower curve on Figs2(a) and 5(a)). Similarly the Ni/Cu,
Pd/Ir, Ni/Pd and Cu/Ir ratios are similar to komatiites from the literature and on the
metal ratio plots the Karasjok komatiites plot in the field of komatiites (K on Figs
3(b) and 4(b)). Noble-metal patterns from Proterozoic komatiites have been
reported previously (Katiniq, Barnes ef al., 1982). These patterns are more
fractionated than the Karasjok komatiites (compare upper curve on Figs 2(c) and
5(a)). The difference in metal patterns could be because the Karasjok komatiites
formed from a magma containing approximately 25% MgO (the average MgO
content of the Karasjok samples), whereas the Katiniq komatiites formed from a
liquid containing 18% MgO. Tredoux et al. (1986) have also noted an antipathic
relationship between MgO content and Pd/Ir ratio in lavas from the Kaapvaal
craton.

In the eastern volcanosedimentary belts of the early Proterozoic Rombak
window in northern Norway (Fig. 6) there are some discontinuous lenses of massive
ultramafic rocks of unknown origin (Korneliussen, in preparation). The rocks
presently consist of serpentine, chlorite and actinolite. The mean metal pattern
(Fig. 5(a)) for the Rombak rocks is similar in shape and level to that of komatiites
(Fig. 2(a)), except for a Au and Cu depletion in the Rombak samples. The overall
similarity of the Rombak metal pattern with komatiite metal patterns suggests that
these lenses may represent deformed and metamorphosed komatiites. Further-
more, the Rombak ultramafic rocks plot in the komatiite field on metal ratio plots
(S on Figs 3(b) and 4(b)).
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FiG. 6. Map showing the location of the Norwegian samples.

Caledonide ophiolites ‘

Chromitites. High PGE values from podiform chromitites in ophiolites have been
reported from Shetland (Gunn et al., 1985; Prichard et al., 1984, 1986), Ray-Iz and
Kempirsay, USSR (Khvostova et al., 1976). Ophiolite frugme.nts are pre§ent
throughout the Upper and Uppermost Allochthon of the Norweg!aq Caledonides
(Gee et al., 1985). Podiform chromitites from 19 of these ophiolite fragments
(details of each locality are described in Nilsson, 1980) were 'fxr)alysecfl for Pt, Pd and
Au. Only partial metal patterns can be drawn for the chromitites (Fig. 5(b)).‘ .

Chromitites from 15 of the fragments appear to contain noble metal levels similar
to chromitites from around the world; the portion of the metal pattern that can be
drawn has a similar shape to, and falls within, the range of podiform chromites from

“the literature (compare normal chromites on Figs 5(b) and 2(d)). These chromitites

probably also exhibit the classic chromitite pattern with enrichment in Os, Ir and
Ru. )

However, chromitites from 4 localities contain Pt and Pd at >100 ppb which are
much higher than that normally observed in podiform chromites fr0fn around Fhe
world (Fig. 2(d), and Pt-enriched on Fig. 5(b)). The shape of the available portion
of the metal pattern resembles both the Pt-enriched metal pattern f(_)und in the
podiform chromitite from the Cliff locality in the Shetland'ophu’)hte and the
Pt-reefs (Fig. 2(h)). The distinctive feature of these patterns is the.xr arch shape
which is a result of the high noble metal/base metal ratio. It is tempting to suggest
that the overall metal pattern from these 4 Norwegian chromiti.tes may h?ve a
similar shape and thus that they belong to the class of Pt-enriched podiform
chromites.
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Sixteen samples of chromite-rich dunites from the intrusive portion of the Leka
ophiolite were analysed. Fifteen of the samples contain noble metal levels at 1-3
times mantle level and have essentially flat metal patterns (Fig. 5(c)). The overall

shape and level of the metal pattern is similar to that observed for the dunite from

the Thetford ophiolite of Quebee (Fig, S(e)), These rocks are cumulates and
therefore the Nat metal pattern is not simply the result of sampling mantle; nor do
the patterns represent trapped intercumulus liquid because that would be expected
to resemble ocean-floor basalt which has Pd-enriched patterns (Fig. 2(c)). The
mctal patterns from the Leka chromite-rich dunites could represent the sum of the
chromite pattern which is Os, Ir and Ru enriched and the ocean-floor basalt pattern
(Pd-enriched). The presence of the cumulus olivine lowers the overall level of the
pattern for all the elements except Ni. This interpretation is supported by the Pd/Ir
versus Ni/Cu metal ratio diagram. The dunites plot on the Ni enriched side of the tie
line between chromite and ocean floor basalt (D on Fig. 3(b)). The presence of
cumulate olivine could have displaced the samples towards the Ni enriched side of
the tie-line.

One sample from Leka which contains approximately 30% chromite has high
values of Os, Ir and Ru; this sample exhibits a classic chromitite pattern with
enrichment of Os, Ir and Ru (Fig. 5(b)). It is assumcd that the metal pattern of this
sample is dominated by the chromite. On the metal ratio diagrams this sample plots
close to or within the field of chromites from ophiolites (O, Figs 3(b) and 4(b)).

Sulphides. There are two localities in Norway where massive sulphides associated
with ophiolites contain ore grade levels of Pt. Both of these localities are too small
to represent mincable deposits, but processes leading to their formation are of
interest. Lillfjellklumpen is a massive sulphide lens lying concordantly between
primitive MORB-type metabasalts and metagabbro in the allochthonous Giersvik
island arc complex (Grénlie, in press). Faedy is a massive sulphide lens in the
sheeted dyke complex of the Karmdy ophiolite (Boyd & Nixon, 1985). Only the
Fady data will be discussed here as the Lillefjellklumpen data are presented
elsewhere and are similar to the Faedy data.

The massive ore at Faedy contains two types of ore: Ni-rich and Cu-rich (Table
1). The metal patterns from both types arc similar (Fig. 5(d)). Both increase
steadily from Ni at 10 times mantle to Cu at 1000 times mantle and both have large
negative Au anomalics. The Cu-rich ore is enriched in Cu, Au, Pd and Pt relative to
the bulk ore. The metal patterns do not resemble any other metal patterns so far
reported from ophiolites; in particular when compared with other ophiolites
enriched in Pt (e.g. Cliff from the Shetland ophiolite, C on Fig. 2(h)) the Norwegian
sulphides lack the characteristic arch shape. Neither do the Faedy metal patterns
resemble those of sulphides from the Erteria ophiolite, which have been attributed
to hydrothermal action (Fig. 5(d); Economou & Naldrett, 1984). The Fedy metal
patterns closely resemble metal patterns from the sulphides which formed in
association with komatiitic basalts (Katiniq sulphides from the Cape Smith Fold
Belt of Canada, upper curve on Fig. 2(b)). Similarly, on the metal ratio diagrams
the Faedy sulphides plot in the field of high-MgO basalts (F on Figs 3(b) and 4(b)).

Massive sulphides within the intrusive portions of ophiolites are uncommon, but
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two possible mechanisms for their formation are: (a) they formed by hydrolhcrmnl
fluids; (b) the sulphides segregated from the magma during cooling. The suggestion
that the Feedy sulphides formed from hydrothermal fluids may be discarded on the
grounds that the metal patterns do not resemble metal patterns from hydrothermal
sulphides (Fretria, Fig, 5(d): see also discussion by Grénlic, in press). At Fuedy
there are two types of dykes present (Pedersen, in preparation), ocean ridge basalts
and boninites. If hypothesis (b) is true it would be anticipated that the sulphides
which formed in equilibrium with such magmas should have a metal pattern similar
to those found in occan floor basalts or boninites. The Facdy metal patterns are not
trough-shaped like ocean-floor basalt metal patterns (compare Figs 2(c) and 5(d)) or
Cu-depleted like the boninites. This might be taken as evidence that they did not
segregate from an occan floor basalt or boninite. This contradiction may be
resolved by suggesting that the material that erupts on the ocean floor may be
depleted in noble metals by the prior (i.c. pre-cruption) removal of thcsc_elc.mcnts
in sulphides. The metal patterns from primary ocean floor magmas may in fact be
less fractionated than those shown in Fig. 2(c) and primary ocean floor magmas may
well resemble the metal patterns of high-MgO basalts.

Small possibly rift-related intrusions

Seiland Province rocks. The early Caledonide (500-550 Ma, Sturt & Roberts,
1978) Seiland Province intrusions range in composition from tholeiitic to alkaline in
composition. These intrusions are thought to be related to the rifting phase of the
Caledonide event (Pedersen et al. (submitted)).

Samples from three of these intrusions were analysed: Reinfjord, a tholeiitic
intrusion; Melkvann, an alkaline intrusion and Lille Kufjord, an intrusion thought
to represent alkaline magma that reequilibrated at high levels in the mantle to
generate a late tholeiitic intrusion in the area where alkaline rocks predominate;
Bennett et al. (1986) describe the Reinfjord and Melkvann intrusions in more
detail. These intrusions present an opportunity to examine noble-metal patterns in
rocks derived from partial melting of the mantle under various conditions.

The Reinfjord samples are wehrlites, pyroxenites and troctolites principally from
dykes and the marginal zones of the intrusion. The Lille Kufjord samples are
peridotites and pyroxenites. The samples from Melkvann are peridotites and
pyroxenites principally from dykes. Approximately 0-5% S is present in all these
rocks and the noble metal, Ni and Cu content of the rocks is probably controlled by
these sulphides and the Ni content probably also depends on the cumulate olivine.
Because the Reinfjord and Melkvann samples are mainly from dykes and the
marginal zones of intrusions it is assumed that their metal patterns are similar to
that of the magma which intruded. The metal patterns from all three intrusions are
similar (Fig. 5(e)). The noble metals are relatively unfractionated with Pd/Ir ratios
of 12-20. Ni is slightly enriched relative to Ir (Ni/Irm, = 3-6) and Cu is enriched
relative to Pd (Cu/Pd,,, = 3-6). The level and shape of the noble metal portion of
the metal patterns resembles that of high-MgO basalt (compare Figs 5(e) and
2(b)), but with Ni and Cu enriched. Similarly, on a plot of Pd/Ir versus Ni/Cu the
Seiland intrusions plot in the field of high-MgO basalts (R, M and L on Fig. 3(b}),
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but on the Cu/Ir versus Ni/Pd plot the Seiland intrusion plots above the field of
high-MgO basalts. The combination of high Ni/Pd and high Cu/Ir ratios suggests
that the noble metals have been scavenged from the magma prior to the develop-
ment of the present rocks, possibly by sulphides segregated from the magma
carlicr. ‘The combination of low Pd/Ir ratios and high Ni/Cu ratios and high Ni/P’d
and Cu/Ir ratios in the Seiland intrusions suggests that they formed from fairly
primitive magmas that had experienced sulphide scgregation prior to the
development of these rocks.

The metal patterns for samples from the Reinfjord and Lille Kufjord Intrusions
suggest that these rocks formed from magmas similar to high-MgO basalts and this
is geologically reasonable since these intrusions are tholeiitic. However, the
Melkvann intrusion is thought to have formed from an alkaline magma, and
therelore, should be compared with a similar type of intrusion. ‘There are, as yet, no
noble-metal patterns available in the literature with which to compare it. Rocks of
the alkaline family that have been analysed are: kimberlites from the USSR, which
show similar PGE fractionation to the Melkvann samples, but at levels an order of
magnitude higher (upper curve on Fig. 2(f)); and basanites (lower curve on Fig.2(I))
from western Australia which also show a relatively unfractionated noble-metal
.pattcr‘n, but at levels slightly lower than the metal patterns from the Melkvann
intrusion.

Despite the difference in partial melting conditions postulated for these three
intrusions by Robins and Gardner (1975) their metal patterns are remarkably
similar. This relationship confirms the conclusion, based on the rather limited data
from the literature, that there is no obvious difference between the metal patterns
from primitive alkaline rocks and those from high-MgO magmas (compare Figs
2(b) and 2(f)). Hence, primitive mantle melis whether tholeiitic or alkaline in
composition have similar metal patterns.

Hosanger. The Hosanger intrusion is a sill of norite which may be part of the
Anorthosite Complex within the Bergen Arc System (Boyd & Nixon, 1985), The
sulphides occur either as matrix sulphides towards the base of the intrusion (Lien
and Litvann ore) or as sulphide veins cutting the norite and gneissic country rock
(Nonas ore). The ore from all three localities is similar, except for the presence of
some Cu-rich ore from Nonas. In common with most Cu-rich ores the Nonas ore is
enriched in Cu and Au relative to the bulk ore. Because of the analytical problems
associated with Cu- and Au-rich samples it is not possible to say whether the Cu-rich
ore is also enriched in Pt and Pd.

The noble metal portion of the metal patterns is relatively unfractionated Pd/Ir
ratios 5-10. However, Cu and Ni are enriched relative to the noble metals
{Ni/lrp,, = 4, Cu/Pd,, = 5) which gives the patterns their trough shape. The metal
patterns resemble those of the Seiland intrusions and so are interpreted to have
formed in the same fashion, that is by segregation from a high-MgO basalt that had
not experienced olivine or chromite fractionation, but that had previously
segregated some sulphides.

Lrtelien and Flat. The Ertelien deposit occurs at the margins of a small
(600 m X 450 m) norite intrusion, located 40km NW of Oslo (Fig. 6). The Flat
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deposit occurs within a diorite dyke (4 X 2km), 170 km SW of Oslo (Fig. 6). Ncither
intrusion has been dated, but on the basis of stratigraphic relationships they are
thought to be part of a series of mafic intrusions emplaced into the gneissic craton
between 1200 and 1370 Ma, possibly as the early rifting phase of Sveconorwegian
Orogeny (Y00-1100 Ma) (Oftedahl, 1980). More details concerning the deposits are
given in Boyd & Nixon (1985).

Both Ni-rich and Cu-rich ore types are present at Flat. The Cu-rich ore is part of
the massive sulphides. In common with most Cu-rich ores the Flat Cu-rich ores are
enriched in Cu, Au and Pd relative to bulk ore. The Pd value may not be refiable,
because it was possible to determine Pd on only 2 of the 5 Cu-rich samples. The Flat
PGE are remarkably unfractionated (Pd/Ir = 2-5). However, as with the Seiland
Province rocks, the Flit patterns are enriched in Ni and Cu relative to the noble
metals (Niflr,, = 1-2, Cu/Pd,, = 4-132) which gives the metal patterns an overall
trough shape. On the Ni/Pd versus Cu/Ir plot (Fig. 4(b)) the Flat ore (f) plots above
the fields of the extrusive rocks which indicates some sulphides were removed prior
to the formation of the Flat sulphides. The Flat metal pattern does not resemble the
metal patterns from any common magma type (compare Figs 2 (a-h) and 5(h)). The
distinctive feature of the Flat metal pattern is its low Pd/Ir ratio, this ratio is even
lower than that found in komatiite magmas. On the Pd/Ir versus Ni/Cu diagrams
(Fig. 3(b)) the position of the Flat ore (f) suggests that the Flat samples are
enriched in chromite and/for olivine. But, the Flat samples are massive sulphides
which do not contain any olivine or chromite. The reason for the low Pd/Ir ratio is
not clearly understood. Overall the Flit metal pattern suggests that the Flat
sulphides formed in equilibrium with a magma that had not experienced olivine
or chromite fractionation but that had experienced sulphide segregation.

At Ertelicn both Ni-rich and Cu-rich ores are present: the Cu-rich orc is part of
the massive sulphides and is enriched in Cu, Auand Pt and depleted in Ir relative to
the bulk ore. The noble metal portion of the metal patterns is fractionated (Pd/
Ir = 100-120) (Fig. 5(i)). Both ore types are enriched in Niand Cu relative to noble
metals (Ni/lr,, = 20-25, Cu/Pd,, = 35-120) such that the metal patterns have a
trough shape, similar to that observed in Seiland. The Ni/Cu ratio of the weighted
mean of the Ertelien sulphides is higher than that of flood basalt related material
but, on the other hand, the Pd/Ir ratio is higher than the ocean floor basalts, thus the
Ertelien ore plots in neither field (I on Fig. 3(b)). The position of the Ertelien
sulphides suggests that they formed from a primitive magma that had crystallized
some olivine and chromite prior to the development of these sulphides. The trough
shape of the metal pattern suggests that sulphides have been removed from this
magma. This suggestion is reinforced by the position of the Ertelien ore (1) on the
Ni/Pd versus Cu/Ir plot (Fig. 4(b)) where the Ertelien ore plots above the fields of
extrusive rocks, suggesting that sulphides have been removed from the magma.

A remarkable feature of all these intrusions is the depletion of noble metals
relative to Ni and Cu. This is interpreted as suggesting that sulphides have been
removed from the magma, either by retention in the mantle during partial melting,
or by segregation from the magma en route to surface. The authors favour the latter
model and suggest that during early rifting, magmas may not have easy access to the
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surface and may pause often during cmplacement into the crust; at each pause it is
possible that sulphides could segregate from the magma. Another feature that
these intrusions have in common is their small size. It is possible that small volumes
of magma have difficulty intruding into the crust and therefore pause often allowing,
at each pause, segregation of sulphides.

The Jotun Complex—a Large Mid-Proterozoic Mafic Intrusion

The Jotun Complex in southern Norway is a large (100 X 200 km) mafic intrusion of
mid-Proterozoic age. It was metamorphosed to granulite facies between 900 and
1100Ma and implaced in its present position during the Caledonide Orogeny
(400 Ma) (Oftedahl, 1980). The size, age and mafic nature of this intrusion make it a
target for a Pt-reef-type deposit. The target zone for finding a Pt-reef would usually
be considered to lie near the boundary between the ultramafic and mafic zones of
the intrusion, However, the polydeformed and polymetamorphosed nature of the
Jotun Complex make it difficult to define the stratigraphy of the body, and hence,
difficult to define any target zones. Magnetite-rich pyroxenites occur as small lenses
10-100m across in the metagabbros of the north east portion of the intrusion.
Fourteen samples of magnetite-rich pyroxenite from the area of Grasulbekken
have been analysed for noble metals (Table 1).

The noble metals from the pyroxenites are extremely fractionated (Pd/Ir ratio
770), but the pattern is enriched in PGE relative to Cu. The overall shape of the
pattern most resembles that of flood basalts (compare Figs 2(I) and 5(0)). On the
metal ratio diagrams the Jotun pyroxenites (J on Figs 3(b) and 4(b)) plot close to, or
within, the field of flood basalts. The high Pd/Ir ratio of the Jotun pyroxenite rocks
suggests that the liquid from which they formed was depleted in Ir, possibly by
earlier chromite removal. Although the level (200 ppb) of PGE present in these
rocks is an order of magnitude less than ore grade, the low Ni/Pd and Cu/Ir ratios
suggest that no sulphides have segregated from the magma, hence the noble metals
have not been scavenged from the magma and any sulphides that later segregated
could be rich in noble metals, indicating that the Jotun Complex warrants further
exploration.

CONCLUSIONS

By adding Ni to the Os end of a noble metal pattern and Cu to the Au end and then
mantle normalizing the data rather than chondrite normalizing, the resulting metal
patterns become powerful tools for investigating the following petrological
problems in ultramafic and mafic rocks.

(1) If the rock represents mantle, a chromitite from an ophiolite, a Pt-reef, or if
the rock formed from an unfractionated mantle derived melt, the metal
patterns are distinctive and the origin of the rock can be established.

(2) Because the partition coefficient of Ni and Cu is lower than the noble metals
into sulphides the separation of sulphides from a magma will produce a
cumulate enriched in noble metals relative to Ni and Cu, leaving the magma
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depleted in noble elements relative to Ni and Cu. Consequently, the

cumulate will have arch-shaped metal patterns and the fractionated magma
trough-shaped metal patterns. Any rock that subsequently forms from this
fractionated magma will also have trough-shaped metal patterns.

(3) Chromite and, to a lesser extent, olivine both tend to concentrate Os,.Ir and
Ru, possibly as PGM inclusions, thercefore the crystqlhzuuon of chromite and
olivine from a magma produces a cumulate enriched in Os, Irand Ru and a
magma depleted in Os, Ir and Ru. Any rock that subsequently f.o_rms from
this fractionated magma will have metal patterns with steeper positive slopes
than the original liquid (i.e. higher Pd/Ir ratios).

.Because some workers may feel that the mantle abundance of the noble metals
are poorly constrained they may object to the mantle normz‘alizafion procedure to
produce metal patterns. Furthermore, the presence of sulphides in a rock presents
the dilemma of whether to recalculate the data to 100% sulphides or not. Both of
these difficulties can be overcome by using the metal ratio diagrams Pd/Ir versus
Ni/Cu and Ni/Pd versus Cu/lr. These diagrams success{ully separate rocks‘ rep-
resenting mantle, komatiites, high-MgO basalts, flood basalts, Pt-reefs, ophiolite
chromitites and Cu-rich sulphide veins. The diagrams show the effects of Os, Irand
Ru removal by crystal fractionation. The Ni/Pd versus Cu/Ir diagram also s.hf)ws the
effects of sulphide removal as a trend markedly oblique to that due to olivine and
chromite trends. o

The combined use of mantle normalized metal patterns and metal ratio dlag.ra.ms
allows the effects of partial melting, sulphide segregation, chromite and olivine
crystallization to be clearly recognized.
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ABSTRACT

Netw noble metal analyses are presented for five Ni-Cu deposits in Norway and are
considered along with published data from a further four deposits. By far the richest
deposits are: Faedy averaging 1790 ppb Pt and 4760 ppb Pd, and Lillefjellklumpen
averaging 1800 ppb Pt and 3070 ppb Pd. Both are small massive sulphide bodies, the
former associated with late stage dykes within the Karmgy ophiolite while the latter is
associated with MORB-tyvpe tholeiites within the Gjersvik island arc complex. The
Vakkerlien and Espedalen deposits contain respectively 1380 and 1000 ppb (PGE —
Au) in 100% sulphides. Other deposits have low contents of PGE (<300ppb in
100% sulphides) but several are locally enriched in Au, particularly Ertelien, in
which Cu-rich samples average 1430 ppb Au. Data from the Norwegian deposits and
from elsewhere indicate that Ni-Cu deposits in intrusions in orogenic belts tend to
have low noble metal contents.

INTRODUCTION

Norway has a long tradition in mining and prospecting for Ni-Cu ores, aspects of
which are reviewed in a recent paper (Boyd & Nixon, 1985). The mineral pent-
landite was first described, though not named, from the Espedalen deposit
(Scheerer, 1845) and for a brief period before the discovery of the lateritic ores in
New Caledonia, Norway was one of the world’s leading Ni producers. The last
mines to be active, Flat and Hosanger, closed in 1944 and 1945 respectively.
Prospecting in the 1970s revealed one new deposit of significance, Vakkerlien
(Thompson et al., 1980). and multiplied the reserves of another, Bruvann, tenfold
(Boyd & Mathiesen, 1979). Pt and Pd analyses with detection levels of the order of
20-100 ppb were published for four Norwegian Ni-Cu deposits as long ago as 1932
Foslie & Johnson Hdst, 1932) along with calculated grades for two deposits
based on analyses of matte.
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Knowledge of the platinum-group element (PGE) content of Norwegian
orebodics did not advance, however. between 1932 and 1979 when the first modern
PGE analyses, with detection levels of the order of 0-1-3 ppb, were published., for
the Espedalen deposit. by Naldrett et al. (1979). Data have subsequently been
published for the Vakkerlien deposit (Thompson et al.. 1980). for the Lillefjell-
klumpen deposit (Grdnlie. 1985, 1986. 1987) and for the Bruvann deposit (Boyd
et al.. 1986, in press). This paper presents data from a further five deposits and will
consider these with the results atready published. These nine deposits include all the
deposits in the country known to have (had) a tonnage of over 1000 metric tons Ni
metal.

All the deposits except one, Faedy. are Ni-dominated. Three, Hosanger, Flatand Liltefjellklumpen
Ertelien. while being completely dominated by Ni-Cu ore, also contain veins of TT
Cu >> Ni mineralization which will be discussed separately. %

GEOLOGICAL BACKGROUND

The location of the deposits is shown, on a simplified geological map of Norway
(Fig. 1) and grades. tonnages. mineralogical and chemical data, are given in
Table 1.

Two of the deposits considered in this paper are located in the Sveconorwegian :
(=Grenville) orogenic belt. The Flat and Ertelien deposits occur in small plug-like : .
intrusions (<3 km? in section) thought to immediately predate the Sveconorwegian
orogeny. The other seven occur in the Caledonian orogenic belt, though Hosanger
and Espedalen are pre-Sveconorwegian in age. Hosanger and Espedalen are :
associated with small intrusions, both of which probably originated within the !
Middle Proterozoic Jotun mafic intrusive complex, the largest preserved part of
which is now exposed in the Jotun Nappe. The original dimensions of this intrusive
complex must have been in excess of 300km x 100 km implying a major magmatic
event, probably associated with crustal extension. Of the deposits in the
Caledonian belt. three. Bruvann, Skjekerdalen and Vakkerlien. can be described as ;
synorogenic “sensu lato’ though at least for Bruvann and Vakkerlien, the term

intra-orogenic, implying emplacement during a tensional episode, would be more : 5] Permian isneovs coca o

precise while the remaining two. Lillefjellklumpen and Faedy. are located in thrust ' bevsan rece

slices of supra-subduction zone ophiolites (Dunningetal., 1986; Grénlie. in press). : %z:n“::n cetotmety B
Flat. This deposit occurs within the Evije-lveland amphibolite complex (Barth, : (R Coperesionen recks inesamersne)

1947; Bjgrlvkke, 1947; Pedersen, 1975). 1t includes disseminated and massive
mineralization and is Norway’s second largest deposit.

Mojor oreas of bosic 70cks i the Cale-
dondes (includes some ocid Yypes
Majpor oreas of ocid

Ertelien. This deposit is associated with a small noritic plug (600 m x 450 m). ; i, :ﬁa;ﬁg'g;:ﬂ“
Mineralization includes massive, breccia and disscminated types near the margin of Cosamician sedimentory
the plug (Johanssen. 1974).

Precambrian rocks

Hosanger. This deposit is located within a noritic sill in the Anorthosite
Complex, part of the Bergen Arc System, and possibly an outlier of the Jotun
Nappe (Kvale, 1960). It experienced granulite facies metamorphism during the
Sveconorwegian Orogeny (Sturt et al., 1975). ‘I'ie mineralization includes dis-

Fic. 1. Simplified geological map of Norway showing the location of the Ni-Cu deposits considered in
this paper.

[N)
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TABLE 1
Tonnage. mineralogy and geochernical data for samples analysed for PGE

Metric tons
metal % 10*

Ave.

grade %

Major

Ni

Cu

Ni

Cu

Trace
munerals

Iphid inc. known PGM

Ni

Cu

Bruvann i}

Hosanger N Cy
Hosanger C:-Ni

Flat Ni-Cu

Fla Cu-Ni
Skjackercaes
Vakkertiez 2)
Espedaler 3
Ertelien Ny
Ertelien C.-Ni

Facdy

Lilictjell
klumpen (¢

42

42

08

<01

k]

<04

032

10

1.0

1.04

21

40

008

PO.PN.CP.PY

38 oo pR.ep.py

03

03

069

2:63

12

P PO. pn. P

PO. cp. pY. pr

PO.Cp. PR.PY

0. py.Pn. P

Arsenopyrite
gersdortfice
mcolite
malybdenite
sphalerite

No known PGM
Nodata

Nodata

Millerite
violarite

0o known PGM
no data

Bravoite
linnaeite

PGM not studied
Gersdorffite
viofarite

no known PGM
Gersdorffite
violarite

no known PGM
Gersdorffue
violarite

£o known PGM
Gersdorffite
violarite

00 known PGM
Kotulskite
temagamite
sperrylite

Merenskyite
sperrylite
moncheite
temagamite
clectrum
Ag-pentlandite

90
{0-27-0:57)

32
(1-62-5.0
05
(0-36-0-86
29
(0-27-6-06)
08
(0-26-2-32)
3
(0-02-102;

109
{na.}

66

(n.a)
21
(0-5-3-47)

0.7
(0-191-57)

19
(0-19-2:35)

36
{2:53-4-74)

1

10-06-0-15)

7.
(3

2
(0-05-0-74)

22
(na)

20
{n.a.)
0-4
(0-08-1-44)

118
(1:38-28-3;

42
(0-87-16:3)

12
(0-30-2-85)

*Data

because

of

following rublished sources: (1)

(4) Greénie (1985).

Iytical p o
Boyd etal. (1986);

-a.: absolute values not available. Data taken from the
{2) Thompson er al. (1980); (3) Naldret er af. (1979):

Noble Metal Geochemistry of some N=Cu Deposits

% Ni, Cu, ppb PGE + Au. Content in 100% Julphide
{range of absolute concentrations in parentheses)

- Cur Pay
Os & Ru Rh Py Pd Au Cu+ Ni I s
- 6 - 52 ) 0o [T
! -
(0-0+.2.99) 2=y 27 (10-55.5) : "
23 2 38 7 n 108 9
( ;g-:n (62-3—28] (< ;g-dﬁ (<2-18) (25120 {36-185) {3-14) on .Lw ’
— - —a -
UHn <3 (<n-tio i:(z)_m) ™ - }
2% % 1 ] & 58
(<238) 0630 (<I08) (12 (<1010 @iz dazm Y w7
15 19 3 - — —
(<222) (037  (<loes) g O~ !
= = — - 100 71 536 [ . 7
(<37} (<244} (1-25)
» st 62 2 788 350 49
(na) (na.) (na) (na.) {na) {n.s.) (na.) on A 6
7 % % 330 250 280 o
(na) (na.j (na.) (na.) (na.) (na.} .(n.a.) » o ¢
7 17 - 9 s 184 m
(<3-32) (0341 {<1-43) (<10-2 2001 (75-400) (2:2-430) ot i i
- 06 — 10 — — 134
(<05-13) (<233 caawn T~ ¢
22 198 219 24 1794 4760 101
GH9)  (64410)  (2480)  (344n) (64054000 (2 6006000y (6-310) B ¢
19 1 189 214 179 3068 2
B!
(@32 (4290 (<2030)  USI0) (<100.5%00) (a1 000 319y 0w :

Y4
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seminated to matrix sulphide near the base of the intrusion and veins of both Ni-
and Cu-rich sulphide (Bjérlykke, 1949). The deposit was mined intermittently from
1883 10 1945. Modern PGE data are presented here for the first time.

Espedalen. The Espedalen deposit is located in an ultramafic-mafic intrusion. one
of the second of three suites of mafic intrusives, in an outlier of the Jotun Nappe
(Heim, 1981). It includes disseminated and breccia mineralization. PGE data were
published by Naldrett et al. (1979).

Bruvann. This is Norway’s largest Ni-Cu deposit and one of the largest Ni-Cu
sulphide deposits in Europe, the Soviet Union excluded. It is a predominantly
low-grade disseminated mineralization (Table 1), intercumulus to olivine and
orthopyroxene in ultramafic cumulates in the northwestern part of the Rana
intrusion (Fig. 1) (Boyd & Mathiesen, 1979).

Skjeekerdalen. This deposit is associated with metagabbroic and ultramafic
fragments in magmatic breccias in a small but complex polymagmatic intrusion,
with maximum dimensions 4 km x 1 km in the Gula Group within the Caledonian
Trondheim Nappe (Fig. 1). PGE data are reported for this deposit for the first time.

Vakkerlien. The Vakkerlien intrusion and its associated Ni-Cu mineralization
have been described by Thompson et al. (1980) who also presented PGE data. The
mineralization includes vein-, stringer- and disseminated types, all dominated by
pyrrhotite, pentlandite and chalcopyrite. but with pyrite in most samples. The
mineralization occurs in the core of an uvltramafic-mafic sill in the Gula Group
within the Caledonian Trondheim Nappe (Fig. 1).

Lillefjellklumpen. This small mineralization (<100t Ni metal) forms a massive
sulphide lens lying concordantly between primitive MORB-type metabasalt and
metagabbro in the allochthonous Gjersvik island arc complex in the Caledonides
(Grdnlie, 1985, 1986, in press). The mineralization shows variations in Cu/Cu + Ni
ratio but without development of the Cu-rich veins with Cu/Cu + Ni averaging
>0-9 found at Hosanger, Flat and Ertelien. PGE data come from Grénlie (in press)
though it has long been known that the body is rich in PGE (Foslie & Johnson Hést,
1932).

Faedy. This mineralization is also from an oceanic environment in that it forms a
massive mineralization within the dyke complex in the Karméy ophiolite (Sturt et
al., 1980). Recent work (Dunning et al., 1986) suggests that the Karmgy ophiolite is
arc-related rather than ‘normal’ oceanic crust and gives a U/Pb age of 498 + 15/
—5 Ma for plagiogranite in the complex. Analytical data from this depositindicate a
considerable range of Cu/Cu+ Ni ratios, with values between 0-3 and 0-75 pre-
dominating. The data presented here are new though also this body was known to
have high PGE levels (Foslie & Johnson Hgst, 1932; Boyd & Nixon, 1985).

ANALYTICAL METHODS
The samples from Skjackerdalen, Hosanger, Ertelien, Flat and Faedy were

analysed by Becquerel Laboratories of Toronto using INAA after preconcentration
in a nickel-sulphide bead. Values obtained for three blind standards are shown by
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Barncs et al. (this volume) who compare the results obtained using this method with
accepted values. Interference effects inherent in the method give unreliable resu}ts
for Pd and Rh in samples with >5% Cu and unreliable Pt results in samples with
high Au contents: these effects are generally coincident.

Ni and Cu were analysed by atomic absorption and S by X-ray fluorescence by
Caleb Brett Ltd of Manchester. '

RESULTS

It is a well-established convention that PGE data for Ni-Cu sulphide deposits are
presented recalculated to 100% sulphide and then, in diagrammatic form,
normalized to chondrite values with the PGE and Au plotted in order of decreasing,
melting point from Os to Au (Naldrett er al., 1979; Naldrett, 1981). The case for
recaiculation to 100% sulphides is based on the assumptions that the PGE are
collected by sulphide droplets, and that major disturbance of the concentrations by
later alteration has not taken place, and on the advantage in comparing data from
different deposits given by the removal of effects caused by variable content of
gangue in the samples analysed. The assumptions may not hold for sulphide-poor
rocks.

. The samples analysed from the five Ni-Cu deposits for which new data are
presented here were, with the exception of Skjackerdalen, all matrix or massive
sulphides with >50% sulphide. The data in this paper are presented as ranges of
absolute values and as content in 100% sulphides (Table 1) and are shown dia-
grammatically (Figs 2(A-D)) according to the convention established by Naldrett
etal. (1979). _ )

The samples analysed for PGE show variable degrees of agreement with avail-
able reserve figures in terms of their Cu/Cu + Ni ratio. In three cases. Hosanger,
Flat and Ertelien, this is partly due to the combination of Ni-Cu and Cu>> Ni
mineralizations in the bulk figures for the deposits. The closest correspondence is
for Bruvann as the ten samples on which the averages shown in Table 1 are based,
are bulk samples of drillcore representing complete ore-zone intersections. In
several cases the deposits are worked out and/or only partially accessible and it is
not possible to ensure representative ore sampling. -

The deposits have been divided into three groups based on their content of Pt and
Pd in 100% sulphides. '

Group 1. Bruvann, Hosanger and Flat. three of the four largest Ni-Cu sulphide
deposits in the country, have concentrations of PGE in 100% sulphides an order of
magnitude below chondrite for all PGE except Pd, which is just over 0-1 X
chondrite (Fig. 2(A)). Concentrations of Pt and Pd are similar for all three and the
concentrations of all PGE are similar for Hosanger and Flat, while Bruvann has
much lower concentrations (<c. 0-01 x chondrite) of Os, Ir, Ruand Rh. Few Ni-Cu
deposits are recorded in the literature as having comparably low values of Pt and
Pd: those known to the authors are Pipe (Naldrett et al.. 1979), Montcalm (Naldrett
& Duke, 1980), Laukunkangas and Vammala (Papunen, 1986), St. Stephen, Lynn
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FiG. 2. Average chondrite-normalized noble metal contents in 100% sulphide in Norwegian Ni-Cu

deposits. Published data are included from Naldrett et al. (1979) (Espedalen), Thompson et al. (1980)

(Vakkerlien), Grénlie (1985) (Lillefjellklumpen), Boyd et al. (1986) (Bruvann). (A), (B), (C) show data

from Ni-Cu mineralizations classified according to Pt- and Pd-levels with the field of komatiites and the

average for Little Stobie (Naldrett, 1981) for reference. (D) shows data for Ni-Cu and Cu >> Ni mineral-
izations for Hosanger (solid linc), Fat (dashed line) and Ertelien (dashed-dot line).
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Lake, Moak Lake and Renzy (Jonasson et al., 1987). The Pd/Ir ratios are low for all
three deposits and Hosanger and Flat have, in general, patterns similar in form to
the field shown by typical komatiites (Naldrett, 1981). The low PGE gradesin these
deposits are seemingly at variance with evidence of a relatively primitive magma
from other indicators, for the case of Bruvann (Bovd et al.. 1987) and for
mineralization in its host, the Rana intrusion in general (Barnes, 1987). Possible
explanations are that the parental magmas were derived from an already depleted
mantle or that PGE were removed in the crust but below presently accessible levels:
both papers conclude that the evidence, particularly REE data (Barnes, 1986a),
supports the second alternative.

The position of Au for Flat and Hosanger refers to Au-poor Ni-Cu ore (Au is
concentrated in Cu>> Ni mineralization in these deposits), while at Bruvann high
Au values occur locally in disseminated Ni-Cu mineralization and no Cu-rich
paragenesis is known to exist (based on a total of 28 500 m of drilling and several
thousand assays).

Group 2 (Fig. 2(B)). Skjackerdalen, Vakkerlien. Espedalen and Ertelien
contain Pt and Pd at higher levels than Group 1, but <chondrite, except for Pd at
Skjackerdalen. The average Pd content at Skjackerdalen is however perhaps
artificial, as one of the seven samples was unusually rich in Pd (4-7 ppm in 100%
sulphide). Rh values from Espedalen and Vakkerlien are also markedly higher than
those found in Group 1 deposits. For Espedalen, Ertelien and Skjackerdalen the
contents of Os, Ir and Ru are similar to. or less than, those found in Group 1, with all
deposits for which data was obtained showing flat patterns for these elements.
Though the Pd/Ir ratios of Group 1 and Group 2 deposits overlap, they are
generally higher in Group 2, especially for Ertelien, the Pd/Ir ratio from which is
compatible with equilibration with a magma of composition between continental
tholeiite and MORB (Naldrett & Barnes, 1986).

Group 3. Lillefjellklumpen and Faedy (Fig. 2(C)) have Pt and Pd contents
exceeding those of typical komatiites, while having concentrations similar to
komatiites for Os, Ir, Rh and Au, and relatively low leveis for Ru. The patterns for
the two deposits are very similar. The concentrations of Pt and Pd are about half of
those found in the ophiolite-hosted Illinois River massive sulphide deposit in
Oregon (Foose, 1986) which includes both disseminated sulphides and pods of
remobilized massive mineralization in deformed pyroxenitic and gabbroic cumu-
lates. The levels for all PGE are about an order of magnitude lower than those
found in the chromitite-associated CHiff mineralization in the Unst ophiolite,
Shetland (Prichard et al., 1986) which is located in a dunitic body in harzburgite
tectonite. Chromitite-associated sulphide mineralization in the Eretria area of the
Othris ophiolite has, however, much lower Pt and Pd levels (Economou & Naldrett,
1984) than those found at Lillefjellklumpen and Faedy. The Ru, Rh, Pt and Pd
concentrations at the two Norwegian deposits are close to those at Little Stobie,
Sudbury (Naldrett, 1981).

Cu >> Ni mineralizations. Three of the deposits examined, Hosanger, Flat and
Ertelien, contain parageneses dominated by Cu (with Cu/(Cu + Ni)>0-9) (Fig.
2(D)). No reliable data are available for Pt and Pd, and in two cases for Rh, in the
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Cu-rich parageneses. The Ertelien Ni-Cu mineralization has exceedingly low
contents of Os, Ir and Ru, with even lower contents of Os and Ir, and probably also
of Ru, in the Cu>> Ni mineralization. At somewhat higher levels the same is true
for Os and Ir at Flat, while the Cu-Ni paragenesis at Hosanger has higher levels of Ir
and Ru, and the same Os content as the Ni-Cu ore.

DISCUSSION

With the exception of the two deposits in Group 3, both from an ‘ophiolitic’
environment, there is no obvious relationship within the group of deposits
discussed here between the apparent geotectonic environment or age of the
deposits and their PGE or Ni-Cu grades. Group 1 contains three deposits, all with
low Cu/(Cu + Ni) and Pd/Ir ratios (<19 and <11-3 respectively), but each from a
different type of intrusion, only in the very broadest sense possibly, synorogenic.
The Ni, Cu and PGE geochemistry, especially the ratios Cu/(Cu + Ni) and Pd/Ir, of
these deposits indicate derivation from relatively primitive magmas. The Pd/Ir
ratios are of the same order as those found in Ni-Cu deposits related to komatiites
(Barneseral., 1985). One of the more apparent relationshipsin Group listheinverse
‘correlation® between the content of (Pt + Pd) and the size of the deposits.- This
mightimply a low value of R, the ratio of silicate magma to the mass of sulphide melt
equilibrating with it (Naldrett ez al., 1979), but the high content of Ni in 100%
sulphides at Bruvann suggests that this is not the case for this deposit.

The deposits in Group 1 share their characteristics of low Pd/Ir ratio and very low
PGE grade with several Ni-Cu deposits in other orogenic belts, e.g. in the Middle
Proterozoic Svecokarelian belt in Finland (Papunen, 1986) and in the Appalachian
Caledonides (Jonasson et al., 1987). Even the more PGE-rich deposits located in
orogenic belts have modest PGE grades, totalling <c. 2000 ppb in 100% sulphides,
except for Hitura at which secondary processes have enriched the noble metals
(Hiklieral., 1976). This suggests that there may be a common mechanism leading to
depletion of PGE in mafic bodies emplaced in the upper crust in orogenic belts. The
examples of Bruvann (Boyd er al., 1987) and mineralizations at Rana in general
(Barnes, 1986a) indicate that this is due to depletion of PGE in the crust rather than
melting of a depleted mantle.

Vakkerlien and Espedalen, in Group 2, have Cu/(Cu+ Ni) and Pd/Ir ratios
similar to the deposits in Group 1 while Ertelien, though it has a low Cu/(Cu + Ni)
ratio has a Pd/Ir ratio >100 and Skjackerdalen has both a higher Cu/(Cu + Ni) ratio
and a Pd/Ir ratio at least > 100, implying a normal basaltic parent magma (Naldrett
& Barnes. 1986).

The two deposits in Group 3 have higher Cu/(Cu + Ni) ratios than the other
Ni-Cu mineralizations except for Skjackerdalen, but have relatively low Pd/Ir
ratios (18 and 24), well below the values shown for MORB by Barnes et al. (1985).
Mineralizations of this type could represent the ‘missing’ Cu-Ni-bearing sulphide
melt which Czamanske & Moore (1977), concluded had been depleted from
MORB-type basalt.
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Cu-rich veins and/or ore bodies are known from many Ni-Cu deposits, including
several at Sudbury (Naldrett, 1981) as well as Katiniq, Alexo and Insizwa.
Alternative explanations for this Cu enrichment have been:

—Hydrothermal mobilization of Cu, Pt, Pd and Au (not affecting the other PGE)
(McCallum et al., 1976, Keays et al., 1981, 1982).

—Subsolidus diffusion (Naldrett & Kullerud, 1967; Hoffman et al., 1979).

—Fractionation of PGE from the sulphide melt into monosulphide solid solution
(MSS) (Distler et al., 1977; Malevskiy et al., 1977; Naldrett et al., 1982).

—Preferential partition of Pt, Pd and Au into a high-temperature Cu-rich sulphide
liquid. That such a liquid can exist was suggested by Hawley (1962) and demon-
strated by Craig & Kullerud (1969).

The data for the three deposits shown on Fig. 2(D) are inconsistent with the first
of these explanations being the sole reason for the Cu>> Ni parageneses in that the
process resulting in this type of mineralization has not only a marked effect on the
Au content but has also a systematic effect at the other end of the spectrum because
the ratio (PGE)Cu>> Ni/(PGE)Ni-Cu shows an almost consistent increase from
Os to Ir, Ir to Ru and Ru to Au for Flat and Hosanger. The data available from
Ertelien are also consistent with this pattern. The conclusion must be that the
process causing formation of the Cu>>Ni mineralization has affected all the
PGE + Au in a systematic manner and that any additional effect due to
hydrothermal alteration has not disturbed the resulting pattern. A more detailed
study of the mineralogy and field relationships of these ores than has been possible
in this project would be required before drawing any further conclusions on which
process caused the formation of the Cu>> Ni mineralization but we feel that the
last explanation is the most probable.
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PLATINUM-GROUP-MINERAL INCLUSIONS IN CHROMITITE FROM THE OSTHAMMEREN
ULTRAMAFIC TECTONITE BODY; SOUTH CENTRAL NORWAY
L.P. Nilsson

Geological Survey of Norway, P.0. Box 3006-Lade, N-7002 Trondheim, Norway

Abstract

A variety of platinum-group minerals (PGMs) has been found in one single
sample of massive chromitite from the Osthammeren ultramafic tectonite
(serpentinite) body, Norway. The PGM-inclusions occur in two distinctly
different ways:

1. Os, Ir, Ru and minor Pt occur in primary magmatic, euhedral-subhedral,
-small (<5-20 pm), mainly single-phase inclusions of Os-free laurite,
Os-laurite, osmiridium and Pty (Ir, Os)Fep,g5. They are totally enclosed
in fresh unaltered chromite. A few PGM-inclusions are however associated
with small blebs of Na-bearing hornblende or phlogopite indicating that the
presence of volatiles at an early stage may have influenced the formation
of these PGMs.

2. Purely secondary PGMs occur as anhedral - (subhedral), texturally
often very complex grains or grain-aggregates with varying size (5-70 um)
and consisting of from one to eight PGM-phases plus Ni-sulphide and Ni-
arsenide. These PGMs always occur within, or in contact with, late formed
cataclastic (metamorphic) cracks or very fine fissures, in the primary
magmatic chromite grains. The finer fissures are generally tightened by
ferrite-chromite, a hydrothermal alteration product of chromite. The wider

cracks are usually serpentine- and chlorite-filled and are rimmed by
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ferrite-chromite against the chromite. O0s, Ir, Ru, Rh, Pt and minor Pd are
represented in grains of this group, and the secondary PGM-association
found consists of Os-free laurite, Os-laurite, erlichmanite, Ir-rich
erlichmanite, native Os, iridosmine (in lamellae), osarsite, irarsite,
hollingworthite, Rh-rich platarsite, Ru-rich platarsite, sperrylite, (Ir,

Rh)SbS, IrSbS, (Ir, Pt, Pb)Sy (new?), Pd-antimonide (probably
stibiopalladinite) plus the associated phases pentlandite, heazlewoodite

and niccolite.
Follow-up analyses of new chromitite samples showed that these resemble
the Harold's Grave chromitites in the Shetland ophiolite complex with

regard both to PGE-pattern and PGE-level.

Introduction

Platinum analyses of Norwegian chromium ore were first carried out by Lunde
(1927), Lunde & Johnson (1928), Noddack & Noddack (1931a, b) and
Goldschmidt & Peters (1932). Since that time however 1ittle has been
published about platinum or platinum-group elements (PGE) in Norwegian

chromium ore until recently (Barnes et al. 1987a, b, 1988).

The following account is based on results obtained as a part of a pilot
study of platinum-grup elements in rocks and ore mineralizations in Norway
(Barnes et al. 1987a), and a succeeding study of ptlatinum-group minerals

(PGM) in the PGE-anomalous chromitites found.

Seventy chromitite samples from nineteen ultramafic tectonite bodies

in central Norway were analysed for Au, Pt and Pd by atomic absorption
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spectrometry (AAS). Only four of the samples showed clearly anomalous Pt
and/or Pd-values (Table 1); two of these contained PGM inclusions. The
first comes from the tiny Osthammeren serpentinite lens in the eastern
Trondheim region in the Caledonides of South-Central Norway and the other
from the @rnstolen ultramafic body in North-Central Norway. PGM inclusions

in the @rnstolen body will be treated in a separate paper.

DISTRIBUTION, SETTING AND CONSTITUTION OF THE CHROMITITE DEPOSITS AND THEIR
HOST ROCKS

Figure 1 shows the distribution of ultramafic tectonites in South-Central
Norway. These bodies are distributed mainly in one single nappe unit of the
Caledonian tectonostratigraphy in this part of the country. The nappe has
been given different local names in different areas; from east to west
across central Norway it has been called the Essandsjg Nappe, Bottheim
Group and Bldhe Nappe. These nappes are thought to correlate with the

Seve Nappes in Sweden; all of them are regarded as part of the lowermost
unit in the Upper Allochton (Gee et al. 1985a). Osthammeren and most of the
other partly or totally metamorphosed ultramafic tectonites shown in Fig. 1
represent mantle material (harzburgite and dunite with or without
chromitite) possibly intruded along faults or weakened zones in a
transitional continental - oceanic terrain in an early extensional phase

of the Caledonian orogeny (opening of the Iapetus ocean) (Stephens & Gee
1985). Parts of the strongly deformed and recrystallized amphibolites of
the Essandsje Nappe and correlated nappes which host a number of the
ultramfic bodies represent volcanic units of tholeiitic, low-K character

with affinity to MORB (Stephens et al. 1985, Solyom et al. 1979). Results



of age determinations of the metabasites however, have not given well-
constrained ages. A possible age range from upper Proterozoic to middle
Ordovician is given by Stephens et al. (op. cit.).

The distribution, setting, composition, origin and emplacement of the
ultramfic tectonites and cumulate bodies (i.e. "alpine-type" ultramafites)
within the Scandinavian Caledonides are dealt with in detail by Moore &

Qvale (1977), Stigh (1979), Qvale & Stigh (1985) and Bucher-Nurminen (1988).

Figure 2 shows the Osthammeren body and its neighbouring tectonite
bodies. The Osthammeren body is very small (about 0.05 sq km), and magmatic
features are totally obliterated. It consists of almost massive to moderately
sheared serpentinite crosscut by a few minor magnesite-serpentine
veins., Its larger neighbouring tectonite body, the ca. 15 sq km Feragen
body provides a better illustration of the setting of the chromitite ores.
This body, the central parts of which are only moderately serpentinized,
consists of roughly equal amounts of harzburgite and chrome ore bearing
dunite. This body has contributed about 80 % of Norway's total chromite

production or about 32550 metric tons (Poulsen 1960, Engzelius 1940).

In the tiny Osthammeren body a sample later shown to be PGM-bearing was
collected from massive chromitite-ore, with very 1ittle gangue, in one of
eleven small claims distributed roughly along two 1ines, one running SW-NE,
the other SSE-NNW across the top plateau of the knoll-shaped ultramafic
body, Figure 3. Petrographic inspection of nine polished sections of the
ore sample revealed that the chromite is deformed by a weak cataclastic
fabric, and that it has a slight to moderate ferrite-chromite alteration
along cracks and grain boundaries. There are also numerous pale yellow

awaruite grains, often grouped in relatively large irregular clots in the
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serpentine and chlorite gangue between the chromite grains. Pentlandite and
heazlewoodite also occur, often in the same textural form as awaruite.

The appearance of awaruite is characteristic of the Osthammeren, Feragen and
neighbouring almost sulphur-free ultramafic bodies. Awaruite and heazle-
woodite are derived from the alteration of primary silicate and sulphide

phases.

Analytical techniques

Fifteen grains and grain-aggregates occurring as high reflectance inclusions
in chromite grains were found by systematic inspection of the nine polished
sections of the PGE-anomalous chromitite sample by use of reflected 1ight
microscope with a magnification of 200x. The inclusions observed were
distributed in eight of the nine sections with one to three grains in each
section. Further studies with a scanning-electron microscope (SEM) and
quantitative analyses (mainly WDS) with a Jeol 733 microprobe performed at
the Continental Shelf and Petroleum Technology Research Institute (IKU),
Trondheim, Norway confirmed that the inclusions were PGM. The operating
conditions for the microprobe were: accelerating voltage 25 kV, beam
current 15 nA, beam diameter approx. 1 ym, counting time 10 or 40 s. The
following X-ray 1ines were used: K, - S, Ni, Fe and Cr; Lo - Os, Ir, Ru,
Rh, Pt, Pd, Au, As, Sb and Te. Metal standards were used for all elements
except S (chalcopyrite), Fe and Cr (chromite). A minor interference exists
between several of the X-ray lines of the elements concerned. The metallic
standards for Os, Ir, Ru, Rh, Pt, Pd, As and Sb were therefore analysed for
these same eight elements plus S, Au, Te, Ni, Cr and Fe to obtain a
quantitative measure of the interference. The Rh standard yielded as much

as 18.1 wt% Pd, but not more than 0.42 wt% of any of the other elements
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concerned. The Ru standard yielded 1.5 wt% Pd and 1.0 % Rh, the Ir-
standard 1.4 % Au and the Pt-standard 1.0 % Au. Interference between other

elements was quantified to be less than 1.0 wt %.

Seventy-four quantitative analyses were carried out on the PGM-inclusions
and a selection of these is listed in Table 2. Analyses are tabulated
following Auge (1985) and Legendre & Auge (1986); raw analytical data from
the probe are first corrected only for interference. Thereafter analyses
are recalculated to 100 % after subtraction of Cr and Fe from chromite
enclosing the PGM, and thirdly atomic concentrations are calculated from the
corrected analyses. Some of the PGM-grain-aggregates show very complex com-
positions and textures. To illustrate this, a variety of photomicrographs,
mineral location maps, back-scattered electron images (BEI) and X-ray

images of several elements present in the PGMs accompany the description.

PGM description and results of analyses

The fifteen PGM inclusions investigated range in size from ca. 5 to 70 um
and vary in habit from anhedral clots or clusters to nearly perfect
idiomorphic crystals. The inclusions contain fourteen PGM phases and three
associated Ni-sulphide and -arsenide phases. A synthesis of the PGM
association found is given in Table 3. The PGM-nomenclature used in

this table and in the text is based on that of Cabri (1981).

There are two distinct groups of inclusions.

Group one consists of subhedral - euhedral rather small (5-20 ym),

single-phase or two-phase crystals that are always trapped within fresh
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undisturbed parts of the chromite grains (grains no. 2, 9, 10 and 12 to 15
in Table 3). Two of these PGM-inclusions (grains no. 9 and 12 in Table 3)

are observed in contact with silicate blebs interpreted from quantitative

analyses as phlogopite and Na-bearing hornblende.

Group two consists of anhedral -(subhedral) grains or grain-aggregates
with size varying from ca. 5 to 70 ym and consisting of up to eight different
PGM-phases and in some cases associated Ni-sulphides and Ni-arsenide
(grains no. 1, 3 to 8 and 11 in Table 3). Group two inclusions are always
associated with very fine cataclastic cracks in the primary chromite
grains. These cracks are filled with silicates (serpentine or chlorite)
and/or with ferrite-chromite, i.e. ferrite-chromite has developed (grown)
from the chromite nearest to the crack and filled or tightened the cracks

partially or totally.

The diversity of PGM-phases present in eight of the nine sections studied
is notable, especially when bearing in mind that all the sections are from
one single hand-size specimen. The complete PGM-association of the
Osthammeren body with its eleven chromitite showings is therefore probably
at least a little larger than shown in Table 3. Several ophiolitic
chromitite deposits from around the world have been investigated in recent
years and show PGM associations similar to that found in the Osthammeren
body e.g. the Aetorache deposit in the Vourinos ophiolite complex (Auge
1985), and even more closely chromitite occurrences in the Hochgréssen
ultramafic massif in Austria (Thalhammer and Stumpfl 1988), the Harold's
Grave and C1iff deposits in the Shetland ophiolite complex (Prichard, Neary
and Potts 1986, Tarkian and Prichard 1987, Prichard, Potts and Neary
1987), and a chromitite deposit in N.W. China (Chang et al. 1973).



LAURITE - ERLICHMANITE SOLID SOLUTION SERIES

Laurite is by far the most common PGM in the sections analysed. Os-free or
Os-poor laurite appears in 6 of the 15 PGM grains found, and Os-enriched
laurite in 10 of these. Together this mineral appears in 13 of the 15 PGM
grains found and in 7 of the 8 PGM-bearing sections (Table 3).

The microprobe analyses, 31 in number, together show an almost complete
solid-solution between Rug,kgg70sp,003S2 and Rug,480s0.5252. 12 of these
analyses are listed in Table 2 (analyses 1 to 12). Grain-aggregate no. 3
inside which 10 of the 31 analyses were performed, shows a remarkable Ru-0s
solid solution (compare the X-ray images of Os and Ru in Fig. 6). The
results of the quantitatijve analyses are plotted in the triangular Os-Ir-Ru

diagram, Fig. 4a. In addition to the extensive Ru-0s solid solution this

diagram also shows a low Ir content in the secondary and somewhat Os-enriched

laurites, resembling laurites from Shetland (Tarkian & Prichard 1987), but
lower than in most laurite compositions reported, e.g. Legendre & Auge
(1986), Tarkian (1987) and Auge (1988). The few primary and Os-enriched
laurites plotted are somewhat richer in Ir and resemble the laurites in the
cited references more closely. There is otherwise generally no significant
difference in chemical composition between primary laurite inclusions and
laurite in the secondary PGM-grain-aggregates. Erlichmanite which is much
less common than laurite appears in the two grain-aggregates which are most
complex, both with regard to texture and composition (grains no. 1 and 3
shown in Fig. 5 and 6 respectively). Analysis 11 in Table 2 gives the
composition of erlichmanite in grain no. 3. It is a normal Irpoor variety
which closely resembles the erlichmanite-analyses quoted by Cabri (1981) in

his Table 8.49.

On the other hand analysis 12 in Table 2 shows an erlichmanite {(in grain
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no. 1) with an unusually high Ir-content. Only Begizow et al. (1976)
referred to in Tarkian (1987) and recently Auge (1988) have reported
erlichmanite with a similarly high Ir-content.

The range of Ru-0s solid solution revealed from the microprobe analyses
fits well with laurite and eriichmanite analyses from different sources
(Auge 1988, Tarkian 1987, Cabri 1981 and Constantinides et al. 1980). It
exceeds the compositional ranges reported e.g. by Legendre & Auge (1986),
Talkington & Watkinson (1986), Auge (1985), Tarkian & Prichard (1987) and

Thalhammer & Stumpfl (1988) somewhat towards the Os end member.

SULPHARSENIDES

Sulpharsenides of Os, Ir, Ru, Rh and Pt occur in grains nr. 1, 3, 4,

6 and 11 (Table 3). The sulpharsenides occur exclusively in secondary
grains, never as inclusions in unaltered chromite. Both osarsite (?),
irarsite, hollingworthite and platarsite were detected (analyses 13 - 26 in
Table 2) all of them showing intermediate compositions. Pure end-member
composition seems to be rare. Together the analyses show extensive

solid solution (SS) between several of PGE present in the sulpharsenides.
The atomic proportions of the elements are plotted in the ternary systems
IrAsS - RhAsS - PtAsS (Fig. 4B) and RuAsS - RhAsS - PtAsS (Fig. 4D). In
addition the triangular (Os + Ir)AsS - RuAsS - PtAsS diagram (Fig. 4C) is
used to demonstrate SS within Rh-poor and Rh-free members. The ternary
system IrAsS - RhAsS - PtAsS (Fig. 4B) shows extensive SS between Ir and Rh
by plotting Ru-Pt poor and Rh-enriched irarsites and a wide range of
compositions plotting within the hollingworthite field. This extensive Ir -
Rh SS is consistent with results recently obtained by e.g. Tarkian &

Prichard (1987) and Thalhammer & Stumpfl (1988).
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In the present case the RuAsS - RhAsS - PtAsS diagram (Fig. 4D) does not
give satsifactorily discriminating information. This diagram is usually
based on including Ir-content with Pt and minor Os-content with Ru (Tarkian
1987). The present hollingworthites (anal. 19-23) which are both Ir- and
Pt-bearing and in 3 out of 5 instances are richer in Ir than Pt are there-
fore spread from the Rh-corner towards the platarsite-field and even into
this field (analysis 19).

There is definitely no SS between hollingworthite (anal. 19-23) and
Rh-poor/Rh-free and Ru-Os-Ir-enriched platarsite (anal. 24-26) in Fig. 4D.

Two of these platarsites (anal. 24 and 25) closely resemble the platarsite (?)

reported by Thalhammer & Stumpfl (1988) in their analyses nr. (8).

The zoning irarsite (inner phase) - hollingworthite is found in complex
sulpharsenides from several places e.g. Hakli et al. (1976) from Hitura,
Finland, Tarkian & Prichard (1987) and Thalhammer & Stumpfl (1988). A
further zoning hollingworthite - Pt rich hollingworthite/Rh-rich platarsite
is found in the present study, and a RhAsS - PtAsS SS is indicated by
Thalhammer & Stumpfl (1988) based on their analyses. This Ir-Rh-Pt zoning
and SS will not be refiected in the Ru-Rh-Pt diagram as it is normally
used. The problem with discriminating between PGE-sulpharsenides in the Ru-
Rh-Pt diagram in the present study can be compensated for by use of a
(Os+Ir) - Ru - Pt diagram (Fig. 4C). This diagram shows that there is
a SS between the mentioned Ru-Os-Ir enriched Rh-poor/Rh-free platarsites
(anal. 24-26) on the one hand and Os-Pt-Ru-enriched and Rh-poor/Rh-free
irarsites (anal. 15-17) and even a Pt-Ru-Ir-enriched osarsite (anal. 13) on
the other hand. At the same time this diagram shows the Ru-content
which is considerable in most of the analyses (except the ones closest to
the (Os+Ir)-corner).

This (0s+Ir) - Pt solid solution between Rh-poor/Rh-free sulpharsenides
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is clearly distinct from the Ir - Rh - Pt solid-solution series. Ir-Rh SS
is well established by the work of Prichard & Tarkian (1987) and a further
Rh-Pt SS is proposed by Thalhammer & Stumpfl (1988). Even the irarsites can
be divided in two compositionally distinct groups belonging to two SS
series: the one enriched in Os-Pt-Ru (anal. 15-17) and the other enriched
in Rh (anal. 14 and 18). Towards the Ir- or (Ir+0s)-corner these two groups

of course overlap with each other (anal. 18).

Osarsite (?). One of the analyses performed inside the area marked as
platarsite in Fig. 6 (analysis 13 in Table 2) proved to be unusually rich
in Os (at % Os > at % Pt). Further, the contents of Ir, Ru and Rh are less
than those of Os and Pt. Together this gives a somewhat hybrid intermediate
osarsite composition, far from the composition of normal Pt-free osarsites

reported e.g. by Auge (1985) and Cabri (1981) Table 8.48.

Due to the poor stoichiometry with considerable S excess in analysis 13,
it is natural to assume that S-radiation from the neighbouring Os-laurite
and/or erlichmanite has contributed to the S-content in the analysis and
thereby disturbed the stoichiometry severely. From this it follows that the
Os-content in analysis 13 then seems to be somewhat doubtful. However Os is
definitely enriched at the analysis spot and in the platarsite area around
the spot (Fig. 6). Platarsite is further enriched in Os compared with
neighbouring irarsite in grain no. 3, though rather irregularly.

Other analyses of sulpharsenides in Table 2 show As excess relative to
S. These are in sulpharsenide not bordering more As-rich phases such as
sperrylite but the same sulphides, etc. as in the case of analysis 13.
Analysis 26 in Table 2 e.g. which is also from platarsite in grain no. 3

shows a considerable As excess. This may indicate a certain amount of solid
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solution between As and S in the sulpharsenides present. The high Os-
content in analysis 13 should therefore not be discounted in spite of the

poor stoichiometry.

Irarsite is the most common sulpharsenide and is reported from a variety of
locations (see e.g. Cabri 1981). Irarsite is also the most common
sulpharsenide in the present study, occurring in five PGM grains/
grain-aggregates. A compositional division of irarsites into two different
solid solution series as described in the present study is not emphasized
in the literature with the exception of the work of Chang et al. (1973)
from China [paper in Chinese but several analyses of different sulphar-
senides are presented]. They report (page 79 and 81) both a Rh-free Ru-
rich irarsite, and a Rh-enriched Ru-free variety. Both varieties are
however Os- and Pt-poor/free. The ten irarsites quoted by Cabri (1981,
Table 8.55) do not support a Rh/Ru-Pt-0s division with perhaps the
exception of two analyses (3(i) and 3(ii)) from Driekop, Transvaal quoted
by Tarkian & Stumpfi (1975). Auge (1985) in his Table 1 presents Rh-

poor irarsites somewhat enriched in Os and Ru but not in Pt. Perhaps the
strongest support for a Rh/Ru-Pt-Os division of irarsites can be drawn

from the works of Tarkian & Prichard (1987) and Harris (1974). Tarkian &
Prichard's irarsite analyses are without exception Rh-enriched and free

of, or almost free of Ru, Pt and Os. The eleven irarsite analyses presented
by Harris in his Table 2, contrast strongly to these. Harris's analyses are
tabulated with Ir content decreasing from 60.3 to 40.9 wt %. The
corresponding Ru and Pt values increase from 0.4 to 7.4 wt % and from 3.0
to 10.7 wt % respectively. Rh however shows only a slight increase in
corresponding values from 0.1 to 3.1 wt %. Os is low in all these analyses.

From the analyses Harris emphasizes the negative correlation between Ir and

(Ru + Pt).



Hollingworthite was detected in only one grain (no. 1) in the present study.

Fig. 5 shows that the (bulk) sulpharsenides constitute the second outer-
most phase in the complexly zoned PGM-aggregate. The sulpharsenides are
themselves zoned in the succession irarsite (innermost) - hollingworthite -
Pt-rich hollingworthite/Rh-rich platarsite (see X-ray intensities of Ir,
Rh, Pt and As in the lower right tongue in Fig. 5). Furthermore through
each portion of this tongue the chemical composition gradually changes.
This is exemplified by the compositional change through the
middle (hollingworthite) portion of the tongue: analysis 20 (innermost)
- 21 - 19, see Fig. 4B. Analysis 22 is from the central part of the
hollingworthite area, but not directly comparable with the other analyses
(from two different batches of analyses). Analysis 23 is from a small patch
outside the main aggregate. The 1line connecting analysis 20 - 21 - 19 in
Fig. 4B indicates a continuation towards the area around the irarsite -
hollingworthite - platarsite triple junction. The zoning described here
has clearly occurred in a secondary (hydrothermal) environment in meta-
morphic cracks radiating away from the main part of the grain-aggregate
(see photomicrograph in Fig. 5).

On the basis of data from various deposits Tarkian (1987) reports that

there are apparently two varieties of hollingworthite: one with Ru > Ir at %

and the other with Ir > Ru at %. The present five analyses indicate broadly
that these belong to the group with Ir > Ru at %.

Hollingworthite has been reported from several locations. Tarkian (1987)
has given a synthesis of reported analyses by plotting them in the
terpary Ir - Rh - Pt and Ru - Rh - Pt diagrams. In addition Thalhammer &
Stumpfl (1988) present hollingworthite analyses from the Hochgréssen massif
in Styria, Austria, and Auge (1988) has detected the mineral in chromite

in dunite from Tiebaghi, New Caledonia.
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Platarsite is probably the least abundant PGE-sulpharsenide. It is
reported from the Bushveld Complex in the Driekop (Stumpfl 1972, Tarkian
& Stumpfl 1975) and Onverwacht (Cabri et al. 1977) dunite pipes and from
the Merensky reef (Kingston & E1 Dosuky 1982, Tarkian 1987). Recently
Thalhammer & Stumpfl (1988) have reported a Ru-rich Pt arsenide similar to
the platarsite reported by Cabri et al. Further Chang et al. (1973,
page 85) have reported an analysis of a Pt-rich sulpharsenide from
N.W. China that plots in the platarsite compositional field close to the

triple junction in the IrAsS - RhAsS - PtAsS triangular diagram.

In the present study Pt-rich sulpharsenides are encountered in grains
no. 1, 3 and 6. In grain no. 1 Pt-enriched sulpharsenide occurs in the
outer part of the lower right tongue in Fig. 5 (partly discussed above
under hollingworthite). Unfortunately this part of the grain was lost
during clearing of the polished section. From comparison of the X-ray
images in Fig. 5 and the hollingworthite analyses (no. 19 - 23 in Table 2
and Fig. 4B) the Pt-rich area can only be described safely as Pt-rich
hollingworthite or Rh-rich platarsite, probably plotting close to the triple
junction in Fig. 4B as indicated above. The composition would then resemble
the one reported by Chang et al. (1973) from China and intermediate
compositions plotted in the Ir-Rh-Pt diagram in Thalhammer & Stumpfl (1988).

In grain no. 3, Fig. 6, the sulpharsenide is zoned in parallel stripes of
irarsite and platarsite, the latter also here as an outer (latest) phase.
This platarsite (analyses 24-26 in Table 2 and Fig. 4C and 4D) differs
markedly in composition from the Pt-Rh-rich sulpharsenide in grain no. 1.
Analyses 24-26 show a Rh-poor to Rh-free but Os-Ir-Ru enriched platarsite

corresponding to the Rh-poor or Rh-free but Os-Pt-Ru enriched irarsites



just described (anal. 15 - 17 and Fig. 4C). These platarsite analyses closely
resemble analysis no. (8) in Thalhammer & Stumpfl (1988) and to some extent
the analyses from the Merensky reef (Kingston & E1 Dosuky 1982, Tarkian
1987), but they do not resemble the platarsite-analyses from the Driekop
(Stumpf1 1972, Tarkian & Stumpfl 1975) and Onverwacht (Cabri et al. 1977)

dunite pipes which show both Ru- and Rh-enrichment.

Pt-ARSENIDE (SPERRYLITE)

Sperrylite (PtAsp) has been found at three locations in one polished
section, see Table 3. In all three cases the mineral is part of complex
anhedral secondary grains. Two quantitative sperrylite analyses are listed
in Table 2 (analyses 27 and 28). In addition to Pt small amounts of other
PGE appear in these analyses, probably mostly due to radiation from
neighbouring PGM-phases. In analysis 28 there seem to be clear Ru and S
contributions from the adjoining Os-free laurite (Fig. 7B and analysis 2).

The sperrylite in grain no. 6 (analysis 27) is also intergrown with other
PGMs, see Fig. 8, and the Os, Ir, Ru and S-values are mainly caused by
contributions from these phases (compare the X-ray images). The Sb value
in this analysis which is in agreement with Sb-va]ues reported by Prichard
et al (1987) in sperrylite from Cl1iff, Shetland, is noteworthy. The
sperrylite in grain no. 4, Fig. 7A, , occupies an area considered too
little for a meaningful quantitative analysis.

Prichard et al. (op.cit.) have also reported small amounts of Fe (max
0.46 wt%) in their sperrylite-analyses. In the present study however,
Fe is omitted in the corrected and recalculated analysis due to the Fe and
Cr contamination from the enclosing chromite grains which consist of both

Cr-rich chromite and Fe-rich ferrite-chromite (see raw analyses in Table 2).
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ALLOYS AND NATIVE Os

Alloys of Os and Ir occur as exsolution lamellae of iridosmine (0s, Ir) in
grains no. 1 (Fig. 5) and no. 4 (Fig. 7A) and as a primary, single-phase
subhedral inclusion of osmiridium (Ir, O0s) (grain no. i3, Table 3 and

Fig. 7C). The iridosmine 1ame11ae’have very high reflectance (Tarkian

& Bernhard 1984) and therefore contrast sharply in the reflected-1ight
microscope with the enclosing irarsite, erlichmanite, IrSbS and (Ir, Pt, Pb)Ss>
which have clearly lower reflectance (Tarkian & Bernhard, op cit; in the
case of irarsite and erlichmanite and Tarkian & Prichard 1987 in the case
of IrSbS). These lamellae also stand out clearly on back-scattered electron
images (BEI) due to the alloy's high average atomic mass (60-70 wt % 0s)
compared with PGE-sulphides and -sulpharsenides with markedly lower average
atomic mass, see Fig. 5 and Fig. 7A. Two quantitative analyses, one of
iridosmine and one of osmiridium are listed in Table 2 (analysis 29 and 30)
and plotted in the triangular Ru-Os-Ir-diagram of Harris and Cabri (1973),
see Fig. 4E. Analysis 29, performed on an Os-Ir-iamella in grain no. 1
(Fig. 5) shows a relatively 1imited contribution from the adjoining phases.
Analysis 30, performed on the single-phase grain, contains minor amounts of
Ru, Rh, Pt and Pd. The relatively high Pt content, 8.57 wt %, resembles
that in an analysis reported by Legendre (1982), p. 25, from Giileman,
Eastern Turkey with 10,08 wt % Pt, and far exceeds the Pt-values

reported by Augé (1985), p. 166 and 168, who points out the Pt-enrichment

in his osmiridium analyses (max. 2.5 wt % Pt).

Grain no. 10 in Table 3 is also a primary, single-phase subhedral
inclusion in chromite, Fig. 7D. The quantitative analysis, no. 31 in Table

2, gives a very special composition, Pty (Ir, Os) Fep, g5 which resembles



most closely the unnamed PGM, Pt2Ir Fe reported by Chang et al. (1973) from
N.W. China (UN 1973-2 in Cabri, 1981). The Fe-content of the recalculated
analysis (Table 2) was based on microprobe-analyses of the host chromite.
Iron was subtracted in an amount making the same Cr/Fe-ratio as for the
host, chromite grains. The average of eight analyses of fresh, unaltered
chromite gave the following composition: Mg0 12.95 wt %, Al203 9.29 %,
Crp03 61.38 % and FeOgqgt. 16.70 %.

The only native metal phase observed is Os which appears as small,
irregular patches, max 0.8 um large, disseminated in the 70 ym large no. 3
grain aggregate, both in the Ru-0s sulphide phase and in the Ir-Pt
sulpharsenide phase, see Fig. 6 and 7E. The occurrence of native Os
resembles precisely that reported by Tarkian and Prichard (1987) and
Prichard et al. (1987) from Harold's Grave, Shetland. In addition Prichard
et al. (op.cit.) report dissemination of native Os in NiSb which is
intergrown with RuSp and IrAsS. NiSb has not been found in the present
study. The largest patch of native Os in grain no. 3 (Fig. 7E) was the
target for a quantitative analysis (no. 32 in Table 2), but it was
impossible to prevent a very significant amount of Os, Ru and S from the
host Os-rich laurite, and somewhat smaller amounts of Ir, Pt and As from
the closely adjoining platarsite, as contributions to the more or less pure
Os-phase. For this reason "true" Ir and/or Ru in the analysis cannot be
serparated from the "false" contributions, and the analysis can therefore
not be plotted in the Ru - 0s - Ir - diagram in Fig. 4E. For the same
reason the analysis is not recalculated to 100 wt % by eliminating the
obvious errors from the sulphide and sulpharsenide (in the case of
analysis no. 34 such a recalculation is done presuming a "pure" Pd-Sb-

phase, with only a little Pb added, see next section).
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Several of the Os-analyses reported in Cabri (1981) table 8.51, from six
localities around the world have some Ir, up to 11 wt %, and minor Ru, Pt,
Pd and Rh in their totals.

Tarkian and Prichard (op. cit.) point to primary crystallization of
native Os and to an exsolutjon texture as two possible modes of origin of
the dispersed bilebs of native Os. If native Os is exsolved from Os-rich
laurite it would leave an Os-depleted (Os-poor) laurite the phase in which
they have observed blebs of native Os. They argue further that if, e.g.
arsenic is present this can cause exsolution of native Os from Os-rich
laurites. In the present study (grain no. 3) Os-rich laurite contains
dispersed blebs of native Os. Erlichmanite and the sulpharsenides may also
contain inclusions of native Os, but this was not clearly ascertained from
the back-scattered images made. The only phase that definitely does not
contain native Os blebs in grain no. 3 is the outermost, latest
crystallized, Os-free laurite. The sulpharsenides therefore have probably
reacted with their intergrown Os-bearing phases and caused the formation of
native Os blebs before Os-free laurite nucleated as a latest, outermost

phase at a stage when Os-availability had decreased dramatically.
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As with the case in Shetland the totally chromite-engulfed (primary) inclusions

of Os-rich laurite show no blebs of native Os, neither does Os-free laurite
belonging to the same type of inclusion. It is therefore most likely that
the blebs of native Os are formed in a reaction between sulpharsenides and
Os-rich laurite as also suggested by Tarkian and Prichard, and that the

blebs therefore represent an exolution texture.
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Pd-ANTIMONIDE

A minute patch of a Pd-Sb-rich phase was located in grain no. 6, Fig. 8.

A quantitative EDS-estimate was first performed giving ca. 45 wt % Pd

and ca. 15 % Sb (analysis 33 in Table 2). Thereafter a quantitative WDS-
analysis was carried out (analysis 34) giving a total of only about 54 wtik.
The Pd/Sb-ratio was however roughly similar to the first analysis. Much

Cr and Fe from adjoining chromite and Ni and S from pentlandite and
heazlewoodite appear in the total. Further, minor Os, Ir, Pt and As from the
other PGMs in grain no. 6 occur in the total too. This suggests that Pd

and Sb are the main components of the phase (see X-ray images). According
to Cabri (1981), Table 8.34 and Tarkian & Prichard (1987) Table 11, small
amounts of Cu and/or Te may also be present in similar Pd-Sb minerals, but
these elements were not analyzed in this case. These authors further

report minor Pt and/or As in their analyses, but the X-ray images show that
neither of these elements are enriched in the actual tiny patch. Otherwise
the corrected and recalculated analysis 34 does not fit quite well with the
stibiopalladinites/mertieites reported by the authors cited (some Pd-excess

in anal. 34) possibly due to the very low total.

Ir-Rh SULPHANTIMONIDE

In grain no. 1 a zoned Ir-Rh sulphantimonide was detected. An outer phase
(Ir, Rh)SbS coincides with the distribution of overlapping areas of Sb and
Rh (see X-ray images of these elements in Fig. 5) whereas the inner phase,
IrSbS, coincides with the Sb-bearing but Rh-free areas. Quantitative

analyses of IrSbS and (Ir, Rh)SbS are listed in Table 2 (analysis 35 and
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36). Analysis 36 closely resembles analysis UN 1976-11 (Cabri 1981; p. 190),

where the sulphantimonide appears as inclusions in Pt-Fe alloy grains.
Ir-Sb-S and Rh-Sb-S, both rather pure, are recently reported in two small
neighbouring grains within a large composite PGM-inclusion in chromite from
Cl1iff, Shetland (Prichard et al. 1987, Tarkian & Prichard 1987). Those
phases have only been analysed qualitatively, but optical properties are

given.

Ir-Pt-Pb SULPHIDE

In the central part of grain no. 1, Fig. 5, a sulphide of Ir-Pt-Pb

occurs. The areal extent of this sulphide coincides with the area of Pb-
and Pt-enrichment in the central part of the X-ray images of these elements.
The chemical composition of the sulphide, analysis 38 in Table 2, leads to
the structural formula (Ir, Pt, Pb)Sp or more precisely (Irp, g4 Ptp,22
Pbo,18) 1,04 S1,95. This composition has not been reported earlier, but it
bears some compositional and structural similarities e.g. to malanite

(Cu, Pt, Ir)S which is reported from China (Peng et al. 1978).

Discussion

PGM-ASSEMBLAGE AND PGE-LEVEL: COMPARISON WITH OTHER OPHIOLITE-HOSTED
CHROMITITES

The number and diversity of PGM-phases so far determined from only one
hand-size sample representing the Osthammeren chromitites is notable (see

Table 3). However the total of PGE in a follow-up analysis of the anomalous
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sample was shown to be only 2.1 ppm. A further twelve PGE analyses of new
chromitite samples from the same claim and from other claims in the
Osthammeren body averaged only 1.5 ppm total PGE. The average of ten
samples from the host serpentinite showed only 40 ppb total PGE (Table 4).
By comparison, PGM-rich samples from the C1iff chromitite occurrence in
Shetland are generally much richer in total PGE (an order of magnitude or
more), and samples with as much as 80 ppm PGE are recorded (Prichard et al.
1987, Table 15). However, compared with other ophiolitic chromitites which
also show some diversity in PGMs the Osthammeren sample is not strikingly
Tow in PGE content. From Harold's Grave, Shetland, which shows the same
diversity in PGMs as the high-grade C1iff chromitites (Prichard et al.
1986, 1987) PGE values of 7.7 and 1.3 ppm have been reported. This
chromitite occurrence also bears strong similarities in PGM-assemblage
(laurite, irarsite, native osmium, Pt-arsenide, Pd-antimonide and Rh-Ni
antimonide) to the Osthammeren sample. From the Tiebaghi and Massif du Sud
ophiolites in New Caledonia, Legendre (1982) and Legendre & Auge (1986)
report four PGMs in chromitites from each complex and PGE-contents in the
range ca. 0.4 - 0.9 ppm (3 analyses, table 15 in Legendre 1982). Legendre
(op. cit.) further reports three PGMs and two PGE-values, ca. 0,3 and 0.5
ppm from the Al-Ays ophiolite complex in Saudi-Arabia. Auge (1988)
describes six PGMs in chromitite and five in chromite grains in dunite from
Tiebaghi, but no PGE-values. The present comparison suffers however
somewhat because there are no PGE-data available from the PGM-rich locality
reported from N.W. China (Chang et al. 1973) which bears strong similarities
in PGM-association to the Osthammeren sample. This is also the case with
regard to the recently reported PGM-rich chromitite occurrences in the
Hochgrossen massif, Austria (Thalhammer & Stumpfl 1988).

No PGE-analyses have been found in the literature from the PGM-rich



Aetorache deposit in the Vourinos complex of Greece (Augé 1985) which bears
some similarities in PGM-association to the Osthammeren sample (with the
exception of e.g. the Pt- and Pd-bearing phases in the latter).

A PGE-analysis from Skyros, Greece (Economou 1986, p. 446-447) resembles
the chromitite analysis in Table 4 with regard both to 1level and trend
(Fig. 9), but there are no data on PGMs from Skyros. The same is the
case with some of the PGE-analyses of chromitite from the Ray-Iz complex,
Polar Urals (Khvostova et al. 1976).

It may be concluded that the chromitite occurrences from the Hochgrossen
massif, Austria, the Harold's Grave chromitite occurrence in the Shetland
ophiolite complex and the chromitite deposit in N.W. China are the ones
that resemble most closely the chromitite sample treated in this study. The
PGM-assemblage of these chromitites are compared with the Osthammeren
assemblage in Table 5. Analysis "G" in Prichard et al. (1986, p. 409) from
Harold's Grave also resembles the two analyses of the PGM-anomalous
Osthammeren sample (sample 138/2), compare Table 4 and Fig. 9. The
Pt-content in the Osthammeren sample is however, at least three times
higher than in analysis "G", and causes appearance of sperrylite and/or
platarsite in 5 of the 15 investigated grains. Sperrylite is very rare at
Harold's Grave and platarsite is not reported (Prichard et al. 1986, p.
404). The abundant laurite - irarsite (plus eventual native 0s) assemblage

at Harold's Grave is however also found in five of the Osthammeren PGM-

grains.
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PARAGENESIS |

The distinctly bimodal occurrence of the PGM inclusions in the Osthammeren
chromitite is striking: 1) The primary, magmatic, small (<5 - 20 um),
euhedral - subhedral, mainly single-phase inclusions of laurite, Os-
laurite, osmiridium and Pt2(Ir, Os)Feg g5 associated with or without sili-
cate inclusions enclosed in chromite grains. 2) The secondary anhedral -
(subhedral), often very complex grains or grain-aggregates with varying size
(<5 - 70 um) and composed of up to eight PGM-phases plus Ni-sulphides

and/or Ni-arsenide.
Primary inclusions

The first group is considered to be magmatic, or "magmatic -
hydrothermal", in origin for several reasons. Firstly the PGM-inclusions
are always totally enclosed within the chromite grains, either in the
central part of these or closer to the rims. The inclusions are never
situated in ferritechromite-altered parts of the chromite grains nor asso-
ciated with cataclastic cracks through these. There are no systematic
differences, in composition or otherwise, between PGM-inclusions within the
central parts of chromite grains and those situated closer to the rim of
the chromite grains. Such differences are reported from Shetland by
Prichard et al. (1987). Both Os-free, Os-poor and Os-enriched laurites
belong to this group of inclusions. In one grain (no. 2) Os-free laurite
hosts patches of Os-enriched laurite. The PGM-inclusions in this group

are often euhedral indicating that the PGMs have crystallized before they
were entrapped within the chromite grains. The association of two of the

PGM-inclusions (grain no. 9 and 12) with inclusions of phlogopite and Na-
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bearing hornblende respectively (anhedral droplets) is notable. It
indicates that the formation of this group of PGM-inclusions may have an
association with hydrous silicates, i.e. that the PGMs may have nucleated
in the presence of, or in contact with, volatile-bearing silicates. The
significance of volatiies in the formation of PGMs in layered intrusions
has been widely demonstrated e.g. by the works of Stumpfl and coworkers
(e.g. Stumpfl & Tarkian 1976, Ballhaus & Stumpfl 1986 and Stumpfl 1986).
Recently McElduff and Stumpfl (1987) and Stumpfl (1987) have also described
the association of PGM-inclusions with hydrous, and frequently sodic,
inclusions in chromite from Hji Paviou chromitite mine, Troodos ophiolite,
Cyprus and from other ophiolite complexes. The association of PGM- and
silicate-inclusions in ophiolitic chromitites is further treated in detail
by e.g. Talkington et al. (1984, 1986) from several Canadian and other
complexes and by Stockman & Hlava (1984) from Oregon.

From several ophiolite complexes alloys of Ru - Os - Ir are reported as
primary magmatic phases occurring either alone or coexisting with sulphides
(Taurite) in the form of euhedral-subhedral inclusions (Augé 1985, Legendre
& Auge 1986). In the present study osmiridium (Ir, Os) occurs as a primary
inclusion (in one instance only), while iridosmine (Os, Ir) is only found
as exsolution lamellae in the core-region of two secondary and complex
grains, see Fig. 5 and 7. The occurrence of a Pt-rich alloy with the
composition Ptp(Ir, Os)Feg,g5 as a primary magmatic inclusion shows that
Pt has been available early in the formation of the PGMs. Usually Pt (and
Rh and Pd) are more strongly fractionated and available so late that they
appear only in PGMs situated in the altered rim of chromite grains or in
the altered silicate gangue interstitial to the chromite grains, if present

at all.



Secondary inclusions

The secondary PGM-inclusions are considered to have a hydrothermal origin,
generated during the serpentinization of the host ultramafic tectonite.
There is clear evidence for this in the fact that these grains or grain-
aggregates are, without exception, situated within or associated with (in
contact with) cataclastic cracks in the chromite grains, i.e. cracks
generated during regional metamorphism. The finest fissures are generally
visible only as thin strings of ferritechromite. This means that ferrite-
chromite has developed from chromite and tightened these very fine
fissures. Somewhat wider cracks cutting into or through the chromite grains
are usually filled with serpentine and/or chlorite. The chromite is normally
altered to ferrite-chromite, which appears as narrow rims along these
cracks.

The inclusions of this group contain from one to eight PGM-phases plus
Ni-phases (Table 3). They are anhedral or weakly subhedral in a few cases
(i.e. grain no. 8). They may be concentrically zoned (grain 1 and 3), show
exsolution lamellae of Os - Ir alloy (grain 1 and 4), or show more irregu-
lar (cluster) development with a weaker tendency to zonal arrangement of
the PGMs (grain 6 and 7). Grains no. 1 and 3 are perhaps the best represen-
tatives of this group of inclusions. In grain no. 1 (Fig. 5) a core of (Ir,
Pt, Pb)Sz crystallized simultaneously with the formation of exsolution-
lamellae of iridosmine (Os, Ir) along a few structurally preferred
directions. Surrounding the sulphide erlichmanite (0sSp) and IrSbS
crystallized, with some overlap. In the upper part of the grain 0sSp
crystallized before IrSbS whereas the opposite was the case in the lower
part of the grain. In both phases exsolution of Os,Ir-lamellae still con-

tinued. At a certain 1ine, which makes up the shape of a six-sided crystal
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(se Os- and Rh- X-ray images) Os is exhausted and Rh starts to be

available in the outer phases. The IrSbS is changed to (Ir, Rh)SbS.
Thereafter As becomes available and a zoned sulpharsenide crystallizes in
the succession irarsite-hollingworthite - Pt-rich hollingworthite / Rh-rich
platarsite (lower right tongue on Fig. 5). As an outermost phase Os-

free laurite crystallized. The crystallization of the two outermost phases
took place even in the ferrite-chromite-filled fissures radiating from the
main part of the grain as small patches (Fig. 5).

In the case of grain no. 3 (Fig. 6) the sulpharsenide and sulphide phases
which occur side by side, are developed independently in solid solution
series of laurite-erlichmanite and Rh-poor/free irarsite-platarsite. Both
Os-poor and Os-rich laurite occur in irregular patches, the latter rimmed
by erlichmanite, and the Os-poor laurite by a more Os-rich intermediate
member. Irarsite and platarsite are arranged in irregular stripes, but here
too, platarsite occurs as an outer phase as in the case of grain no. 1. An
outermost phase of Os-free laurite rims both the sulpharsenides and the Os-
laurite - erlichmanite. Small patches or droplets of exsolved native Os
occur scattered within the Os-enriched laurite.

In grain no. 6 the supposed inner phases Os-laurite and irarsite are
rimmed by Os-free laurite and platarsite followed by sperrylite (Fig. 8).
Pentlandite and heazlewoodite then surround the complex PGM-aggregate, and
a droplet of Pd-antimonide crystallized independantly of the other PGM-
phases.

In grain no. 4 (Fig. 7A) exolution lamellae of iridosmine are hosted by

irarsite which neighbours Os-laurite. A small patch of sperrylite makes up

an outermost phase.



Conclusions

Chromitite hosted PGMs from the Osthammeren ultramafic tectonite (serpentinite)

body occur in two distinctly different ways:

1. 0s, Ir, Ru and minor Pt occur in primary magmatic, euhedral-subhedral,
small (<5 - 20 um), mainly single-phase inclusions of Os-free laurite,
Os-laurite, osmiridium and Pty (Ir, Os)Fep g5. They are totally enclosed
in fresh unaltered chromite. Two PGM-inclusions were however found
associated with small blebs of Na-bearing hornblende or phlogopite.

This means that the presence of volatiles in an early stage may have

influenced the formation of these PGMs.

2. Purely secondary PGMs occur as anhedral - (subhedral), texturally often
very complex grains or grain-aggregates with varying size (5 - 70 ym)
and consisting of from one to eight PGM-phases ptlus Ni-sulphide and Ni-
arsenide. These PGMs always occur within, or in contact with, late
formed cataclastic (metamorphic) cracks or very fine fissures, in the
primary magmatic chromite grains. The finer fissures are generally
tightened by ferrite-chromite, a hydrothermal alteration-product of
chromite. The wider cracks are usually serpentine- and chlorite-filled
and are rimmed by ferrite-chromite against the chromite. Os, Ir, Ru, Rh,
Pt and minor Pd are represented in grains of this group, and the secon-
dary PGM-association found consists of Os-free laurite, Os-laurite,
erlichmanite, Ir-rich erlichmanite, native Os, iridosmine (in lamellae),
(?) osarsite, irarsite, hollingworthite, Pt-rich hollingworthite/
Rh-rich platarsite, Ru-rich platarsite, sperrylite, (Ir, Rh)SbS,

IrSbS, (Ir, Pt, Pb)S, (new?), Pd-antimonide (probably stibjopalladinite)

plus the associated phases pentlandite, heazlewoodite and niccolite.



From the literature it seems that there are few examples where

primary magmatic or "magmatic-hydrothermal" PGM-inclusions on the one
hand, and secondary, hydrothermal, late stage PGMs on the other, appear
side by side and show such distinct differences in occurrence as in the

present case.
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CAPTIONS FOR FIGURES

Fig. 1.

Fig. 2.

Location of ultramafic tectonites with chromitite occurrences
recorded (squares) and bodies with no known chromitite enrichments
(coarse dots) in the Caledonides of South Central Norway.
Non-patterned areas: Parautochthonous gneissic basement, basal
clastic rocks and lTower Caledonian nappes (Lower- and Middle
Allochthon) [undifferentiated].

Dotted areas: Skjetingen-Essandsje-Blahe Nappe unit and nappe
units of similar or assumed similar tectonostratigraphic position.
Dashed 1ine areas: Levanger-@yfjell Nappe unit, Trondheim

Nappe Complex and O01d Red Sandstone molasse deposits (ORS).

The Osthammeren - Feragen area of Fig. 2 is shown by frame.

Data for map compilation from NGU-archives, Wolff (1976, 1977),
Stigh (1979), Guezou (1981), Roberts & Wolff (1981), Sigmond

et al. (1984), Askvik og Rokoengen (1985), Gee et al. (1985a, b),
Krill & Sigmond (1986), Krill (1986, 1987), Tucker (1986),
Zachrisson (1986), Siedlecka et al. (1987), Nilsen & Wolff (1988),
Roberts (1988) and Solli (1989). Data on chromitite occurrences

from NGU-archives, Tucker (1986) and author's own observations.

The Osthammeren body and neighbouring ultramfic tectonite bodies
in the Essandsje Nappe, ESE of Reros. Key to map symbols: area
with circles: Rea Nappe, arkose and feldspatic quartzite;
horisontal lines: Dalvolsjs Nappe, Augen-gneiss; coarse dots:

Hummelfjell Nappe, feldspathic quartzite, etc. with dolerite dikes;
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Fig. 3.

Fig. 4.

non-patterned; Essansjo Nappe, calcite bearing phyllite, etc. with
subordinate quartzite (fine dots), gabbro (hooks) and ultramafic
tectonites (1ined areas); dashed line: @yfjell Nappe, calcareous
gray and graygreen phyllite; gravel pattern: Devonian clastic

sedimentary rocks.

Map compiled from Roberts & Wolff (1981), Rui (198la, b) and
Nilsen & Wolff (1988).

The Osthammeren serpentinite Lens (A) situated in the middle of
the hinge of an overturned fold with gently NNE-dipping axial
plane. The lens itself is clearly streched along both fold 1imbs
and thickened in the hinge.

B on map is calcareous phyllite with horizons of greenschist (C)
and quartzite (D) belonging to the Essandsje Nappe. E is a long
and narrow gabbroic body. The chromitite showing (claims) are
marked with filled circles and the location (claim) of the PGM-
anomalous sample with a filled square. Location of serpentinite
samples outside the claims marked with open circles.

Contour invervals of 10 m are dotted to give an impression of the
knoll-shape of the lens.

Lithological boundaries from Rui (1981b).

Microprobe analyses (at %) of PGM sulphides (A), sulpharsenides
(B, C and D) and alloys (E and F). In diagram B contents of Os,
Ru and Pd have been included for Ir, Rh and Pt, respectively.

In diagram D Ir and Os are included with Pt and Ru respectively.
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Fig. 5.

Fig. 6.

Fig. 7.

84
Symbols: O primary inclusions, @ secondary inclusions.

Analysis numbers refer to those in Table 2. Shaded areas in
diagram F where most Pt-Fe alloys plot according to compilation

by Tarkian (1987).

Back-scattered electron image (BEI), X-ray images for Ir, Sb, Os,
Pt, S, Ru, Pb, Rh and As, mineral location map and photomicrograph
of a complex secondary PGM-inclusion (grain-aggregate no. 1).

For description see section on paragenesis.

Back-scattered electron image (BEI), X-ray images for Ir, As, Os,
Ru, S and Pt, mineral location map and photomicrograph of a
complex secondary PGM-inclusion (grain-aggregate no. 3). For

description see section on paragenesis.

Back-scattered electron images (A, B, E) and photomicrographs

(C, D and F) of PGM-inclusions. A: Secondary composite inclusion

of iridosmine-lamellae (1) hosted in irarsite (2). (3) is

sperrylite and (4) Os-laurite (grain no. 4). B: secondary

inclusion of sperrylite (1) and Os-free laurite (2) (grain no. 5).
C: primary osmiridium inclusion hosted in chromite. Ferrite-chromite
string at left (grain no. 13). D: primary inclusion of
Pt2(Ir,0s)Feqg.65 (grain no. 10). E: patch of native osmium (1) in
Os-rich laurite (2), (3) is platarsite and (4) erlichmanite (part

of grain-aggregate no. 3). F: Secondary inclusion of Os-laurite

(1) and pentlandite (2) situated in ferrite-chromite (light strings).



The darker areas between the strings are unaltered chromite

(grain no. 8). Scale bar is 10 ym on C, D and F and 2 pym on E.

Fig. 8. Back-scattered electron image (BEI), X-ray images for Os, Ir, Ru,
Rh, Pt, Pd, As and S, and mineral location map of a complex
secondary PGM-inclusion (grain-aggregate no. 6). For description

see section on paragenesis.

Fig. 9. Chondrite-normalized PGE patterns of Osthammeren chromitites and
host serpentinite; data for Harold's Grave from Prichard et al.

(1986) and Gunn (1989); for Skyros, Greece from Economou (1986).
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TABLE 1

Content of Pt, Pd and Au in ppb in PGE-enriched chromitites compared with
normal chromitites from ultramafic tectonites (serpentinites) in central Norway.

Location n Pt Pd Au
Osthammeren 1 760 <2 8
@rnstolen 1 299 1391 718
Skamsdalen 1 178 156 120 -
Aurtand 1 427 104 5

normal chromitites | a 66 12.0 6.2 10.0
(=non anomalous to
weakly anomalous g 66 6.7 1.8 3.8
samples)

a = arithmetic mean, g = geometric mean.
X
Values below detection 1imits (<x) calculated as 2.

Detection 1imits were 3,2 and 1 ppb for Pt, Pd and Au respectively.
Analyst: Caleb Brett Laboratories Ltd., St. Helens, UK
Method: Fire assay and atomic absorption spectrometry



TABLE 2. Representative analyses of various platinum-group minerals in one single hand-size
chromitite sample from the Osthammeren ultramafic tectonite body, Norway.
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Analysis no. 1 2 3 4 5 6 7 8 9 10 11 12 13
Grain/gr.-aggr.no. 3 5 1 2 11 2 8 6 3 3 3 1 3

(1) Os 0.33 0.33 2.90 3.60 12.36 15.83 20.90 23.44 34.98 42.25 66.22 55.37 23.44
Ir 3.63 0.09 6.91 1.57 0.39 6.8 1.12 1.55 2.07 2.43 1.72 17.99 14.02
Ru 57.02 56.81 43.03 58.64 38.45 50.08 33.73 32.46 24.91 20.66 2.68 1.29 8.92
Rh 0.10 0.54 2.64 - 0.20 1.02 0.07 0.63 - 0.12 1.37 0.05 0.41
Pt 0.35 3.31 1.i16 0.22 0.29 0.18 0.30 5.35 4.60 4.29 2.94 0.56 21.30
Pd 0.61 0.57 0.88 - 0.67 0.19 0.45 0.31 0.02 0.20
As 0.25 2.90 6.66 0.03 2.21 0.12 1.63 4.51 3.88 3.78 3.02 0.48 21.40
S 37.72 34.02 29.15 37.66 32.14 25.20 36.00 29.34 32.63 31.21 28.06 26.81 15.61
Sb - - 0.13 - - - -
Pb - 0.09
Ni 0.05 0.08 0.03 0.02 0.36 0.32 0.26 0.02
Au 0.44 0.54 0.37 0.31 0.15
Te - - -
Bi - 0.02
Cr 0.61 1.04 2.96 0.01 5.32 1.40 2.89 0.97 0.28 0.40 1.49 0.21
Fe 0.36 0.81 2.20 - 7.51 0.5 3.59 0.68 0.84 0.22
TOT. 101.47 101.04 98.65 102.12 99.90 102.06 100.68 98.25 104.75 104.80 106.41 104.98 105.73

(2) Os 0.33 0.33 3.10 3.53 14.19 15.81 22.19 24.10 33.70 40.31 62.47 53.89 22.26
Ir 3.61 0.09 7.39 1.54 0.45 6.84 1.19 1.59 1.99 2.38 1.62 17.53 13.31
Ru 56.74 57.27 46.03 57.43 44.15 50.03 35.81 33.37 24.00 19.71 2.53 1.26 8.47
Rh 0.10 0.54 2.82 - 0.23 1.02 0.07 0.65 - 0.11 1.29 0.05 0.39
Pt 0.35 3.34 1.24 0.22 0.33 0.18 0.32 5.50 4.43 4.09 2.77 0.55 20.23
Pd 0.61 0.57 0.94 - 0.77 0.19 0.48 0.30 0.02 0.19
As 0.25 2.92 7.12 0.03 2.54 0.12 1.73 4.64 3.74 3.61 2.85 0.47 20.32
S 37.53 34.30 31.18 36.88 36.90 25.17 38.22 30.16 31.44 29.78 26.47 26.12 14.82
Sb - - 0.14 - - -
Pb - 0.09
Ni 0.05 0.08 0.03 0.02 0.41 0.32 0.25 0.02
Au 0.44 0.54 0.36 0.31 0.14
Bi - 0.02

(3) Os 0.10 0.10 1.00 1.06 4.35 5.8 6.87 8.43 11.92 14.94 26.23 23.37 10.52
Ir 1.06 0.03 2.37 0.46 0.14 2.51 0.36 0.55 0.70 0.87 0.67 7.52 6.22
Ru 31.76 33.15 28.08 32.49 25.44 34.86 20.85 21.98 15.98 13.75 2.00 1.03 7.53
Rh 0.05 0.31 1.69 - 0.13 0.70 0.04 0.42 - 0.08 1.00 0.04 0.34
Pt 0.10 1.00 0.39 0.06 0.10 0.06 O0.10 1.88 1.53 1.48 1.13 0.23 19.32
Pd 0.32 0.31 0.54 - 0.42 0.13 0.27 0.19 0.02 0.16
As 0.139 2.28 5.86 0.02 1.97 ©0.11 1.36 4.12 3.36 3.40 3.04 0.52 24.37
S 66.23 62.58 59.96 65.78 67.04 55.29 70.16 62.62 65.99 65.49 65.93 67.20 41.54
Sb - 0.07 - - - -
Pb - 0.04
Ni 0.05 0.08 0.03 0.02 0.41 0.38 0.29 0.03
Au 0.13 0.16 0.10 0.11 0.05
Bi - 0.01

- element not detected.

analysis 1 - 4: laurite; 5 - 10: (Os-lauyrite); 11: erlichmanite; 12: (Ir-rich erlichmanite); 13: osarsite.
Mineral names in brackets are not used in Cabri (1981), but are used in this subscript to specify the
composition of the PGM-phases.

(1): raw analyses in weight percent of the element (after corrections due to element interference).

(2): analyses recalculated after subtraction of Fe and Cr. (3): atomic concentration calculated from the

corrected analyses.




Table 2 (continued)
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Analysis no. 14 15 16 17 18 19 20 21 22 23 24 25 26
Grain/gr.-aggr.no. 6 3 4 3 3 1 1 1 1 1 3 3 3

(1) ©Os 7.97 14.67 8.75 2.15 2.26 0.38 0.22 0.14 0.09 - 9.46 17.94 4.26
Ir 26.34 26.69 34.01 44.88 47.61 11.20 13.15 4.94 9.17 0.05 14.52 11.81 3.80
Ru 4,78 5.92 2.11 2.93 3.52 1.87 2.69 2.47 1.05 9.55 8.83 6.70
Rh 12.17 2.45 0.88 3.98 10.51 13.63 19.36 21.76 36.51 - 0.11 0.29
Pt 6.15 14.61 13.25 9.03 5.20 10.15 3.46 8.77 8.11 5.64 25.35 26.70 41.37
Pd - 0.28 - 0.72 0.76 1.34 1.31 2.51 0.24 0.19 0.07
As 20.03 25.48 23.37 24.69 22.73 21,20 21.42 23.70 31.71 29.65 25.91 23.74 28.36
S 14.81 14.05 9.16 13.65 14.02 7.49 8.25 8.87 12.07 11.96 12.62 12.80 8.00
Sb 2.99 0.20 1.81 0.0 1.27 2.95
Pb - 0.01 - -
Ni 0.04 0.03 0.05 - 0.03
Bi -
Cr 1.24 0.26 0.63 0.62 14.09 12.50 10.92 4.40 2.91 0.77 0.27 3.20
Fe 0.21 0.52 0.51 6.68 8.32 5.08 1.79 1.52 0.83 0.26 2.53
TOT. 96.48 104.81 88.54 98.82 99.86 86.19 85.42 86.77 94.15 94.78 99.25 102.65 98.58

*

(2) Os 8.37 14.12 9.88 2.20 2.29 0.58 0.34 0.20 0.10 - 9.69 17.57 4.59
Ir 27.66 25.70 38.41 45.95 48.22 17.12 20.36 6.98 10.43 0.06 14.87 11.56 4.09
Ru 5.02 5.70 2.16 2.97 5.38 2.8 3.80 2.81 1.16 9.78 8.65 7.22
Rh 12.78 2.36 0.90 4.03 16.07 21.10 27.36 24.74 40.41 - 0.11 0.31
Pt 6.46 14.07 14,96 9.25 5.27 15.52 5.36 12.39 9.22 6.24 25.96 26.15 44.56
Pd - 0.29 - 1.10 1.18 1.89 1.49 2.78 0.25 0.19 0.08
As 21.03 24.53 26.39 25.28 23.02 32.41 33.16 33.49 36.05 32.82 26.53 23.25 30.54
S 15.55 13.53 10.35 13.98 14.20 11.45 12.77 12.53 13.72 13.24 12.92 12.53 8.62
Sb 3.14 0.31 2.80 1.27 1.44 3.27
Pb - 0.01 - -
Ni 0.06 0.05 0.07 - 0.03

(3) Os 3.71 6.700 5.18 1.05 1.09 0.26 0.14 0.08 0.04 - 4,56 8.58 2.35
Ir 12.13 12.06 19.91 21.65 22.63 7.52 8.51 2.86 4.16 0.02 6.92 5.59 2.08
Ru 4.19 5.09 1,94 2.65 4.49 2.30 2.96 2.13 0.86 8.66 7.95 6.97
Rh 10.47 2.07 0.79 3.53 13.18 16.47 20.91 18.42 29.28 - 0.10 0.29
Pt 2.79 6.50 7.64 4,29 2.44 6.71 2.21 4.99 3.62 2.39 11.91 12.46 22.27
Pd - 0.25 - 0.87 0.8 1.40 1.07 1.95 0.21 0.17 0.07
As 23.66 29.53 35.10 30.55 27.71 36.51 35.56 35.15 36.86 32.67 31.68 28.84 39.75
S 40.88 38.06 32.17 39.48 39.95 30.15 32.00 30.73 32.79 30.80 36.06 36.32 26.22
Sb 0.22 1.85 0.8 0.91 2.00
Pb - - - -
Ni 0.09 0.07 0.09 - 0.04

analysis 14 - 18: irarsite; 18 - 23: hollingworthite; 24 - 26: platarsite.

* = much Cr and Fe present in analysis according to EDS spectrum, but no Ru or Rh according to X-ray images.



Table 2 (continued)

Analysis no. 27 28 29 30 31 32 33 34 35 36 37 38
Grain/gr.-aggr.no. 6 5 1 13 10 3 6 6 1 1 1 1
(1) Os 2.47 0.07 64.48 31.57 9.81 70.66 0.43 4.67 0.15 4.72 4.71
Ir 0.53 0.17 28.89 51.55 17.79 1.43 0.18 49.74 43.23 44.50 43.87
Ru 2.03 2.00 - 4.45 1,66 7.56 - 0.18 - -
Rh - 0.39 - 2.11 0.85 0.08 - 0.94 6.32 0.35 0.31
Pt 48.82 52.41 1.28 8.42 59.78 2.37 1.48 1.49 1.19 15,52 15.41
Pd - 0.08 - 0.11 0.40 45 16.30 0.01 - 0.06 -
As 35.97 42.81 0.06 0.03 0.08 2.40 0.64 0.49 0.37 0.01 0.12
S 3.13 1.52 0.38 - 16.02 6.15 9.10 10.07 24.67 22.19
Sb 1.63 - - - 15 5.83 30.09 32.37 - -
Pb 0.03 - 6 13.60
Ni 0.05 0.08 0.11 0.16 6.77 - 0.02 0.40 0.42
Au 0.17 0.04 0.01 0.03 0.11
Te - - - -
Bi - - -
Cr 1.53 1.93 0.87 2.56 0.63 11.34 0.8 1.80 0.84 0.74
Fe 0.86 0.66 0.75 6.10 0.84 4.75 0.35 0.67 0.37 0.37
TOT. 96.11 102.38 96.82 99.00 98.90 102.39 60 53.90 97.77 96.40 97.55 101.74
* * % *kk
(2) Os 2.61 0.07 67.67 32.11 10.27 70.02 4,84 0.16 4.90 4.68
Ir 0.56 0.17 30.32 52.47 18.62 1.42 51.53 46.02 46.19 43.60
Ru 2.15 2.01 - 4.53 1.74 7.49 - 0.19 - -
Rh - 0.39 - 2.15 0.89 0.08 0.97 6.73 0.36 0.31
Pt 51.62 52.63 1.34 8.57 62.56 2.35 1.54 1.27 16.11 15.31
Pd - 0.08 - 0.40 75 73.56 0.01 - 0.06 -
As 38.03 42.99 0.06 0.03 0.12 2.38 0.51 0.39 0.01 0.12
S 3.31 1.53 0.40 - 0.08 15.87 9.43 10.72 25.61 22.05
Sb 1.72 - - - 25 26.31 31.17 34.46 - -
Pb 0.14 - 6.23 13.51
Ni 0.05 0.08 0.11 0.17 - 0.02 0.42 0.42
Au 0.17 0.04 0.01 0.11
Fe 5.56
(3) Os 1.48 0.04 66.38 30.49 8.94 37.07 2,93 0.09 2.17 2.25
Ir 0.31 0.10 29.43 49.30 16.04 0.74 30.89 25.55 20.20 20.72
Ru 2.29 2.17 - 8.09 2.85 7.46 - 0.20 - -
Rh - 0.40 - 3.77 1.43 0.08 1.09 6.98 0.29 0.27
Pt 28.53 29.39 1.28 7.93 53.09 1.21 0.91 0.69 6.94 7.17
Pd 0.14 - - 0.38 77.44 76.13 0.01 - 0.05 -
As 54.73 62.52 0.15 0.07 0.26 3.20 0.78 0.56 0.01 0.15
S 11.13 5.20 2.33 - 0.41 49.85 33.89 35.68 67.16 62.83
Sb 1.52 - - 22.56 23.80 29.50 30.20 - -
Pb 0.07 2.53 5.96
N{ 0.09 0.25 0.34 0.48 0.04 0.60 0.65
Au 0.09 0.04 0.01 0.02 0.05
Fe 16.48

analysis 27 - 28: sperrylite; 29: iridosmine; 30: osmiridium; 31: Pto(Ir,0s)Feq . g5:

33 - 34: Pd-antimonide, probably stibiopalladinite; 35: IrSbS; 36: (Ir,Rh)SbS; 37 -

(not earlier reported?).
* = some NI and Fe present in analysis
** = semiquantitative (EDS) analysis only
*** = pb analyzed semiquantitatively

32: native Os;

38: (Ir,Pt,Pb)S,
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TABLE 4
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Content of PGE and Au in ppb in chromitites and host serpentinite from the Osthammeren ultramafic tectonite body.

Sample no. Location Ore-type/ Analyst/
(claim no./ host rock analyti-
loc. no. cal
ref. to method

o Fig. 3) 0s Ir Ru Rh Pt Pd Au TOT

LPN78-138/2 9 760 <2 8 massive ore (PGM- 1

anomalous sample)
-138/2 g 174.2 674.4 841.0 65.2 323.4 2.9 4.9 massive ore (PGM- 2
DUP 166.3 659.2 835.8 64.9 316.1 3.0 5.2 anomalous sample)
5222;2 Average of two analyses
-139 5. 5.2 6. 0.9 1.7 1.7 11.8 serpentinite
LPN87-1/1 1 62 41 100 8.0 25 9.0 10 transition dissemination/- 3
pup 54 39 100 9.0 7.5 30 10 massive ore
-2 2 130 160 160 130 9300 79 200 massive ore
REP 380 73 150 22 39 6.5 8
REP 86 79 170 28 49 8.5 12
-3 3 62 58 140 31 83 11 2 massive ore
-4/1 4 140 130 230 19 79 28 6 massive ore in veins
DUP 130 110 190 28 120 6.0 6 and schlieren
-4/3 4 120 110 180 17 84 5.0 2 massive ore
-5 5 530 510 640 63 470 7.0 6 massive ore in vein
pup 130 110 750 78 480 11 10
-6/1 6 50 54 100 21 1000 19 20 massive ore in vein
REP 270 43 97 11 22 10 2
REP 44 44 130 13 24 40 2
-8/1 8 92 90 170 18 72 28 4 transition dissemination -
pup 70 73 150 26 68 27 4 massive ore in fine veins
-9/1 9 550 420 590 34 160 22 12 massive ore in veins
REP 560 290 610 32 120 9.0 6
REP 560 430 550 35 190 34 8
-9/2 9 670 490 640 50 430 20 . 2 massive ore in veins
-10/1 10 570 470 520 27 210 8.5 10 massive ore in veins
-10/2 10 1400 810 1400 73 350 6.0 30 massive ore
DUP 1100 610 1100 54 230 8.0 32
346 243 396 35 449 17 14 1500 Average of samples
T 1/1 te 10/2 n = 12
-1/2 1 6 5.0 4.0 <0.5 2.0 6.0 <2 serpentinite 3
-4/2 4 6 6.5 8. 1.0 <0.5 8.5 4 "
-6/2 6 4 3.5 14 1.0 2.5 21 6 "
-8/2 8 2 4.0 5. 1.0 7.0 5.5 4 "
-9/3 9 4 1.5 8. 2.0 4,5 19 <2 "
-12 12 2 2.0 5. 1.0 1.5 4.5 2 "
-13 i3 2 6.0 12 1.5 3.0 15 2 "
-14 14 2 2.5 35 1.5 7.5 6.0 <2 "
-15 15 6 4.0 7. 1.0 3.0 14 24 "
-16 ] 4 3.0 11 1.0 3.0 12 8 "
3. 3.8 11. 1.1 3.4 11.2 5.3 39.6  Average of samples
T -1/2to 16 n=10

Analyst: Method:

1 Caleb Brett Laboratories Ltd., St. Helens, UK Fire Assay and atomic absorption

spectrometry

2 Memorial University, St. John's, Newfouhd]and, Canada
3 Analytical Services (W.A.) PTY.LTD, Perth, Western Australia

Fire Assay and ICP-Mass Spec'
Fire Assay and ICP-Mass Spec'



TABLE 5

PGM-assemblage detected in sample no. 138/2 of compact chromitite from the
Osthammeren ultramfic tectonite body, Norway, compared with PGM-assemblage in
chromitites from different PGE/PGM-rich ophiolite (ailpine-type) complexes.
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2.3 Inclusions of platinum group minerals (PGM), base-metal sulphides
(BMS) and sulpharsenide in chromitite and host rocks from the
@rnstolen ultramafic tectonite body, north central Norway by
L.P.Nilsson.
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INCLUSIONS OF PLATINUM-GROUP-MINERALS (PGM), BASE-METAL SULPHIDES (BMS) AND
SULPHARSENIDE IN CHROMITITE AND HOST ROCKS FROM THE @GRNSTOLEN ULTRAMAFIC
TECTONITE BODY, NORTH CENTRAL NORWAY

Introduction

A pilot-study of platinum-group-elements (PGE) in different geological
environments was carried out in 1986 by the Geological Survey of Norway,
NGU (Barnes et al. 1987a,b). The pilot study included Ni-Cu sulphide
deposits, large layered intrusions, komatiites, ophiolites and related
rocks and Alaska-type "concentric" intrusions. This account will deal only
with results from the group "ophiolites and related rocks" and more
specifically with chromitites and their host rocks from the @rnstolen
ultramafic tectonite lens situated on a small island, Selsay, in North
Central Norway, Fig. 1 and 2.

In the pilot study seventy chromitite samples from seventeen different
ultramafic tectonite lenses and two ophiolite fragments, Velfjord and
Redsy, in central Norway were analysed for Pt, Pd and Au by atomic
absorption spectrometry (AAS). Only four of the samples showed clearly
anomalous values (Table 1), and two of these proved to contain inclusions
of platinum-gruop minerals (PGM), namely a sample from the @rnstolen
ultramafic lens and one from the Osthammeren serpentinite lens, the latter
situated in South Central Norway. PGM in the Osthammeren lens are treated
in a separate paper (Nilsson, in press).

Results of follow-up studies, present status of work and suggestions for
further studies

In the pilot study one of the five chromitite samples from the @Ornstolen
body to be analyzed showed anomalous Pd-, Au- and Pt-values (Table 2).
Follow-up sampling was conducted in 1986 and 1987. The 1986 samples were
not analyzed for PGE, but polished sections were made, and in these, three
inclusions containing PGM were detected (see later). The 1987 samples were
analysed for all six PGE plus Au (Table 3), but the results were
disappointing. Four polished sections of the most anomalous sample (no. 3-
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1) with 375 ppb PGE;,; were systematically studied in reflected 1ight using
100 x and 500 x magnification. Altogether 15 inclusions, mostly however
minute in size, were detected in chromite and tentatively determined as PGM
and BMS/sulfarsenide. Most of the smaller euhedral-subhedral inclusions are
probably PGM (laurite, etc.), whereas larger, subhedral-anhedral ones are
probably mostly single-phase or composite BMS/sulfarsenide-inclusions.
Microprobe-analyses should be carried out on these inclusions i order to
complete the @rnstolen study, though the bulk PGE-analyses (Table 3) show
clearly that the @rnstolen chromitites and their host rocks are not of
economic interest.

Distribution, setting and constitution of the chromitites and their host
rocks

The Ornstolen ultramafic tectonite body and similar small ultramafic lenses
which occur are numerous in this region, are all hosted in metasedimentary
and metavolcanic sequences overlying Proterozoic basement mainly consisting
of gneissic granites which crop out in several tectonic windows in the
region (Gustavson & Gjelle 1987, Bucher-Nurminen 1988). The
metasupracrustal assemblage belongs to the Helgeland Nappe Complex which is
part of the Uppermost Allochthon (Gee et al. 1985). The ultramafic bodies
and their chromitite occurrences are described by Vogt (1984), Carstens
(1918), Sgrensen (1955 a,b, 1979), Korneliussen (1976), Bakke &
Korneliussen (1986) and Bucher-Nurminen (1988) most of whom considered them
to be metaperidotites, partly carbonate-bearing (sagvandites). Recent
investigations of the @rnstolen body have revealed that most or all
magmatic minerals and textures are totally obliterated, with the exception
of chromite which locally shows primary magmatic relics in the form of
alternating bands of chromite and silicate/carbonate in dismembered
clusters or pods of chromitite (Fig. 4A,B). A preliminary 1ithological map
of the @rnstolen body is shown in Fig. 3.

The main rock type is a medium- to coarse-grained rock with variable
proportions of the prograde metamorphic minerals forsterite (Fo), enstatite
(En), tremolite (smaragdite) (Tr) and chlorite (Ch1) variably altered to
retrograde assemblages of talc (Tic) and Magnesite (Mgs). The Fo-En-Tr-Chl
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assemblage corresponds to the maximum P-T assemblage found in the
ultramafites in the region (Bucher-Nurminen 1988). Several of the
lithological varieties occurring within the body are not distinguished on
the map while other more easily mappable assemblages are shown. Within a
limited area in the NE (Fig. 3) up to ca. 10 cm long En-prisms and
splinters occur without preferential orientation but evenly distributed in
a Fo-Tr-(Mgs)-(Tic) groundmass. Large jack-straw-textured olivines which
are abundant in the metaperidotites in the Nord-Helgeland region (Bakke &
Korneliussen 1986) were however not found in the @rnstolen lens. Other
varieties include, at loc. 2, (Fig. 3) an En-Fo assemblage only slightly
altered to Tlc, Chl and Mgs; at loc. 3, a Fo-Tr-Mgs rock with subordinate
En-relics and with some T1c and Chl, and a coarse grained En-Fo rock in
which En is partly altered to talic (also at loc. 3). At loc. 6 there is a
Fo-Tr-(En) rock with very strong chioritization of the Fo. In the southern
part of the @rnstolen body a pyroxene and amphibole-rich assemblage can be
distinguished from the other rock-types. A sample from loc. 17 shows a
coarse-grained Ca-rich pyroxene (augite?) partly altered to amphibole (Tr)
with some Fo and Mgs developed. The cpx may be a primary magmatic mineral
only partly altered to a secondary assemblage. The magmatic precursor has
probably been a clinopyroxenite or websterite. In a 2-3 m wide border-zone
against the enclosing garnet-micaschist there is a black, plagioclase-
bearing hornblendite (outermost) followed inward by a green, plagioclase-
free variety.

Six small, medium-grained, granular pale yellowish presumably pure
forsterite pods were located within the more coarse-grained and fibrous
lithologies, see Fig. 3. Five very small chromitite occurrences were
located, four in the Fo-En-Tr- bearing rocks, and one in one of the pale
yellowish forsterite pods. At three of these five occurrences prospecting
work was carried out in the 1860's by the chemical factory Leren
Chromfabrik which based its production of chromium salts on domestic
chromite supplies.

Most of the chromitite remaining in the deposits is low-grade dissemination
ore occurring in short paraliel bands or more irregular clusters. Small
quantities of massive ore remain (e.g. sample K@4-86). The high-grade ore
was usually carefully hand-sorted before it was shiped to the chromium
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factory which based its production (mainly) on the best quality ore. Small
pods (< 0,5 m across) and thin stringers of in-situ massive or strong
dissemination ore outside the claims were also located within the
ultramafic body.

Geochemistry and mineralogy of selected samples of chromitites and host
rocks

The great variety of the @rnstolen rocks is reflected in chemical analyses
of selected specimens from the body. Chemical analyses of chromitites and
different silicate-carbonate 1ithologies are given in Table 4. The table
also includes macroscopic and microscopic descriptions of the analysed
samples. The samples in which PGM were determined by microprobe-analyses
were not analysed chemically, but a mineralogical description of these is
given in Table 5.

Analytical techniques

Polished sections of three chromitite samples and one sample of silicate-
carbonate host rock were systematically examined by both transmitted- and
reflected 1ight microscopy, in the latter case using 200 x magnification.
High-reflectance inclusions were located both in the chromitite and in the
host rocks. Further studies of these inclusions with a scanning electron
microscope (SEM) and quantitative analyses (mainly WDS) with a Jeol 733
microprobe carried out at the Continental Shelf and Petroluem Technology
Research Institute (IKU), Trondheim, Norway confirmed that the inclusions
were PGM, base-metal sulphides (BMS) and a sulpharsenide.

Description of the inclusions and results of analyses

Eight microprobe-analyses were performed on the inclusions found, and the
results are listed in Table 6. More of these inclusions were composite:
both a two-phase PGM-inclusion, a BMS/PGM-inclusion and two BMS/sulph-
arsenide-inclusions were determined in addition to single-phase inclusions.
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A synthesis of the mineral assemblage found is given in Table 7.

Laurite

A7 jm large, euhedral (prism-shaped) inclusion of Os-free laurite was
located in chromite clearly removed from the nearest cataclastic fracture
(Fig. 5A, B). A somewhat darker shade in this part of the host chromite
grain which becomes gradually lighter in other areas of the grain indicates
that the PGM is situated in the least altered or unaltered part of the
chromite grain.

Very few examples of the otherwise common and distinct edge-sharp
chromite/ferritechromite boundary were found in the @rnstolen chromitites.

A 16 Jm large, subhedral two-phase inclusion composed of Os-bearing laurite
and irarsite was also located in the darkest, apparently unaltered part of
a chromite grain (Fig. 5 C,D), but in the latter case only 5 Fm from the
boundary of the host grain.

The chemical composition of both laurites fits well with laurite analyses
from the Titerature (e.g. Cabri 1981, Legendre & Auge 1986).

Irarsite

The irarsite mentioned in the former section makes up the smaller part of
the two-phase PGM-inclusion. The occurrence of an As-bearing PGM in
apparently primary (fresh) chromite is noteworthy. It indicates that As was
available in PGM-formation also prior to chromite formation. Usually As is
abundant in secondary (hydrothermal) PGM, but it is rare in primary PGM.
Though the texture indicates a primary inclusion, a secondary (hydrothermal
origin should not be completely ruled out. The microprobe analysis (No. 3
in Table 6) shows a normal irarsite composition, in this case weakly Rh-
enriched, but Tow in Os, Ru and Pt. |
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Pd-Bi phase (? sobolevskite PdBi)

A minute anhedral PGM-grain (~ 2 um) associated with gersdorffite,
pentlandite and pyrrhotite was detected in a polished section of the host
silicate rock (Fig. 5 I,J). The PGM-grain is situated in the silicates
close to a composite grain of base-metal sulphides. Due to its size the
quantitative analysis of the PGM (analysis 4 in Table 6) naturally shows a
poor total with a substantial contribution from the adjoining silicates.
The recalculated analysis gives a good approximation to stoichiometry, and
the structural formula (Pdo,ga Pto,ozgt(Bio,64 Aug o8 Teo’ogltzgems to indicate
the rare PGM sobolevskite (Cabri 1981, p. 157).

Base-metal sulphides (BMS) and Ni-sulpharsenide

A 20 pm large anhedral-subhedral composite inclusion of millerite,
gersdorffite and secondary sulphides was detected in ferritechromite (?)
close to a grain boundary possibly separating primary chromite from
secondary ferritechromite, suggesting a secondary origin for the inclusion

(Fig. 5 G,H). The difference in reflectance between the two oxide phases is
however very small.

In polished section no. AK-3B of the host silicate-carbonate rock a minute
Pd-Bi grain (earlier described) was detected in association with
gersdorffite, pentlandite and pyrrhotite (Fig. 5 I,J). The main grain in
the (grain-) aggregate consists of pentlandite hosting pyrrhotite-lamellae.
NiAsS occupies a small part of the main grain. The small grain close to the
PGM also consists of pyrrhotite and ?pentlandite. The whole assemblage is
anhedral and measures 140 pm across.

Four individual euhedrai-subhedral inclusions of pentlandite were detected
as primary inclusions in fresh (unaltered) chromite (Fig. 5 E,F). The
composition of one of these pentlandites, measuring 4 x 3 jam, is given in
analysis 8 in Table 6. This analysis shows a PGE-free pentlandite with a
considerable Ni-excess relative to Fe, typical of ptl-inclusions hosted in
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ophiolite chromitite (Auge 1989).

Discussion

The anomalous Pd, Au and Pt-values detected in one of five chromitite
samples from @rnstolen during the pilot study (Table 1 and 2) were not
confirmed by the subsequent PGE follow-up analyses (Table 3) nor by a
search for PGM in sections of other follow-up samples (Table 6 and 7). On
the contrary the follow-up analyses of chromitites and host rocks all gave
low or very low PGE-contents (Table 3). Further only "normal" Os-Ir-Ru-
enriched, primary PGM-inciusions were detected in other follow-up samples
of chromitite, no Pd-, Au- or Pt-bearing phases of significance. Only a
single, minute Pd-Bi inclusion in a host silicate-carbonate rock points to
the presence of a Pd-Au-Pt rich PGM-assemblage (Table 6 and 7). Eventual
Pd-Au-Pt rich phases are assumed to belong to a secondary PGM-assemblage.
The occurrence of the Pd-Bi phase within a completely altered silicate-
carbonate rock supports this viewpoint. Unfortunately there were no
reference materials available for PGM-studies of the Pd-Au-Pt rich sample
(no AK4) after a follow-up analysis of this one which included all six PGE
+ Au (see Table 2).

In ultramafic tectonite bodies and ophiolites the PGE except for Pd are
generally enriched in chromitite relative to the host rocks. The samples in
Table 3 shows on average a 3.5 x enrichment of PGE;,, in chromitite
relative to the host silicate-carbonate rocks. The Pd-values have however
about the same level in chromitites and host rocks. From several places
both domestic (e.g. Osthammeren) and foreign (e.g. Oregon, Stockman & Hlava
1984) it has been documented that Os, Ir, Ru, and somestimes Pt, are
enriched in massive chromitite compared to different types of impregnation
ore such as schlieren-ore, fine-banded impregnation, leopard-ore and fine-
grained dissemination ore. One should therefore expect to find the highest
grades of these elements in the richest chromium-ore. Unfortunately there
was not much rich, massive ore left at @rnstolen, and the best chromitite-
samples analysed must be characterized as belonging to a strong
impregnation-/massive ore transition type. The Si0,-values which directly
reflect the gangue-content in the chromitite are as high as 8.02, 9.00,



101

10.21 and 19.33 wt % in the four analysed chromitites in Table 3, whereas
the four best (i.e. lowest) values from the PGE-rich Osthammeren
chromitites are only 1.73, 2.94, 3.27 and 3.44 wt % Si0,.

The chondrite-normalized PGE-pattern for the Pd-Au-Pt anomalous @rnstolen
sample is peculiar. It resembles the pattern given by samples from the
Cliff chromitite occurrence in the Unst ophiolite complex (Prichard et al.
1986, 1987) with a marked Pd-top and enrichment in Pt and Au (see Fig. 6).
The Cliff pattern 1ies however about one order of magnitude above the
@rnstolen-pattern.

The Pd-(Pt)-(Au) enrichment has not yet been explained mineralogically
(only the minute (% 2 Fm) Pd-Bi-rich inclusion gives a weak indication of
its presence). With regard to the Cl1iff occurrence Prichard & Lord (1989)
and Ixer & Prichard (1989) have demonstrated the occurrence of PGM-
inclusions not only in chromitites, but e.g. in the form of rows of minute
Pd-enriched PGM inclusions along cleavage planes and cracks in primary
clinopyroxene crystals in the host silicate rock.

The following preliminary conclusions can be made:

1) Pd, Au and Pt seem to be very locally strongly enriched in chromitite.

2) There are no anomalous Os, Ir, Ru or Rh-enrichments in any one of the
analysed chromitites. Only a few small Os-Ir-Ru rich PGM inclusions in
chromite are identified.

3) There are no clearly anomalous values of PGE or Au in the host
silicate-carbonate rocks though weak enrichments of Pt and/or Pd occur
in these samples. One single, minute sulfide-associated Pd-Au rich
inclusion in a silicate-carbonate rock however testifies to the
presence of a Pd-Au-Pt rich assemblage in these rocks, and indicates
that the Pd-Au-Pt anomaly found in a chromitite may be a hydrothermal
enrichment situated in the gangue or in late metamorphic (cataclastic)
cracks in the chromite grains.

A geochemical and mineralogical explanation of the unusual Pd-Au-Pt anomaly

should be further sought for scientific reasons: there is definitely no

economic potential in the @Ornstolen body.
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TABLE 1

Content of Pt, Pd and Au in ppb in PGE-enriched chromitites compared with

normal chromitites from ultramafites in central Norway.

Location n Pt Pd Au
Osthammeren 1 760 <2 8
@rnstolen 1 299 1391 718
Skamsdalen 1 178 156 120
Aurtand 1 427 104 5
normal chromitites | a 66 12.0 6.2 10.0
(=non anomalous to

weakly anomalous g 66 6.7 1.8 3.8

samples)

a = arithmetic mean, g = geometric mean.
X
Values below detection 1imits (<x) calculated as 2 -

Detection 1imits were 3,2 and 1 ppb for Pt, Pd and Au respectively.
Analyst: Caleb Brett Laboratories Ltd., St. Helens, UK
Method: Fire assay and atomic absorption spectrometry
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Table 2.

Content of PGE and Au in ppb in chromitite samples from the @rnstolen
ultramafic tectonite body, North central Norway. (Extract of PGE pilot-
project results).

Sample no. Pt Pd Au Os Ir  Ru Rh
AK 1 2 74 32
AK 2 6 <2 138
AK 3 56 63 11
AK 4 299 1391 718
AK 4% 398 1621 832 11 25 41 10
AK 5 7 10 10

Analyst: Caleb Brett Laboratories Ltd., St. Helens, UK

Method: Fire assay and AAS

¥ s ICP-MS follow up analysis performed at Memorial University,
St. Johns, Newfoundland.
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Table 3.

Content of PGE and Au in ppb in chromitite and host ultramafic silicate-
carbonate rocks from the @Ornstolen ultramafic tectonite body, North central
Norway.

Sample no. Os Ir Ru Rh Pt Pd Au
Chromitites
1-1 12 12 42 5.5 4.0 7.0 12
3-1 38 36 54 8.5 160 77 10
3-4 32 27 73 12 5.013 4
9 -1 62 31 68 9.0 72 32 10
average 36 26.5 59.3 8.8 60.332.3 9 223.2 ppb PGEHW

Ultramafic rocks
3-2 10 5.5 25 3.5 16 14 8

3-3 4 <0.5 6.5 0.5 2.012 10
6 -1 2 <0.5 2.5 <0.5 3.532 2
14 -1 4 <0.5 7.5 1.0 72 32 10
17 - 1 <2 <K0.5 4.0 2.5 15 37 4
average 4,2 1.3 9.1 1.6 21.725.4 6.8 63.3 ppb PGE;q;

Analyst: Analytical Services (W.A.) PTY.LTD., Perth, Western Australia (24-05-88)
Method: Fire assay and ICP-Mass spec’

A detailed mineralogical description of the analysed samples is given in Table 4.
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Table 4. Chemical analyses of chromitite-ore and ultramafic host silicate-
carbonate rocks from the @rnstolen ultramafite tectonite lens, North

central Norway.

Location/Sample, Main-element values in wt %, trace elements in ppm,

chromitites |{ultramafic silicate-carbonate rocks
Element 1-1  3-1 3-4 9-1 |3-2 3-3 6-1 14-1 17-1
510, 19.33 8.02 10.21 9.00!37.17 47.99 40.17 40.60 50.42
A1L0, 3.51 6.61 6.24 12.32| 1.44 1.40 2.17 0.43 1.95
Cr,0; 21.31 (43.86) 28.23 24.76, 1.62 1.07 1.01 0.89 1.03
Fed 4.49 4.80 4.04 8.41 3.66
Fe,0, 0.95 1.65 2.37 1.10 0.78
Fe,0 101 20.32 26.77 22.09 21.41
Ti0, 0.04 0.06 0.13 0.09] 0.03 0.01 0.04 0.01 0.04
MgO 28.52 16.61 18.87 14.16 ' 38.78 40.75 34.67 42.96 19.82
Ca0 0.12 0.04 0.13 0.05| 3.27 0.15 4.52 3.47 19.36
Na,0 0.19 <0.10 0.13 0.17, 0.35 0.33 0.41 0.37 0.42
K,0 <0.01 <0.01 <0.01 <0.01| 0.02 <0.01 0.05 <0.01 <0.01
MnO 0.55 0.36 0.36 0.23| 0.14 0.12 0.11 0.17 0.10
P,0s <0.01 <0.01 <0.01 <0.01'<0.01 <0.01 <0.01 <0.01 0.02
H0 0.41 0.86 1.11 2.69] 1.79 7.10 1.34 1.51
H,0" 0.02 -  0.05 0'07l 0.03 0.40 0.05 0.06
c0, 0.12 1.45 1.56
Lol |11.37
TOTAL 101.38 99.18 94.34 103.91 87.57 84.97 99.67 100.23 98.52

|

Nb 5 <5 <5 <5 | <5 <5 5 <5 <5
r 13 14 16 13 | 14 14 16 12 14
Y 5 <5 <5 <5 | <5 <5 <5 <5 <5
Sr 5 <5 <5 <5 7 << 11 11 8
Rb 5 <5 <5 G5 |5 B B <G5 <5
Zn 513 831 600 809 | 40 37 22 22 16
Cu 31 6 9 291 | 6 <5 <5 28 14
Ni 0.31% 0.16% 0.19% 0.16%| 0.17% 0.18% 0.17% 0.11% 203
v 168 639 696 702 | 52 40 35 36 118
Ba 18 16 24 19 l«o 10 12 <10 15
Pb <10 <10 <10 <10 | <10 <10 <10 <10 <10
Co 321 345 314 323 | €2 101 91 138 42
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Table 4 (continued)

Description of samples (description of hand-specimens (all samples) plus thin

sections (silicate-carbonate rocks only)

CHROMITITES
Location/Sample no. (First number is location number refering to Fig. 3.
Second number is sample no. from the actual locality).
1-1: Fine-grained, weak dissemination ore with (?) forsterite gangue.
3-1: Fine-grained ore, transition between strong dissemination and massive
ore.
3-4; Strong dissemination/massive ore.
9-1: Strong dissemination ore / massive ore in thin strings and small

clusters.

ULTRAMAFIC SILICATE - CARBONATE ROCKS

3-2:

6-1:

14-1:

17-1:

Medium- to coarse grained greenish-glassy rock with bright green
tremolite-prisms (smaragdite). Forsterite (Fo) - tremolite (Tr) -
magnesite (Mgs) assemblage with subordinate remnants of enstatite (En).
Some alteration to talc (T1c) and chlorite (Ch1). Estimated composition:=
30 vol.% Fo, ~30% Tr, =~ 20% Mgs, < 10% En, < 5% Tlc and < 5 % Chl.
Observed mineral transitions: Tr—> Mgs + Tlc; Fo—>Mgs; En>Tlc

Light yellowish green - pale brown, medium to coarse-grained En-Fo rock
with cm-long pale enstatite-sheaves. Estimated composition: =z 30% Fo, =
50% En, = 20%T1c derived from En. Chl rims altered chromite (Chr)
grains. Fo developed as a corona between Chr with surrounding Chl and
enclosing En.

Red dark grayish green, medium-coarse grained Fo - (Tr) - (En) rock with
some alteration. Estimated composition: & 35% Fo, = 15 % Ch1 derived
from alteration of Fo, & 20% Tr, & 20 % Mgs and = 10% En. Observed
mineral transitions: Fo—>»Chl; Fo—>Mgs; Tr—>Mgs.

Medium grained, glassy grayish to bright green Fo -(Tr) - (En) rock with
some alteration. Estimated composition: & 70% Fo, = 15% Tr, & 10% Mgs, <
5% T1c and < 5% (?) En. Observed transitions: Tr—>Tlc + Mgs; three
intergrown/partly dissolved Tr-crystals, i.e. three generations of
unstable Tr.

Medium grained, patchy dark grayish black to light green Cpx-Tr rock.
Estimated composition: = 50% secondary Ca-rich, fine-grained medium-
grained amphibole, % 30% primary (?) rel. coarse grained Cpx (augite or
diopside), = 10% Fo, ~~ 5% Mgs and < 5 % (?) En. Observed transitions:
Cpx~—>Tr.
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Mineralogical description of samples investigated by microprobe

(see Table 6 and 7).

Sample no.

K@ 1B:

KO 2A:

K@ 3B:

K@ 4:

Chromitite. Fine-grained, low-grade chromite dissemination in parallel
bands. Chromite (Chr) is strongly/totally altered to ferrite-chromite
(Fe-Chr). Gangue composed totally of forsterite (Fo).

Chromitite. Fine-grained, rel. weak chromitite dissemination. Chr
strongly altered to F-Chr. Gangue composed of Fo which is partly
retrograded. Estimated gangue-composition: « 60 vol-% Fo, « 20%
magnesite (Mgs), & 10% talc (Tic) and =« 10% secondary, fine-grained
amphibole (? Tremolite (Tr)).

Medium-grained patchy yellowish - 1ight green Fo -(Tr) rock. Estimated
composition: ¢ 70% Fo, =~ 20% Tr, < 5% Chr, Fe-Chr and Mt and « 5% Mgs.

Chromitite. Transition very strong impregnation/massive ore. Chr is
partly fresh and partly altered to Fe-Chr. Estimated gangue-composition:
270% Fo and = 30% chlorite (Chl) and a secondary fibrous amphibole.
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Table 7

Paragenesis of platinum-group-mineral (PGM), base metal sulfide (BMS) and sulfarsenide inclusions
in chromitites, and a host ultramafic silicate rock, @rnstolen ophiolitic tectonite body, north

central Norway.

polished section no.

Kg-1B

K@-
2A

Ko-4

K@-3B

grain/grain-aggregate no.

PGM-phases

laurite RuS,

Os-laurite (Ru, 0s)S;

jrarsite IrAssS

(Pdp, 08Pto.02)= 1.00
(Bip, 4Aug,28Te0,08) £1.00
7 sobolevskite

‘@

BMS and
sulfarsenide

pentlandite (Ni, Fe)gSg

tO

10| 0O

bravoite (Ni, Fe)S, and/or
violarite FeNi,Sy

heazlewoodite Ni3S;

pyrrhotite Fey xS

gersdorffite NiAsS

Millerite Nij_4S

QO = primary euhedral/subhedral inclusion

@ = secondary and/or altered anhedral grain/grain-aggregate

section 1B, 2A and 4 are chromitites

section 3B is a host ultramafic silicate rock to the chromitites

113:
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CAPTIONS FOR FIGURES

Fig. 1. Location of the @rnstolen ultramafic body within the Scandinavian
Caledonides. The location of the PGE/PGM-rich Osthammeren
serpentinite lens referred to in the text is also shown.

Fig. 2. Simplified geological sketch map of the Hestmona-Redsy district,
North-Helgeland region showing the location of the @rnstolen body
(arrow) and neighbouring ultramafic tectonite bodies (black)
hosted in Caledonian metasedimentary rocks (micaschists and
micagneiss) (inclined line). Precambrian to Cambro-Silurian
granitic gneisses, etc. (non-patterned areas). Map compilation
based on Gustavson & Gjelie (1987) with some ultramafic bodies
from Korneliussen (1976) and Rekstad (1925).

Fig. 3. Simplified 1itological map of the @rnstolen body showing
chromitite occurrences and sample locations described in the
text. Key to map symbols: non-patterned areas in ultramafite:
Forsterite (Fo) - Tremolite (Tr) - Enstatite (En) rock;
horizontal line: isolated Fo-pods/lenses; fine-dotted area: Fo-
Tr-magnesite (Mgs) rock with disseminated large En-needles;
vertical line: Tr-altered clinopyroxenite/olivine websterite;
inclined 1ine: transition area; dashed 1ine: host
micaschist/micagneiss; brick pattern: cailcite marble horizon.

X = worked chromitite (Chr) occurrence; ® = unworked Chr-
occurrence;

® = main hand-sorting place; ©O = sample location in
silicate-carbonate rock. Numbering refer to samples
tabulated or described in the text.

Fig. 4. A: Dismembered schlieren and pods of chromitite (Chr); B:
alternating Chr and silicate-carbonate layers; C: remaining low-
grade Chr-mineralization at loc 1 in Fig. 3; D: En-prisms and
splinters in a Fo-Tr-(Mgs)-(T1c) groundmass; E: sample of fine-
grained Chr-dissemination; F: sample of strong dissemination/
massive ore (transition type).

Fig. 5. Photomicrographs (A - I) and back-scattered electron images (BEI)
(J-L) of PGM, BMS and sulfarsenide inclusions in chromite (Chr)
and host rock. Grain numbering refer to Table 6 and 7. A, B: 0s-
free laurite prism in Chr (grain no. 4); C, D: composite
inclusion of Os-laurite and irarsite in Chr (3); E, F:
pentlandite inclusion in Chr (6); G,H: composite BMS/sulfarsenide
inclusion in Chr (7); I: composite PGM, BMS, sulfarsenide grain-
aggregate hosted in silicate-carbonate rock (10); J: Pd-Bi phase
(1), pentlandite (2), pyrrhotite (3) and gersdorffite (4), in
grain-aggr. no. 10; K: irarsite (1), Os-laurite (2), not
identified (3) in grain no. 3. L: millerite (1), gersdorfite (2)
and bravoite/violarite (3) in grain no. 7.

Fig. 6. Chondrite-normatized PGE-patterns of Ornstolen chromitites and
ultramafic rocks; data for Cliff, Shetland from Prichard et al.
(1987) and Gunn (1989).
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2.4 Hydrothermal gold-enriched iron and iron-copper occurrences in the
Hatten ultramafic tectonite lens, Hattfjelldal by L.P.Nilsson
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HYDROTHERMAL GOLD-ENRICHED IRON AND IRON-COPPER OCCURRENCES IN THE HATTEN ULTRAMAFIC
TECTONITE LENS, HATTFJELLDAL, NORWAY: A PRELIMINARY REPORT

Introduction

Mineral occurrences composed of magnetite, copper-sulphides and/or iron-sulphides .
hosted (directly) by serpentinite or by lenses of hydrothermal quartz in serpentinite
represent a very rare ore type in the solitary ultramafic tectonite (= serpentinite)
lenses in the Scandinavian Caledonides. However in the Hattfjelldal-Krutddal area in
the central part of the Caledonides minor mineralizations of these assemblages occur
abundantly in ultramafic bodies.

The aim of this account is to give a short field description based on a
reconnaissance of the Hatten ultramafic body in 1987 and a presentation of analytical

results obtained from the samples collected.

Brief review of earlier work

0.A. Corneliussen (1891) was the first to give a detailed description of the minor
iron- and copper-bearing occurrences situated on the top plateau of the very steep-
sided ca. 0,7 km? large "Hatten" (= the hat) ultramafic tectonite body. Corneliussen
mentions pyrrhotite in hydrothermal quartz and chromite ore from the neighbouring
ultramafic bodies.

J.H.L. Vogt (1894) treats these occurrences in one of his larger works dealing with
classification of ore deposits. He states that they resemble the "Monté/fatini type"
of Cu mineralization in serpentinite or ophiolitic rocks known from Tuscany, Italy
and several other occurrences in the Mediterranean countries. In accordance with his
view of ore deposit formation in general Vogt keeps the possibility open for a
magmatic differentiation process also in this case.

G. Holmsen (1913) was the first to undertake a regional geological mapping of the
whole Hattfjelldal area. He discovered most of the ultramafic bodies in the area and
mapped the outline of these. Holmsen further recognized what he interpreted as
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several generations of intrusions of ultramafic magma, namely (serpentinite) dykes
surrounded by schistose serpentinite within the ultramafites.

The files of the NGU-Bergarkivet (archives) show that 15 showings of iron-copper
mineralization and 3 chromite showings in the Hatten body were reported to the mine
superintendant in the years 1860 and 1874. Corneliussen (1.c.) reports work done at
two of the iron-copper showings only. In addition six pyrite showings are reported
from the Gryttined body on north side of the Krutvassdalen. Several of the ultramafic
bodies are indicated on the geological map-sheet Hattfjelldal, scale 1:50 000
(Dallmann 1986), based on mapping by W.K.Dallmann and L.K. Stelen. Stelen, who
treated the ultramafic bodies in a cand. scient. thesis (Stelen 1985), has found
cumulate chromite enrichments in the Reddiken ultramafic body close to the Ressvatnet
lake, and further chromite mineralization in a serpentinite body south of
Grensetjern close to the Swedish border. In this same area (Krutddal) several Pb-
occurrences are reported in the phyllites hosting the serpentinite bodies, and this
whole region (of the Caledonides) hosts a number of significant Zn-Pb, Pb-Zn and Pb-
Ag-(barite) deposits.

A platinum analysis of chromium ore from "Hatfjeld" (=Hatten) giving 0.83 ppm Pt has
been reported (Lunde & Johnson 1928). There are, however, no precise locality
descriptions of the 3 chromite showings on the Hatten body or of any of the other
ultramafic bodies in the area. None of the 3 chromite showings on the Hatten body
were therefore found during the present author's reconnaissance.
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Distribution, setting and constitution of the ultramafic tectonite (serpentinite)
bodies

A11 the ultramafic bodies in the Hattfjelldal area are situated in the eastern part
of the area, within the Joesjt Nappe (Dallmann 1986). This nappe is a part of the
Lower K611 Nappe Complex which in turn represents the upper part of the Upper
Allochthon (Gee et al. 1985).

The ultramafic bodies are hosted in phyllites, greenstones and greenschists
(Gustavson 1981, Dallmann 1986). The Lower K&1i Nappes are thought to represent a
single, possibly composite terrane (the Virisen terrane of Stephens & Gee (1985))
comprising bimodal volcanic rocks related to an ensimatic rifted-arc development.
These are associated with various phylites and both solitary ultramafic complexes and
detrital ultramafites (Stephens et al. 1985, Stephens & Gee 1989).

The Hattfjelldal ultramafites and host rocks are metamorphosed under greenschist
facies conditions producing a partial or total serpentinization of the primary
olivine and olivine-pyroxene rocks. The smaller bodies generally show stronger
alteration than the larger ones, the inner parts of which show primary minerals.

The Hatten body seems to represent a fragment of harzburgite. A single 50-100 m wide
and ca. 700 m long dunite body transects the harzburgite on the top plateau of Hatten
in an E-W direction. Towards the west this body divides in two major branches one of
which crops out in the ca. 200 m high vertical southern cliff of Hatten. The outcrop
of the Hatten ultramafite with its 330 m difference in altitude between the lowest
and highest points provides an excellent three-dimensional view of the lens-shaped
body which measures ca. 600 x 1200 m in horizontal section.

The dunite body interfingers with the harzburgite on a local scale producing what
lTocally resembles magmatic layering. Generally, however, the border is quite
irregular, leaving no doubt that the dunite is "intrusive" into or crosscuts the
harzburgite.

The harzburgite and dunite both, of which are strongly or totally serpentinized are
easily distinguishable even at a considerable distance. The former weathers with a
greyish-brown colour, the latter brownish-red (almost brick-red).
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Shear-zones on the Hatten plateau and their associated iron- and iron-copper
mineralizations

On the Hatten plateau several parallel, very fine stipes or fissures to coarser
joints, etc. (probably) representing shear zones run approximately WNW-ESE, parallel
to a more or less well-developed cracking of the serpentinized rocks. Of the earlier
workers dealing with the geology of Hatten only Suhrland (1861, page 232) has
emphasized these structures.

Several quite small occurrences of magnetite and magnetite plus copper-sulphides are
associated with the shear zones which seem to postdate the sepentinization of the
ultramafite. Newly formed serpentine has individual crystals oriented along the
smaller and larger lineaments making up the shear zones. Due to heavy overburden on
the neighbouring phyllites the writer was not able to acertain whether the shear
zones could be traced from the ultramafite into its host rocks.

Six of a total of 15 reported showings on the Hatten body were visited, and five were
sampled for chemical analysis (loc. 1 - loc. 5). The dunite and harzburgite were also
sampled (see Table 1). A small collection of samples were first analyzed for Au and
PGE at Analytical Services (W.A.) PTY.LTD in May 1988, see Table 2.

Table 1. Mineralized and unmineralized locations sampled on the Hatten solitary
ultramafite, Hattfjelldal, Norway.

Loc. 1 mt - (Cu-sulphide mineralization)
2 mt - (Cu-sulphide " ) Cu-richest
3 mt
4 mt - (Cu)
5 mt - (Cu)
(6) mt not sampled
7 serpentinized dunite
8 serpentinized harzburgite
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Table 2. Content of Au and PGE in ppb in samples from the Hatten solitary
ultramafite, Hattfjelldal, Norway

Loc./sample Os Ir Ru Rh Pt Pd Au
1 2 2.0 <0.5 1.5 160 11 250
DUP 110 10 2.0 2.5 120 6.5 240
2 2 1.0 <0.5 1.5 0.5 17 550
Dup 100 9.0 4.5 4.0 7.5 12 530
5 <2 0.5 4.0 1.5 2.0 12 200
DUP 80 8.5 4.5 3.5 4.5 11 190
7 4 2.0 15 1.0 7.0 7.0 6
8 4 2.0 10 2.0 4.5 7.0 <2

Table 2 shows that the mineralized samples are enriched in Au, though the values are

only qualitative, and to a lesser degree in Pt (sample 1 only). The duplicate values
for Os and Ir are not relijable.
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Due to the anomalously high Au-content shown by the mineralized samples in the
reconnaissance analyses (Table 2) it was decided to analyse a broader collection of
the mineralized material sampled from Hatten.

The material was sent to ACME Analytical Laboratores Ltd., Vancouver, Canada in the
middlie of November 1989 and results reported back Nov. 22nd 1989, see Table 3.

The results in Table 3 confirm the earlier results in a broad sense. Gold is enriched
in the iron-copper mineralized material, though irregularly. This may be due to a
nugget-effect in the Au enrichment. Table 3 shows that there are no unambigous
positive Au-Cu and/or Au-Fe correlations, though the two most Au-rich samples are
also rich in both Cu and Fe.

A study of the ore mineralogy is in progress. Table 3 indicates that no minerals are
specific accompaniments to Au. Ag, As, Sb and Bi do not occur at anomalous levels and
show no positive correlation with Au. Te contents are however not available.
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2.5 Platinum group minerals (PGM), gold and associated minerals in the
Raudberg field ultramafic tectonites, Vik, Sogn og Fjordane, western
Norway by S.Bakke, T.Boassen and L.P.Nilsson.
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INTRODUCTION

The subsurface size of the Raudberg field ultramafic tectonite complex was
discovered as a result of a semi-regional soapstone prospecting program
which was started in 1981. The field is situated around the mountain
Raudberg 900 to 1100 m above sea level and 8 km south of Framfjord, Sogn og
Fjordane, Western Norway (Fig. 1).

Three large and several minor strongly tectonized ultramafic bodies
covering about 3.2 km® i horizontal section consisting mainly of
metadunite, serpentinite and soapstone from the core outwards, were
discovered during the program (Fig.2). The economic feasibility of
exploiting the very large amounts of soapstone is under assessment at
present. In addition the almost pure forsterite dunite and the contents of
Ni/Co-sulphides, and -arsenides have been studied with aims to evaluate
whether they could contribute to the economy of an eventual mining
operation. Moreover, a preliminary study of the contents of PGM in core
samples has been carried out.

This paper will document the main results of this preliminary study based
on SEM/microprobe investigations of PGM, Au, sulpharsenides, sulphides,
arsenides and oxides in heavy mineral concentrates, derived from samples
from one of the diamond drill cores from the Raudberg field ultramafic
tectonite complex.

GEOLOGICAL SETTING AND CONSTITUTION OF THE ULTRAMAFIC BODIES

The Raudberg field is situated at the western margin of the Caledonides in
South Norway, in the Lower Allochthon (Sigmond et al. 1984, Gee et al.
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1985), between the Precambrian gneiss basement to the NW and Middle
Allochthon Jotun Nappe Complex (Sigmond et al. 1984, Gee et al. 1985) to
the SE (Fig. 1). The lower Allochthon consists mainly of different
phyllonitic rocks and mica schists with tectonized lenses of amphibolite,
gneiss, quartz-shist, trondhjemite(), calcite marble and different types of
ultramafic rocks (Lyse 1982). A few hundred meters east of the field the
Bulko Nappe (Lyse 1982), the lower sheet of the upper Bergsdalen Nappe
(Kvale 1960, Sigmond et al. 1984) wedges out northwards.

Two main and several minor deformation phases have affected the field. The
oldest main phase is characterized by tight, almost isoclinal folds with
amplitudes of 5 to 10 m and wavelengths of 2 to 5 m and axes extending SW-
NE, corresponding to Ingdahl's (1986) F2 with age late Silurian to early
Devonian. The youngest main phase is characterized by open folds with axes
perpendicular to F2 with amplitudes of 1 to 5 m and wavelengths of 5 to 20
m, corresponding to Ingdahl's (1986) F3. The rocks have suffered retrograde
metamorphism after a maximum of approximately lower amphibolite facies
metamorphism,

The ultramafic bodies show a common zonation with a dunite core grading
into serpentinite and soapstone outwards. The volume fractions of these
rocks are dependent on the size of the uitramafic bodies. In general the
soapstone mantle is about 8 m and the serpentinite zone 10 to 20 m thick.
The rest of the body's core is mainly dunite. This means that bodies with
the shortest axis less than about 16 m consist solely of soapstone. The
contacts between the ultramafic tectonite bodies and the their country
Eocks)show classical examples of metasomatism as described by e.g. Sanford
1982).

The dunite is mainly white to 1ight grey with Fo 97-98 equigranular olivine
grains with magnetite inclusions probably caused by early progressive
metamorphism of serpentinite as described by Pactunc (1984). The magnetite
pigment causes high magnetic susceptibility in the dunite and partly in the
serpentinite. The serpentinite surrounding the dunite is derived from it
and consists mainly of antigorite with varying amounts of chlorite,
magnesite and/or breunnerite. The serpentinite grades outwards into the
soapstone mantle which consists mainly of 60/40 talc/breunnerite. The
polyphase metamorphism has destroyed ailmost all primary structures, only
faulted and folded chromitite layers and a few 10 cm thick possible
metapyroxenite (?) layers in the serpentinite zone being preserved.

The Caledonian deformation phases have controlled the shape of the
ultramafic bodies. The two main phases have forced the extremely
incompetent soapstone to flow in a ductile state into low pressure areas
and have changed the original about 8 m thick soapstone mantle into a few
cm thick zone in high pressure areas and commonly over fifty meters thick
concentrations in low pressure areas. Pressure differences are caused by
the competence contast between the incompetent phyllonitic rocks and
soapstone, and the competent serpentinitic and dunitic parts of the
ultramafic tectonites.

Varying amounts of Ni/Co-sulphides and arsenides of different types are
found in all the ultramafic rock types. In general the forsteritic dunite
core contains mainly heazlewoodite and cobaltite as Ni/Co bearing minerals,
the serpentinite mainly gersdorffite and some heazlewoodite, cobaltite and
pentlandite occurs, and in the soapstone pentlandite is the main Ni(/Co)-
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bearing mineral with minor gersdorffite. The general trend in the
ultramafic bodies is that in Ni/Co-bearing suiphides/arsenides As and Ni
decreases from the core outwards and S increases. Other Ni/Co
sulphides/arsenides observed as accessories are maucherite and millerite in
dunite and serpentinite, and linnaeite group minerals in soapstone (Aarflot
1984).

ANALYTICAL TECHNIQUES

Sample descriptions

Four investigated samples were taken from one single drillhole in the §E
part of Raudberg ultramafic body (Fig. 2), penetrating sections of dunite,
serpentinite and soapstone. Table 1 summarizes the composition of the

samples.

Table 1. Composition of drill-core samples selected for noble-metal
studies.

Sample no. Length Lithology Mineralogy
1 21.0 m Dunite
2 21.9 m Upper serpentinite
3 9.2 m Lower serpentinite
4 14.1 m Lower soapstone

Sample preparation

Sample preparation was performed at NGU's mineralogical lab. Each sample
was first crushed in a jaw-crusher, then ground in a disc-mill and sieved.
The sieve-fraction < 250 am was used in the subsequent waterboard
separation. The heavy mineral concentrates from the waterboard were treated
on a free fall weak-magnetic-field separator for removal of magnetite,
followed by separation in three stages using heavy liquids (spec. gravity
2.96, 3.3 and 4.0). The concentrates from the last heavy liquid (Clerici)
separation were further treated on a "Gold-hound" automatic rotating
washing pan designed especially for panning gold and other very heavy
minerals 1ike the PGM. In this particular case the pan was tilted to
recover also a small fraction of the more aboundant oxide- and sulphide
minerals in order to get a heavy mineral concentrate at all. Both the heavy
mineral concentrates and the "tailings", which later on proved to consist
of the same minerals, from the "Gold-hound" panning were collected. The
"tailings" were treated further by Frantz magnetic separation in several
steps.

The concentrates obtained by this procedure, 13 in number, were then
studied in a binocular lens, and selected mineral grains were identified
using a Debye-Scherrer camera. A summary of microscopic and Debye-Scherrer
mineral identifications and the laboratory treatment is given in Table 2.

Table 2. Preparation of the concentrates and minerals identified by



binocular lens and Debye-Scherrer camera.

Concentrate derived from treatment minerals identified
no. sample no.
1A 1 G.h chr, hz
2A 2 G.h chr, ger, nic, ptl
3A 3 G.h chr, py, ger, ptl
4A 4 G.h py, ger, pti
1B 1 mag. 0.7 A chr, hz, tre(?)
1C 1 unmag. 1.6 A py, hz
2B 2 mag. 0.1 A chr, pol, ptl, hem
2C 2 unmag. 1.6 A chr, ger, ptl
3B 3 mag. 0.5 A chr, ptl
3C 3 mag. 0.7 A chr, py, ptl
3D 3 unmag. 1.6 A chr, ptl
4B 4 mag. 0.3 A chr, py, ptl
4C 4 unmag. 1.6 A chr, py, ptl

Treatment: The "A" concentrates are heavy mineral concentrates from "Gold
hound" (G.h) panning. The "B", "C" and "D" concentrates are tailings from
the "Gold hound" panning, further separated on Frantz separator.
Identified minerals: chromite (chr), heazlewoodite (hz), gersdorffite
(ger), niccolite (nic), pentlandite (ptl1), pyrite (py), trevorite (tre),

polydymite (pol) and hematite (hem).

The concentrates were then mounted in epoxy and polished. Further studies
were done with an EDS system on a Jeol 733 Superprobe Scanning Electron
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Microscope (SEM), quantitative analyses were done with the WDS equipment on
the same SEM. The EDS/WDS investigation revealed a number of platinum group

minerals (PGM), gold, sulpharsenides, and associated sulphides and

arsenides as listed in Table 3.

Twenty-seven quantitative analyses were carried out on the PGM and

associated phases, and a selection of these is listed in Table 4. Analyses

are first corrected only for interference. Thereafter analyses are
recalculated to 100 % after subtraction of "contaminating" elements from

the host phases, and thirdly atomic concentrations are calculated from the
corrected analyses. Subtraction of elements due to "contamination" from the

host phases is difficult and the results are therefore tentative. The PGM
grain-aggregates show rather complex compositions and textures. To
illustrate this, back-scattered electron images (BEI), a mineral location

map and X-ray images of several elements present in the PGM, accompany the

description.
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Table 3. Summary of PGM, associating minerals (hosting or bordering PGM)

and non-associated minerals (not in direct contact with PGM) found by EDS
and WDS analyses.

Consentrate no. 1A|2A{3A }4A |1B [1C |2B|2C|3B|3C|3D|4B [4C

PGM-phases
irarsite (Ir,Rh,Pt)AsS A
iridosmine Os,Ir,(Pt) A%
ruthenian osmium Os,Ir,Ru A
geversite PtSb,
isoferroplatinum Pt;Fe
Pt-Fe- alloy A
Cu-Au-0s-Pt- alloy A
michenerite PdBiTe A

Phases associated with or

non-associated with PGM.

> >

| dlg

native Au o |@

breithauptite NiSb o oA

niccolite NiAs 030 (0|®@ 0|0

heazlewoodite Ni,S, A AA A
pentlandite (Ni,Fe)yS, 0 0AA|O|O Alo|o
gersdorffite (Ni,Co)AsS ot (o) o) ot 0?2
cobaltite CoAsS o3 )

chalcopyrite CuFeS2 o)

galena PbS (o) (o) (o)
barite BaS0, (oMo (o]
Te-Bi-Se-phase ®

Te-Bi-phase (e)
Te-bearing phase ®

chromite 0|0

Fe-Mg-Ca-(Mn)ox (0]

uraninite o

monazite

A - PGM and associated minerals (microprobe analysis)

A= PGM and associated minerals (EDS-determination only)

@ = minerals non-associated with PGM (microprobe analysis)

O = minerals non-associated with PGM (EDS-determination only)
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DESCRIPTION OF PGM, NATIVE Au AND ASSOCIATED MINERALS, - AND ANALYTICAL
RESULTS

Sulpharsenides

Irarsite is the only PGE sulpharsenide detected in the present study. The
mineral occurs in three of the thirteen concentrates examined, in each case
as anhedral inclusions hosted in heazlewoodite, see Figures 3, 4 and 8D The
grain-sizes range from 3 to 8 um. In concentrate no. 2C irarsite is
intergrown with other PGM, in concentrate no. 2B the mineral is clasely
associated with gersdorffite, whereas in concentrate no. 4C irarsite occurs
as an isolated single-phase inclusion in heazlewoodite. The composition of
the irarsites detected is given in in Table 4, analyses 1, 2 and 3.
Analyses 1 and 2 show a Pt-enriched and Rh- and Ru-bearing intermediate
member, whereas analysis 3 reveals an almost Ru-free, Rh-enriched
composition.

The atomic proportions of the elements are plotted in the ternary system
IrAsS - RhAsS - PtAsS, Figure 9. The composition of the irarsites fits well
with irarsite compositions given in the literature, summarized e.g. in
Cabri (1981) and Tarkian (1987).

Osmium-rich alloys

Os-rich alloys were identified in concentrates no. 2C and 3A. In
concentrate no. 3A the Tower part of an only 3 um large two-phase inclusion
in heazlewoodite and ?pentlandite is occupied by ruthenian osmium Os,Ru,Ir,
(Figure 5). In concentrate no. 2C the central part of the 16 um large four-
phase PGM-inclusion is occupied by what is interpreted as iridosmine Os,Ir
or native Os. The compositions of the two Os-rich alloys found are given in
Table 4, analyses 4 and 5.

Analysis 4 in Table 4 is interpreted as an alloy of Os with some Ir, but
with only minor amounts of Ru present. The relatively high amount of Pt in
the raw analysis is probably largely due to Pt-radiation from the
neighbouring Pt-rich PGM, see the complex intergrowths of the PGM-phases
and the small size of the total PGM aggregate in Figure 4. Due to the
intergrowth and size even the X-ray image(s), which is often informative
about the presence of an element, does not give any significant information
in handling this particular problem. Cabri (1981) in his Tables 8.50 and
8.51 does not report iridosmine or "osmium" with more than 2.6 wt% Pt. In
the this case it is impossible to state or even estimate how much Pt is
present (if present at all) in the alloy, but 13.11 wt% as the raw analysis
shows is definitely a value several times too high. To avoid poorly based
speculations Pt is therefore eliminated together with As, S, Sb etc. in the
corrected and recalculated analysis 5 in Table 4. According to Harris and
Cabri (1973) this composition plots in the field of "iridosmine". Both the
ruthenian osmium found in concentrate 3A and this last one are plotted in
the triangular Os-Ir-Ru diagram of Harris and Cabri (1973), see Fig. 9.
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Platinum-rich alloys

Alloys containing essentially Pt and Fe were detected in concentrates 2B
and 2C (analyses 7 and 6 in Table 4). In cons. 2B the Pt-Fe-alloy occurs as
two small patches, one at each end of an anhedral inclusion of
breithauptite (NiSb) hosted in heazlewoodite (Figure 3). Due to the size of
these patches (the largest is approximately 3.5 um) the raw analysis (no. 7
in Table 4)is naturally severely disturbed by Ni- and S-radiation from the
host heazlewoodite. However, the analysis is astonishingly little affected
by the neighbouring breithauptite (only 0.04 wt% Sb in the analysis). After
correction for Ni, S and elements present in small amounts, there remains
some Fe which can best be ascribed to the Pt-rich phase. After this
correction the recalculated analysis no. 7 reveals a Pt-Fe alloy with
minor Os and Ir probably substituting for Pt. It is impossible from the
analysis to interpret the alloy as isoferroplatinum (ideal Pt.Fe) or
tetraferroplatinum (ideal PtFe), it can only be labelled "Pt-Fe alloy".

Also in the case of analysis 6 in Table 2 the raw analysis is severely
disturbed by Ni- and S-contamination from the host heazlewoodite. However,
after identical corrections and recalculation, analysis 6 fits very well
with isoferroplatinum Pt;Fe reported from a variety of locations (Cabri
1981, Table 8.75).

Cu-Au-0s-Pt-alloy

The upper part of the PGM bearing inclusion in concentrate no 3A (Fig. 5)
consists of a Cu-rich Cu-Au-0s-Pt alloy, the composition of which is shown
in analysis 8, Table 4. The atomic proportions of the elements presented in
analysis 8 after recalculation give an unusual alloy with composition
c“ossA” 7055.09Pt0.06s OF ca. Cu,(Au,0s,Pt) which has not been reported
ear11er?? . 1i%%hisRase the X-ray images in Figure 5. support the
analysis. The X-ray image of Os for instance shows that Os is clearly
present in this Cu-rich phase and not only a result of radiation from the
lTower Os-rich part of the inclusion.

Platinum-Antimonide

In concentrate 2C (Fig. 4) a Pt-antimonide is intergrown with other PGM and
hosted in heazlewoodite. The raw-analysis no. 9 in Table 4 of this phase
is, l1ike several of the other analyses, severely disturbed by Ni- and S-
contamination from the host heazlewoodite. After subtraction and
recalculation, however, the atomic proportions of the elements present show
that the Pt-antimonide is geversite (ideal PtSb,), in the this case with
some Sb-excess in the structural formula.

Pd-Bi-telluride

In concentrate no. 3B a 17 um large inclusion of a Pd-Bi-telluride was
Tocated in pentlandite, Fidure 8c. Analysis no. 10 in Table 4 revealed
after recalculation (subtraction of Ni, Fe and S from the host pentlandite)
a michenerite composition (Pd; 4Pty o3)e (Bi, aaSby n2) Te with
some Pd-excess compared with ﬁf%henéf%té'%%mpoé% ?oﬁ%oadggég byld§kri
(1981) p. 155. The Pd-excess is not in agreement with experimental studies
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carried out by Hoffman and MacLean (1976) who demonstrated a narrow Pd-
range from 31.5 to 33.2 at% compared with 34.7 at% in the present case. The
reason for this deviation from the experimental results may be due to the
poor total sum of the analysis (113.56 wt%) which in its turn may be caused
by a weakly tilted surface of the PGM-inclusion (indicated by the back-
scattered electron image, Fig. 8c) and hence uneven radiation of the X-
rays.

Native Gold, associated minerals and non-associated minerals

Native Au was detected in concentrate 1B, and possibly in concentrate 3A
(EDS-scan with Au included in the element association found). In
concentrate 1B, Fig. 6, Au is associated with niccolite and a Fe-Mg-Ca-(Mn)
oxide(?) grain. A quantitative analysis of the Au-grain revealed pure Au
without significant Ag or other elements present, analysis 11 in Table 4.
An analysis of the associated niccolite (no. 15 in Table 4) contained small
and apparently significant amounts of Os, Ir, Pt, Pd and S (the
significance criterion is: peak radiation is higher than three times the
square-root of background radiation). However similar trace amounts of PGE
and Au also occur in all the analysed heazlewoodites and in an analysis of
the pentlandite-standard used. The small amounts of PGE and Au in these
minerals are not real but caused by element interference, see Table 4.

Minerals associated with PGM and Gold

From Table 3 we can see that the only phases found hosting PGM are hz and
ptl of which hz seems to be the more important. In concentrate 2B, Fig. 3,
a Ni-antimonide is associated with the PGM. When Ni and S from the host hz
and Pt and Fe from the neighbouring PGM are removed from the raw-analysis
(no. 12 in Table 4), there remains a relatively pure Ni-antimonide close to
stoichiometric NiSb (breithauptite) in composition. Niccolite and an oxide
(probably a spinel) are the only phases found associated with native Au.

The present mineral investigation is still at an early stage, and therefore
a discussion with conclusions will not be included in this report.

The sulfides and sulfarsenides occur only scarcely disseminated within the
ultramafic silicate-carbonate rocks and the noble-metal minerals even more
scarcely within the sulfides and sulfarsenides. It is therefore almost
impossible to find PGM or Au in situ (in thin polished sections, etc.) in
the actual rocks. We are forced to use laboratory preconcentration. However
in polished sections of heavy-mineral concentrates we 1oose the possibility
of a direct study of the textural relationships between the PGM-bearing
sulfides, etc. and their host silicate-carbonate assemblages and hence
important information about the genesis of the noble-metal minerals.

To quote the famous ore mineralogist, Professor Paul Ramdohr (1967, p.
245): "Small amount of platinoid elements are, no doubts, present even in
"platinum-free" ophiolitic peridotites. Hahn-Weinheimer (1961) mentions
values in the range of 0.1 ppm. It is, however, unlikely that these would
ever be observed microscopically”.
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CAPTIONS FOR FIGURES

Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 4.
(continued)

Fig. 5.

Fig. 6.

Fig. 7.

Location of the Raudberg field ultramafic tectonite complex (R)
in phyllonitic rocks of the Lower Allochthon situated between
the Jotun Nappe Compliex and autochthonous basement of the
Western Gneiss Region. F = Framfjord. Compiled from Sigmond et
al. (1984).

The Raudberg field ultramafic tectonite complex consisting of
three large and several minor ultramafic bodies. Outcroping
ultramafic rocks shown by inclined 1ine pattern and horisontal
projection of subsurface ultramafic rocks shown by thick line.
Data from Bakke (1986).

Back-scattered electron image (BEI) and X-ray images for Ni,
Ir, As, Pt and Sb. A heazlewoodite-grain (1) are hosting
breithauptite (2), A Pt-Fe alloy (3), irarsite (4) and
gersdorffite (5). Concentrate no. 2B. Scale bar is 10 Fnu

Back scattered electron image (BEI 1) and X-ray images for Os,
Ir, Pt, As and Sb of a complex PGM-aggregate hosted in
heazlewoodite. BEI 1 only shows the total PGM-aggregate (white)
in the heazlewoodite (1ight grey). Strong and overlapping Ir-
and As-radiation shows areas of irarsite, strong Os-radiation
is due to iridosmine and strong Sb-radiation is caused by
geversite. Isoferroplatinum is shown by strong Pt-radiation,
while irarsite shows a weaker Pt-radiation. Concetrate no. 2C.
Scale bar is 1 Fm.

Back-scattered electron image (BEI 2), mineral location map
(based on interpretation of BEI 1 and 2, X-ray images and the
quantitative analyses in Table 4) and X-ray images for Ni and S
of the same PGM-aggregate as in Fig. 2A.

On BEI 2 the contrast is set to emphasize more detailes of the
PGM-aggregate itself and the complex intergrowths of the PGM-
aggregate with heazlewoodite (black). Concentrate no. 2C. Scale
bar is 1 Fm.

Back-scattered electron image (BEI) and X-ray images for Cu,
Au, Pt, Os and Ru of a two-phase inclusion of Cu,(Au,0s,Pt) (1)
and ruthenian osmium (2) in pentlandite (3) and heazlewoodite
(4). Concentrate no. 3A. Scale bar is 1 Fm.

Back-scattered electron image (a and b) and X-ray image for Au.
A smatll grain of native Au (1) intergrown with niccolite (2)
and an oxide-phase (3).

Concentrate no. 1B. Scale bar is 30 Pnlon (a) and 3 jm on (b).

Back-scattered electron image (BEI) and X-ray images for Bi, Te
and Se of a Bi-rich grain bordering pentlandite on one side
(not shown on BEI). Patchy enrichments of Te and Se which only
partly overlap each other (analysis 13 in Table 4). Concentrate
no. 4A. Scale bar is 10 Fm.



Fig. 8.

Fig. 9.
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Back-scattered electron images of PGM-inclusions (A,C,D) and a
Te-rich phase (B). A: Os,Ir,Pt-bearing PGM-inclusion (1)
quantitatively not successfully determined hosted in
pentiandite (2) and secondary sulphides derived from
pentlandite (3). Note well developed hexagonal parting in
pentlandite, concentrate no. 2A. B: Minute inclusion of Te-rich
phase (1) in pentlandite (2), concentrate no. 3B. C:
Michenerite (1) hosted in pentlandite (2), concentrate no. 3B.
D: Rh-enriched irarsite (1) hosted in heazlewoodite (2),
concentrate no. 4C. Scale bar is 10 pm in all figures.

Microprobe analyses (at %) of PGM sulfarsenides (irarsite) (A)
and alioys (B). In diagram A contents of Os, Ru and Pd have
been included for Ir, Rh and Pt, respectively. Analysis numbers
refer to those in Table 4.
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4.2 Platinum group element abundances in the ultramafic rocks of the
Leka Ophiolite Complex, Norway - evidence for the presence of Pt-Pd-
enriched stratabound horizons in an ophiolite by R.B.Pedersen and
G.M.Johannesen.



Platinum Group Element abundances in the ultramafic
rocks of the Leka Ophiolite Complex, Norway - evidence for
the presence of Pt-Pd enriched stratabound horizons in an
ophiolite

By

Rolf-Birger Pedersen and Geir Mossige Johannesen

Abstract

Three types of stratabound platinum group element (PGE) enrichments are documented wit-
hin ol-cumulates of the layered series on Leka: 1) Os,Ir,Ru enrichments associated with chro-
mitites, 2) Pt-dominated enrichments, and 3) Pd-dominated enrichments that are associated
with discrete 10-50 cm thick sulphide-rich horizons. Drill-cores across the Pt- and Pd-enri-
ched horizon have yielded half- and meter-averages of ca. 1ppm (total PGE + Au), and one
of the horizons gave above 3ppm PGE in hand-samples. The horizons can be traced laterally
for more than 1,5 km. B-autoradiography of one of the enriched core-samples show that the
Pt/Pd-enrichments may only be a few centimetres thick, and that they are caused by well de-
fined horizons that are rich in discrete PGE-bearing minerals (mainly tellurides, antimoni-
des, arsenides and alloys of Pd and Pt).

The PGE enrichments are associated with the base of cyclic units and they seem therefore to
have been formed during, or shortly after, influx of primitive magma into the chamber. The
Pt/Pd-enriched horizons are displaced relatively to chromitites, and this fact explain why op-
hiolitic chromitites, in contrast to chromitites of intracratonic layered intrusions, are deple-
ted in Pt-Pd relative to Os,Ir,Ru. The study demonstrate that ophiolites should not be excluded
as potential sources for Pt, and the various processes that may control the enrichment of PGE
in such complexes are discussed. |

Introduction (IPGE), and contrast with the Pt,Pd

(PPGE) enriched chromitites of layered in-

During the last decade several studies have trusions such as the Bushveld Complex
shown that ophiolite hosted chromitites (Gain,198S; von Gruenewaldt et al.,1986).
may be enriched in platinum-group ele- However, within the Caledonian Unst op-

ments (PGE)(Page et al.1982; Page et hiolite (Shetland) PPGE-enriched chromi-
al.1983,; Page and Talkington,1984; Page et tites with extraordinary high total PGE
al. 1986; Talkington and Watson, 1986). contents have been reported (Pritchard et
These are typically enriched in Os,Ir and Ru al. 1986), and show that podiform chromiti-
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tes can not be excluded as hosts for PPGE-
enriched deposits.

Podiform chromitites are generally assu-
med to represent disrupted remnants of
masses crystallized from mantle-derived
magma en route to the magma chamber
(Dickey, 1975; Greenbaum,1977; Lago et al.
1982). Due to uncertainties regarding the
genesis of the podiform chromitites, ie. the
exact petrogenetic process, their depth of
formation, the amount of magma such a de-
posit may collect PGE from etc, considera-
ble PGE enrichments in these bodies should
not induce too much optimisms for the
PGE-potential of the ophiolitic layered se-
ries (and visa versa for barren podiform
chromitites).

Detailed studies of the PGE potential of the
ophiolitic layered series have been given
little attention. This may have manyreasons,
but the fact that ophiolitic chromitites in ge-
neral are PPGE-depleted has clearly estab-
lished the impression that ophiolites not are
potential Pt-sources. However, a series of
platinum group minerals have been repor-
ted from the ultramafic cumulates of the
Zambales ophiolite, were Pt also has been
extracted as a by-product from the mining of
Ni-sulphides that are located within strong-
ly serpentines "black dunites" (Hulin, 1959;
Abrajano and Bacuta, 1982; Orberger et al.
1987). Orberger et al. (1987) conclude that
the Pt and Pd have been redistributed in the
rocks and that the formation of the PGM is
related to syn- or post serpentinization pro-
cesses.

Orthomagmatic stratabound Pt-Pd deposits
had at the initiation of this study not been
documented from ophiolite complexes. We

considered the reason for this either to be
due to a lack of systematic prospecting , or
to fundamental limitations such as Pt-Pd-
depleted parental magma, or magma cham-
ber processes particular to ophiolitic
magma chambers that prohibit the forma-
tions of significant PGE-enrichments.

The scope of this study has therefore been
to establish the distribution of PGE within
the ultramafic rocks of the Leka ophiolite,
and to evaluate it parental magma compo-
sitions and the magma chamber processes
operating in ophiolitic magma chambers

may allow strong enough enrichment of the

PGE to form economic deposits.

Geology of the Leka ophiolite

The Leka Ophiolite Complex (LOC)
(Prestvik 1980; Furnes et al. 1988) is one of
several ophiolite complexes exposed within
the Norwegian Caledonides. The complex is
exposed on the island of Leka in Mid-Nor-
way, and exhibits all the components of an
ophiolite complex, ie. tectonized harzburgi-
tes, ultramafic and mafic cumulates, sheeted
dykes and pillow lavas (Fig. 1). Acid diffe-
rentiates within the complex yielded a U/Pb
zircon age 0f 497 /-3 Ma (Dunning and Pe-
dersen 1988) and the Leka ophiolite is the-
refore presently the nporthernmost of a
series of Lower Ordovician Caledonian op-
hiolite complexes which includes the follo-
wing complexes: Thetford Mines (New
Brunswick ), Bay of Islands (Newfound-
land), Bett’s Cove (Newfoundland), Ballan-
trae (Scotland), Karmgy(Southwest
Norway). Meta-basalts within the LOC
show a range of trace element compositions
that are comparable to N-MORB, island arc
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FIG. 1. Simplified geological map of the Leka Ophiolite Complex (From Furnes et al. 1988)

tholeiites(IAT), boninites as well as alkali-
ne basalts (Furnes et al. 1988), which toget-
her with the geology of these complexes
suggest that the LOC together with the ot-
her Lower Ordovician ophiolite complexes
within the orogen formed within an extensi-
ve Lower-Ordovician island-arc/arc-basin
system (Dunning and Pedersen 1988; Pe-
dersen et al. 1988; Pedersen & Hertogen
1990).

Ultramafic Tectonites

The ultramafic rocks of the LOC have been
subdivided into non-layered and layered ul-
tramafic rocks (Prestvik 1980), which were
interpreted to represent residual upper
mantle and ultramafic cumulates respecti-
vely. A recent investigation of the non-laye-

red rocks (Albrektsen et al. in press) shows
that these rocks have many of the characte-
ristics of mantle tectonites, i.e.: they consist
mainly of harzburgites with a strong compo-
sitional banding, and of dunite bodies varia-
ble size, which are particularly frequent at
the assumed uppermost part of the tectoni-
tes, below the ultramafic zone of the layered
series. Dykes and veins of dunite and pyro-
xenite cut the compositional banding, and
have themselves also been exposed to duc-
tile deformation. Tabular dunite bodies as
well as some dunite and pyroxenite veins
contain in many cases a central zone that is
enriched in chromite. The zone is generally
composed of disseminated chromitite, but
in a few cases ten to twenty centimetre thick
zones of massive chromitite are developed.
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The Ultramafic zone of the Layered Series

The lower part of the layered series is domi-
nated by thick sub-zones (up to several hun-
dred metres) of ol-cumulates interlayered
with similarly thick sub-zones of ol-pyroxe-
ne cumulates (Fig. 3). Some of the sub-zo-
nes of ol-cumulates can be subdivided into
several cyclic units. These cyclic units start
with extreme ol-adcumulates at the base.
The contact with the unit below may be gra-
dual over a few tens of centimetres, but in
many cases the boundary is very sharp. Ho-
rizons of chromitite occur frequently some
distance above the base of the units (gene-
rally within 2-3 metres). The chromitite-en-
riched horizons vary in thickness from 5
metres down to horizons that are only a few
centimetres thick, and some cyclic units ex-
hibit no such enrichment at all along their

base. Sulphide-enriched horizons that vary
in thickness from ten centimetres to half a
metre occur also along the base of many cyc-
lic units. Where both a chromitite horizon
and a sulphide-rich horizon are developed
the first is developed some distance below
the latter.

Clinopyroxene (cpx) and locally orthopyro-
xene (opx) appear upwards first as sporadic
grains, and increase then in amount until co-
tectic proportions with olivine are reached.
In the ol-cumulate sub-zones the cyclicunits
are less complete and a new unit may start
before cotectic proportions are established,
or even before cpx appear in the rock so that
the units can only be defined by cryptic va-
riations.

The cyclic units have been mapped laterally
for nearly 3 km (Fig.3), until the lack of ex-
posure makes it impossible to trace them
further. Cyclic units that can easely be defi-
ned in the field may fade laterally, towards
central parts of the intrusion, so that they
can only be detected by cryptic variations.

Vertical and lateral variations in mineral
composition

Cryptic vertical and lateral variations in oli-
vine composition have been studied within
parts of an ol-cumulate sub-zone (Fig 4).
Although ca 90% of this unit is composed of
extreme ol-adcumulates, the exposed parts
of the sub-zone can be subdivided in the fi-
eldinto five cyclic units denoted cyclic units
LILIILIV and V, where only units ILIII and
IV are fully exposed. A several metre thick
chromitite horizon is exposed ca 15 metres
above the base of unit III and serves toget-
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her with the very marked bases of some of
the units as reliable marker horizons.

A detailed discussion and modelling of the-
se vertical and lateral variations (Pedersen,
1989, Pedersen, in prep) conclude that:

1) The very magnesian olivines (Fog2.5) at
the base of some of the cyclic units suggest

a picritic parental magma for these parts of
the layered series.

2) The relatively modest variations in olivi-
ne composition from Fog2.5.85 reflect very
significant variations in the MgO content of
the magma - from ca. 20 to 10 wt%.
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3) The fact that the magma precipitated oli-
vine which is as forsteritic as typical olivine
in residual mantle, suggests that the magma
could not have formed a plume and mixed
extensively with the much more evolved
magma further up in the chamber (as is evi-
dent from the lateral interfingering of the
ultramafic cumulates with gabbros (see Fur-
nes et al. 1988)).

4) The cryptic vertical and lateral variations
in the ol-cumulates can be reasonably well
explained within the framework of partly in-
termittent and partly continous influx of pic-
ritic magma through a magma fountain, and
the formation of hybrid bottom layers
which differentiated by olivine fractiona-
tion.

PGE Geochemistry

Analytical methods

The rocks were analysed for PGE by induc-
tively coupled mass-spectrometry (ICP-
MS) after preconcentration of the precious
metals by fire assay. The analyses were car-
ried out by Sheen Analytical Services (Wil-
leton, Australia), and at the Department of
Earth Sciences Memorial University of
Newfoundland. The analytical procedure at
Memorial University is outlined in Jackson
et al. (1990). The mean instrumental detec-
tion limits at this lab. are reported to range
from 0.07ppb for Ir to 0.7ppb for Au. For
low level samples the mean blank values are
less than 0.15 ppb, and overall method de-
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tection limits approach instrumental detec-
tion limits (Jackson et al. 1990). Sheen
Analytical Services claim slightly higher de-
tection limits, with 0.5 ppb for
Pt,Pd,Ru,Rh,Ir and 2ppb for Os and Ay, and
state that the recovery of Au in Ni-sulphides
is not quantitative at levels below 500 ppb.

Three internal standards have been applied
to control the precision of the PGE analyses
(Appendix I, table 1). A large quantity of
unserpentinized dunite was milled and care-
fully homogenized, and has been analysed
routinely together with the samples. The
sample yielded mantle values and served as
a good measure for the reproducibility of
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FIG.5. Chondrite normalized PGE-patterns of mant-
le tectonites and associated dunites.

the base line analyses in this study. The re-

lative standard deviations are less than 209 -

for Ir, Ru, Rh, and Pt; 37% for Pd and 67%
and 88% for Os and Au respectively (Ap-
pendix ], table 1). Two samples of komatitii-
te (AX18,90), which were kindly provided

by S-J. Barnes, were also analysed routine-
ly. These samples have PGE contents in the
intermediate range. AX90 gave relative
standard deviations of 10% or better for all
the PGE except for Os which gave 22%. The
results are less satisfactory for AX18, which
can be attributed to a single bad run at She-
en. The results on these samples are also in
good agreement with the results obtained by
neutron activation (Appendix I, table 1).

Two standards (PTC-1, PTM-1) have been
run as a control for peak compositions. Ex-
cept for Au the results obtained are in good
agreement with the recommended values.

Mantle Tectonites

The harzburgites of the Leka ophiolite,
which are interpreted to represent depleted
mantle tectonite, have very low PGE-con-
tents (Appendix I, table 2) compatible with
the values obtained from depleted mantle
rocks elsewhere (Barnes et al. 1985). The
mantle-normalized PGE-patterns are near-
ly flat , but contain a slight positive Ru-an-
omaly which (Fig S). The dunite dykes and
veins that host some of the chromitites stu-
died show PGE-abundances similar to the
harzburgites.

Chromitites associated with the mantle tecto-
nites

Chromitites exposed within tabular dunite
bodies and within dunite and pyroxenite
veins have been sampled and analysed for
major elements, S, precious- and base-me-
tals, and the results are listed in table 3 (Ap-
pendix I) . The highest content of precious
metals found in these rocks is 8500 ppb
(PGE + Au), obtained from a ca 10-20 cm
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FIG.6.Plot of total PGE against the Cr contents of
chromitites hosted within the mantle tectonites

thick massive chromitite that can be follo-
wed for a few tens of metres. The PGE con-
tents vary, however, considerably between
individual samples from this chromitite
(from 8510 to 2832 ppb) and the average of
S samples is 4770 ppb total PGE + Au.

The total PGE contents of the chromitite
from the tectonites show aroughly linear re-
lationship with the amount of Cr in the rocks
(Fig 6). Disseminated chromitites would
therefore be expected to be less PGE-rich
than the massive. The increase in PGE with
increasing modal abundance of chromite se-
ems not to be proportional for the IPGE
and the PPGE, as indicated by the increa-
sing Pt/Ir ratios with increasing Cr contents
of the samples (Fig 7). This is also reflected
by the chondrite normalized PGE-patterns
of the rocks (Fig 8a). While the PGE-deple-
ted rocks have relatively flat PGE-patterns,
the enriched rocks show patterns that climb
towards Pd. The depleted rocks tend to
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FIG.7. Scattergram of the Pt/Ir ratio against the Cr-
content of the chromitites.

show a positive Ru-anomaly, while on the
other hand many of the enriched samples
show a negative Ru-anomaly.

The chondrite normalized patterns of the
rocks compare with patterns reported from
chromitites from the mantle sequences of
other ophiolite complexes (Fig 8b). The
PGE depleted patterns are comparable with
the PGE-signature of chromitites from the
Lewis Hill(Newfoundland) and chromitites
from the Thetford Complex show also simi-
larly depleted patterns. The enriched pat-
tern differs from the typical ophiolitic
chromitite patterns which tend to be IPGE-
enriched, as exemplified on Fig. 8b by
chromitites from the White Hills (Newfo-
undland) and from Harolds Grave within
the Unst complex (Shetland). The patterns
compare, however, closely with the patterns
obtained from the Cliff site on Unst, altho-
ugh the Leka samples are not so rich as the
highest grades obtained on Unst.
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PGE in the ultramafic zone of the layered se-
ries -Variations through cyclic units

The study of the PGE-geochemistry of the
cumulate ultramafic rocks has been focused
on the sub-zone where cryptic mineral va-
riations had previously been established
(Fig 4). Samples that had been collected
along profile B to define the cryptic varia-
tions in silicate mineral composition
were analysed for PGE to give an overall
view of the variation in PGE contents thro-
ugh the cyclic units. The results are shown
diagrammatically in Fig 9 and listed in table
4 (Appendix I), and demonstrate variations
in the PGE content from only a few ppb to
above 1ppm total PGE. Although the curves
are rather rugged, two pronounced peaks

are evident in the IPGE trends. The lower-
most is situated, as would be expected, wit-
hin the main horizon of disseminated
chromitite, while the uppermost is located
just above the base of the uppermost cyclic
unit, where a few thin relatively sulphide-
rich chromitite seams are located. The total
IPGE content is, however, relatively low in
both samples - only of the order of a few
hundred ppb. The presence of three peaks
in the Pt and Pd curves , two of which yiel-
ded more than 1000 ppb of Pt and Pd com-
bined, is more surprising. While the
lowermost of these peaks is positioned a me-
tre or two above the top of the main chromi-
tite (R3) the two other are associated with
RS and R6 (Fig 9).
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FIG. 9. Variations in PGE with height along profile B.

The bases of four cyclic units and the main
chromitite horizon were resampled with
short 10-30 metres drill holes. Several cores
were also taken across the base of the same
cyclic unit to obtain lateral variations in
composition. The holes were all taken with
ca. 60 degrees inclination to the layering
(which is vertical) so that two metres of core
represent a one metre section of the rocks.
The drill cores were split, and half meter
lengths (subsequently meter-lengths) were
crushed and analysed. The results are listed
in tables 5-16 (Appendix I), and the results
are compiled in Fig 10, which shows also the
vertical and lateral position of the analysed
drill cores.

‘The results from the drill cores confirm that
the PGE contents may fluctuate by an order
of two magnitudes across a few metres of the

layered rocks. The core-data show also the
presence of several PGE-enriched horizons
that yield half- and one-meter averages of
around 1ppm total PGE (mainly Pt and Pd).
The drill core across R6 (88B4 and 88B1),
where a sample with around 2ppm PGE had
been collected (sample 87P2, Appendix I,
table 4), yielded half-meter averages of only
a few hundred ppb which suggests that the
enriched horizon is very thin and that this
horizon had been sampled directly with the
hand specimen.

The drill cores across and above the main
chromitite horizon show the presence of two
Pt and Pd-enriched horizons immediately
above the chromitite, and a third 15 to 20
metres above the chromitite which coinci-
des with a minor reversal in olivine compo-
sitions (R4). These horizons can be traced
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laterally from profile A to B and C - a dis-
tance of around 1.5 kilometres (Fig 10). An
enriched horizon was also discovered just
above R2 (profile 88B6) which also yielded
close to 1ppm total PGE over a metre of
core.

The variations in the PGE content across
and immediately above R2 are shown in
more detail in Fig 11 . The change from
wehrlite to dunite, which defines the base of
the cyclic unit in the field, is reflected in the
diagram by a sudden drop from above

10wt% to less than 0.5 wt% CaO about 8
metres above the beginning of the core (the
considerable variation in CaO below this le-
vel reflects a smaller scale interlayering of
dunite and wehrlite). The reversal in com-
position at the base of the cyclic unit is
shown by anincrease in the Ni content of the
rocks from 800 to above 2000 ppm across
three metres of the layered rocks. The PGE
enriched horizon (mainly Pt,Pd and Au) is
clearly situated at the exact base of the cyc-
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lic unit, and is associated with a minor peak
inS.

R2 was also penetrated by core 88B2 taken
along profile A (Fig 12). The base of the cyc-
lic unit is again defined on the diagram by
the rapid drop in CaO. Peaks in the Pt and
Pd trends are also present here at the base
of the cyclic unit, and minor peaks are pre-
sent just below - at a level where the CaO
content declines rapidly. A Au enrichment
(up to 500 ppb) is present above these pe-
aks. This enrichment cannot, however, be
traced laterally, and similar selective en-
richment of Au has notbeen observedin any
of the other cores. The local Au enrichment
may be related to a minor brittle shear zone,
but no detailed study of this Au-anomaly has
yet been carried out. Above the Au peak
three minor Pt + Pd peaks are present befo-
re the main chromitite horizon is intersec-
ted as shown on the diagram by a sudden
increase in the Cr content.

A hole (88B1) was also drilled from a posi-
tion just below the base of the chromitite
and shows the compositional evolution
through this horizon and 10 metres above
(Fig 12). The IPGE are enriched in the chro-

mitite horizon and the contents of these ele-
ments increase linearly with the Cr content
of the bulk rock (Fig 13). Three Pt-Pd peaks
are recorded above the chromitite horizon
and a fourth s present at the end of the core.
These peaks can be traced laterally, and the
wo lowermost peaks are intersected by
drill-hole 87A1(taken along profile B) (Fig
14), and all four peaks are present in cores
§8B7 and 89B9 which were drilled along
profile C (Fig 10).

Lateral variations in PGE within cyclic units

There appears to be a systematic lateral va-
riation in the Pt/Pd ratio of the three major

~ peaks that are located above the main chro-

mitite horizon. In profile A, which is assu-
med to have had the most central position
in the magma chamber, the peaks are slight-
lv to strongly enriched in Pt relative to Pd
with an average Pt/Pd ratio of 1.6 (Fig 15).
In profile C, however, the average Pt/Pd ra-
tio of the three peaks is 0.4 or a quarter of
that in profile A. A sulphide-rich horizon
located at the level of the lowermost of the-
se three PGE peaks can be traced in the fi-
eld from profile A to B to C. Hand samples
from this horizon yielded 137, 1038, 1879
ppb respectively from profiles A, B, C re-
spectively, or an increase in the PGE con-
tent towards what we assume are the more
distal parts of the intrusion. The Pt/Pd ratio
of this horizon seems, however, not to chan-
ge dramatically (0.33, 0.44 and 0.40) which
contradicts the pronounced lateral changes
that are observed in the core-data (Fig. 15).
Both the total PGE-content and the Pt/Pd
ratio of samples from the sulphide-rich ho-
rizon that were collected at profile C are
compatible with the values obtained for the
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FIG. 14. Variation in PGE contents across the main
chromitite horizon in profile B (core 87A1).

lowermost of the three peaks at this loca-
tion. The reason for the above inconsisten-
cy can be found in profile A where the total
PGE-content of the sulphide-rich horizon
appear to be nearly an order below that of
the peak composition in the core (88B1 Fig.
12). It appears therefore that the main
PPGE-enrichments along this profile are
displaced relative to the sulphide-rich hori-
zon. This relation is shown by the variation

Bvprofile A [Profile 8 Noarofile C
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FIG.15. Histogram that show how the Pt/Pd ratio of
the three major PGE-peaks above the main chromi-
tite horizon change laterally. For further discussion
see text.

of these elements with stratigraphic height
(Fig. 12), and it is particularly evident in
core 88B1 where the parts that are most en-
riched in Pt and Pd show the lowest concen-
tration in S (Fig 16). A similar scattergram
of the core-data from the hole that was dril-
led through the base of the uppermost cyc-
lic unit (taken across R6 close to profile A)
shows a different picture with the data
points spreading out as a fan (Fig 17). The
reason for this covariance can be deduced
from Fig 18, which shows compositional va-
riation with height across R6. The base of
the cyclic unit is here again marked by the
sudden decrease in CaO. A meter thick
sulphide-rich horizon canbe observed in the
field a meter above the base of the cyclic
unit, and this is depicted in the core as two
marked peaks in the S content. Cu is parti-
cularly enriched in the uppermost part of
this horizon while the lowermost part is en-
riched in Pd. The main Pt peak occurs, ho-
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FIG. 16. Diagram that demonstrates the inverse cor-
relation between S and Pt +Pd in core-samples that
are taken across and above the main chromitite hori-
zon along profile A (core 88B1)

wever, below the sulphide horizon. This
peak exhibits a Pt/Pd ratio of 2.4 while the
peak associated with the sulphide-rich hori-
zon has a Pt/Pd ratio of 0.4, which compares
well with the lateral variation in the Pt/Pd
ratio observed along the enriched horizons
above the main chromitite from profile A to
profile C (Fig 15).

The layered series contains both Pt-domina-
ted PGE enrichments, that are not associa-
ted with sulphide-enrichments, and
Pd-dominated PGE enrichments which are
associated with discrete sulphide-rich hori-
zons. The present data suggest that the Pt-
dominated enrichments are positioned just
below the Pd-dominated, and that they fade
towards distal parts of the intrusion, and vice
versa for the Pd-dominated enrichments.

Peak-composition of Sulphide-rich horizons

The maximum half- and meter-averages ob-
tained for the Pt- and the Pd-dominated en-
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FIG.17. Variation between S and Pt + Pd in core 88B4
taken across R6 between profile A and B.

richments are of the order of 1ppm for the
two elements combined. Hand-samples of
12 sulphide-enriched horizons (maximum S
content only 0.6wt%, see Table 19) show
that the peak composition of the Pd-domi-
nated enrichments may be above 3ppm to-
tal PGE (Table 17). The most enriched
samples (89lek9 & 21) were taken from a
horizon that is exposed around 30 metres
above R6. The second most enriched sam-
ple (89lek31) was the only sample taken out-
side the area studied in detail, and points to
the presence of enriched horizon also outsi-
de the selected area.

No hand-specimens have yet been taken
from the Pt-dominated enriched horizons
because their exact locations are difficult to
establish in the field, due to the lack of ot-
her associated phases such as sulphides or
chromite. However, the peak compositions
of these horizons would also be expected to
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be significantly higher than the half-meter
averages obtained from the cores.

Chromitites from the layered series

The disseminated chromitite horizons sam-
pled by drilling yielded low contents bothin
the PPGE as well as in the IPGE, although
modest enrichment in the latter group can
be observed through such horizons (Fig
12,14). A number of chromitite horizons
were sampled at an initial stage of this stu-
dy. The sampling was carried out througho-
ut the ultramafic zone of the layered series
and the results are listed in table 18. The hig-
hest values are obtained in 87P1 and P2,
which contrasts with the rest in that they are
also enriched in PPGE -addition to the
IPGE. These samples were taken from a
thin chromite seam located a few tens of
centimetres above R6 in profile B, and dif-
fer from the other samples in that they con-
tainvisible sulphides. In the samples that are
free of visible sulphides the maximum PGE
content is 405 ppb - mainly Ru. The avera-
ge Ru# (Ru/Os +Ir + Ru) of these samples
is 0.51, and is slightly higher than the Ru#
obtained from laurite grains in chromitites
of the White Hills Peridotite (Ru# 0.46)
(Talkinton and Watkinson, 1986) , which
suggests that all the IPGE may be confined
to laurite grains which have also been iden-
tified as inclusions in chromite grains.

Chondrite normalized patterns of the strat-
abound enriched horizons

Chondrite-normalized patterns of repre-
sentative samples of the Pt-dominated en-
richment, the sulphide-bearing
Pd-dominated enrichments as well as of the
chromitite horizons are shown in Fig 19
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FIG. 18. Geochemical variations with height across
R6 (core 88B4)

173



10
A B C
1
3
a
I
o .1
el
O
~
Y]
o v
i ... 89lekga | 01
}4:5’ . 89lek21a
_____ 89lek27
_______ 87L8 88B1-30 ceeem 89lek17a
.............. 87L7d ————._ B8B4-4 e 891ek25b o
.0

Os Ir Ru Rh Pt Pd Au
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tes: a) IPGE-enriched chromitites, b) Pt-dominated enrichments, and c) Pd-dominated enrichments associated

with sulphide-rich horizons.

a,b,c respectively. The Pt- and the Pd-domi-
nated enrichments both show PPGE enri-
ched patterns that compare favourably with
the patterns of deposits such as the J-M
Reef of the Stillwater Complex and the Me-
rensky Reef of the Bushveld Complex (Fig
20). The chromitite horizons show on the
other hand IPGE-enriched patterns, simi-
lar to the patterns that are reported from the
other ophiolite hosted chromitites (Fig 20,
Fig 8b). One chromitite horizon, the one
containing visible sulphides, deviate from
this pattern by having a pattern that can be
visualized as a combination of the Pd-domi-
nated pattern of the sulphide rich horizons
and the typical pattern of the stratabound
chromitites. This pattern compare with the
patterns reported from chromitites of the
Stillwater Complex (Fig 20).

Os Ir Ru Rh Pt Pd Au

Rock / Chondrite

FIG.20. Comparison of the PGE-patterns of the strat-
abound chromitites with chromitite from the Stillwa-
ter Complex (a), and of the PPGE- enriched horizons
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Platinum Group Minerals (PGM)
in the PGE-enriched rocks

Methods

PGM have been located in the enriched
rocks by B-autoradiography, following the
procedure given by Potts (Potts, 1984; Potts
& Prichard, 1986). Polished thin sections
were cleaned and packed in standard alumi-
nium containers. The sections were radiated
for an hour at Institutt for Energiteknikk at
Kjeller (Norway) with a thermal flux of
0.8*10™ neutrons cm™ s2.

The activated thin-sections were placed on
a B-sensitive X-ray film (Fuji-RX) in a dark
room were the lights where screened by Ko-
dak GBX-2 safelight filter. The film was ex-
posed for 23 and 48 hours after 14 and 30
days respectively. After exposure the film
was developed with Fuji Photosol CD-18
developer for 5§ minutes, and CD-40fixer for
10 minutes (at 20 degrees C).

To discriminate between the B-emitters,
two series of autoradiographs were recor-
ded, the first after 14 days of cooling and the
last after 30 days. Two parallel exposures are
shownin Fig 21, and demonstrate the disap-
pearance of a discrete grain on the last ex-
posure. One of these (the one under the
arrow) turned out to represent a Au-Cu al-
loy and the short halflife (2.7 days) of the B-
emitter (198Au) explain the disappearance
on the last radiograph. The darker areas on
the radiographs represent an image of the
chromites which due to the content of B-
emitting isotopes (60Co) can be distinguis-
hed from the silicate minerals. Due to the
contrast between the chromites and silicate
minerals, and also between various silicate

phases the radiographs are well suited as
"maps" to locate the PGM under the scan-
ning electron microscope (SEM) or on the
microprobe.

The SEM-work ha been carried out on a
Jeol JSM 35. The PGM were searched for in
back-scatter mode with an accelerating volt-
age of 25kV, and the qualitative analyses

FIG. 21. B-autoradiograph of a stratabound chromi-
tite wich show the presence of a B-emitter (see arrow
on A) that dissapear after 30 days of cooling (B). SEM
investigation of the chromite grain demonstrated that
the B-emitter probably was a small Au-Cu alloy (C).
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Weight %

Atom %

Pentlandite | Heazlewoodite | Native Cu Observation | Suggested mineral

Fe 36.96 Fe 0.40 Fe 0.42 Fe,Ni Awaruite

Ni 28.49 Ni 72.92 Ni 1.01 "

Co 0.85 Co 0.01 Co - Fe,Ni,Cu,Te ?

Cu - Cu - Cu 98.02 .

S 33.66 S 26.98 S - Fe,Cu,S Chalcopyrite
— Digenite

Total 100.40 Totol 100.58 Total 99.48 Valleriite

fe 29.77 Fe 0.34 Fe 0.48 Ni,As Orcelite

Ni 21.83 Ni 59.30 Ni 1.10 Nickeline

0.73 C . - N ;

gﬁ - cg ° 0_1 83 99.48 Ni,Sb Breithauptite
47.64 - .

S S 40.17 'S Pb Native Pb
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TABLE 1. Representative analyses of some ore mine-
rals and of native Cu.

were done with a Kevex 7000 micro-X ener-
gy dispersive X-ray analyser.

Ore-minerals have been analysed quantita-
tively on an ARL SEMQ microprobe. The
analyses were done with an accelerating
voltage of 25kV and with a beam-current of
10nA. Metallic standards were chosen for
the analyses of Ni, Cu and Co. Arsenopyri-
te was used as a standard for As analyses,
and pyrite for the analyses of S and Fe. Both
the SEM and the electron microprobe ana-
lyses as well as B-autoradiography were
carried out at the University of Bergen.

Ore minerals in the ultramafic zone of the
layered series.

Ore minerals occur in small gantitities thro-
ughout the ultramafic cumulate pile, but are
enriched in the numerous sulphide-rich ho-
rizons. Detailed mineralogical work has yet
not been carried out on these rocks but
pentlandite, heazlewoodite and native cop-
per have beenidentified and analysed quan-
titatively, and representative results are
listed in table 1. A number of other ore-mi-

" nerals have been analysed qualitatively on

TABLE 2. Qualitative composition and suggested
names for some of the indentified ore minerals.

the SEM and their composition and sugges-
ted names are given in table 2 .

The paragenesis is dominated by pentlandi-
te. Other Cu-Ni-Fe sulphides and other ore-
minerals and native metals are generally
associated with the pentlandite, and fre-
quently occur as composite grains. A parti-
al or complete rim of magnetite is often
developed around the sulphides.

The ore minerals occur generally interstiti-
ally in a serpentine matrix, or in fractures in
other minerals such as olivine and chromi-
te. A Fe-Ni sulphide grain is also observed
as an inclusion in a chromite grain, where it
occur together with a Cu-Au alloy and a si-
licate inclusion.

Platinum Group Minerals in the Layered Se-
ries

The PGM in the layered rocks are observed
in two contrasting textural positions:

* PGM present as inclusions in chromite

* PGM associated with sulphides in the
stratabound horizons.



Laurite (Ru,Os,Ir)S2 is the most common
PGM-mineral found as inclusions within
chromitite grains. This mineral has fre-
quently been reported in the same textural
position in other ophiolitic chromitites (Jo-
han and Lebel,1978; Johan and Legendre,
1980, Prichard et al., 1981;Talkington et al.,
1983; Page et al., 1986) and little attention
has therefore been paid to it in this study.

Of the PPGE-enriched horizons only the
Pd-dominated have yet been investigated
mineralogically. B-autoradiographs of a lar-
ge number of thin sections from these hori-
zons have recently been recorded, and many
of them showed the presence of numerous
B-emitters. Systematic SEM work has been
carried out on the lowermost Pd-dominate
enrichment ecountered in core 87A1 (Fig
14). A set of thin-sections was made from
the enriched part of the core and B-autora-
diographs of these thin-sectionrevealed a ca
2 cm. thin horizon of B-emitting minerals
that parallel the layering in the rocks (Fig
22). SEM studies of these B-emitters show
that the emitters were antimonides and tel-

Observation | Suggested mineral

P4,Sb Mertieite

Pd,Te Kotulskite
Merenskyite
Michenerite
Telluro-
palladinite

Pd,Cu,Pb,Te ?

Pd,Ni,Te ?

Cu,Au,Pd Metal alloyx

Ir,As and

Ir,Pt.As Iridarsenite

Ru,0s,Ir,S Laurite

TABLE 3. Qualitative composition and suggested na-
mes of PGM in stratabound enrichments

FIG.22. B-autoradiographs taken through the lower-
most PPGE enrichment of core 87A1 (see Fig. 14).
The autoradiographs document the presence of a two
centimetre thick stratabound horizon rich in B-emit-
ters.

lurides carrying PPGE (Fig 23,24,25). The
qualitative composition and the suggested
names of the mineral species identified so
far are listed in table 3.

Pd-minerals are those most frequently en-
countered in this horizon which agrees with
the bulk-rock composition. Pd occurs gene-
rally as antimonides or tellurides (Pd-Sb,
Pd-Te, Pd-Cu-Pb-Te, Pd-Ni-Te) but also in
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FIG. 23. SEM back-scatter picture of ore-mineral and
associated PGM. The two largest white grains are
both Pd-Te as shown by the element scans for Pd and
Te (C and D).

alloys together with Au and Cu (Fig 24). In
the Au,Cu,Pd alloys the ratio between the
three elements varies considerably from
grains dominated by Pd and Au to grains
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FIG. 24. SEM back-scatter picture of Cu-Au-Pd alloy
(white), Fe-Ni sulphide (light grey) and chromite
(grey).

that are mainly composed of Cu. Grains
composed exclusively of Cu-Pd or Cu-Au
have also been encountered. The PGM in
this horizon are generally 5-10 microns ac-
ross, but grains up to 25 microns have been
observed.

The PPGM in the sections studied are clo-
sely associated with Fe-Ni- or other sulphi-
des, with alloys and native metals. The
PPGM occur as subhedral inclusions within,
or as anhedral grains along, the grain-
boundary or in contact with these minerals.
In one case a Cu-Au-Pd alloy is observed be-
tween two olivine grains, but it seems likely
that it has been mobilized from a nearby Fe-
Ni sulphide with which similar alloys are as-
sociated (Fig 25).
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PGM in Chromitites associated with Tectoni-
tes.

Samples from the most PGE enriched chro-
mitites have been search for PGM following
the same procedure as in the layered series,
ie. scanning electron microscopy of thin-
sections which appeared promising after B-
autoradiography.

Laurite may, as in the layered series, be ob-
served as euhedral grains enclosed within
the chromites (Fig 27). They appear more
frequently than in the chromitites of the
layered series, but as in the latter the grain-
sizes are generally less than 10 microns.

PPGM are present as anhedral grains inter-
stitial to the chromites (Fig 26b) or associa-
ted with alteration rims around the
chromites (ferite-chromite). Pd- and Pt-an-
timonides, Pt-Cu alloy and native Pt have
been identified in addition to laurite (Table
4).

Two unusually large ( 70 and 150 microns),
complex grains have been located with the
autoradiographs. While the smaller grain is
composed of Pd-Sb and Ni-Sb (Fig 27), the
larger grain is composed of one part where

Observation | Suggested mineral
Ru,0s,Ir,S Laurite
Pd,Sb Mertieite
Pt,Cu Hongshiite
Pt,Sb Geversite
Genkinite ?
Pt Native Pt

Table 4. Quantitative composition and suggested na-
mes of PGM in chromitites associated with mantle
tectonites.

Pt-Sb is intergrown with a Pt-Cu alloy, and
another part where Pd-Sb is the main com-
ponent (Fig. 28) . The Pd-Sb seems also to
contain some Cu. In addition to the PGM,
the larger grain also has domains composed
of Ni-Sb and Ni-As.

Discussion

Chromitites associated with the tectonites

The new data from Leka confirm the fin-
dings from the Unst ophiolite which show
that podiform chromitites may contain
PPGE enriched precious metal deposits.
The fact that the enrichments within the
mantle tectonites are associated with the
chromitites suggest that the reason for the-
se PGE-deposits is to be found in the petro-
genesis of the chromitites.

The chromitites show a systematic increase
in PGE with increasing Cr content (Fig. 6).
This relationship together with higher Pd/Ir
ratios in the most PGE enriched rocks (Fig.
7) suggests that the chromites may have ac-
ted as a collecter not only of the IPGE, as in
the stratabound chromitites, but also of the
PPGE. Chromite appear, however, not to be
suitable for solid substitution of PGE (Bar-
nes et al. 1985), but they may play a role in
the mechanical settling out of the refracto-
ry metals which is evident for the IPGE that
appear to be confined to discrete euhedral
grains of laurites included in the chromites.
However, since podiform chromitites (both
disseminated and massive) in general are
depleted in PPGE, its seems clear that the-
se unusual enrichments only partly can be
attributed to a possible chromite control.
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FIG. 26. SEM back-scatter picture of : a) Euhedral laurite (white) in chromite. b) Pd-Sb and native Pt (white)
which are positioned interstitially to the chromite grains.

FIG. 27. SEM back-scatter picture of associated Pd-Sb and Ni-Sb grains.
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FIG.28. SEM back-scatter picture of composite PGM. B-F show single element scans for Pt, Pd, Sb, Cu, and Ni
respectively. The composite grain is composed of domains of Pt-Cu, Pt-Sb, Pd, Sb, Ni-Sb and Ni-As.




The two most enriched chromitites
(1ek881a,b,c,d,lek87p1 and lek883a,,b,c,d,e)
are both hosted in orthopyroxenite veins,
while the other samples which are barren
except for one (lek88-8a), are associated
with tabular dunite bodies and dunite veins.
The apperant relationship with orthopyro-
xenites may be an artefect of the small num-
ber of observations, but it may also have
importance for understanding these unusu-
al PGE-enrichments.

The orthopyroxenitic veins may represent
traces of boninitic magma, which are assu-
med to be particularly PGE-enriched
(Hamlyn et al. 1985). The layered series also
shows the crystallization sequence ol-chr-
opx-cpx sporadically, instead of the more
common sequence of ol-chr-cpx-opx. A Nd-
isotope study of these units does not indica-
te that the more opx-dominated parts of the
layered series are related to influx of a more
boninitic parental magma (Pedersenetal. in
prep), and there seems neither to be ground
for suggesting that the orthopyroxenitic
veins within the mantle tectonites formed
from a boninitic magma either.

The presence of dunite bodies and veins, as
well as various pyroxenite veins within the
mantle tectonites suggests that the primary
magma fractionated to some extent within
the conduit system. This is also indicated by
cryptic variations in olivine compositions
across individual dyke-like bodies, which
may be interpreted to reflect the flux of va-
riably differentiated magmas with time (Al-
brektsen et al., in press) (Fig 29). The more
than cotectic proportions of chromitite that
have precipitated locally in these bodies can
therefore be explained by the mixing of the-
se variably differentiated magmas, in ac-
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FIG. 29. Cryptic variations in olivine composition ac-
ross a dunitic dyke within the mantle tectonites. (af-
ter Albrektsen et al. in press).

cordance with the interpretation of strat-
abound chromitites (Irvine 1977).

It seems likely that intra-mantle differen-
tiation of the magma may represent a key to
understanding these deposits. Differentia-
tion of the magma may saturate the melt in
the PGE, and mixing of the variably diffe-
rentiated melts may induce chromitite pre-
cipitation and also the formation of
sulphides or other PGE-bearing phases.

Significant intra-mantle differentiation wo-
uld only be expected to take place within
small magma bodies that rise slowly, or bec-
ome trapped within the mantle. If differen-
tiation of the magma is important for the
formation of PPGE-enrichements,one can
therefore only expect to find very minor vo-
lumes of such enrichments within the mant-
le sequence.
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Parental magma composition

The average PGE-composition of the studi-
ed cyclic units in ppb is estimated to be :
3.5(0s), 3.7(Ir), 9.0(Ru), 3.5(Rh), 30.3(Pt),
40.2(Pd), taking both vertical and late-
ral variations into account. Variations from
Foo9z-87 in extreme ol-adcumulates, have
been estimated to reflect ca 20% olivine
fractionation (Fig 30). The parental magma
to the layered series therefore had a PGE-
content of at least 1/5 of the estimated ave-
rage - ie at least 6 ppb and 8 ppb of Pt and
Pd respectively( parental .magma is used
here to refer to the magma entering the
magma chamber, while primary magma de-
notes the magma that segregated from the
partially melting source). The parental mag-
ma composition for the Bushveld Complex
has been estimated to contain around 15ppb
of Pt (Davies and Tredoux, 1985), and a stu-
dy of the basal series of the Stillwater Com-
plex and associated sills and dykes suggest
that the parental magma of this complex
contained less than 20ppb of any of the
PPGE (Zientek et.al, 1986). The parental
magma of the Leka ophiolite seems there-
fore not to have had significantly lower PGE
contents than the parental magma of intrac-
ratonic layered intrusions that host major
PGE-deposits.

Stratabound enrichments

The PGE-enriched horizons within the
layered series on Leka are, as far as we
know, the first PPGE enrichments in ophio-
lites that are documented to be stratabound.
The extent to which the mineralization of
Ni-Cu-PGE in the Zambales Ophiolite
(Abrajano and Bacuta, 1982; Bacuta et al.
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FIG. 30. Modelled variations in FeO, MgO and some
physical parametres as a function of increasing degre-
es of olivine fractionation of a picritic magma (from
Pedersen,1990).

1987; Orberger et al. 1987) are of the same
type is not clear (i.e. their relationship to
chromitites and to hydrothermal processes).
The ore- mineralogy of the stratabound en-
richments contain sulphur-deficient sulphi-
de such as heazelwoodite as well as native
metals. The presence of such phases, and
textural relations such as rimming of the
sulphides by magnetite, show that the para-
genesis has gone through extensive re-equi-
libration (Lorand, 1987). The presence of
native Cu as well as other native metals, sug-
gest reducing conditions during the altera-
tion of the ore-minerals (Eckstrand, 1975),
and this alteration may well have been con-
temporaneous with, and caused by the intro-
duction of reducing fluids during the
serpentinisation of the host rock.

It is evident from thin-section studies that
the PGE may have been redistributed on a
small-scale, but since the enrichments defi-
ne very thin stratabound horizons that can
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be traced for kilometres, a secondary origin
related to the hydration and alteration of the
rocks seems unlikely. The fact that the strat-
abound enrichments on Leka occur within
extreme olivine adcumulates which show no
traces of intercumulus liquid or any late-
magmatic hydrous phases, makes it also dif-
ficult to attribute the enrichment to
percolating late magmatic fluids, which has
been suggested to have formed some strat-
abound enrichments such as the Picket-Pin
of the Stillwater Complex (Boudreau and
McCallum, 1986).

The enrichments on Leka compare in some
respect with PGE-deposits such as the UG-
2, Merensky and J-M Reefs of the Bushveld
and the Stillwater Complexes in that they
occur at the base of cyclic units ( Barnes and
Naldrett,1985; Kruger and Marsh, 1985; Hi-
emstra,1986; Irvine et al. 1983). The PGE-
collecting phase in the Merensky-type
deposits is generally considered to be base-
metal sulphide (Naldrett and Cabri, 1976;
Campbell and Naldrett 1979; Campbell and
Barnes 1984; Naldrett and von Gruenewaldt
1989). This is probably also the case for the
Pd-dominated enrichments on Leka which
are clearly associated with sulphide-rich ho-
rizons. These enrichments show high Pt/S
and Pd/S ratios and have similar chondrite-
normalized PGE-patterns (except for lower
total abundances) to the Merensky and the
J-M reefs.

Pt-dominated enrichments appear to be de-
veloped just below the Pd-dominated ones,
and this type seems to become the domina-
ting type towards the central part of the in-
trusion. The Pt-dominated type is neither
associated with chromite nor with sulphide
enrichments. Similar enrichments are not

described from the Bushveld or the Stillwa-
ter Complexes, but the Sompujérvi minera-
lization of the Penikat Layered Intrusion
(Finland) would also seem to be unrelated
to base-metal sulphide-enrichments or
chromitites (Alapieti and Lahtinen, 1986),
and may be a comparable type of enrich-
ment. The mineralogy of these enrichments
on Leka is not yet known, but in the Penikat
Layered Intrusion it is characterized by
sulphide-free PGM such as sperryli-
te(PtAs2) andisomertieite (Pd11Sb2As2), as
well as various Pd-Pt-Cu-Fe and Pt-Pd-Cu
alloys (Alapieti and Lahtinen, 1986).

The main PGE-deposits of layered intru-
sions are located above the level where pla-
gioclase becomes a cumulus phase, and they
are generally considered to be the lowest le-
vel at which the magma reached significant
and widespread sulphide saturation (Camp-
bell et al. 1983; Irvine et al. 1983; Barnes and
Naldrett,1985; Naldrett and von Gruene-
waldt, 1989).

The reason for the sudden sulphide satura-
tion is poorly understood but it probably re-
sults from magma mixing (Irvine,1977) or a
decrease in temperature (Haughton et al.
1974). Campbell et al. (1983) attributed the
sudden sulphide precipitation and the for-
mation of Merensky-type deposits to tem-
perature decrease in the influxing magma.
The strong PGE enrichment was explained
by extraordinary high melt/sulphide ratios
(R-factor) so that the sulphides scavenged
the PGE from large volumes of magma. The
reason for the position of the reefs some dis-
tance above the level where plagioclase ap-
pears as a cumulus phase was explained by
the fact that the resident magma at this sta-
ge had become just slightly denser than the

185



influxing magma (due to an increase in the
FeO content of the magma, which have been
caused by the plagioclase precipitation).
The influxing magma would therefore form
a plume and rise into the resident magma
column untill it reached the appropriate
density-level where it could spread out. Sub-
sequent cooling of the influxing magma wo-
uld lower the density of the resident magma
below that of the underlying resident mag-
ma, and result in turnover and the opportu-
nity for the immiscible sulphide droplets to
equilibrate with large volumes of magma.

Naldrett and von Gruenewaldt (1989) sug-
gested that the sudden sulphide precipita-
_tion was induced by magma mixing and that
the reason for the position of the reefs abo-
ve the level where plagioclase appears lies

Degree of Crystallization

in the shape of the sulphide solubility curve
(Fig 31A). The solubility of sulphide in a si-
licate magma is to a large extent governed
by the temperature and the FeO content of
the magma, and a decrease in both lowers
the solubility (Haughton et al. 1974; Shima
and Naldrett, 1975; Buchanan and Nolan,
1979; Buchanan et al., 1983). It seems the-
refore likely that the solubility of sulphide
in the magma decreases during crystal-
lization of ultramafic cumulates, when the
FeO content of the magma should decrease
, and that the solubility curve may become
flat and even rise after plagioclase appears
as a cumulus phase and the FeO concentra-
tion starts to increase in the magma
(Fig.31A). Mixing of a primitive magma (P)
with a resident evolved magma (R) that is
crystallizing plagioclase, may therefore re-
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FIG. 31. A) Schematic diagram illustrating assumed evolution in the solubility of iron sulphide with progressive
differentiation of basaltic magma (after Naldrett and von Gruenewaldt 1989). B) Phase relations in the system
Chromite-olivine-quartz (after Irvine, 1978). C) Schematic diagram illustrating assumed changes in the solubility
of sulphide in the magma as a function of variations in the magma-temperature and the FeO content of the mag-
ma with progressive differentiation. D) Suggested modifications to the sulphide solubility curve suggested by Nald-
rett and von Gruenewaldt (1989) (A) which take into account the initial increase in the FeO content of the magma

when very magnesian olivines are fractionated
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sult in a hybrid magma (H), positioned abo-
ve the sulphide solubility curve (Fig 314),
and hence give rise to extensive sulphide se-
gregation, which, due to turbulent condi-
tions during mixing may equilibrate with
large volumes of magma and scavenge the
PGE. However, if the primitive magma mi-
xed with an only slightly more evolved mag-
ma, then the hybrid magma might not be
positioned above the sulphide solubility
curve, and this explains, according to Nald-
rett and von Gruenewaldt (1989) the gene-
ral lack of PGE-deposits within the
ultramafic zones of layered intrusions.

It may seem illogical that this study has been
focussed on the ultramafic zone of the laye-
red series while all the major PGE-deposits
within intracratonic layered intrusions are
positioned above the level where plagiocla-
se appears as a cumulus phase. MORB and
also MORB/IAT-like magmas of compara-
ble ophiolite complexes such as Kar-
mgy(Pedersen,1989), show very low

abundances of the PGE (typically less than

0.5 ppb of Pt). The resident magma in the
ophiolitic magma chamber from which the
gabbroic cumulates formed were therefore
probably very depleted in PGE. If a PGE
deposit was to form from such a magma an
unrealistically high R-factor would be re-
quired (ie. if a half-meter thick deposit with
3000 ppb of Pt should form from a magma
with 0.3ppb of Pt, all the Pt from a S000 me-
ter thick column would have had to be sca-
venged). Our reasoning was therefore that
if a PGE-deposit was present in an ophioli-
te, than the PGE must have been scaveng-
ed directly from a more PGE-rich parental
magma, and the position of such a deposit
could not be governed by whether the sulp-

hides subsequently equilibrated with a large
volume of the PGE-depleted resident mag-
ma or not. The deposit could, for this rea-
son, just as well be positioned below as
above the level where plagioclase appears as
a cumulus phase.

The presence of the PGE-enriched hori-
zons within ol-cumulates that appear to
have formed from a bottom layer of paren-
tal magma (Pedersen, 1989), shows that this
reasoning was valid and that the PGE were
scavenged from the parental magma shortly
after it entered the chamber and before it
mixed entirely with the resident magma.
The presence of the sulphide-rich horizons
within the olivine cumulates studied shows
also that sudden and significant sulphide
precipitation may take place prior to the ap-
pearance of plagioclase as a camulus phase.

There are therefore grounds for believing
that the processes that control PGE distri-
bution in the layered series of ophiolites dif-
fer from those of intracratonic layered
intrusions. The features that may have a par-
ticular importance for understanding the
contrasting PGE-distributions are:

1) Widespread and sudden sulphide preci-
pitation occurred repeatedly, and after in-
flux of very primitive parental magma long
before plagioclase appeared as a cumulus
phase - this appears not to be the case in in-
tracratonic layered intrusions (Naldrett and
vo Gruenevaldt, 1989).

2) The stratabound chromitites are depleted
in Pt and Pd both within the Leka ophiolite
and in ophiolites in general (Page et al.
1986) - chromitites within layered intrusions
are generally enriched in PPGE and are of-
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ten the host rock of Pt-deposits (ie. the UG-
2, Bushveld Complex)

3) Some of the PPGE-enrichments on Leka
seem to have a pronounced gradient in
Pt/Pd ratio over relatively short distances -
similar lateral gradients are not reported
from PGE-deposits in layered intrusions.

The discrete sulphide-rich horizons within
the ol-cumulates on Leka may have formed
due to the influx of sulphide saturated mag-
ma cdntaining immiscible sulphide droplets
that segregated immediately after the mag-
ma entered the chamber. The sulphide pre-
cipitation may also have been caused by a
drop in temperature of the parental magma
after it entered the chamber, but it may be
questioned if cooling by thermal diffusion
alone could result in the formation of dis-
tinct sulphide-rich horizons. Mixing-indu-
ced precipitation should not according to
Naldrett and von Gruenevaldt (1989) take
place, due to the shape of the sulphide solu-
bility curve (Fig. 31A). However, the sche-
matic evolution in sulphide-solubility with
progressive differentiation of basaltic mag-
mas may not be entirely valid for cases whe-
re very forsteritic olivines initially
fractionated from the parental magma. Oli-
vines with Fog2 will contain ca. 8wt% FeO,
which is below the FeO-content of a reaso-
nable parental magma (9-10wt%). Fractio-
nation of such olivines will therefore
initially lead to an increase in the FeO-con-
tent of the magma until the FeO-content of
the olivines exceeds that of the magma and
then start to deplete itin FeO (Fig 30). The
sulphide saturation curve may therefore
start with a rapid decline before it flattens
out and even climbs due to the initial inc-
rease in the FeO content of the magma, and

will subsequently decline rapidly when both
the temperature and the FeO content dec-
rease (Fig 31D). Sudden and widespread
sulphide precipitation caused by the blen-
ding of magmas may thus be expected to be
produced by two circumstances : when pri-
mary magma mixes with a resident magma
that has undergone plagioclase fractiona-
tion for a while (Fig.31A), and when picritic
parental magma in equilibrium with very
magnesian olivine (Fo93.92) blends with a
slightly more evolved magma (in equilibri-
um with Fogg-gs)(Fig.31D). The first scena-
rio appear to have resulted in the major
PGE-deposits of the world, and the second
situation seems to be the petrogenetic fra-
mework for the more modest enrichments
within the Leka ophiolite.

Chromitites in layered intrusions are consi-
dered to have formed as a result of magma
mixing (Irvine,1977). Due to the curvature
of the olivine-chromite cotectic line, the
blending of a magmas positioned somewhe-
re on the olivine-chromite cotectic will re-
sultin a hybrid magma positioned within the
chromite field, and which consequently will
precipitate only chromite (Fig.31B). Blen-
ding of magma with very small differences
in composition will, according to the phase
relations in the system chromite-olivine-
quartz, result in a relatively small amount
of chromite, while the mixing of melts that
have more contrasting compositions may re-
sult in the precipitation of larger quantiti-
es of chromite.

If the formation of chromitites and enhan-

- ced sulphide precipitation are both pro-

ducts of magma mixing then sulphide-rich
chromitites enriched in PPGE would be ex-
pected to be the result. This is also what is
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present in layered intrusions such as the
Bushveld and Stillwater Complexes. The
sulphide-rich and the chromite-rich hori-
zons are ,however, displaced relative to each
other within the cumulates on Leka, with the
chromite-rich positioned below the sulphi-
de-rich horizon. This is also reflected in the
chondrite-normalized pattern of the PGE
content of these rocks. All the analysed
stratabound chromitites from Leka, except
one, show the typical ophiolitic, IPGE-enri-
ched pattern (Fig 19). The one that is anom-
alous differs from the other in having visible
sulphide and in having a slightly PPGE-en-
riched pattern which compare with the pat-
tern of chromitites from the Stillwater and
the Bushveld Complex (Fig 20). This pat-
tern can be produced by combining the
IPGE-enriched pattern of the standard
chromitite with the PPGE-enriched pat-
tern of the sulphide-rich horizons, and may
be explained by the superposition of a sulp-
hide-rich horizon on a chromitite horizon.
This is, however, an exception and general-
ly the sulphide-rich horizons and the chro-
mitites are separated by a few tens of
centimetres to a few metres.

If an immiscible sulphide-phase and chro-
mites formed as a consequence of the same
mixing event, differing settling velocity be-
tween very small immiscible sulphide dro-
plets and larger chromite crystals could
possibly explain the separation of the sulp-
hide-rich and the chromite-rich horizons.
However, this mechanism cannot easily ex-
plain why the relative displacement of these
layers should be exclusive to these very mag-
nesian ol-cumulates. If the shape of the sulp-
hide-solubility curve is in principle as
outlined in Fig 31 A&D), this relation can

readily be explained. Consider first the case
where parental magma mixes with aresident
magma that has undergone plagioclase crys-
tallization (Fig 31). The assumed shape of
the sulphide-solubility curve suggest that
the hybrid magma will be positioned above

the curve wether the volume of replenishing

magma have been small or more substanti-
al.. This may also be the case if a picritic
magma mixes with a slightly more differen-
tiated resident magma positioned to the left
of point A on the sulphide-solubility curve
(Fig 31B). If on the other hand the residing
magma is positioned beyond point A, a new
influx of magma will initially lead to a sulp-
hide undersaturated hybrid magma (H1),
and sulphide saturation will first be achie-
ved after continued influx of picritic magma
has brought the hybrid magma above the
curve (H2). A similar delay would not be ex-
pected for the formation of mixing-induced
chromitites (Fig 31B), which hence should
develop some distance below the sulphide
enrichments.

The lateral gradient in the Pt/Pd ratio of
some of the PGE-enriched horizons on
Leka may reflect the specific fluid dynamic
process that formed the ol-cumulates. The
cryptic olivine composition of the units stu-
died can be explained by influx of the paren-
tal magma through a magma fountain,
within which the parental magma mixed
partly with the resident magma before it fell
back and spread out as a hybrid bottom lay-
er (Fig.32 D-G). This type of magma influx
contrasts with the way the Bushveld Com-
plex is thought to have been replenished
when the Merensky cyclic unit formed
(Fig.32A-C). The influx through a magma
fountain results in a lateral flux of hybrid
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FIG. 32. A-C) Sketch showing a model for the formation of the Merensky Reef (after Naldrett et al. 1986) A) In-
troduction of a fresh pulse of magma as a turbulent plume, B) the turbulent convection of this pulse and C) down-
spouting of a mixture of crystals plus sulfides plus entrained liquid to spread out over the crystal pile as the

Merensky reef.

D-G) Model for the fluid dynamic processes that appear to have operated during formation of the stratabound
enrichements on Leka. D) Introduction of a fresh pulse of picritic parental magma as a magma fountain which
partly mixes with the resident magma, E-G) formation of a hybrid bottom layer and mixing-induced precipitation
of chromites and subsequently sulphides which scavenged the PGE from the magma. The flux of parental magma
across the floor may result in a lateral fractionation of the PGE with the most refractory elements deposited clo-
sest to the vent , and this may explain the lateral variation in the Pt/Pd ratio of some of the enriched horizons.

magma across the floor of the chamber (Fig
32D). The refractory metals that precipita-
te as chromite, PGM, alloys or sulphides
may therefore be fractionated laterally,
whether these phases were carried by the in-
fluxing magma or formed due to magma mi-
xing in the fountain. The thinning of the
main chromitite horizon from 5-7 metres
thickness in profiles A and B down to a me-
tre thickness in profile C, may be the result
of such a lateral fractionation, and the dec-
rease in the Pt/Pd ratio of the PPGE enri-
ched horizon in the same direction may also
be explained by such a mechanism.

Fractionation of the PGE

The fractionation of the PGE, as evident
from the positive slope of the chondrite-
normalized PGE-pattern of terrestrial ba-
salts, can either be attributed to partial
melting or to fractional crystallization or a
combination of these processes (Barnes et
al. 1985). Ophiolite complexes represent a
unique possibility to evaluate the effect of
various possible mechanisms since both the
PGE-contents of the residual source of the
magma (mantle tectonites), the cumulates
that have been fractionated from the prima-
ry magma (podiform chromitites and laye-
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red series), and the differentiated basaltic
magma (lavas and dykes), can be estab-
lished.

The PGE composition of dykes assumed to
reflect the composition of the axis sequence
magma after formation of the ultramafic cu-
mulates, shows an average Pd/Ir ratio of 12
(Pedersen, unpublished data). The strat-
abound chromitites, which typically yield a
Pd/Ir ratio of 0.1, have clearly fractionated
the parental magma in the IPGE relative to
the PPGE. The sulphide-rich horizons, on
the other hand, show a spread in Pd/Ir ratio
from less then 10 to above 100 (Fig 33), and
the most PPGE-enriched horizons should
therefore have fractionated the magma in
the PPGE relative to the IPGE, whichisrea-
sonable considering that the PPGE parti-
tion much more strongly into an immiscible
sulphide melt than IPGE (Barnes et al.
1985). However, the average Pd/Ir ratio of
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the all the cumulates studied is ca. 10 - abo-
ut the same as that of the assumed residual
basaltic magma, which suggests that the
combined effect of the formation of the va-
rious types of PGE-enriched horizons did
not lead to any significant fractionation of
the PGE. The fractionation of the PGE se-
ems therefore not to have taken place in the
magma chamber, and must consequently
have occurred during ascent to the magma
chamber or during partial melting of the
mantle source.

Neither the dunite bodies nor the chromiti-
te schlierens that are assumed to have for-
med from the primary magma en route to
the magma chamber, can account for the
fractionation of the PGE because of the in-
significant volume of sufficiently PGE-enri-
ched rocks. However, the
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PGE-geochemistry of the tectonite-hosted
chromitites on Leka is not representative of
typical podiform chromitites, which compa-
re in composition with the IPGE-enriched
stratabound chromitites on Leka. The PGE-
pattern of the mantle-tectonites on Leka
can be perfectly modelled from the parental
magma composition by adding IPGE-enri-
ched chromitites to the estimated magma
composition (Fig 34). However, if we assu-
me chromitites with ca 300 ppb of IPGE
(which is a typical content of ophiolitic chro-
mitites, Page et al. 1986), a weight fraction
of 0.1 must be added to produce the Pd/Ir
ratio of the mantle tectonites. Unless the Cr
content of the chromitites is less then Swt%
, 1. low grade disseminated chromitites, the
Cr content of the primary magma will be un-
realistically high. If very IPGE-enriched
chromitites (3000 ppb of IPGE) are consi-
dered then a weight fraction of only 0.003
needs to be added to the parental magma to
obtain the Pd/Ir ratio of the harzburgite.

The fractionation of the IPGE relative to
the PPGE of the parental magma can there-
fore be accounted for by the formation of
podiform chromitites from the primary
magma. However, in order to maintain a
reasonable Cr-budget, 0.3 to 0.9 wt% of
chromitites with JPGE content in the 1-3

ppm range should have fractionated from

the primary magma en route to the magma
chamber. Such IPGE-enriched chromitites
are found in ophiolites, but it may be ques-
tioned if they are presentin large enough vo-
Iumes. Present knowledge suggests not, but
on the other hand only a very minor portion
of the mantle sequence involved in the ge-
neration and initial fractionation of the pri-
mary melt is exposed within ophiolites.

The estimated parental magma has Pt and
Pd contents comparable to the average
mantle tectonite on Leka, and the Dmant-
le/crust Value for Pt and Pd seems according-
ly to have been of the order of 1. This
suggests that the fractionation of the PGE
in the parental melt is due to depletion of
the IPGE and not to enrichment of the
PPGE relative to the mantle source. If Ir
partitioned very strongly into the residual
during partial melting, then the residual
mantle would become enriched in Ir by a
maximum of 20% relative to the primary so-
urce (assuming 20% partial melting). The
maximum expected variations in the mantle
lithologies are thus at the edge of the preci-
sion and accuracy that can be expected from
the analyses. A considerably larger databa-
se of mantle tectonites which show a wider
range in the degree of major element-deple-
tion than is the case for the samples studi-
ed, seems therefore necessary to document
whether the PGE became fractionated du-
ring partial melting or not.

PGE-potential of the Leka ophiolite and ap-
Dlication to exploration in ophiolites

The parental magma of the Leka ophiolite
appears to have had PGE-contents compa-
rable to that of intracratonic layered intru-
sions containing economic PGE-deposits. It
seems therefore clear that a possible lack of
economic deposits in ophiolite complexes
should be attributed to the lack of sufficient
enrichment of the PGE, and not to PGE-de-
pleted parental magmas. However, signifi-
cant enrichments of the PGE formed both
during ascent of the primary magma thro-
ugh the mantle, and during and immediate-
ly after influx of the parental magmainto the
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magma chamber. The highest contents ob-
tained from the podiform type chromitites
are 8500 ppb with an average Pt value of
2500ppb. These values approach ore grade,
3700-4800ppb Pt (Morrissey, 1987), but the
volume of these enrichments are insignifi-
cant.

The PPGE-enriched stratabound horizons
yield a maximum of 3 ppm total PGE + Au
(average of 2 samples, 89lek9a,c table 17).
Although this is only half of the amount pre-
sent in the Merensky Reef, the horizon is
still highly enriched in PGE. Considering
that we have studied only ca 150 metres of
cumulates in detail, and that we have disc-
overed one horizon giving 3ppm in hand-
samples and several horizons yielding half-
and meter-averages of around 1 ppm total
PGE + Au, as well as 5-6 other horizons yi-
elding several hundreds of ppb, the chances
of finding a stratabound PGE-deposit ap-
proaching ore grade within the Leka ophio-
lite should not be ruled out.

The high number of moderately enriched
horizons can, as discussed above, be explai-
ned by the fractionation of PGE-rich im-
miscible base-metal sulphides and/or PGM
or alloys immediately after influx of discre-
te batches of parental magma into the mag-
ma chamber. The "R-factor”, or the amount
of melt that the immiscible sulphides equi-
librate with and scavenge the PGE from, is
considered to have a major importance for
the formation of economic PGE-deposits
(Campbell et al. 1983). Magma batches of
sufficient volume may therefore be a neces-
sity to form deposits of ore-grade. If a half
meter thick enrichment with 4000 ppb of Pt
isto form, it would require Pt to be scaveng-
ed from at least a 250 metre thick column

of parental magma with 8ppb of Pt. The
Leka ophiolite complex contains a number
of a hundred to several hundred meter thick
sub-zones of ol-cumulates which, from
mass-balance considerations, must have
formed from columns of picritic parental
magma that were considerably thicker than
afew hundred metres. The magma chamber
was therefore periodically refilled with pa-
rental magma of sufficiently substantial vo-
lume to form PGE-deposits of economic
grade. However, the sub-zones studied can
be subdivided into several cyclic units and
cryptic variation has also revealed the pre-
sence of several cryptic cyclicunits. The sub-
stantial influxes of picritic magma that are
reflected by the thick sub-zones of ol-cumu-
lates, seem accordingly not to have entered
the magma chamber in one batch, but rather
in aseries of minor incremental batches and
even as a continuous influx of magma over
a more substantial period of time (Peder-
sen, 1989). Thus, instead of one major PGE-
enrichment, this type of magma-influx has
resulted in a number of more moderately
PGE-enriched horizons. Whether this is a
general feature of all the major ol-cumulate
sub-zones on Leka is, as yet, unknown. Pre-
sent knowledge suggests that if one of these
zones represents a single, or only a couple
of macro cyclic units, then PGE-enrich-
ments that approach ore-grade should be
expected to be present close to the base of

such units.

While the Pt-deposits of layered intrusions
are often hosted in chromitites, which the-
refore are targets for PGE-prospecting, the
stratabound chromitites on Leka are poor in
PPGE. Studies of a number of other com-
plexes have shown that such Pt- and Pd-de-
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pleted chromitites are a general feature of
ophiolites (Page et al.1982; Page et al.
1986), and ophiolites complexes have there-
fore not been regarded as potential plati-
num sources of economic importance. This
study show that the reason for the PPGE-
depletion of the stratabound ophiolitic
chromitites is probably not related to the
lack of Pt- and Pd-enrichments in ophioli-
tes, but to the fact that these enrichments
are displaced relative to the chromitites. In
the few cases where they are superimposed
on each other the chromitites have PGE-
patterns comparable to the chromitites of,
for instant, the Stillwater Complex. While
the reasons for this relative displacement
may be debated, the observation has obvio-
us consequences for the prospecting of
stratabound Pt- and Pd-deposits in ophioli-
tes.

The lateral variation in the Pt/Pd ratio of the
PPGE enriched horizons, with increasing
ratios towards the most central parts of the
intrusion has also significanse for prospec-
ting . These lateral gradients suggest that
Pt-deposits in ophiolites may be more spa-
tially limited than Pt-deposits of intracrato-
nic layered intrusions. If this also implies
that deposits of unusual high grade may be
present in ophiolites is yet to be shown, but
what seems clear is that Pt-deposits that are
not displaceda relative to chromitites, and
which are situated within very magnesian ol-
cumulates where the only cyclic units
are cryptic, will be difficult to find.

The major PGE-deposits of layered intru-
sions are located above the level where pla-
gioclase appears as a cumus phase. This
level has not been investigated in this stu-
dy, and to our knowledge not in any other

studies of ophiolites either. Our present
knowledge does not suggest that these levels
should be more favourable for the forma-
tion of PGE-deposits than the ultramafic
zone studied. Admittedly, however, our
knowledge of the layered series of ophioli-
tes, and the magma chamber processes that
operated during their formation, is very li-
mited compared with the knowledge avai-
lable on intracratonic layered intrusions. It
should therefore not be excluded that also
the mafic zone of the layered series
may contain positive surprises with regard
to the PGE-potential of ophiolites.

Summary and Conclusions

The study of the- PGE-abundances within
the Leka Ophiolite Complex has lead to the
following conclusions:

1) PPGE-enriched chromitites with a maxi-

mum of 8000ppb of PGE + Au are docu-
mented to be present within the mantle
tectonites. These rocks compare well with
PPGE-enriched chromitites within the Unst
ophiolite. Intra-mantle differentiation of
the primary magma may be one of the pro-
cesses that control the formation of these
enrichments. The low volume of these en-
richments, particularly on Leka, but proba-
bly also in ophiolites in general, suggest that
they do not have any economic potential.

2) The parental magma to the magma
chamber of the Leka Layered Series is
shown to have had Pt-Pd abundances com-
parable with that of intracratonic layered in-
trusions that host major PGE-deposits.

3) The parental magma had a fractionated
PGE-pattern when it entered the magma
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chamber and nosignificant fractionation ap-
pears to have taken place within the magma
chamber. The fractionation may therefore
either have taken place by the formation of
unusually IPGE-rich podiform chromitites
or during partial melting.

4) Three types of statabound enrichment
are documented from the ultramafic zone of
the layered series: 1) IPGE-enriched chro-
mitites, 2) Pt-dominated enrichments and
3) Pd-dominated enrichments that are asso-
ciated with sulphide-rich horizons. While
IPGE-enriched horizons typically containa
few hundred ppb of IPGE, the Pd-domina-
ted horizons have commonly Pt+ Pd con-
tents in the ppmrange. Drill holes across the
enrichments have shown the presence of se-
veral horizons with half- and meter-avera-
ges of ca 1ppm of PGE + Au combined, and
some of these horizons can be traced for ca
1,5 kilometres. '

5) Pd-Pt antimonides,tellurides and arseni-
des, as well as native platinum have been do-
cumented from the enriched rocks, with
grainsizes that vary from less than 10 to 150
microns.

6) The PPGE-enriched horizons on Leka
are generally displaced relative to the chro-
mitites and this relationship may explain
why the ophiolitic chromitites in general are
PPGE-depleted.

7) The present data suggest that the Pt-do-
minated horizons are positioned just below
the Pd-dominated horizons and that they
fade laterally towards distal parts of the in-
trusion; the opposite seems to be the case
for the Pd-dominated horizons.

8) The enrichments documented are sub-
economic, but their presence demonstrates
that orthomagmatic statabound Pt-Pd-de-
posits may be present within ophiolites.

9) Prospecting for stratabound PGE-depo-
sits in ophiolites should not be focused di-
rectly on chromitites but just above the
chromitites, or if chromitites are not present
close to the base of macro cyclic units. Pt
may be preferentially enriched laterally to-
wards the central parts of the intrusion.
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Table 1 - Standards

KODE Rock Type |Method /lab. Os Ir Ru Rh Pt Pd Au
S1 Dunite 1CPMS/Sheen 8,0 8,5 11,0 2,0 4,5 3,0 2,0
S1 1CPMS/Memorial 6,7 5,9 11,4 1,3 3,9 1,7 1,4
S1 1CPMS/Memorial 2,7 7,0 16,9 1,3 3,1 1,6 0,9
S1 ICPMS/Memorial 3,1 7,3 12,7 1,5 4,1 1,9 0,8
S1 1CPMS/Sheen 12,0 7,0 15,0 1,5 3,5 1,5 2,0
s1 1CPMS/Sheen 2,0 5,0 11,0 1,5 3,0 1,0 6,0
$1 Average 5,8 6,8 13,0 1,5 3,7 1,8 2,2
$1 Standard deviation 3,9 1,2 2,4 0,3 0,6 0,7 1,9
S1 Relative standard dev 67,6% 17,7% 18,7% 17,0% 16,3% 37,5% 88,7%
AX90 Komatiite 1CPMS/Sheen 2,0 3,0 14,0 12,0 140,0 270,0 4,0
AX90 ICPMS/Memoriat 2,6 3,1 15,8 11,8 132,2 328,7 4,7
AX90 1CPMS/Memorial 1,7 3,2 16,6 12,3 141,8 322,1 4,9
Ax90 Average 2,1 3.1 15,5 12,0 138,0 306,9 4,5
Ax90 Standard deviation 0,5 0,1 1,3 0,3 5,1 32,1 0,5
Ax90 Relative standard dev 22,2% 2,9% 8,5% 2,3% 3,7% 10,5% 10,4%
AX90 Neutron Act. average 2,3 2,7 19,0 12,0 119,0 338,0 5,4
Ax90 Neutron Act. std 0,7 0,2 4,0 1,0 32,0 37,0 0,7
AXD18 [Komatiite 1CPMS/Memorial 1,3 1,3 5,5 5,1 58,5 143,7 5,7
AXD18 1CPMS/Sheen 4,0 5,0 12,0 10,0 72,0 160,0 4,0
AXD18 1CPMS/Sheen 2,0 1,5 8,0 5,5 62,0 170,0 4,0
AXD18 1CPMS/Sheen 2,0 1,5 7,5 5,0 56,0 150,0 8,0
AXD18 Average 2,3 2,3 8,2 6,4 62,1 155,9 5,4
AXD18 Standard deviation 1,2 1,8 2,7 2,4 7,0 11,5 1,9
AXD18 Relative standard dev 50,8% 76,6% 33,2% 37,9% 11,3% 7,4% 34,9%
AXD18 Neutron Activation <9.00 2,4 2.0 10,6 66,0 156,0 37,0
PTC-1 1CPMS/Sheen 310 170 550 630 2700 12000 340
PTC-1 Recommended 3000 12700 650
PTM-1 1CPMS/Sheen 200 340 650 970 5800 8900 1700
PTM-1 Recommended 900 5800 8100 1800
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Table 2 - Harzburgite/Dunite/Pyroxenite from Tectonites

Sample # Rock Type [Lab. Os Ir Ru Rh Pt Pd Au] Total
Lek88-2¢ Dunite Sheen 6,0 4,5 8,5 1,5 8,0 7,5 2,0 38,0
lek88-3f Dunite Sheen 2,0 5,0 12,0 2,5 9,5 6,5 2,0 39,5
Lek88-4a Dunite Sheen 4,0 5,0 10,0 2,0 5,5 4,5 4,0 35,0
lek88-5d Dunite Sheen 12,0 6,0 13,0 2,0 8,0 6,0 4,0 51,0
Lek88-6b Dunite Sheen 2,0 2,5 15,0 1,0 3,0 3,5 6,0 33,0
Lek88-7b Dunite Sheen 4,0 4,0 9,0 1,5 2,5 1,5 2,0 24,5
Lek88-8b Dunite Sheen 10,0 4,0 13,0 2,0 15,0 12,0 4,0 60,0
lek88-1e Harzburgite |Sheen 8,0 6,5 18,0 3,0 24,0 14,0 2,0 75,5
Lek88-2d Harzburgite |Sheen 8,0 6,5 9,0 2,5 13,0 7,5 2,0 48,5
Lek88-3e Harzburgite |Sheen 10,0 6,5 11,0 2,5 8,5 10,0 6,0 54,5
lek88-3g Harzburgite {Sheen 10,0 5,0 13,0 2,0 8,0 7,0 4,0 49,0
lek88-4b Harzburgite |Sheen 8,0 4,5 9,0 2,0 9,0 7,5 4,0 44,0
lek88-5¢ Harzburgite jSheen 8,0 7,0 11,0 2,0 8,5 8,5 4,0 49,0
Lek88-6¢ Harzburgite [Sheen 4,0 4,0 12,0 1,5 5,0 5,0 2,0 33,5
lek88-7c Harzburgite [Sheen 4,0 3,5 11,0 1,5 6,5 4,0 2,0 32,5
Lek88-8c Harzburgite [Sheen 8,0 4,0 15,0 1,5 4,5 7,5 2,0 42,5
lek88-2b Pyroxenite (Sheen 2,0 2,0 11,0 1,0 8,0 6,5 2,0 32,5
1ek88-5f Pyroxenite |Sheen 2,0 1,5 9,0 0,5 3,5 3,0 6,0 25,5
Table 3 - Chromitites from Tectonite
Sample # Lab. 0s I Ru Rh Pt pd Au Total
Lek88-1b Sheen 360] - 410 60 210 4600 2700 170 8510
Lek87-P1 Sheen 180 240 370 150 2400 1600 20 4960
lek88-1a Sheen 340 220 56 150 1800 1200 44 3810
Lek88-1d Sheen 240 220 48 160 2100 960 46 3774
lek88-1c Sheen 210 210 40 140 1500 690 42 2832
lek88-3a Sheen 400 240 84 300 1000 550 28 2602
lek88-3b Sheen 270 170 64 210 1100 730 32 2576
lek88-8a Sheen 180 76 40 80 740 1400 50 2566
lek88-3c Sheen 370 250 96 270 1000 420 30 2436
lekB8-3d Sheen 80 39 26 39 270 180 18 652
Lek88-6a Sheen 30 14 16 4 2 4 8 78
lek88-2a Sheen 12] 7 9 2 16 9 2 56
lek88-5a Sheen 4 3 13 2 6 13 2 42
Lek88-5b Sheen 4 3 13 2 3 5 2 34
lek88-7a Sheen 2 2 13 1 7 2 4 31
Lek88-5¢ Sheen 4 3| 9 2 6 4 2 29
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Table 4 - Profile B
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Table 9 - Core 88B5
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Table 11 - Core 88B7

—~ONiohnNnO|loinin|O|QC|o|o(no|o(injinn|njo o M
@ s s T Tl e Tof TRl T a Taf Ta] T Tl T w Tl e T w] Cwl T w W] Tl T -
t5%9333000015954M673520 o
o0 4933067894“46 NN~ Iin ~
bl Sl Rl Ll £l  d L ~ |- -
MOOOOOOOOOOOOOOOOOOOOOO ]
N e e e e e I e e e e e e e e s ~
OO [0 OO |3 |0 O (OO NP~ i{~T| T 0
NN [N =M M N NV — — -
Tvio|o|o(olo|o|olo|ojo|o|o|jo|o|o|ojo|o|un|inunjn o
AR R R EEEEEEE e Q
—JOININ—|in|=InM0 OO O (Nt [ O~ | M
NN TN M| D= OV O 0
- MmN
HIOIOIO|I0IO0IQIQIQIC|CIQIO|IO|O|Olo|n|o|n|ojn (]
Al o T s Tl o o] To] Tal TS T Tal Ta Tal Ta T wl a w w] e e . N
MladisrineIidIMmMmIQIN [V INIVIO OR[N [~r o in )0 o
23324431731152256 ~
-
LlNnjojniin!ojojojojon]|o|o|onin|o|ojo|oln|nin N
R EEEEEEEEE T EEEE -
111122215411&732213212 M
moooosnsssoosooossooooo wn
I O e R S I I e e e et ~|
mimMmimnmmmMminiin|ad (< (inicd MmO (oMM~ IMmiolcN [« 3
o~ —iMmMIM|NIN
Linininjojofo Qlon|ojn|o(o|n|nic (o |o|o|o|n M
e SRR |
O|O ||| — M |[Nj—|— |N[(T|—[— [N O[O0 [N M
- -
moooooooooooooooooooooo o
| Twf Tw] Ta] Tw] Ta] e e A T e Al Tad Tl el Tl T e Tal Taf T e o)
NN N[NNI NN NN NN NN N N[N NN NN e o~
vcjciciclcjeclciclcjc|lcicicic|lclciec|le|lcic]c|C
Qlojotojelojejoieiolole|jojo|jejv|o|e|fojuivjalo
Flejo|je|iojoivivie|vie|lojoio]o|e|efw|o|olviolO
LlocloloiclojoloiclelL|L|loiL|lLlL|Lelo|lL|LlllLlo
ujujunjulnjinininluininivinjujvninjunjuivivnln
ORIV [V IM{N =[O OO N[O |~ (M]od] e
L33V ot R Rl L g Ll Dl £l Kl K €l Kl
& o
- o
[
[ [
[ [
= >
(%) <<

Tabel 12 - Core 89B1
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Tabel 13 - Core 8983

Table 14 - Core 89B4

Table 15 - Core 8985
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Table 16 - Core 8989 211

Core len. Lab. Os Ir Ru Rh Pt Pd Au Total
13,5 Sheen 2,0 0,5 3,0 1,5 9,0 9,5 2,0 27,5
13] sheen 2,0 2,0 4,0 2,0 37,0 35,0 22,0 104,0
12| Sheen 2,0 1,0 2,5 1,0 25,0 27,0 18,0 76,5
11| Sheen 2,0 1,5 3,0 2,0 43,0/ 330,0 64,0 445,5
10 Sheen 2,0 1,5 3,0 1,5 27,0 33,0 26,0 94,0
9 Sheen 2,0 1,0 1,5 1,0 26,0 35,0 88,0 154,5
8 Sheen 2,0 2,0 2,0 1,0 30,0 32,0 70,0 139,0
7] Sheen| 2,0 2,0 3,0 3,0 41,0 50,0 44,0 145,0
6 Sheen 2,0 1,5 4,0 2,0 37,0 140,0 94,0 280,5
5 Sheen 2,0 2,0 3,5 2,0 42,0 60,0 70,0 181,5
4] Sheen 2,0 1,5 3,5 2,0 30,0 41,0 38,0 118,0
3 Sheen 2,0 1,0 3,0 1,5 27,0 39,0 42,0 115,5
2| sheen 2,0 1,0 3,0 2,0 20,0 37,0 24,0 89,0
1 Sheen 2,0 2,0 4,0 2,5 47,0 81,0 50,0 188,5
Average 2,0 1,5 3,1 1,8 31,5 67,8 46,6 154,2
Table 17 - Sulfide-rich horizons
Sample # Lab. Os Ir RU, Rh Pt Pd Au Total
89lekPa Sheen| 2 18, 20 45 890 2100 250 3325
891 ek9c Sheen 8 23 63 42 850, 1700 110 2796
89lek21a Sheen 4 25 75 44 500 1100 160 1908
89(ek22 Sheen 2 20 50 27, 4401 1100 240 1879
89lek31 Sheen 20 63 120 42 550 820 62 1677
89lek21b Sheen 2 17 41 33 460 910 66 1529
89lekba Sheen 20 13 26 14 200 790 180 1243
89lek18a Sheen 2 13 22 15 360 580 84 1076
89lek21c Sheen 2 n 29 22 310 530 78 982
891ek2d Sheen 4 9 20 4 280 480 140 937]
89lekia Sheen [ 12 28 9 2 780 24 860
89lek5a Sheen 12 20 39 19 47 370 180 687
89leke? Sheen| 4 16 26 20 250, 280 35 631
89lek21d Sheen 2 7 21 15 200 350 28 623
89lek9b Sheen| 2 4 5 9 140 320 46 526
891lek16 Sheen| 2 8 12 4 110 290 94 s20
891ek30 Sheen 2 10 17 11 140 260 54 494
89lek11a Sheen 4 12 16 9 120 180 42 383
89lek28b Sheen| 2 13 19 10 95 190 50 379
891ek8a Sheen 6 9 10 [ 110 160 48 348
89lek13a Sheen 2 8 8 3 88 160 64 332
{891ek28b Sheen é 8 9 5 51 150, 82 311
189tek17a. Sheen 2 10 16 8 83 140 28 287
{891ek24b Sheen| 2 13 30 9 83 120 12 269
189tek29 Sheen 2 10 14 7 73 130 24 260
{89lekée Sheen 2 9, 9 4 62 91 70 246
89t ek20b Sheen 2 9 14 7 63 99 20 213
89lek10a Sheen 4 8 ] 3 58 68 54 200
89lek7c Sheen 8 8 6 4 (Al 58 64 189
89lek25b Sheen 2 [ 7, 4 54 88 24 185
8Plekl4a Sheen 4 9 7, 4 44 71 38, 176
89tek3a Sheen 2 10 7] é 27, 81 3 137,
89lek19a Sheen 2 7 5 3 38 39 32 125
89lek2a Sheen 2 7 5 2 3 54 42 114
891ek23a Sheen 2 7 3 3 25 45 14 102
89lek15 Sheen 2 7 5 2 20 25 34 95
891leki2a Sheen 2 6 3 2 19, 17, 16 65
Table 18 - Chromitites Layered Series
Sample # Lab, Os Ir Ru Rh! Pt Pd AUl Total
87p2 Sheen 130 83 260 55] 640 1000 110 2278
87p3 Sheen 58 44 120 39 440 670 100 1471
87L8 Memorial 69,5 48,3 243,4 18,2! 11,8 6,9 7,02 405,2
87L21A Memorial 44,2 36,31 137,5 20,5, 96,5 44,5 4,52 384,0
87L7 Memorial 96,8 80,9]  174,2 16,1 2,3 0,7 4,82 3758
87L7-D Memorial 98,5 80,4 172,0 16,1 2,2 0,8 4,53 374,6
87L1B Memorial 40,3 57,3 96,7 32,1 92,3 44,0 6,18 368,8
87L10C Memor ial 55,0 41,9]  133,5 12,2 12,5 4,7 4,1 263,8
87L20A Memorial 21,4 30,3 67,8 16,4 61,9 9,31 49,32] 256,4
B7L3C Memorial 41,6 37,2 32,8 25,4 81,1 12,8 7,61 238,4
87L17 Memorial 31,0 29,8 77,1 8,6 40,3 25,7 1,86 214,3
87138 Memorial 37,6 38,5 69,7 16,8 24,7 10,9 5,74  204,0
87L38-D Memorial 39,5 38,0 68,5 16,8: 24,7 10,8 5,48 203,8
87L5¢C Memoriat 51,8 33,2 77,1 8,0’ 9,7 8,2 4,87]  192,9
870188 Memor ial 34,2 23,5 105,5 7.2, 7,6 9,8 2,43 1901
87L5B Memorial 3,2 25,9 73,6 7,9 11,1 13,5 3,35 166,6
87L4 Memorial 31,8 34,3 67,8 13,2 6,6 4,0 1,98 159,5
87L5A Memorial 20,4 33,4 42,6 16,4' 12,8 1,9 2,74 130,1
87L15 Memorial .41 4,1 7,6 2,4 28,3 44,9 5,77 97,2
87L3A Memorial 18,3 18,7 32,7 7,0 8,1 1,0 2,83 88,7
87L12 Memorisat 4,0 3,0 6,2 1,7 21,8 37,6

13,59 88,0

i
|
|
|
i
i




TABLE 19 XRF-ANALYSES

PROVE AR. S102] T1i02] AlL203]  FeO] MnO|]  Mgo] Ca0] V crl _ Co| Ni] ou 2n s
89lekla 37,38] 0,02] 0,47] 10,12 0,14 44,98] 0,12 27| 8354] 141| 1673] 1363 21| 0,097
89lek2a 38,31] 0,02] 0,23] 10,16] 0,14] 46,38] 0,20] 19| 6173| 143| 1410] 1235] 24| 0,107
89leked 38,30] 0,02] 0,27] 9,89 0,14] 46,73] 0,15 25| 9044] 139| 1456] 365 32| 0,035
89lek3a 40,32] 0,01] 0,13] 9,48] 0,14] 48,48 0,12] 14| 4298 135| 1498] 67 21| 0,029
89lekie 37,64 0,02] 0,14] 11,44 0,16] 43,90 0,11 17| 4778] 151] 1313 1705] 28| 0,125
89leksa 38,10] 0,02] 0,26 11,36] 0,15] 45,36] 0,12 28] 7924] 150] 3090| 1355/ 29| 0,259
89lekéa 38,31] 0,02] 0,18 12,10] 0,16] 44,83 0,20 12| 3326] 156] 2327| 2532 22| 0,234
89lek7c 38,36] 0,01] 0,16] 11,83 0,16] 45,19 0,30 11| 2032] 156] 1601| 1925, 17| 0,133
891ek8a 37,99 0,02] 0,25] 11,77] 0,16] 44,13] 0,46] 18] 3511] 154] 1821] 1123 28] 0,118
89lek10a 38,20] 0,01] 0,19] 11,80 0,16] 44,73] 0,53] 11| 2060] 174| 2417| 29931 14| 0,276
89lek11a 36,94| 0,02] 0,35 12,86] 0,16] 43,07] 0,22] 15| 3772] 161] 2133] 1595 28| 0,236
89leki2a 38,69 0,01 0,14] 11,72] 0,15] 45,37] 0,25 13| 2937/ 153| 1270] 1193 31| 0,114
89lek13a 37,90 0,02 0,23] 10,40, 0,14] 44,46] 0,32] 17| 5035 151] 2372| 156 24| 0,263
89lekl4a 38,23| 0,02] 0,19] 12,88 0,17] 44,19] 0,16] 15| 3645 156] 2066 191z 31| 0,238
891ek15 38,40] 0,01 0,12| 12,33] 0,16] 45,59] 0,21] 11| 2857] 151| 1403 855 36| 0,044
89Lek16 37,25 0,02] 0,16] 11,49, 0,15] 44,38] 0,20] 20] 6379| 152| 1390| 897 33| 0,093
89lek17a 38,57| 0,02] 0,16] 12,10/ 0,16] 45,02] 0,33] 26/ 6238/ 150] 2016] 1372 32| 0,179
891ek18a 37,05 0,02] 0,28 13,14 0,17] 43,13 0,41] 25| 5276 156] 2124] 1837 33| 0,204
89lek19a 37,33] 0,01 0,39] 11,77] 0,15] 44,28] 0,19] 14 3586 154 2428 118 29| 0,209
891ek20b 37,94] 0,02] 0,16] 12,13] 0,16] 44,57] 0,20 16/ 3773| 158 2474| 83 33| 0,227
89lek21a 36,56] 0,02] 0,22 12,73] 0,16] 42,02] 0,32] 21] 5022| 170| 4778] 4602 9| 0,636
891ek22 36,52] 0,01] ©0,06] 10,70] 0,14] 43,17 0,22] 9] 3369 151] 4920] 1535 _ 22| 0,448
89lek23a 37,61] 0,01] 0,04] 10,40] 0,14] 44,65 0,24] 8] 2869 141| 1496| 872 29| 0,118
89 ek24b 38,17] 0,01] 0,09] 10,91] 0,15] 45,26] 0,19] 13| 4494| 141] 1253] 1175 27| 0,095
891ek25b 37,63 0,02]  0,27] 12,70] 0,16] 43,55 0,34] 20| 4975] 158] 1972] 1005 32| 0,281
891ek26b 37,40 0,01] 0,07] 11,33] 0,15] 43,46] 0,26] 6] 509 17| 1978 4205 2| 0,424
891ek2? 37,60] ©0,02] 0,58] 13,02] 0,18] 41,23] 0,91] 33| 4478| 144 1744] 1640 26| 0,198
891ek28b 36,13] 0,01] 0,15] 11,24 0,15] 41,30 0,25] 9| 1583 '167] 2075| 362+ _ 3| 0,244
89lek29 38,56] 0,02 0,14] 12,88 0,17| 45,47] 0,18] 18| 4499 150] 1779 97. 36| 0,146
891ek30 38,96] 0,01 0,07 12,23] 0,16] 45,76 0,12] 5| 1267] 151| 2749] 2305 28| 0,295
891ek31 40,18] 0,02] 0,37 10,07| 0,15] 47,17 0,06 15| 2363] 154] 2956] 1662 21| 0,163
. ;
(ek87-P1 27,43] 0,29 5,25| 23,14 0,28 25,22| <0.01| 884| 326633] 157| 288 10i 206 0,016
lekd8-1a 29,13] 0,14] 4,65 17,12 0,26] 27,38] <0.01| 1150] 333020] 108 588] 85 152 0,001
lek88-1c¢ 33,93 0,11] 2,88] 13,52] 0,25 33,59| <0.01] 956] 256312] 102| 729| 101 146] 0,001
lek88-1e 41,48] 0,01] 0,61 8,79 0,15] 40,10] 0,64 82| 3080| 140] 2083| 133 73| 0,001
Lek88-2a 40,43 0,01] 0,63 10,25] 0,19] 40,32] 0,08 &5 2797| 181] 2213] 166 67| 0,010
lek88-2¢ 41,55] 0,01 0,82] 8,36] 0,15] 40,65] 1,45] 83| 2372] 127| 1953| 10% 61| 0,005
lek88-2d 42,81 0,01] 0,97] 7,60] 0,13] 38,67 1,48] 106] 4679 113| 1869] 152 97| 0,001
lek88-3d 41,95 0,05 1,06] 9,940 0,25] 34,33] <0.01] 244 68364 148] 1394| 47: 188] 0,001
lek88-3g 42,15| 0,01 0,66] 8,02] 0,15] 40,28] 0,75 81| 2441] 132| 2005| 11z _ 58] 0,003
Lek88-3e 43,33 0,02] 1,04] 9,47| 0,17] 33,22] 0,07] 97| 6826] 152] 675| o4& 49| 0,001
Lek8B-3f 41,68] 0,000 0,59] 8,49] 0,14] 40,89 <0.01] 61| 2114 152| 2391] 115 65| 0,001
lek88-4a 39,08] 0,01 0,52 10,31] 0,18] 43,71] <0.01] 86| 14265 164| 1875 80 70| 0,007
lek88-4b 42,63 0,01 ©0,53] 7,58/ 0,14] 39,97] 0,45] 75/ 2650, 127| 1981] 8 55| 0,003
lek88-5a 37,56] 0,04] 5,39 10,70] 0,15] 41,47 <0.01| 216] 46778] 111] 1849] 55 204| 0,003
Lek88-5b 38,01] 0,04 4,98 10,44 0,16] 42,50] <0.01| 208 44409 118] 1903] 55 195 0,004
lek88-5¢ 38,27| 0,04] 4,80] 10,78] 0,16] 41,17] <0.01| 207| 46069 125 1968| 86 213 0,006
{ek88-5d 39,43 0,01 0,37] 10,30] 0,17| 43,22] <0.01] 55| 2177] 172| 2463 177/ 64| 0,019
Lek88-5f 46,39] 0,03 1,41] 7,05 0,11 21,54] 13,91] 193] 6337] 21| 653] 125 50| 0,001
lek88-6b 40,38] 0,00 0,30 9,40[ 0,17 43,06 <0.01 61| 4390 175( 2032] 117 67| 0,006
1ek88-7a 38,57] 0,04 5,29 9,93] 0,13] 41,22] <0.01| 193] 34414 111] 1798] 216 186] 0,001
1ek88-7b 41,19 0,01 0,74] 8,45] 0,15] 41,89] <0.01] 62| 2306 144 2462] 114 64| 0,007
Lek88-8c 42,38] 0,01 0,66] 7,83] 0,15 40,42] 0,51] 85| 2417] 134] 2040] 131 79| 0,007
(ek88-8b 37,73 0,00 0,60 12,13] 0,18] 43,44] <0.01| 75| 7423| 182] 2375] 113 75| 0,001
LekB8-3b 38,91] 0,08] 1,62 13,12] 0,38] 33,07] <0.01| 372] 129439] 155] 943] 113 295 0,001
Lek88-b¢ 42,78 0,01 0,72 7,53] 0,15 39,19 1,20 92| 2376] 116] 1888] 136 80| 0,001
lek88-1b 27,14 0,16] 4,99 18,90 0,27 23,71] <0.01] 1255| 376691] 112| 457| 66 153] 0,001
lek88-1d 30,09] 0,14] 4,25| 17,01] 0,26] 28,53] <0.01] 1098] 319695] 115| 492] 49 143| 0,001
1ek88-2b 43,41]_0,03] 1,01] 8,26] 0,14] 31,76] 8,20] 121] 4620] 67| 1239] 165 56| 0,013
Lek88-3a 39,45] 0,00] 1,64] 12,64] 0,38] 33,59] <0.01] 374] 128120 157] 955{ 96 290] 0,001
(ek88-3¢ 35,09 0,15] 2,72] 17,36] 0,51] 30,29] <0.01| 543] 218434] 185] 654] 124 409] 0,001
Lek88-5¢e 44,04] 0,01 0,57 6,62| 0,14 39,16] <0.01] 83| 2766] 124] 1903 75 53| 0,001
lek88-6a 38,78 0,03 1,09] 12,17] 0,22] 41,07] <0.01] 239] 67801] 191 1520] 125 182| 0,004
Lek88-7¢ 42,01 0,01 0,79] 8,17| 0,14] 40,03] 0,60] 82| 2427|, 133| 2128| 8 57| 0,009
(ek88-8a 36,48 0,05 1,19 14,29 0,27| 38,29] 0,05 300] 135124] 164] 1717| 88 378 0,020
8881-0.5 39.10| 0,01 0,36] 9,57| 0,16] 47,54] <0.01] 63| 6310 179] 1823] 40 30| 0,015
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88B2-5.0 38,56] 0,01 0,25] 11,07] 0,18] 45,75] 0,08] 57] 5035 202] 1392] _ 80] 57] 0,025
8882-5.5 38,72| 0,01] 0,23 10,67] 0,17] 45,90 0,05] 55| 4089 194 1483| 92| 60| 0,028
8882-6.0 38,88| 0,01 0,23 10,42] 0,17] 45,85 0,16 54| 3702 191] 1494 123| 65| 0,042
8882-6.5 38,98] 0,01 ©0,24] 10,38 0,18] 46,26] 0,17] 54| 3372 195 1479 104] 64| 0,068
8882-7.0 38,80/ 0,01 0,26] 10,35 0,17] 46,71 0,12] 60| 5339 190 1587 129 80| 0,117
8882-7.5 38,66 0,01] 0,26] 10,82 0,17] 45,64 0,14] 57| 4165 193] 1633| 105 55| 0,044
8882-8.0 39,18 0,01] 0,25 10,36] 0,17 45,31] 0,34] 58/ 3324] 192] 1543] 91| 49| 0,026
8882-8.5 38,63 0,01 0,29 11,24] 0,18] 45,66] 0,09 59| 4293 212] 1516] 192] 95| 0,018
8882-9.0 38,23] 0,01 0,30] 11,53| 0,18] 45,63] 0,07 60| 5762] 203 1465 233 82| 0,011
8882-9.5 38,18] 0,01 0,25] 12,32 0,19] 45,19 0,23| 55| 3253] 230 1453 295 81| 0,029
8882-10.0 38,57| 0,01 0,26] 11,87 0,19] 45,33 0,24] 54| 2683| 232 1448 168 67| 0,021
8882-10.5 38,21 0,01] 0,29] 12,28 0,19 45,19] 0,40 58] 3997 228 1419] 146] 69| 0,011
8882-11.0 38,11] 0,01] 0,28 12,36 0,19] 45,39 0,24] 58| 4341 234 1580 539 75| 0,038
88B2-11.5 38,12] 0,01] 0,30 12,21 0,18] 45,75 0,08] 59| 4621] 231 1485] 532 87| 0,053
8882-12.0 38,42] 0,01] 0,29] 11,54 0,18] 46,34 0,06 58| 4175 224 1538| 209 87| 0,012
8882-12.5 38,46] 0,01 0,26] 11,72, 0,19] 46,01 0,08 54| 3153] 230 1430] 219 108| 0,001
8882-13.0 38,36] 0,01 0,33] 11,76 0,18] 45,64] 0,07| 62| 6298] 220 1278 116| 72| 0,001
8882-13.5 38,56] 0,02] 0,38] 10,76 0,18] 46,02] 0,04] 82| 13319 187 1271] 83| 64| 0,005
88B2-14.0 39,08] 0,01] 0,35 10,08 0,17] 46,08] 0,01| 73| 8927| 182 1338| 234| 125 0,008
88B2-14.5 39,17] 0,01 0,34 9,60, 0,16] 46,97| 0,01] 62| 5683] 174| 1377| 137| 75| 0,007
8882-15.0 38,98 0,01] 0,33] 9,80 0,16] 47,07 0,01] 69 7734 176 1417| 127] 70| 0,010
8882-15.5 39,02 0,01] 0,30 9,78] 0,16] 47,40 0,01 65| 6682] 183 1542] 155 84| 0,015
8882-16.0 39,28 0,01] 0,29] 9,45 0,16] 47,49 0,01] 63| 6021] 179 1572 161 85 0,018
88B2-16.5 39,25 0,01 0,28 9,34 0,16] 47,54 0,01 61| 5625] 173] 1675| 70| 34| 0,038
8882-17.0 38,91] 0,01 0,29] 9,68 0,16] 47,21] 0,01] 64 6608 171| 1763 76| 40| 0,030
88B2-17.5 38,57] 0,03] 0,57] 9,62 0,16] 46,63] 0,01] 126] 27045 145| 1760] 45| 36| 0,046
8882-18.0 36,96 0,06] 1,21] 10,25 0,17] 45,58 0,01 259 79038 113| 1380] 63| 72| 0,055
8882-18.5 38,17| 0,04] 0,76] 9,57] 0,16] 46,24] 0,01] 170] 48927] 125 1628 103| 77| 0,038
8882-19.0 38,24] 0,04] 0,75] 9,47 0,16] 46,13 0,01] 161] 45121] 124 1652] 135 90| 0,038
8882-19.5 37,99] 0,04] 0,74] 9,89 0,16] 46,24 0,01] 163] 45480] 133 1662 114 81| 0,032
8882-20.0 38,22] 0,03] 0,73] 9,59 0,16] 46,76 0,01 147| 39135] 132| 1779| 137| 89| 0,035
8884-0.5 39,00] 0,02] 0,47 13,06] 0,18] 44,09] 0,58] 29| 3847| 143| 1205| 89| 44| 0,023
88B4-1.0 41,70 0,03 0,78] 10,79 0,15] 38,81 4,41 54| 4891 114| 966| 108| 35| 0,021
8884-1.5 39,45 0,02] 0,50 12,11 0,17] 41,72] 2,02] 40| 4097| 133| 1089 76| 44| 0,021
8884.2.0 40,41] 0,03] 0,64] 11,33 0,16] 39,68 3,61] 52| 4408] 120] 1030| 56| 42| 0,030
8884-2.5 40,01] 0,03] 0,52] 11,17] 0,16] 39,66] 3,63] 53| 4189 120! 1020] 65| 35| 0,037
88B4-3.0 39,63 0,03 0,45 10,87 0,15| 41,68 2,51] 41| 3331] 126] 1185 81| 29| 0,026
8884-3.5 38,50 0,02] 0,31 11,23] 0,15] 45,29] 0,271 171 3012] 141] 1472] 35| 35| 0,019
8884-4.0 37,97] 0,02] 0,29] 11,28 0,16] 44,52] 0,26] 17] 3604] 141 1507| 31| 38| 0,022
88B4-4.5 38,62] 0,02 0,26] 11,20] 0,16] 45,68] 0,18] 20| 4403] 142| 1528| 48| 40| 0,027
8884-5.0 39,24| 0,02 0,53 10,28] 0,14] 45,37| 0,60 17| 3138] 140/ 1301| 307 23] 0,089
8884-5.5 39,05| 0,02] 0,44 10,47] 0,16] 46,18] 0,21] 17| 4065] 142] 1290] 180] 24| 0,089
8884-6.0 37,56] 0,02] 0,37] 11,09] 0,15] 44,74] 0,09] 22| 7393| 138] 1145| 36| 40| 0,046
8884-6.5 38,50] 0,02] 0,24 11,37] 0,16] 45,27 0,13] 15| 3611 144| 1465 289 34| 0,054
8884-7.0 38,90 0,01 0,30 10,76] 0,15] 45,52 0,40] 16| 2854] 145| 1397] 1536] 13| 0,118
8884-7.5 38,05 0,02] 0,45 10,78 0,15| 44,98 0,23] 19| 6160] 142| 1348| 109| 37| 0,016
8884-8.0 37,45 0,02] 0,44] 10,84 0,15] 44,37] 0,10] 20| 6506] 142| 1466] 99| 38| 0,017
88B4-8.5 37,52] 0,02 0,51 11,000 0,15] 44,24 0,11] 20| 4966] 140| 1668| 26| 36| 0,032
8884-9.0 37,31 0,02] 0,26 11,27] 0,15] 44,16] 0,22] 20| 5596] 141] 1863] 20| 37| 0,014
8884-9.5 37,22] 0,02] 0,32] 11,26 0,15] 44,06 0,15 25 6216 138 1930] 13| 37| 0,017
88B4-10.0 37,60] 0,02] 0,26] 11,32] 0,15] 44,32] 0,25 23| 6703 137| 1974] 14| 38| 0,016
88B6-1 39,05| 0,02] 0,77] 12,34 0,17] 40,08| 2,24] 47| 4511] 128] 1199] 71 39| 0,029
8886-2 37,38] 0,02] 0,33] 13,54] 0,18] 41,04] 0,65] 25 3510] 143| 1429| 63| 43| 0,031
8886-3 40,49] 0,03] 0,68 9,89 0,14] 36,11] 4,85| 52| 3851] 106| 874]| 260] 25| 0,052
88B6-4 46,29] 0,04] 1,08] 6,16 0,11] 29,02] 11,87] 83| 5123] 47| 520] 247| 12| 0,02
88865 42,14| 0,03] 0,59 8,83 0,13] 37,18 5,50] 54| 3868 99| 917] 270] 23| 0,045
88B6-6 45,71 0,03] 0,85] 5,83 0,10] 31,68 10,36] 70| 4e26] 48] 578| =278] 11| 0,036
8886-7 46,27 0,04] 1,01] 4,99 0,09 28,02 13,16] 80 5084] 29| 496] 490 7| 0,023
8886-8 41,21] 0,03 0,48] 7,60 0,12] 37,77 5,65] 49| 5395| . 85| 767| 75| 19| 0,023
88B6-9 38,39 0,02] 0,18] 10,83 0,15] 44,06] 0,27] 14| 3630 140] 1279] 27| 33| 0,039
88B6-10 38,37| 0,02 0,18] 9,95 0,14] 44,75 0,26] 17| 5242] 134 1399] 29| 34| 0,030
88B6-11 38,02] 0,01 0,10 9,93] 0,14] 44,62] 0,21 15| 5217] 133| 1623 23| 31| 0,020
8886-12 38,18] 0,02 0,17] 9,73 0,13| &4,54] 0,33] 16] 4333] 130 1987] 18| 32| 0,013
8886-13 37,16] 0,02 0,15] 9,52 0,13] 43,41 0,17] 12| 3922] 128 1984 14 31| 0,018
8886-14 38,93] 0,02 0,14] 9,54 0,13] 45,92 0,20] 13| 4104] 131] 2110] 18] 31| 0,022
8886- 16 38,11 0,01 0,10 9,73] 0,13] 45,61 0,16] 11| 4497] 132| 2391] 15| 31| 0,012
8886-17 38,15 0,01 0,09] 9,64 0,13] 45,60 0,26] 12| 4161] 133| 2373| 26| 30| 0,009
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8886-18 38,17] 0,01 Rkl 9,78 0,13| 45,74] 0,20{ 13| 5086, 134 2304 16 33| 0,003

0
8886-19 37,88 0,02] 0,11] 9,94 0,14] 45,23] 0,19 15| 5203/ 134] 2115 16| 32| 0,016
8886-20 38,29 0,01 0,12] 9,70] 0,13] 45,90] 0,19 15| 50137 132] 2099] 14| 31| 0,013
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5. Platinum-group minerals in the Lillefjellklumpen nickel-copper
deposit, Nord-Trendelag,Norway by A.Grenlie, published in Norsk
Geologisk Tidsskrift in 1988.



Platinum-group minerals in the Lillefjellklumpen
nickel-copper deposit, Nord-Trgndelag, Norway

ARNE GRONLIE

Grenlie, Arne: Platinum-group minerals in the Lillefjellklumpen nickel-copper deposit, Nord-Trondelag.
Norway. Norsk Geologisk Tidsskrift, \'ol. 68, pp. 65-72. Oslo 1983. ISSN 0029-196X.

The Lillefjeliklumpen Ni-Cu deposit occurs in the Gjersvik Nappe in the Upper Allochthon of the central
Norwegian Caledonides. The area has been interpreted by earlier workers as pan of an ensimatic island
arc of Lower to Middle Ordovician age. The mineralization is associated with a small body of metagabbro
occurring at the contact between gabbro and g The Iphide bocy consists of pyrrhotite.
pyrite, pentlandite, chalcopyrite, magnetite and silicates. The average Ni content is 3.6% and the Cu
content is 1.2%. The total plati group cl (PGE) is 5.6 ppm. Pt (1.8 ppm) and Pd
(3.1 ppm) accounting for 4.9 ppm. The Pt + Pd/Ru + Ir + Os ratio is 9.8, within the range reported for
gabbro related deposits. The average chondrite normalized PGE pattern is similar to that of the Kanichee
deposit although Lillefjellklumpen has lower absolute PGE values. Merenskyite is the main platinum-
group mineral (PGM), but sperrylite, moncheite and temagamite (?) also occur. The PGM occur as small

(<20 um) inclusions in pyrrhotite and

deposit probably represents a mag

chalcopyrite as well as on grain boundaries. The Lillefjellklumpen

gregation related to a layer 3 {snsimatic) gabbro body

tater remobilized during a

p
ic event and redep

ited in its present position.

Arne Gronlie, Norges geologiske undersokelse, Postboks 3006, N-7002 Trondheim, Norway.

The Lillefjeliklumpen Ni-Cu deposit is located in
the Grong area, 5 km north of the Skorovas Mine
and 200km NE of Trondheim. The high PGE
content of the deposit has been known since Foslie
& Johnson Hgst (1932), during a noble metal
investigation on ores from the Grong area, found
Lillefjellklumpen massive sulphides to contain
4 ppm PGE. Asno PGE could be found on optical
inspection, it was assumed that most of the PGE
probably occurred in solid solution within the
chalcopyrite lattice. The aim of this investigation
was, with the help of the electon microprobe, to
try to solve the problem of PGE occurrence and
to identify any PGM that might be present. The
electron microprobe was chosen because the
PGE, if present, obviously had to occur as very
small grains and, for identification purposes, as
the optical properties of many of the minerals in
question are very similar.

The geology of the area has been described by
Halls et al. (1977) and by Reinsbakken (1980).
The Lillefjellklumpen deposit is situated in the
greenstone sequence of the Gjersvik Nappe (Fig.
1), which constitutes the low-grade, uppermost
unit of the Seve-Kgli Nappe Complex. In the
west structurally above the Gjersvik Nappe lie
the higher grade rocks of the Helgeland Nappe

Complex. To the east are lower tectonic units of
the Kgli Nappe sequence. To the north and south
the Grong area is limited respectively by.the
Bergefjell basement window and the Grong-
Olden basement culmination. The main rocks
of the Gjersvik Nappe are gabbro, diorite and
trondhjemitic plutons and a sequence of sub-
marine volcanics. The igneous complex is overlain
by polymict conglomerates and flysch sediments.
According to Reinsbakken (1980) the eruptive
sequence is interpreted as an ensimatic island
arc, formed to the west of the Fennoscandian
continent probably during Lower to Middle Ordo-
vician times, and thrust southeastward onto the
Fennoscandian continent during the Silurian.
The Lillefjellklumpen deposit occurs at the
boundary between a small metagabbro body and
greenstone. Three small gabbros are found to
crop out in the vicinity of the deposit (Palmer
1972). The metagabbros are surrounded by a
group of greenstones with dykes of quartz ker-
atophyre. The greenstones plot in the OFB and
LKT fields of Ti-Zr-Y diagrams and show flat,
MORB:-like, chondrite-normalized REE patterns
(Grenlie & Haugen, in prep.). The REE patterns
show a striking similarity to the massive Storgya
lava flows of the Leka ophiolite (Prestvik 1985).
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Fig. 1. Simplified geological map of the Lillefjcliklumpen-Skorovatn area, bassd on Halls et al. (1977), Kollung (1979) and A.

Reinsbakken (pers. comm. 1984).

Ore geology

The Lillefjellklumpen mineralization consists of
an irregular lens of massive sulphides, trending
east-west and dipping steeply to the north. The
length of the massive sulphide ore is 20 m, and it
isup to 2 m wide. The contact against the hanging-

wall metavolcanics and the foot-wall metagabbro
is always sharp. There are some small angular
fragments of greenstone in the ore. Except for
the immediate contact zone the sulphide lens is
nearly free from gangue minerals. The average
Ni content of massive sulphide is 3.6% and the
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Table 1. Content of Cu, Ni, S (%) and PGE + Au (ppb) in massive sulphide ore.

Sum
Cu Ni S P Pd Rh Ru Ir Os Au PGE + Au
X 1.2 3.6 36.2 1799 3068 214 189 170 139 219 5798
SD 0.9 0.7 2.1 1856 1156 9 100 86 76 445
N 15 15 15 18 18 10 10 10 10 18
cic 1020 545 200 650 540 32 152

C1C = C1-Chondrites, data from Naldrett (1982).
Cu/Cu+Ni = 0.25 Pt+Pd/Ru+1r+0s = 9.77.

Cu content is 1.2% (Table 1), in good agreement
with figures published by Foslie & Johnson Hgst
(1932); consequently no new modal analyses have
been done. Foslie & Johnson Hgst estimated the
modal composition to be: pyrrhotite (64%),
pyrite (15%), pentlandite (12%), chalcopyrite
(3%), magnetite (3%) and silicates (2%). There
are two distinct ore types, although pyrrhotite is
always the most abundant mineral.

1. Pyrrhotite ore, the dominant ore type, consists
of pyrrhotite, pentlandite and magnetite.
Pyrite and chalcopyrite are not abundant,
although pyrite sometimes occurs as rounded
grains up to 5 mm across in a groundmass of
the other sulphides. )

2, Pyrrhotite—chalcopyrite ore occurs less fre-
quently than the pyrrhotite ore. Anhedral
chalcopyrite makes up a significant portion of
the ground-mass or occurs as a network of
veins. This ore type seems to predominate at
the margins of the deposit.

The sulphide mineralogy has been described
by Foslie & Johnson Hgst (1932) and recently
by Palmer (1972).

Platinum-group minerals

Foslie & Johnson Hgst (1932) found no discrete
PGM with conventional optical methods, but Pal-
mer (1972) recognized one grain of a PGM
enclosed in pyrrhotite. The observed PGM, in
decreasing order of abundance, are:

Merenskyite (ideal formula PdTe;)

Sperrylite (PtAs,)

Moncheite (ideal formula PtTe,)

Mercurian palladium telluride (temagamite (?)
PdgHgTe3)

Merenskyite, ideal PdTe,, general (Pd, Pt,
Ni)(Te,Bi); is by far the most abundant PGM.
The analysed grains are all platinian~bismuthian
merenskyite (Fig. 2). The mineral usually occurs
as small (<20 um) hexagonal or rounded grains.
The most frequent mode of occurrence is as
inclusions in pyrrhotite (Fig. 3) on grain bound-
aries in pyrrhotite aggregates, or on boundaries
between pyrrhotite and chalcopyrite grains, Mer-
enskyite also occurs embedded in late chalco-
pyrite replacing pyrrhotite (Fig. 4) or exsolved
from chalcopyrite (Fig. 3). All observed grains,
except one containing a small inclusion of tema-
gamite (?) are apparently homogeneous. Mer-
enskyite forms a complete solid solution series
with moncheite (Hoffman & MacLean 1976).
Data from Lillefjellklumpen illustrate this (Fig.
2).

Sperrylite, PtAs,, occurs less frequently than
merenskyite. The mineral has previously been
identified in this ore by Hysingjord (Neumann
1985). Sperrylite, generally euhedral, is com-
monly found enclosed in chalcopyrite, but also
occurs as inclusions in pyrrhotite.

Moncheite, ideal PtTe,, general (Pt, Pd,
Ni)(Te, Bi);. Only two grains have been ident-
ified, only one being large enough for micro-
analysis. This 10 um grain occurred embedded in
silicates replacing chalcopyrite in type 2 ore. The
other, being only 5 um, occurred at the contact
between two pentlandite grains.

Mercurian palladium telluride, occurring as a
<5 pm inclusion in merenskyite, again enclosed
in pyrrhotite, gave an electron microprobe analy-
sis close to (Pd, Hg)Te. This mineral is probably
temagamite (Pd;HgTe;). Previously, Buchan
(1981) reported an occurrence of kotulskite inter-
grown with 2 Pd-Hg-Te mineral, possibly tema-
gamite, from the F®ov deposit, southwest
Norway.
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Pt 43.3wt%

= Idea[ moncheite Pt Te, {Te 56.7 wte,

] Lillefjellklumpen merenskyite
O Lillefjellklumpen moncheite
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50% 60 70\ 80 %0 Te,Bi
Ideal merenskyite Pd Tes {!;g ggga::ﬁ
Pd 45.5 wt %
ideal kotulskite Pd Te {Te 54.5 Wt
Fig. 2. Compositional variation in Lillefjellklump kyite and moncheite compared with the ideal mineral compositons.

Fig. 3. Three merenskyite grains (white) occurring as: (1)
Inclusion in pyrrhotite (dark grey): (2) on grain boundary
pyerhotite/pyrrhotite, and (3) cxsolved from chalcopyrite
(grey). Backscatter electron image.

Platinum-group element chemistry

Eighteen samples of massive sulphide ore have
been analysed for PGE and Au by neutron acti-

" vation analyses (X-Ray Assay and Chemex Labs.,

Canada). Cu, Ni and S have been analysed at the
Geological Survey of Norway by atomic absorp-
tion and fire-assay. The analyses show an average
total content of 5.8 ppm PGE + Au, Pd and Pt
accounting for 4.9 ppm (Table 1). It is evident
(Table 2) that the analyses show a bimodal distri-
bution of Pt and Pd, there being one dominant
group where Pd> Pt and one group where
Pt>Pd. This roughly reflects the amount of
chalcopyrite in the original ore samples, the
Pd > Pt group corresponding with the pyrrhotite
(type 1) ore and the Pt > Pd group corresponding
with the pyrrhotite-chalcopyrite (type 2) ore as
defined in a previous section.
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Fz. 4. Chalcopyrite (grey) containing euhedral mererskyite
(=hite) replacing pyrrhotite (dark grev). Backscatter elzctron
i=age,

This is contrary to what one finds at Levack
West, Sudbury, where the Cu-rich (28%) stringer
ores are more enriched in Pd than Pt, and total
PGE-contents are high (Hoffman et al. 1979).

As at Strathcona, the Cu-rich (32%) ore zone
is more enriched in Pt than Pd, but the total PGE
contents are very low. Cu-rich stringers analogous
10 those at Levack West, however, were notinves-
tigated (Naldrett et al. 1982).

The Levack West stringers do, however. con-
tain more than 20 times as much Cu as Lille-
fiellklumpen type 2 ore and the ores are
therefore not readily comparable. The mech-
anism of thermal diffusion explaining metal
zoning at Levack, favoured by Hoffman et al.
(1979), cannot have been operative to the same
degree at Lillefjellklumpen, perhaps because of
this orebody’s small size and tectonic emplace-
ment (see Discussion).

The chondrite normalized PGE pattern (Fig.
5) does show a close similarity to the main trend
of the Sudbury ares, suggesting a general genetic
similarity.

Discussion

Four main possible origins are considered for the
mineralization:
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- The sulphides and PGE represent a magmatic
segregation, having settled out of the magma
in their present position.

2. The sulphides and PGE represent a magmatic
segregation, but settled out of the magma else-
where and were remobilized during tectonic
disturbances, possibly while the sulphides were
still fluid.

3. The sulphides and PGE have been mobilized
from a lower level in the oceanic crust, the
simatic foundation of the Gjersvik island arc,
by hydrothermal activity, and deposited in a
zone of dilation.

4. The deposit is volcanic exhalative, the sul-

phides and PGE being leached out of the host

rocks by circulatory brines discharged through
sea-floor fumaroles and precipitated on the sea
floor.

Considering alternative 1, this represents the tra-
ditional interpretation of the origin of massive
Ni-Cu sulphide ores. Cabri & Laflamme (1976)
in a study of PGE behaviour in Sudbury ores,
maintain that the Pd and Pt bismuth-tellurides
concentrated in a Cu-rich liquid fractionated rela-
tive to monosulphide solid solution (mss), fol-
lowing crystallization of mss and magnetite. The
subsequent crystallization of intermediate solid
solution (iss) with a coexisting liquid rich in Pd-
Pt-Te-Bi~Sb on further cooling produced the
PGM now observed in the ores. Melting tem-
peratures for PdTe, (740°C) and PtTe, (825-
900°C) indicate that they would be liquid when
iss crystallized out of a Cu-rich sulphide melt.
At Lillefjellklumpen much of the Pd-Pt bismuth-
tellurides, arsenides and Au have fractionated
into a Cu-rich liquid, as sperrylite, electrum and
much merenskyite are either inclusions in, or
found bordering on, chalcopyrite grains. The
other Pd-Pt bismuth-tellurides occur either
enclosed in pyrrhotite or on grain boundaries in
pyrrhotite; this could be interpreted as a trapping
of most of the Pd-Pt-Te-Bi elements in the mss
structure due to rapid cooling of the sulphides.
This could also explain why merenskyite and mon-
cheite are the only Pd-Pt bismuth-tellurides
present. Because of later metamorphism the sul-
phides, however., show no textural evidence of
the rapid cooling of the orebody.

Counter to a straightforward magmatic origin
is the fact that the gabbro body with which the
mineralization is now associated is very smail
(Fig. 1), and it is unlikely that it could have hosted
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Table 2a and 2b. Content of Cu, Ni, S (%) and PGE + Au (ppb) in type 1 and type 2 ore.

Table 2a. Type t Ore, Pd » Pt.

Sample

no. Cu Ni S Pt Pd Rh Ru Ir Os Au
8501 0.30 2.53 39.2 290 2900 240 190 190 20 18
8502 1.29 3.0 370 710 3100 330 330 290 250 54
8504 1.25 3.52 332 580 4100 50 30 30 23 120
8505 0.15 4.33 36.5 460 4600 270 20 210 170 8
8507 0.53 4.04 348 1500 3300 180 180 160 10 460
8508 2.26 3.09 39.8 1500 2500 230 210 180 120 300
8510 0.48 4.02 35.6 2100 3400 200 190 180 110 140
SF10 0.22 4.00 379 200 4200 <10
1179 —_ - —_ <100 4700 <10
1187 —_ — _ 1180 3230 1910
1209 —_ -— —_ 455 3600 <10
X 0.8 3.6 36.8 820 3603 214 193 177 143 275
SD 0.7 0.6 2.2 654 710 87 83 Tl 77 562
Table 2b. Type 2 Ore, Pt > Pd.

Sample

no. Cu Ni S Pt Pd Rh Ru I Os Au
8503 0.53 4.74 36.2 4100 2200 310 280 240 170 15
8506 0.54 2.98 36.5 "~ 5900 2900 280 250 210 190 9
8509 1.26 3.46 32.8 5500 4000 45 <2t 14 26 350
SFO1 2,10 3.10 371 1500 1500 250
SF03 2.85 3.0 33.0 700 410 60
SF05 111 438 371 1330 1250 <10
SF0? 2.82 3.07 36.0 4330 3330 225
X 1.6 35 355 3337 2227 212 180 155 129 13t
SD 1.0 0.7 18 2128 1265 145 148 123 89 142

the amount of sulphides in question. It is also
unlikely that the sulphides originated at this high
level position in the body and were deposited
together with the volcanic extrusives, the gabbroic
(layer 3; Tarling 1981) and ultramafic layers at
deeper levels being a more probable setting for a
deposit with this Ni and Cu content.

Alternative 2, that the ore is of magmatic origin,
but later remobilized by a tectonic disturbance
and brought to its present position, possibly while
still fluid, seems to be in agreement with min-
eralogical and textural evidence, and is also able
to explain the orebody’s present location. As
mentioned previously, the trapping of many of
the Pd-Pt-Bi-Te elements in the mss structure
indicates a rapid cooling of the sulphides, possibly
after the emplacement of the sulphides in their
present position by a tectonic event.

Considering alfernative 3, the chondrite-nor-
malized PGE and Au pattern (Fig. 5) show that
Lillefjellklumpen exhibits a positive slope rather
similar to the Sudbury deposits and almost ident-
ical with the pattern for the Kanichee deposit
which occurs at the base of a tholeiitic layered
intrusion  (Naldrett 1982). The Pt+Pd/
Ru+Ir+Os ratio, which is dependent on this
ratio in the silicate magma at time of saturation is
9.8, within the range reported for gabbro-related
deposits (Naldrett 1982).

Several ophiolites have recently been inves-
tigated with respect to PGE content in rocks and
sulphide deposits. Economou & Naldrett (1984)
studied the sulphide bodies occurring in ultra-
mafic ophiolitic rocks at Eretria. They suggested
that the sulphides and PGE were precipitated by
hydrothermal fluids, possibly those responsible
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Fig. 5. Chondrite-normalized PGE and Au concentrations for
Lillefjellklumpen compared with other gabbro related deposits
(Naldrett 1982) and the Cliff deposit (Gunn et al. 1985).

for the serpentinization of the host rocks, and
that the source of the metals could have been the
ultramafic rocks themselves. In the Unst ophiol-
ite, the Cliff deposit (Gunn et al. 1985) is domi-
nated by Pd and Pt and has a PGE pattern with
a positive slope (Fig. 5), being similar to those of
the Sudbury deposits, or Lillefjeliklumpen, They
interpret the Cliff PGM which occur in close
association with Ni sulphides and arsenides as
being hydrothermal in origin, most likely con-
nected with serpentinization. Fleet et al. (1977)
and Fleet & MacRae (1983) have argued that
most Ni-Cu deposits have been precipitated by
hot aqueous fluids. Using Ir and Pd values as
discriminants between different types of Ni-Cu
deposits (Keays et al., 1982), the Lillefjell-
klumpen values for Ir and Pd place this deposit
on the trend line for magmatic Ni-Cu deposits
(Fig. 6), distinctly removed from hydrothermal
or volcanic exhalative deposits, which are very
low in Ir. Mineralogically, hydrothermal deposits
tend to be highly copper-enriched, like the Eretria
deposit (Economou & Naldrett 1984), which has
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Fig. 6. Pd and Ir of major Ni-sulphide deposits of
western Australia (Keays et al. 1982) define a Ni-sulphide trend
line, close to which analyses from the Lillefjellklumpen deposit
plot.

a Cu/Cu +Ni ratio of 0.78 or the New Rambler
Mine (McCallum et al. 1976). where Pd and Pt
are associated with copper sulphides occurring in
shear zones. The Eretria deposit has a chondrite-
normalized PGE pattern distinctly different from
the Lillefjellklumpen deposit. the Eretria pattern
being flat with a pronounced negative Pd
anomaly.

Alternative 4, that the metals were leached out
of the gabbro and greenstone in the vicinity of
the deposit by a hydrothermal cell driven by the
igneous activity in the island-arc system, is dif-
ficult to evaluate unless one knows the content of
PGE in the greenstones and gabbros likely to be
affected by the hydrothermal system. Generally
MORB have extremely low contents of PGE
(Hertogen et al. 1980), and the volcanic
exhalative model does not seem to be a likely
alternative. Keays et al. (1982) showed that the
volcanic exhalative Sherlock Bay Ni-Cu deposit
plotted well off the Ir-Ni and Ir-Pd trend line for
the other magmatic Ni-Cu deposits on which
Lillefjeliklumpen plots.

Conclusions

The Lillefjellklumpen deposit probably rep-
resents a magmatic sulphide segregation related
to an ensimatic gabbro body later remobilized
during a tectonic event and redeposited in its
present position. The chondrite-normalized PGE
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and Au pattern (Fig. 5) shows similarity to the
Sudbury deposits and to gabbro-related deposits
in general.

Textural and mineralogical evidence indicates
that the sulphides could have been fluid when
subject to the tectonic event. The orebody was
later subject to a small-scale mobilization of sili-
cates and chalcopyrite, particularly affecting the
deposit margins, possibly related to the meta-
morphism of the host rocks.

The main platinum-group mineral is meren-
skyite, followed by sperrylite and moncheite.
Lillefjellklumpen is the only Ni-Cu-PGE deposit
described in which merenskyite is the dominant
PGM, a fact that could be due to rapid cooling of
the liquid sulphides after emplacement. The PGE
content, dominated by Pd, is also consistent with
a magmatic origin.
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