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Beecause platinum readily torms arscmdes but gold dees not, the amount ot
platinum that can be transported in arseaic-hearing hydrothermal solutions is very
low compared to gold.
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ABSTRACT

The distrilaution of noble metals, Niand Cu in mafic and ultrumafic racks is thaught
to he coumtralled by sulphides. chromite, olivine and platnm-graup mineraly
(PGM). One method for presenting noble metal, Ni and Cu daia focuses on ihe
sulphide coneral by recalculating the data to 100% sulphides and presenting ihe data
clhondrite noemalized. The relative importance of the wifluence of sulpiudes,
cliromnite, alivine and POM on twe woble mctals, Nt and Cu o oexamined here uamng
iwa alrernarive methods.

Fiesilv, the metaly can be ploned in the order: Ni, Oy, Ir, Ru, Rh, P1, Pd, Awand
Cu and manile normalized, The noble metuls have a much higher partition coefficient
into sulphides than Ni or Cu. Therefore, if sulphides have segregated from the
mtagni or are reigined @ the mantie during partal meliing, vhe magma and all rocks
thar subsequently forn: from i will be depleted i nobile metals relative to Niand Cu
and the meial patierns will have an overall trough shape. Conversely any rocks
containing these sulphides will be enriched in noble metals relative to Niand Cu and
the metal patterns will have an arch shape (characteristic of Prreefs). Chromite-rich
rocks tend 16 be enriched i the eleenents Qs, Ir and Ru reletive io the magma from
which they form, therefore if chropute crysiallizes from a magma or 13 retained in the
mantle during paraal meliing, the magmaand anvrocks that aahsequentdy form from
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Jrom Qs to Pd, flar from Pd 1o Cu and heve o posiive Nignomaly, The rocks

conteaning cumulate chromite will be enriched in Oy, Irund Ru relative to the other

elements and the metad patterns fove an overall negative slape witle a denva tarn it Ni
(ax wewmr . poddferny clivopnnies), Olivine concentiates Nooaand genader s
cendstions fr. Therefore f olivine crystullizes from o magme or iy retained i e
mantle during partial melting, Ni and Ir will be depleted in the magma and in am
rocks that subsequently form from i1, The meial paiterns have an overal! positive
slape frenn Ox o Pd, flat frenn Pod g Cu ond ne N anesnal v, The coensdate will he
enrichied in Niand Tr and tend 1o Tave o flat metal patter (e.g. in dunites fiom
komatiites and ophialites ).

A second approach o presenting noble metal, N and Cu data s suggested becarise
while the effecis of sudplitde, chrontite and aliviine conad can e xeen o e neeo!
prativens iy casier o disiniguash tiese cffects vesually wsing retal rate diagrains,
Pl lrversus Nif Cuo and Ni/ Pd versus Cullr.

These twa approaches are useful petrogenetic and exploraiion tools. Rocks which
have rrough-shaped mretal patierns foemed fram magimas winelt were depleted i
noble metals, possibly by sulphide segregation, These rocky do not moke good
exploration targets although there s the potennial of a noble-metal deposit
stratigraphically below them. Rocks witieh are not enriched or depleted in Ni end Cu
redetive to e noble wetals formed from a magma thet has el segregaied salpludes
widd therefore a noble metal deposit could lre stretigraplicaliv above these rocks

INTRODUCTION

Naddrett er al. (1979) showed that it noble metat (Os, v, Ru, Rh, Pt, Pd, Au)
analyses of sulphides are chondrite normulized and then plotted in order of
decreasing melting point, smooth curves are obtained. The use ol such chandrite
normalized curves permits the distinetion between sulphides that segregated trom
primitive magmas such as komatiites, and suiphides which segregated from more
{ructionated magmas. such as tholeiites. In their review of the noble metal
abundance data then avinlabie. Barnes ef af, (1983} were able 1o extend this
apprasch to silicite rocks. They showed that it s possible o distingush between
noblc-meial patterns from silicate rocks thought 1o represent the upper maatle (Nat
noble-metal patterns ), komatntes (shghtly Pd-entiched noblesmetal patteans), and
poditorm chromitites (Os-, Tr- and Ru-cnriched noble-metal paticms). However,
the noble-metal patterns from; layered intrusions, occan-lloor hasalts, continental-
Noad basalis, alkaline rocks and the non-tectonized vt tions al aphiolites sie not
vnque and cannot be casily distimguished tram cach othee. Tlus s because the
shape of the noble-metal pattern ol a rock 15 influenced by the following fuctars:

(a) Whether any sulphides are present in the rock: aohle metals wend 1 con-
centraie in sulphides. therefore the noble-metal pattern of any rock con-
taining sulphides will tend to be domenated by that of the sulphides, which in
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turn will be similar to that of the liquid at the tume ol sulphide saturition
(Keays, 1982). Thus, despite the fuct that the rock may be a cumuptate 1 could
have the same shaped noble-metal pattern ax the siheate liguid at the ime ot
sulphinde sl uration

(h) U no sulphides gre prescot it is imporiant to consider whether the rock
represents @ cumulate, or liquid. composition. Olivine and chromite cumu-
lates tend to be enriched in Os, Ir und Ru (Agiorgitis & Walf, 1977, 1UT8;
Keavs, (982 Oshin & Crocket, 1982; Page ¢ al.. [982a¢.b: Davies &
'I'rcc'qux. 1985: Crocket & MacRae, 1986). The mechunism by which this
enrichment takes place is o matter of debate. Some authors (c.g. Keays &
Campbell, 19815 Barnes et al., 1985, Davies & Tredoux, 1985) suggest that
carly in the erystallizatian history ol o magniat becomes saturated 1 Os-,
Ru-, ir-bearing PGM (e at the ppb level) and that these PGM erystallize
belore the alivine and chromite and are then included withim the olivine and
chromite. Support is lent to this suggestion by: the abservation ol Os-, Ir-
and Ru-bearng PGM in chromute-nieh roeks  (Prchard e wl., 1981,
Stockman & Flava, 1984; Tulkington e wf., [984), the covananee ol
chromite and laurite compositions in the Bird River Sill (Ohnenstetterefal.,
1986) and by the work of Amesse e ¢l (1987) who showed that Trhas s b
lower solubility (<50 ppb) than P1 <600 pph) basaluge melty, In contrast
some workers (Agiorgitis & Woll, 1978: Brugmann er al.. 1985) suggest that
Os. Ir and Ru enter the chromite and alivine by solid substitwtion. [ any
event, o rock contaiming cumuiate elivine or chromite may have o less
fractionated noble-metal pattern than the liguid from which it tormed.

{¢) The relitive timing ol erystal (ructionation and sulphide saturation {Keays &
Campbell, 1981, Barnes et 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, 1l no sulphude ssturation
occurs the noble-metal patterns will become progressively fractionated.
Onee sulphide saturation oceurs most of the noble metals will tend to enter
the sulphide and any rock contaming this sulphide will tend to inherit the
noble-metal pattern at the time of sulphide suturation. If sulphide saturunon
oceurs early 1 the magma’s history amd the sulphides do not settle out, then
the m.ugm.n‘n likely toretaina relatively poiminve noble-metal patiemdespaie

e 1aet thal the siheate nminerals have fenchonated

The simple noble-metal patterns are nadequate tor discerning which pro-
censies have neeured begause they do net show the ratia ol Niand Cu relative wo the
noble metals. Therelore, two new methods tor considering noble metal data have

been developed here:

(1) By normalizing the noble metl contents to average mantle values and
adding N1 and Cu to either end of the noble- metal pattern the ratio of N1 and
Cu to the noble metals may be lustrated. These patieras will be ealied
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mantle normalized metal patterns. Beeause Ni, Cu and the noble metals
have different partition coefficients into sulphides. olivine, chromite and
PGM. the relative timing of sulphide saturation. sulphide removal und
crystal fractionation may be deduced from the metal patterns:

(2} Alihough the eflects ol partial melting, eryxtal [raetionution and sulphide
saturation on the metal patterns can e observed, 1t was found to be gusicrio
separate these effects visually wsing the metal ratio plots of Pd/Ir versus
Ni/Cu and Ni/Pd versus Cu/lr.

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

IS NORMALIZATION TO 100% SULPHIDES ALWAYS JUSTIFIED?

Normalization to 100% sulphides sssumes that most of the noble metalsare present
in the sulphide portion of the rock, and such a recaleulation allows 1 more
meaningful comparison between rocks with widely differing sulphide contents, by
removing the dilution effeet of the silicate phases. However, & number of

particularly in sulphide-poor rocks. Firstly, normalizing to 100%, sulphides assumes
that durng crystallization of the rocks &/l the nable metals entered a sulphide liquid
containing 36-38% sulphur, In rocks containing chromite or olivine some Os, Ir
aml Ry be present in the chuanute or alivine, ar ay PGM. Secondly, Ballhaus
and Stumpfl (1986) suggest that under certain eircumstances the noble metals
partition into a fluid phase rather than mto sulphides. Thirdly, it assumes that the
present sulphur content of the rock represents the enginal igneous vatue. Sulphur is
an extremely mobile element during hydrous alteration of rocks. Gain (1945) has
suggested that sulphur was removed from the UG-2 reefl of the Bushveld during
cooling of the intrusion, so even rocks that do not contain hydrous minerals may
have suffered sulphur foss. Therefore, inorder 1o avoid the potential errors that can
arise from recaleulation 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 aext to Au on the chondrite
nermalized noble-metal puttern (c.g. Fig. 1(4)). Tt is suggested here that Ni values
be pluced 1o the left of Os. rather than to the right of Cu (Fig. 1(b)}. Niiscompatible
with most carly crystallizing phases {e.g. olivine, pyroxene, spinel). Os, Irand Ru
tend o be enriched in oliving- and chromite-rich rocks, theretore, 1t is logical that
Nishould 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 pasition 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 chondrite
normalized curve for mantle lherzolstes (Fig. (b)) beeause the ratio of Niand Cu in
the mantle to €1 chondrites is approximatety 0-13 and 0217 respectively. and the
ratio of Ir and Pd in the mamle 1o Ir and Pd in Cl chondrites is about 0-008 15
(4:4/540). Therefore, if the metal values for a mantle derived rock are ehondrite
normalized the Ni chondrite values will tend to be 16 times (0-13/0-008 i5) the Ir
values and the Cu values will tend to be 21 times the Pd values, this gives rise to the
trough-shaped metal patternin Fig. 1(b). As most terrestrial rocks are derived from
the mantle, 1t would be more realistic to normalize (0 mantle values than Cl
chondrites. The argument against mantle normalization has been that there is no
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i 1. {a) Conventional chondzite nosmalized metal patterns showing the range of rocks representing
mantle {sources for mantle indicated in Appendix). Notwe that from Au to Ni the pattern s not flat, {b)
Metal pattern of mantle fragments with Ni to the left of Os and Cu to the right of Au: chondnite
nognialired. Note the peaks at Ni god Cu whigh eefleen thie fagr that there s 10=20 times mere N wnd Cu
chondrie normalized in the mantle than there are noble metals. [ metal dagrams Trom eliramabe am!
malic racks are chondrite normalized they o will have peaks at Nicand Cu becawse they are mantle
derived. (¢} Revised metal puttern for the range of rocks representing mantle normalized 1o 2000 ppm
for Ni 28 ppm for Cu and 0-008 15 = chondrites for the noble metals. Note that the metal patterns are
now flat (triangies indicate the average value from the data base}
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‘Because noble metals tend to have a lag-normal distribution both arithmetic (a) and gcometric (g} means arg listed.
" Ni and Cu values from Sun (1982). § and noble mezals from the sources lisied in the appendix.

“C1 values listed in Naldrett (1981)

Because of 2nalytical difficulties the Pt and Pd numbers for these samples are not reliable.

n.d. = not determined.

TABLE |
Metat values
Location Rack tvpe T ou Ni % Cu S Os (pph) ir Ru Ri Pr Pd Au
World Mantle fragments  ® 114 0-2 00028 0420 4.2 44 6 2 9-2 4-4 1.4
Estimale of mantie 0-00813 x C1° 4.2 4-4 36 1-6 83 4-4 1-2
Narmatiires .
Karasjok Velcaniclastics a 2 012 00124 0081 2:1 5 <0 <2 11 11 o
g 24 @11 00050 G036 1-8 13 <td <2 10 1) 16
Rombak Chlorite-actinolite & 7 0-10 000109 wunl? <5 12 <il I-6 <13 15 -8
Fels g 7 0085 Q003 003 <3 08 <0 Y <13 14 0-7 i
Caledonide ophiolites §_
Norwiy Normal podiform  a 64 (13 00019 @22 n.g. n.d. n.d. n.d. 1 16 4 ;“‘
chromitites g 64 007 00006 040 n.d. n.d nd n.d 8 08 25 H
Norway Enriched podiform a4 013 00056 0130 nd. n.d. n.d n.d 416 413 248 3
chramitites g 4 012 0-004 4 U] n.d. n.d. n.d n.d g2 82 43 §'
l.eka Stratiform chromitite 019 G003 0 023y 1070 1760 710 4 <10 <N B c
Leka Chromite-nch dunite s 13 (20 00027 (h:3 72 748 4 24 1l 17 2.4 =
‘ g 15 01y 0-001s uce 4-3 33 17 2 10 15 1-3
Fiedy Ni-rich sulplndes a6 227 1-35 Houl 2321 205 203 Ih 1303 + Uh6 34
_ 6 227 1-41 4190 203 167 156 40 i 430 3986 23
Cu-richsulphides a4 134 828 T 252 211 247 235 2230 5 800 201
g 4 09y 700 43 48 170 103 177 14y I 630 5432 163
Weighted mean 1 2.0 269 L 225 206 20 195 1 626 4360 62
Sanaidl possihiy drfi-related intrusions
Reinfjord  Tholeiitic dvkes a 10 010 0064 0338 <2 03 <ty <32 33 6-4 1.2
e 1 o4 00139 023 <2 03 =<1 <2 3 6 |
Melvann Alkaline dvkes a 12 008 0024 2 (peld <2 G <l <2 &4 5 I-3
g 12 008 00144 0241 <2 03 <10 <2 6 4 -2
Lille Ultramafics a 6 008 00206 0270 <2 6 <10 <1 <10 7 3 g
Kufjord g 6 007 00200 0270 <2 -3 <10 <1 <l 6 i-4 g
Hosanger  Ni-nch sulphides a 7 315 0-350  34.2 27-8 208 39 8 71 105 87 z
g 7 296 0-280 339 25 19 37 7 63 92 6 e
Cu-rich sulphudes a3 (0-62 772 3096 28 23 62 <20 127 4 341 =
g 3 059 679 2963 25 21 47 <20 60? 4 16 "
Weighted mean w 2 093 33-47 25 192 38 <83 627 f 17 2
Fiae Ni-rich sulphides a 6 290 0-27 35-47 26 29 38 L1 78 87 19-6 g
g 6 2006 0-19 352 22 27 33 7 30 70 18 I
Cu-richsulphides a § 1-530 11-71 34.9 20 22 29 16 1554 1514 578 2
g 5 107 840 348 20 2 RE 6 404 1007 441 5
Weighted mean 194 1.22 3513 22 26 33 7 49 74 71 =
Ertelien Ni-rich sulphides a 8 212 0-35 42-5 9-4 65 14 10 9 198 459 z
g 8 176 023 423 2 17 88 6 7 179 75 i
Cu-rich sulphides a7 091 1024 3533 <5 085 <10 77 603 1357 1319 @
g 7 068 340 348 <3 06 <10 2 654 00 59l 3
Weighted mean 15 1-59 1-00 423 <23 15 <Y 56 16 163 {4 &
&
Large proterazoic lavered inteusion &
Jotunheim  Pyroxenites a 14 U0l 0025 0162 <2 03 <l 1 31 154 187 oé
g 14 001 0023 0138 2 025 <10 -9 30 150 16 g
=
5
=
e
z
<
m

3y

611
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reliable estimate of the manile abundances for noble metals; and the mantle 15 ot sowmiTEs [ acame f~.
heterogeneous so that any value chosen to represent it is somewhat arbitrary. o mwarirs | mieimge | el / ]
Despite these drawbacks, the advantages from mantle normalization (i.e. BASALTS 0° — i
normalizing to the probable source material) are significant. There arc now over | 10! /\/\/\ﬁ Lot P L :
16 published analyses, from 22 loealities around the warld, for the B and Pd F 8 k. TN L
canlents ol \i]llll‘llt"-‘ which are hought o represent samle matenal The avesnge ] w' o | ‘
noble metal content of all the mantle matenal that has been analysed (spinel H_— . [FP— e et 1
Iherzalites, garnet lherzalites and harzburgites) s elose o (008 15 < C1 chondrite 1 §'° [ee. oo y ' g e /v s 0t
(eol. 1. Table 1). This value is similar to, but slightly higher than, the vatues ; ol =y s b S10*| aagairs \/ | nat s ,
obtained by Morgan {1986) for his estimate of the Os, Ir, Pd and Au contents of the g | = A 510, ’_/’ Y
upper mantle based on spinel lherzolites. Furthermore, 0-008 15 x CI chondrite is 'Cm’l[ e S | < \// 6t
also surprisingly close o Chou er al.'s (1983) estimate that the mantle has ex- H I| f e, wig' P
pericneed an additen of 0-74%. chondite materiad by bombacdment from PR » . S I R . / e
meteorites alter lormation of the core. Therelore the mantle normalizing lactors * ol /\ o e f e _74/’ \ \
for nable metals used i this work are 0008 15 times chondrite (row 2, Table 1). w / ) \ | - e I oy \\‘ ’
The mantle abundances for Ni and Cu quoted by Sun (1982) were used for these o'l ) ! N | p- Niw'
clements, | [ Cuacmirires a’ »
The result ol this mantle morealized approach gan be scen by comypuenng g | 07 ] < | & | o ™ a w0
I{a). (b) and (c). Figure [(a) shows the range of metal patterns for the mantle B A e G s e Pt o T T S T
presented in the conventiona! fashion, note the sharp change in the slope of the Prodw me e Bno e Cu e
curve at Cu. Figure 1{b) shows the metal pattern, still chondrite normalized but Fic 2. Range of mantie normalized metal patterns for a variety of rock types using data from ihe

with Ni next to Os. Note the enrichment of Ni and Cu relative o 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 rack types is
showin, The range was defined by drawing an envelope around the values [rom the
literature (see Appendix for the sources used).

The metal patterns for komatiites (Fig. 2(a}) arc 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/lr,,, = 1-5-2; Cu/Pd,, = 0-75-0-9).
This produces o fairly smeoth 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 olivinesspinifex textured komatiites (Munro Town-
ship and western Australiog Crocket & MacRac, 19867 Keays, 1982) which lack
sulphides, whercas the upper limit is defined by massive sulphides in equilibrium
with komatiites (Abitibi Greenstone Beh, Green & Naidrett, 1981).

High-MgO basalts (Fig. 2(b}) in this work are regarded as rocks denved from
magmas containing 12-18% MgO, This division includes komatiitic basalt, high-
MgO bLasalis and tholeites but not bonimiles which haye been meluded with
low-TiQ, basalts Fig. 2(e). The lower limit of the ficld isdefined by the chill zone ol
Fred's Flow (a komatitie basalt, Crocket & MacRae, 1986), and the upper limil 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 meial portion of the patterns is slightly more tractionated
(Pd/lr = 20-30) than the Komatiite curves (compare Figs 2(a) and (b)): the Ni/lrp,
and Cu/Pd,,. ratios are clase to 1 and produce 2n overall smooth metal curve.

literature: sources are indicated in the Appendix. (a) Komatiites and the sulphides assoctated with them

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

chromitites from ophiolites. {¢) Boninites and low-TiO» basatts. ([} Alkaline rocks. {g) Flood basaliy

and sulphides assaciated with them (h) PGE reefs (with the Pleenriched chromites from the Chff
loeality of the Unst aphioiile shawn as eurve ¢)

Ocean floor basalts in this work include basalts from ridges, triple junctions and
‘type I' lavas from the Thetford ophiolite (all the sampics have fat or LREE
depleted REE patterns). Metal patterns fram ocean floor Dasalts (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
$:29%). The noble metai purtion of the patterns shows variable degrees of fractiona-
tion with Pd/ir ratios from 20 ta 2005 Ni is enriched relative to Ir (Niflr,, = 2=7)
and Cu is eariched relative to Pd (Cu/Pd,, = 10-50), Consequently, unlike the
metal patterns for more primitive rocks, ocean floor basalts do not have smeoth
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 aver Niand Cu (Hamlyn etal . 1985), or somc
sulphides segregated from the magma ¢n route to the surface and these pre-
terentially removed the noble metals (Hertogen eral., 1950). 1F Hamlyn ecal. (1985)
are correct, then all ocean floor material should be depleted in noble metals. if
Hertogen er al. (1980) are correct ocean floor basalts that have not segregated
sulphides, possibly primitive ocean floor basalts. should net be nobic metal
depieted.

The wide range in Pd/Ir ratios from ocean floor basalis may be caused by the
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removal of Os, Ir and Ru either as PGM ar by chromite erystallization, as hits been
suggested by Hertogen er al. (1980) and Oshin and Crocket (1986). The most
remarkable feature of metal patterns lrom ophiohte chromites (Fig, 2(d)) 1s that
they are strongly enriched in Os, tr, Ruand have Pd/Ir ratios of 0-01-0-1 and cover
the range 0- 1-200 umes mantle. Thus, the complementary metal patterns of ophio-
lite chromitites and ocean (loor basalts can be understood 1f the chromitites
represent the cumulate portion and the ocean floor basalk the fractionated silicate
melt portions of a primitive mantle melt.

Some ocean floor matenal (e.g. the “type 1" basalts at the Thettord ophiobite) thin
has experienced chromite and oliving fractionation has rclatively unfractionated
metal patterns (Pd/Ir = 1013). If sulphide saturation occurs carly in the magma’s
istory (i.c. belore appreciatle chromite or PGM erystallization), then the magma
will inherit a primitive metal pattern, However, f chromte (ar PGM) erystaltiza-
tian accurs belore sulphde satuanon, thea e chionnte or PGM will preler-
entially remeove Os, Lrand Ru lrom the magma te produce a tracoonated hguid and
an Os=[r-Ru-enriched cumulate, Using thas rensoning the contrudictions helween
the fractionated silicate geochemistry and the uniractionated noble metal pattems
of Thetford ‘type I’ basaits, may be explaned by sulphide saturation belore
chromite erystallization.

Boninites and low-T10, lavas (Fig. 2{¢)} exhibit & 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 [r, Niflr,,, = 2-10and Cuis depleted relative to Pd,
CufPd,, = 0-01-0-7. irivine and Sharpe (1982) suggest that one of the initigl
magmas to the Bushveld Complex was boninite-like. Hamlyn ef al. (1985) have
drawn attention to the similarity in the depletion ot Cu relative to Pd in boninites
and the Merensky reef. They suggest that the Cu depletion results from a previous
melting event and that this is impertant in generating the type of magma from which
M-reels such as the Merensky reel ot the Bushveld complex form.,

Alkaline rocks (Fig. 2(1)) have relanvely untroctionated metal pallerns
(Pd/lc = 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 et al., 1975) and the lower limit on basanites (Mitchell &
Keays, 1981).

Flood basalts (Fig. 2(g)) tend to have lLwrly tractionated metai patterns (Pd/f
Iz = 100-200), The curves show a tendency 1owards cnrichment of Ni and deple-
tion in Cu relative to the noble metals, The lower limit is defined by the nter-
national standard BCR-1 {Govindaraju, 1934}, and the upper imit by sulphides
from Neor'ilsk (Naldretr, 1981). Howcever, not afl Hood basalt related materal s as
lrachionated, the Inseowa Intrusvon s associded with ihe Karroo Hood Basalts, bt
the metal pattern ts less fractionated than most other load basalt related intrusions
(Pd/Ir = 20, Lightfoot er 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 Ptoreefs are shown in Fig. 2(h). The UG-2 and Merensky
reelxof the Bushveld Complex., the JM reel ol the Stillwater Complex and the Roby
sone of the Lac des Les Inteusion are all considered i this group, Pereels have also
been reported from the Penikat intrusion in Finland (Adapicti & Lahtinen, 1986)
and from the Great Dyke of Zimbabwe (Wilson & Prendergast, 1987), bul in-
sufficicnt nable metal data were available to include these loczlities here. The metal
patierns show a variable degree of fractionation in the noble metals; from the UG-2
reef which is the least fractionated (Pd/tr approximatcely 20) ta the JM reel (Pd/lr
approximately 3000}, The most distinelive feature of these metal patterns s the
overall arched shape, which is a result of the sharp down turn at each end ol !h_c
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 (Niflrg, <0-05, Cu/Pdg, <()-02).
Interestingly ane other rock type has metal patterns similar to Ptereefs and 1h|t\.is.
the Preennehed ehromitites lrom the ClIT loeality of the Unst ophiolite (¢ on Fi,

2(h)).

METAL RATIO DIAGRAMS

An alternative approach to presenting noble metai datais o use metal ratio plots. 1f
wo metal ratios are plotted against cach other. ¢.g. Pd/Ir versus Ni/Cu. then itis not
necessary to recaleulate the data to 100% sulphsdes not to normalize the data o
mantle or chondrite values.

Pd/Ir versus Ni/Cu '
Figure 3(a) outlines the fields covered by the major magma suites on a plot ofN‘nlCu
versus Pd/ir. Because the number of samples for which the noble metals and Niand
Cu have been deternined is small the shape of thes ficlds misy change as more dita
are obtained. Nonetheless this diagram was found to be useful in outlining the
processes that may effect the distribution of the nobie metals, Niand Cu. These two
particular ratios were chosen because the metal patterns zmhcatcd.th:u the [’.d,flr
ralio increases as the magma suite becomes more cvolved, while the Ni/Cu
decreases (Figs 2 (a-g)). Therefore, a plot of these two ralios against each other
produces a separation of the various magma suites with the most primitive (mantle
material). at one end and the most evolved (contingntal flood basalts) at the ather.
The elfeet of variations 10 the degree of partial meltng and the vanatons n
compaosition of the source material on the Pd/!r and Ni/Cu ratios may be estimited
empirically by drawing a Line through mantle, komatiites, high-MgO hasalis.
acenn-Nloor basalts, boninites and continental lood basulis. More detiiled possible
aumenical models are presented elsewhere (Naldrett & Harnes, 1980 Bames,
1987)

The fields tor layered intrusions, and for the mtrusive portons of OphIUIHCh’ are
also shown on Fig. 3(a). The ctfeet of erystal fractionation on the Pd{Irand Ni/Cu
ratios can be examined by considering the komatiite and ophiolite data, Some
alivine cumulates from komatiite flows (B on Fig. 3(a)) huve lower Pd/lrand higher
NiJCu ratiog than the lavas from which they erystaliized, Olivine concenatrates Nt in
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Fig. 3. (a) Metal ratio diagram of Pd/lr versus Ni/Cu based on literature data for diseriminating
hetween the eampositional felds of mantle, komatites and sulphides assoeiated with them, high
MgO-hasalts and associated sulphides, oceansfoor sl batinies and lowsTi0 shasalts, Bood basalis
atngd sulphides associated with them, ophighites, podilorm lsromutiies Trom oplisalites, Prareels, layeredd
itrusions of unknown affinity, and Cu-rich sulphides. D = dunites trom Thetford ophiolite, B = B-
zones of komatiites and C = CIlilf loeality from Unst. The inset shows the displacement vectars on the
diagram for the effects of partial melting of the mantle (dotted), olivine remaval ar additon (dashed)
2nd chromite removal or addition (solid). (b) Diagram of the Pd/1r and Ni/Cu ravios of Norwegian malic
and ultramafic rocks compared with selected compontional ficlds (others (eft aut for the sake of clarity)
from Fig. 3(a). Symbois: D} = duntes from Leka: K = Karasjok komartiites: § = Rombak kematiites,
0 = Lcka ophiclite chromitite; F = Fivdy ophiolite sulphides; R = Reinfiord Thalelitie Intrision;
M= Melkhvipn Alkpliae bosrusion; © ialle Kalpowd Thaivmw Tatousan; ) Jotum prysovemiies
L= Hosabger sulphdes, | = Bl sulphades; 1 = ritelion sulplinles

preference to Cu, therefore the hagher Ni/Cu ratio in olivine-gnriched portions of
the flows is reasonable. Some of the alivine cumulates are enriched in Ir, thus the
ne! cffect of olivine erystallization s to displace the cumulate samples towards
lower Pd/ir and higher Ni/Cu ratios and to displace the fractionated hguid towards
higher Pd/Ir ratios and lower Ni/Cu ratios (Fig. 3(a)).

Chromite crystallization has an cffect similar o, but mare intense than, olivine
crystallization. The differenee can be seen by examuning the relative positions ol
chromitites and dunites within ophuelites, The dunites (D) show a large change in
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Ni/Cu ratio from the initial liguid (presumed to lie in acean flooar basalt field) but o
relatively small change in Pd/Ir ratio. the chromitites show a lurge change in Pd/lr
ratio and a smatl change :n NyCu ratio. Most of the vanation in Pd/ir and NifCu
ratios for komatiites. ophiolites. boninites, flood basalts, high-MgO lavas and
Jayered intrusions may be seeounted forby varmation m canditions 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 eral., 1979) and Kambalda (Lesher &
Keays, 1984), but they may also occur as veins within the main are zone as at
Katimg (Dillon-Leiteh e af . 19586} or Rathburn Lake (Rowel) & Edgar, 1986}
Cu-rich sulphide veins tend 10 be ennched i Au, I'd and at some localities P, but
depleted in Oy, e and Ru relative to the bulk compeosition ol the Ni-Cu sulpm'dc
deposits with which they are associated. Consequently. the Cu-rich sulphide veins
have low NyCu ratios, hogh PdfLr ratios and form a distinct field an Fig. 3(a). Most
authars consider these veins 10 have farmed by hydrathermal remobilization of Cu,
Au and Pd from the associsted Ni-Cu sulphide deposit, However. the situation 1y
complicated by the faet that many Ni-Cu sulphide deposits exhibit an intcrnal
compaositional zonatien with a Cu, Au. Pd, Plenriched portion and a separate On.
Ir. Ru ennched portion {Kambalda, Keays et al., 19815 Strachona & Leveck Wesl,
Naldrett ef al., 1982; Insizwa, Lightfoot er al., i984; Alexo, Barnes & Naldrett,
1986; Lillefjellklumpen, Grémlie, in press). The Cu-rich ore s dasplaced relative to
the bulk ore in the direetion of the Cu-rich sulphide veins but does not usually plot
in Cu-rich sulphide vein field. Naldrett es al. (1982) suggested that at Sudbury the
Qu-rich arc is partly fractionated suiphide 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 2t 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 Pl-reels shaw a narrow range of Ni/Cu ratios but have u wide range in Pd/lr
vt Although the NJCu gt PO ratios of Prercets from the Bushveld Complex
lig in the field of layered intrusions, the IM-reet of the Stiliwater Complex and the
Roby zone of Lac des les Intrusion are extremely Pd-enriched and overlap with &
field of Cu-rich sulphide veins, [f Cu-rich sulphide veins form by hydrothermai
remobifization, then the overlap of the IM reel and Roby zone with the field o
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 NifPd and
Cu/lr ratios of the JM 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
an this dingram (C on Fig. 3(a)), but in the field of ophiolites, which 15 consistent
with their geological senting. ‘The main difference beiween the Unst rocks and Pt
recls is the higher Ni/Cu ratio of the Unst rocks.
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Nift*d versus Cuflr

NI and Cu ot have simndac pactstion cocllicients mio sulphrde by (Iagamant &
Naldret, 1978), therelore the segregation of o sulplude Dguid Trom o sitigate
g does nodelleet the NifCu ratio of either the reminmg selicate magni orol
cumulate which eontaing some sulphides, Partition coelticients log 1% and Ir mtaa
stephade figud ae anknown; estimates range bonr OO Lo 100 000 (Campbell &
Barnes, 1984), bur the partiion coefticients are usually assumed to be similar.
Therefore, o3 10 the case of the Ni/Cu rittio, the Pd/Ir ratio of the silicate IR, O
cumulate is not ehanged by the segregation ot a sulplude hguid. For this reason the
ctieet of sulphide removal from the silicate magna, or sulplude addition o the
cumulate durimg the erystallization ol a magna, s not visible vn Fag. 3(a). Inorder
to study the effect of sulphide saturation the Ni and Cu to noble metal ratio must be
considered. Figure 4(a) shows the ficlds for some rock types an a plat ef Cu/lr
versus Nijid.

Beeause the partition coefficients tor Cu and Niinto sulphides are much less than
for nable metals, the segregation of sulphides trom a silicate magmi causes the
silicate liguid to become depleted innoble metals selative 1o Ni and Cu; thus any
cumulate containing these sulphides is enriched in noble metals relative to Ni and
Cu. The NiPd and Cu/lr ratios of the remaning silicate magma increase, and the
compesition of any rocks that subsequently form from it are increased (Fig. 4(a))
The composition of the complementary cumulates contaning the sulphides tend o
be displaced to lower NifPd and Cu/lr rutios. However, the deerense in NiPd and
Cuflr rabias m the sulphides s also dependent on the amount ot sulphades that
sepregate (e, the R-tactor) as discussed by Keays and Campbell (1981) for Cu und
Pd and Campbelt and Barnes (1984) tor Ni and 1 11 a smail amount of sulphides
xegregates, then the Ni/Pd and Cufle catios i 1he sulphirdes are lower than thase ol
the melt, butila lirge amount of sulplides segivgates te Nobd and Cuflr taliog of
the sulphides approach but never exceed thase ot the mel fram which they tormed.
Thus any samples that plot above the fields outlined by the extrusive racks on Fig.
4(a) probably formed from magmas that have segregated sulphides. These rocks
will not make good exploration targets lor nohle metals,

The clleer of virations i the canditions ol pastil et on the NiZPd and
Cu/lr ravos, os illustrated by the trend of komatistes, high-MpQ basalts, ocean-
floar basalts and flood basalts is to decrease the NifPd ratio and (o merease the
Cu/lr ratio with deercasing degrecs of partial melting. More detailed numerical
modelling for partial melting may be found in Naldrent and Barnes (1986) and
Barnes (1987).

Olivine erystallization increases the Ni/Pd ratio and decreases the Cu/lr ratia of
the cumulates (Fig. 4(a)). The tractionated hgyuid shows o complementary trend of
aniocrense in Cuflrand decrense in NP rutos. Chroniite erysiallization does not
appreciably change the Ni/Pd ratio of the magma but it does inerease the Cu/flr rutio
of the magma from which «t fractionated because chromite or the PGM associated
with it preferentially removes ir from the liquid. Theretore chromite erystallization
displaces the composition of the cumulate to lower Cu/lr ratios but similar Ni/Pd
rattos and the liguids 1o higher Cu/lr ratios (Fig. 4(a)
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sulpludes on this dlagram Diset shows (e diplacoment voctors or oliving remaval o addion

(dushed), chromile removsl or addition (solid) and sulphide removal (.lnt-;!.u‘sh). the partiat melting

trend has been lelt off for elarity. Symbols as an Fig. 3{a). () Diagram of the Niffd and Cuflr miios of

MNorwegian matie and ultramafic rocks compared with selected compasitional fncld!: {others left off for
clariy) based an the literature data shown on Fig. 4(a). Symbals as for Fig. 3(a).

The Cu-rich sulphide veins are enriched in Cu and Pd but depleted in bath lr. and
Ni, and plot in a distinct field on Fig, 4(a). However, on this diagram _lhcrc 15 NO
overlap between the Cu-rich veins and the Pt-reefs as there was on the NifCu versus
Pd/1r plot. The most distinetive feature of the Pt-reefs, their low base to noble metal
ratio, 1s clearly illustrated on Fig. 4(a). Interestingly, the Pterich material from Unst
ophiolite (C) plots close to the Pt-reef field.

THE NORWEGIAN EXAMPLES

Analytical Methods
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
Comparison of metal values abtained tor stendards in this study with previously determined
values
To-84 Ax-20 SARM7
Sy - A 1l ¢ A I [B] B
n - ! 4 14 ! I — 2
Os ppb <2 . <2 <5 n.d <2 63 62
i - nad 23 2 nd 2:2 ke 73
Ru < 10 nal <y < I8 .l <l0 430 4701
Rh 06 n.d, <l X5 0l 9 240 M
i 2 <3 <1 5t 43 i 3T 3473
i <20 <2 <l i3 1o 57 b 530 | 565
Au 59 Y 1-2 2 28 b 3 273

AL Caleb (Usis wark)

1% Beeguerel (s work )

C Marnes and Naldpetl { 1U87)

D: Steele eral, (1975).

E: Barnes (1987).

analysed Tor noable metals by ncutron activation analyses (NAA) alter precon-
cententean anto i Nissulphnde bead by Becyuerel of Toronto, Sampies contamng
>10% chromite are not suituble tor analysis by NAA because not all of the
chromite melts during a normal fire assay and because incompletely dissolved Cr
results in interference during the NAA. Those samples containing >10% chromiie
were analysed by atomic absorption using electrotherma! atomization after pre-
concentration in a silver-lead bead. by Caleb Brent Ltd. This method is only
suitable for the elements P, Pd and Au. Thiee samplex were used 1o assess the
performince of the laboratories. Tv-83 containg extremely tow leveis of all the
noble metals: Becquerel and Caleb found this sampie to contain noble metal levels
al, or close to, ther detecnon hinut (Table 2) mdicatmg that ao sigmiflicant
contamination aceurred. Ax-26 contains intermediate noble meta! contents and the
agrecment between Beequerel and Caleb values and previously determined vatues
is rcasonable (Table 2), SARMT7 contains high leveis of the noble metals and
Beequerel's values agree with the accepted values to within 10%2 for Os, Ir, Ru, Pt,
Pd and 1o within 209%: for Au and Rh (Tabie 2).

In NAA Cucaninterfere with Pd and Rh determinations and the Crompton edge
from Au with Pt determinztions. Therefore, in Cu-rich samples, which are also
Au-rich, it was not always possible to detenmine Ry, Prand i%d

Niand Cu were determined hy X-ray Huoreseence for the komatiites, the Jotun
pyroxenites and the Lalle Kutjord rocks, Far all other rogks Neand Cuowere
determined by atomic absorption. § was deternined by X-ray Huorescence.

Presentation of the Duta

Table 1 prescats the arithmeue mean fornoble metals, Ni, Cuand 5 at cach ol the
Narwegian localities considered here, However, noble metals wend o have o
log-normal rather than a Gaussian distribution and therefore the geometne means
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Srockett, 1952); (d) sulphides from ophiolites Fardy compared with Erctria

eonomou & Naldretr, 1984); (3) Seiland Province Intrusions;

(1) Jotan; (gh Hosenger; (h) Flat and (i) Estelicn
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are also presented in Table 1. On Figs 3(b). 4(b) and § the geometric means have
been piotted. 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 eafeulated using a standard statistical formulae (Bury, 1975 p. 279 ¢qn (8.8)).

At all of the Ni=Cu sulphide deposits twa types ol ore were fTound 1o be preseint,
L, Cu-rich and Ni-rich, The mean for cach of these ore types at cach deposit s
presented in Table 1 and plotted in Fig. 5. A simple average of the samples is
probably not representative of the sulphide deposits ax a whale. The weighted
mean for each locality was caleulated 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
depest when (0 was muned (Boyd & Nixon, F985) AL most deposits the wesghting
wits Y0% Ni-rich are 1090 Cu-rich ore.

Kaomatiiiey

Myroclastic komatiites ol Protwrozoe age (2085 85 Mo SNy Kol or el 1985,
Ofien, 1985) from the Karosjok Gieenstone Belt ol narthern Norway (Fig. 6) have
been analysed for noble metals (Table 1). The noble metal partion of the metal
pattern is relatively Sat (Pd/Ir = 8) and Ni and Cu are nat ractionated relative 1o
the noble metals, thus the overall shape of the metal pattern ts smooth (Fig. 5(a)).
Stnce these rocks are pyrociastic, the noble metal content of the racks 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 eurve on Figs 2(a) and 5(n)) Similacly the NayCu,
Pdftr, NifPd and Cufle cnnos are sinnlar lo komatates rom the literte g and on the
metal ratio plots the Karasjok komatiites plot in the ficid of komatiites (K on Figs
3(h) and 4(b)). Noble-melal patierns from Prolerozoic komatiites have been
reported previousty (Katinig, Barnes er al., 1982). These patierns are more
fractionated than the Karasjok komanites (compare upper curve on Figs 2(¢) and
5(a)). The difference in metal patterns could be because the Karasjok kematiites
formed from a magma containing approximately 25% MgO (the average MgQ
content of the Karasjok samples), whereas the Katimg komatiites formed from a
liquid containing 18% MgO. Tredoux ef af. {1986) have also noted an antipathie
relationship between MgO content and Pd/lr ratio in lavas trom the Kaupvaal
craton.

In the eastern volcanosedimentary belts of the carly 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
prescntly consist of serpenting, chionte and acunolite. The mean metal pattern
{Fig. 5(a)} for the Rombak rocks 15 similar in shupe and level to that of komatiies
(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 komatittes. Further
more, the Rombak ultramatic 1ocks plot in the komatiite tield 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 aphiolites .

Chrosiitites, High PGE values from podilorm chromitites in ophiolites have been
repacted tram Shedand (Gupn eral., 1985; Prichard eral., 1984, 1986). Ray-lz and
Kempirsay, USSR (Khvosiova et af., 1976). Ophiolite fregments are prescnl
throughout the Upper and Uppermost Allochthon of the Norwegian Caledonides
(Gee et of., 1985). Podiform chromitites from 19 of these ophiolite fragments
(details of ench locality are described in Nilsson. 1980) were aunul_\'s:q for Pr. Pd and
Au. Only partial metal patterns can be drawn for the chromitites (Fig. S(b)).‘ 4

Chromitites from 15 of the fragments appear to contain noble metal levels similar
to chromitites from around the world; the portion of the metul pattern that can be
drawn has a simular shape 1o, and falls within, the range of poditorm chromiles from
the literature (compare normal chromites on Figs 5(b) and 2(d)). These chromitites
probably also exhibil the elassic chromitite pattern with enrichment in Os, frand
Ru.

However, chromitites from 4 localities contain Ptand Pd at > 100 ppb which are
much higher than that normally observed in podiform chromites {from around the
world (F.:g 2(d), and Pr-enriched on Fig. 5(b)). The shape of the available portion
ol the metal patiern resembles both the Pt-enriched metal pattern found n the
podiform chromitite from the Chff locality n the Shetland optuolite and the
Pt-reefs (Fig. 2(h)). The distinctive feature of these patterns 1s their arch shape
whitch is a result of the high noble metal/base metal ratio, [t1s templing Lo Suggest
that the overail metal pattern from these 4 Norwegin chromitites may have a
similar shape and thus that they belong o the class of Pr-enriched podiform

chionmiies
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Suxteen samples of chromite-rich dunites Trom the mtrusive pornon ol the Leka
ophiolite were amalysed. Fifteen of the samples contain noble metal levels at [-3
times mantle level and have essentially flat metad patterns (Fig. 5(c}). The overall
shape and level of the metal patiern is similar to that ebserved for the dunite from
thas Tl ttog] oplanlte of Onelee (e SGe These sescks e s lites sl
therelone the at metal pattern s not smiply e resalt al samphng mantle, non do
the patterns represent trapped intereumuius liguid because that would be expeeted
1o resemble ocean-floor basalt which has Pd-enrniched patterny (Fig. 2(c)). The
metad putterns from the Leka chromite-neh dumies could represent the sem ol the
chiromite pattern which is Os, [rand Ru ennehed and the occan-tloor basalt patiern
(Pd-enriched). The presence of the cumulus alivine lowers the overall level of the
pattern Tar all the elements exceept Mo Thisanterpretation s suppotted by the PdflL
veests N/ O metad ratio daegtaums The dumites ot aa the Nieanched side of the ne
ting between cheomate and occan Noar hasalt (12 on Fig. 3(0)). The presence ol
cumuiale olivine could have displaced the simples towzrds the N1 encched side ol
the tic-line.

One sample from Leka which contsins approximately 30% chromite has high
vitlues of Os. Ir and Ru; 1ius sample exhibnts 2 classic chroomuite patiern wath
cnvighment of Os, brand Ru (Fig. 3(b)). 1t s assomed that the metal pattern of thas
sample is dominated by the chromite, On the metal ratio diagrams this sample plots
close ta or within the Reld of chromites from ophiolites (0. Figs 3(b) and 4(b))

Stulphides. There are iwo localities in Norway where massive sulphides associated
with ophiolites contain are grade levels of Pt Both of these loealities are too small
ta represent mineable deposits, but processes leadmg ta their formation are ol
interest. Lillfjellklumpen is & massive sulphide lens Iving concordantly between
primittve MORB-type metabasalis and metagabbro in the allochthonous Giersvik
island are complex (Grénlic, in press). Fedy s o massive sulphide lens in the
sheeted dyke complex of the Karmdy ophiolite (Boyd & Nixon, Y85}, Only the
Fady data will be discussed here as the Lillefjellklumpen data are presented
elsewhere and are similar to the Fredy data,

The massive ore at Fiedy contains twa types of ore: Ni-nich and Cu-rich (Table
1}. The metal patterns from both types are smular (Fig. 5(d)). Both increase
steadily from Ni at 10 times mantle to Cu ar IOB0 tmes mante and both have large
negative Av anomalies. The Cu-pch ore isenached m Ca, Au, Pd and Ptrelative to
the butk ore. The metal putterns do not resemble uny ather metal patterns so lat
reported from ophiolites; in particular when compared with ether ophiolites
enriched in Pt (e.p. Cltf trom the Shetland ophiolie, Con Frg, 2(h)) the Norwegian
sulphides tack the characterstte arch shape. Neither do the Ficdy metal patterns
resemble those of sulphides from the Ertena ophiolite, which have been attributed
to hydrathermal action (Fig. 5(d); Economoun & Naldretz, 1984). The Fredy metal
patterns closely resemble metal patterns trom the sulphides which formed n
association with komatiitic basalts {Katinig sulphides from the Cape Smith Fold
Belt of Canada, upper curve on Fig. 2(b)). Similarly, on the metat ratio diagrams
the Fregy sulphides plot in the ficld of high-MgQ basalts (F on Figs 3(b) and 4(1n)).

Massive sulphides within the intrusive portions of ophielites are uncommon, but
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twe possible meehanzssms Loy ther lormation ares {a) they tormed by hydrothermal
fluids; (b) the sulplides segregated from the magma during cooling. The suggesuon
that the Fuedy sulphides formed from hydrothermal fiuids may be discarded on the
grounds that the metal paticrns do not resemble metal patterns from hydroihermal
salphindes (Fretoa, g S{d; see also discrssion by Granhie, m press), At Fiody
theoe ate two types ol dykes present (Pedersen, o preparabion ) ocean: e basaits
and beninites. 11 hypothesis (b) 1s true 1t would be unticipated that the sulphides
which formed in equilibrium with such magmas should have a metal pattern similar
to those tound i oeecan Soor basidls or bonines. The Fagy metal paiiernsnge not
trough-shaped like ocean-lloor basalt metal patterns (compare Figs 2(e) and 5{d) o
Cu-depleted like the boninites. This might be taken iy evidence that they did not
segregate from an eccan Hoor basalt or homnite, This contradiction may be
resalved by suggestng thal the matenal that erupts on the occan loor may be
depleted in noble metals by the prior (i.¢c. pre-cruption) removal of these elements
m sulphides. ‘The metal patterns lrom primary ocean Hoor magmas may o tuet be
less fractionated than those shown in Fig. 2(¢) and primary occan floor magmas may
well resemble the metal patterns of high-MgO busalts

Small possibiy rift-relaied mpasions

Seiland Province rocks. The early Caledonide (S00-33 Ma, Sturt & Roberts,
1978) Seiland Province intrusions range in composition from tholeitic to alkabne in
composition. These intrusions are thought to be related to the rifting phase of the
Caledanide event (Pedersen ef af, (submitted)}.

Samples from three of these intrusions were analysed. Reinljord, a tholeitic
mitrusion; Melkvann, an alkaline intrusion and Lilie Kuljord, an mtrusion thaught
to represent alkaline magma that reequilibrated ut high ievels in the mantle to
generate a late tholeiitie intrusion in the area where alkuling rocks predominate;
Bennett er al. (1986) deseribe the Reinfjord and Melkvann intrusions in more
detail. These intrusions present an opportunity to examine noble-metal patterns in
rocks derived from partal melting of the mantle under various conditions.

The Reinfjord sampies are wehriites, pyroxenites and troctolites principally Lrom
dykes and the marginal zenes of the intrusion, The Lille Kufjord samples are
peridotites and pyroxenites. The samples from Melkvann are pendotites and
pyroxeiites prineipalty from dykes, Approximately 0-5% 5 is present in all these
rocks and the noble metal, Niand Cucontent of the rocks is probably controlled by
these sulphides and the Ni content probably also depends on the cumulate oliving
Hecause the Remfjord snd Melkvann samples are manaly from dykes and the
marginal zones of intrusions 1115 assumed that their metal paterns are sumelar 1o
that of the magma which mtruded. The metal patterns from all three intrusions are
similar (Fig. 5(e)). The noble metals are relatively unlracuonated with Pd/Ir ratios
ot 12-20. Ni s slightly eariched relative to Ir (Niflzy, = 3-0) and Cu is enriched
relative (o Pd (Cu/Pdy, = 3-6). The level and shape of the noble metal portion ot
the metal patterns resembles that of high-MgO basalt (compare Figs 5(¢) and
(b)), but with Ni and Cu enriched, Similarly, en a plot ol Pd/1r versus NifCu the
Seiland intrusions plot in the ficld of high-MgO basalts (R, M and L on Fig. 3(b)),
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but on the Cuflr versus Nit'd plot the Scilund intrusion plots abaove the lield of
figh-MgG basalts. The combination ot high Ni/Pd and high Cu/lr rutios suggests
that the noble metals have been scavenged from the magma prior to the develop-
ment of the present rocks, possibly by suiphidey segregated from the magma
eanlier, The combimation of low P/ vaes and hagh Nay/Cu rtos and high Ni/Pe
and Cu/lr ratios in the Seilund intrusions suggests that they farmed from tairly
primitive magmas that had experienced sulphide segregation prior 1o the
development of these rocks.

The metal patterns Jor samples trom the Reindjord and Lille Kutjord Intrusions
suggest that these rocks tormed hom magmas similar to high-MgO basalts ang this
is peologically reasonable since these antrusions ure thaleiitic,. However, the
Melkvinn antrosion s thought ta Bave Tomned Teom an atkaline magma, and
thercfore, should be compared with asnlar type ol mtiusion - Fhereare, as yet, no
noble-metal patterns available in the literature with which to compare it Rogks ot
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 Fip. 2t} and hisanites (lower curve on Fig. 2(1))
trom western Australia which also show a relatively unliactionated noble-metal
pattern, but at tevels shghtly lower than the metal patterns Irom the Melkvann
intrusion,

Despite the difference in partial melting conditions postulated for these three
intrusions by Robins and Gardner (1975) their metal patieens are remarkably
similar. This relationship confirms the conclusion, based on the rather Himited data
fram the hiterature, that there is no obvious difference between the metal patterns
lrom primitive alkaline rocks and those Trom hipghedgO magamas (compare Vips
2(b) and 2(0)). Huence, prmitive mantle melts whether thaolenne o alkaline m
compuosition huve similar metal patterns.

Hosanger. The Hosunger intrusion 15 a sill of rerite which may be part ol the
Anorthosite Complex within the Bergen Arc System (Boyd & Nixon, 19835). The
sulphides oceur either as matrix suiphides towards the base of the intrusion (Lien
and Litvann ore) or as sulphide veins cutting the norite and gneissic country rock
{(Nanis ore). The ore from alt three localities is similar, except for the presence of
some Cu-rich ore from Nonus, In common with mast Cu-rich ores the Nonas are ts
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 Ptand Pd.

The noble metal portion of the metal patterns 1s relatively unfractionated Pd/lr
ratios 5-10. However, Cu and Ni are enriched relative to the noble metals
(MNiflr,, = 4, Cu/Pd,,. = 5} whieh gives the paticins their trough shape, The metal
patteins resemble those ot the Seilund mtrusions and so are mitcrpreted to have
tormed in the same fashion, thal is by segregation rom a high-MgO basalt it had
not experienced olivine or chromite (ractionation, but that had previously
segregated some sulphides,

Ertelten and Flgi. The Erelien deposit occurs at the margins of & small
(600 m x 450 m) norite intrusion, located 40 km NW of Oslo {Fig. 6). The Flat
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deposit occurs within a diorite dyke (4 x 2km), 170 km SW ol Oslo (Fig. 6). Neither
intrusion has been dated, but on the basis of stratigruphie relationships they are
thought to be part of a series of mafic intrusions emplaced into the gneissic craton
between 12(0) und 1370 Ma. possibly as the carly sifting phase of Sveconorwegian
Qrogeay (900-1100 Ma) {Otedahl, 1980), More details concerning the deposits are
given in Boyd & Nixon (1985). A

RBoth Ni-rich and Cu-rich arc types are preseat at Flat, The Cu-rich ore s part of
the massive sulphides, In common with most Cu-rich ores the Flat Cu-rich ares are
enriched in Cu, Auand Pd relative Lo bulk ore, The Pd value may not he reliable,
beeause it was passible to determine Pd on only 2 of the § Cu-nich samples. The Flit
PGE are remarkably unfractionated (Pd/Ic = 2-8). Flowever, as with the Seilund
Provinee tocks, the Flat patterns are enriched in Niand Cu relative to the nable
melals (N1, = 1=2, Cu/Pd,, = 4-132) which gives the metal patierns an overall
trough shape. On the Ni/Pd versus Cu/lr plot (Fig. 4(b)) the Flit ore ([} 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 rescmble the
metal patterns rom any common magmi type (compare Figs 2 (a=h) and 5(b)). The
distingtive feature of the Flat metal pattern is its low Pd/flr ratio, this ratio is even
lawer than that found in komatiite magmas. On the Pd/lIr versus Ni/Cu diagrams
(Fig. 3(b)) the position of the Flat ore (f) suggests that the Flat samples arc
enriched in chromite and/or olivine, But, the Fla 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 Flat metal pattern suggests that the Flit
sulphides formed in equilibrium with a magma that had not experienced olivine
or ¢hromite Iracuanation but that had experienced sulphide sepregation,

Al Ertelien both Ni-rich and Cusrich ores are present: the Cu-rich ore s part ul
the massive sulphides and is enriched in Cu, Auand Ptand depleted in Ir relative ta
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 Ni and Cu relative to noble
metals {(Nifltge = 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
bul, on the other hand, the Pd/Ir ratio is higher than the ocean floor basalts, thus the
Frielien ore plots in neither ficld (I on Fig. 3(b}). The position of the Ertelien
sulphides sugpests 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 (I)_ on the
Ny Py versus Cuflr plot (Fig. $(b)) where the Ertelien are plots above the fields o
extrusive rocks, suggesting that sulphides have been removed from the magma.

A remarkable teature of all these intrusions is the depletion of noble metals
relative 10 Ni and Cu. This 1s interpreted as suggesting that sulphides have been
removed from the magma, either by retention 1n the mantle dunng parual meltng,
or by scgregaiton from the magma en route to surface. The authars favour the latier
model and suggest that during carly rifting, magmas may not have easy access to the
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surlage and may pause otten duning emplacement into the erust; &t each pause iy
possible that sulphides could segregate from the magma. Another feature that
these intrusions have in common is their small size. [t 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-Prowerozoic Mafic Intrusion

The Jotun Complex in southern Norway is a large (100 x 200 km) mafic intrusion of
mid-Froterozoic age. It was metamorphosed 10 granulite facies between Y00 and
1100Ma and implaced in its present pesition during the Caledonide Orogeny
(400 Ma) (Oftedahl, 1980). The size, age and mafic nature of this intrusion make it a
target lor a Ptereef-type deposit. The target zone tor finding a Ploreet 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 strutigraphy at the body, and henee,
difficult to define nny target zones. Magnetite-rich pyroxenites oecur s small lenses
IU=100 m across in the metagabbros 0! the porth cast portion ol the atrusion
Fourtcen samples of magnetite-rich pyroxenite trom the area of Grasuibekken
have been analysed for noble metals (Table 1)

The noble metals from the pyroxenites are extremely Iractionated (Pdflr ratio
770}, but the pattern is enniched in PGE relative 1o Cu. The overall shape of the
patttern most resembles that of Neod basales (compare Figs 200 annd (0. On the
metal ratio diagrams the Jotun pyroxenites (Jon FFips 3(b) and (1)) plot close t, o
within, the field of lood basalts. The high Pd/lr ratio of the Jotun pyroxenite rocks
suggests that the liquid from which they formed was depleted in Iy, possibly by
carlier chromite removal. Although the level (200 ppb) of PGE present in these
rocks is an order of magnitude less than ore grade, the low NiZPG and Cu/lr 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 scgregated
could be rich in noble metuls, indicating that the Jotun Complex warrants further
exploration.

CONCLUSTHONS

By adding Ni 1o the Os end of a noble metal pattern and Cu 1o the Au end and then
mantie normalizing the data rather than chondrite normalizing, the resulting metal
patlerns become powertul wols lor investigating the  (ellowing petrotogieal
problems in ultramafic and mafic rocks.

(1) If the rock represents mantle, o ehromitite from an ophwhite, a Plareet, orf
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 ts iower than the noble metals
into sulphides the separation of sulphwdes trom o magma will produce a
cumuiate enriched in noble metals relative to Ni and Cu, leaving the magma
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depleted in noble elements relauve to Ni and Cu. Consequently, the
cumulate will have arch-shaped metal patterns and the fractionated magma
trough-shaped mctal patterns. Any rock that subsequently forms from this
fractionated magma will also have trough-shaped metal patierns.

Chromite and, toa lesser extent, olivine both tend to concentrate Oh“lr and
R, possibly us PGM melusions, therelore the erystalbization at 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 {orms from
this fractionated magma will have metal patterns with sieeper positive slopes
than the original liquid (i.c. higher Pd/Ir ralios).

(3

—

Because some workers may feel that the mantle zbundance of the noble metals
are poorly constrained they may object to the mantle nﬁfm:.l“ZElF'lOl'i procedure 1q
produce metal patterns. Furthermore, the presence of sulphld\;s in a rock presents
the dilemma of whether to recaleulate the data to 100% sulphides or not. Both of
these difficulues cin be overcome by using the metal ratto diagrams PdfIr versus
NiyCu and NyPd versus Cufle. These diagrinns successfully separate rut:k:»_ fep-
resenting mantle, komatiites, high-MgO basalts, flood basalts, Pt-reefs, ophiolie
chromitites and Cu-rich sulphide veins. The diagrams show the effects of Os. [r and
Ru removal by erystal fructonation. The Ni/Pd versus Cu/lr dingram also s.hows the
¢lfeets of sulphide removal as a trend markedly oblique to that due 1o olivine and
chromite trends, o

Tlie combined use at mantle normalized metal patterns and metal ratio dmgr:t.:m
allows the effects of partial melting, sulphide segregation. chromite and oliviag
crystaliization to be clearly recognized.
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New noble st (R {VASS dre pu'wmr.:’ far frve Ne-Cndepoarts an Noruy wul e
considered alang with published data trom a further Jour deposis. By Jur the viciess
deposits are: Foegy averaging 1790 pph Prand 4760 ppb Pd. and Lilefjellklumpen
averaging 1800 ppb Prand 3070 ppb Pd Both are emall massive sulphide bodies, ihe
former associared with late stage dyvkes within the Karmd y ophiolite while the latier s
associated with MORB-1 pe thaleiites wihin e Glenvik island arc complex. The
Vakherlien and Espedaler deposits coniaint respretively 1380 and 1000 ppb (PG E =
Au) in 100% sulphides. Quher deposts have low contents of PGE (<300 ppb i
100 suiphides) bur several are locally enriched in A, particidarly Ertelien. i
witieh Crisrich samples average 1430 ppb Au. Data from the Narwegian deposits and
from elyewhere indcate that NiCu deposits i DHFLSONS in orogemc belts tend 10
have low noble metal conienis

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 frst deseribed, though not named, from the Espedalen deposit

! {Scheerer. 1845) and for a brief period before the discovery of the lateritic ores n
New Caledonia, Norway was one of the world's ieading Ni producers, The Tast
mines 10 be active. Flat and Hosanger, closed in 1944 and 1945 respectively.
Prospecting in the 1970s revealed one new deposit of significance, Vakkerlien
(Thompson ¢t al.. 1980). and multiphed the reserves of another, Bruvann, wenfold
(Boyd & Mathiesen. 1979). Pt and Pd anatyscs with detection levels of the order of
20~ 100 ppb were published for four Norwegian Ni-Cu deposits as long ago 85 1932
Foslie & Johnson Hast. 1932) along with ealeulated grades tor two deposiis
hased on nnalvses af mate
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Rnowledse of the platinume-groupn clement (11 contenl of Nprwegian
archaelies did nor advance . howeer, hetween 1932 and 1929 whoen the first modern
PCGE analyses, wath detegcion levels of the order of 0-1=3 ppte, were pubiished, Tor
the Espediden deposit, by Naldren ef al. (19793 Daty have subseyuently been
pubbshed tor ihe Vikkerlien deposit {Thompson e al.. 1V8D), tar the Liletjeil-
Klumpen deposit (Granlbie, 1UNS. 1ust, 1987) and o the Bruvann deposit (Bowd
eral.. 1986, 0 press). This paper présents data trom & further fve deposits and will
cansider these with the results alreads pubilished These mne depostts inglude adl the
deposits in the country knowiy o hive (had) o tonmage of over [HID metne ons Ni
metal.

Albthe deposity creept ong, Fiean e Ni-dominated Three, Flosanger. Flatand
Ertelien. while being completely dominated by Ni-Cu ore, also contain veing of
Cu s N muinerabizagion which wil be discussed separately

GEOLOGICAL BACKGROLUND

The logation ol e depusils ts shiown, oa 4y simpliticd geologwcal map ol Narw.y
(Fig 1) angd grades. lonnages. num:r'.nluglc.nl and chemical Jista, e given an
Table 1

Twa of the deposits considered 1n this poper are located 10 the Svecononvegnin
{ =Grenville} urogemc belt, The Flat and Eitelien deposits oceurin small plug-hke
intrusions (<3 Lm? in seetion) thought 1 immedistely predate the Sveconorweggiin
orogeny, The other seven occar the Caledonun orogeme belt, though Hosnger
and Espedalen are pre-Sveconopwegian 6y dnc Hosanger and Espedalen e
associated with small intrusions, hoth of wiieh probably originated within the
Middle Protepozone Jotun malic imtrusive complex, the Jargest preserved part ol
which is now exposcd in the Jotun Nappe. The oaginal dimensions ot this mlrusve
compley muat have heen o cxeess ot W k= 100 R smplying i njor magnatic
cvent. probably associted with erustal extension, O the deposits an the
Caledonian belt, three, Bruvamn, Skyckerdalon and Vakkerlien, con be desenbed as
SYNOFOELAI 5NN Jate” though at least tor Bruvann and Viakkerhen, the term
intra-orogemic, implang emplacement during o tensiomtl episade, would be more
precise while the remaming twao, Lilled jetlklumpen and Fazdy, are located iy thrust
shices ol supra-subduction zone opiohites (Duaning eral. . 1986, Grgnlic. 1a press)

Flar This deposit occurs within the Evje-lvetand amphabolite comples (Barth.
147 Bjarivkke. 1947 Pedersen, 1975}, 1t inetudes disseminated and massive
minealization and is Norway's second largest depost,

Errelien, This deposit 15 associated with a small nositic plug (600m < 450 m)
Mineralization includes massive, hreeeia and o Esseminated tpes near the mazgin ot
the plug (Johanssen. F974)

Haxange: This depasit 15 logated watlan i nonlic sill 4 the Anurthosie
Complex, part of the Bergen Are System, and passibly an outlier of the lotun
Niappe {Kyale, Yol [ expetienoes granulite facies metamorphism durmg the

Sveconurwegnn Oragens (Sturt et ai . 19TR) Ve nuneralizatnon meludes dis-
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seminated 1o matrix sulphide near the base of the intrusion and veins of bath Ni-
and Cu-nich sulphide (B jéi lykke, 1949). The deposit was mined intermitiently from
IAN3 10 1945 Modern PGE duta are presented here for the first time.

Expedalen. The Espedalen deposit is located i an alirmmafic-matic intrusion, one
ol the second of three suttes of mafic intrusives, in an outher ol the Jtun Nappe
(Hewm, 1980). I includes disseminated and breecia mineralizaton, PGE datn were
pubhshed by Naldrett erad. (1979}

ABrvaenn., This is Norway's largest Ni-Cu deposit and one ot the largest Ni-Cu
sulphude deposits m Evrope. the Sovict Union excluded. 1t is a predominantly
low-grade disseminated minesalzation {Table 1), intercumulus o olwing and
arthopyroxene in chiramale cumulates i the narthwestern part of the Rioa
uirusion (Fig. 1) (Boyd & Mathesen, (979

Skpckerelaien, This deposit s associated with metagabbroie and ulipsmafic
Iragments in magmatic brecetas in g small hut complex palymagmate intrision,
with maximum dimensions - km = | km in the Gula Group within the Caledonian
Trondheim Nappe (Fig. 1), PGE dat are reported for thisdeposit for the first ime,

Viakkerlien. The Vakkerhen motrasion and 11s assocated Ni-Cu oinerabization
have been desenhed by Thompsan erad (1980} who also presented IMGL data, The
mnetalization ingludes vern-, stningers and disseminated types. all dominated by
pyrrhotite. pentlandite and chalcopyrite. but with pyrate i most samples. The
mineralization occurs in the core of an ulirmmatic-matie sill i the Gula Group
within the Celedoman Trondheim Nappe (Fig. 1)

Litlefpeilhiumpen. This small munerzhzanon (<1001 Ni metal) forms a massive
sulphide lens lying concordantly between primitive MORB-tvpe metabasalt and
meipgahbro in the allochthonous Giersvik 1sland are comples in the Cledonides
(Grdnhe, 1985, 1986, inpress), The mineralization shows vanations in Cw/Cu + Ni
ravio but without development of the Cu-rich veins with Cu/Cu = Ni averaging
=0 8 iound ot Hosanger, Flatand Enchen, PGE data come from Gréahie (in press)
though n has long been known that the body e nich in PGE (Foshe & Johnson Hst,
1932).

Feoedy. This mineralization s also from an oceanic environment in that it forms a
mussive mineralization within the dyke complex in the Karnwy ophiolite (Swrt e
al , 1980). Recentwork (Dunning et al., 1950) suggests that the Karmy ophiolite is
arc-related rather than “normal” oceanic crust and gives a U/Pb age af 498 + 15/
=3 Mador plagiograntte in the complex, Anatytical data from this deposit indicate o
considerable range of Cuf/Cu + Ni ratos. with values between 0-3 ane 0-75 pre-
domimating. The data presented here are aew though also this bady was known to
have high PGE levels (Foslie & Johnson Hdst, 1932; Boyd & Nixon, 1985)

ANALYTICAL METHOIS
The samples from Skjickerdalen, Hosanger, Ertelien, Fiit and Fady were

analvsed w Becgueret Lahoramtones of Toranto vsing INAA tlier precongentralum
i mckel-sulphade bed. Vilues obtaned tor three blmd standards are shown by

Noble Meral Geochenustry of some Ni-Cue Depasies [£]]

Harnesera! (this volume) who compare the results oblained using this method with
aeeepted vatues. Interference effects inherent w the method give unic hable results
for 'd and RE n samples with >3% Cu and enrcliable Pt results in samples with
high Au contenis: these ¢ffects are generally caincident,

Niand Cu were anitlysed by atomic absorpuion and S by Xeray Suesescence by
Caleb Bret Lid of Manchester

RESULTS

1t 15 a4 well-established conventian that PGE data for Ni-Cu sulphidz Jeposits jure
presented recaleuleted to RO% sulphide and then. in disgrammatic form,
normalized tochondrite values with the PGE and Au plotied in order ot decreasing
melting point trom Os to Au (Naldrett er al.. 1979: Naldrett, 19811 The case for
recaleulation 1o 1009 sutphides is based on the assumptions that the PGE are
collected by sulphide droplets, and that major disturhance of the congentrations by
Later alterntion has not taken place. und on the advantage in comparing data from
ditlerent depesits given by the removal of effects caused by variable content of
ganpue 1 the samples analysed . The assumphions nay net hiold tor sulphide-poor
rocks

The samples analysed from the five Ni-Cu deposiis for which new data are
presented here were, with the exception of Skjickerdalen. all mainy or massive
sttlphides with >50% sulphide. The data in this paper are prosented as ranges of
absolute values and as content in 1009 sulphides (Table 1) and a:¢ shown dia-
grammaticaily (Figs 2(A-D)) according 1o the convention extablished by Naldreu
etal, (1979) ,

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

The deposits have been divided into three groups based on their contentof Prand
Pdin 100%% sulphides,

Group 1. Beuvann, Hosanger and Flat, three of the four largest M-Cu sulphide
deposits in the country. have concentrations of PGE in 100% sulphides an order of
magnitude below chondnite for all PGE except Pd, which is just over (-1
chondmie (Fig. 20A)) Concenteations of Pt and I'd are similar for sl three and the
concentranons of all PGE are similar for Hosanger and Flat, while Bruvana has
much lower concentrations { <¢. 0:01 = chondritg)of Os, Ir, Ruund Rh Few Ni-Cu
deposits are recorded 1n the hiterature as having comparably low values of P1 and
P4 those known to the authorsare Pipe (Naldretr erel . 1979), Montcalm (Naldren
& Duke, 1980), Lagkunkangss and Vammala (Papunen, 1986), $1 Stephen, Lynin
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deposits. Published daia arc included from Naldrest e al. (1979) (Espedalen). Thompsan e al. (1950)

(Vakkerlien), Grénbe (1985) (Lillefjellklumpen), Bovderal, (1986) (Bruvann). (A), (B}, (C)showdata

fram Ni1-Cu mineralizanons ciassified according to Pt- and Pd-levels with the field af komatiites and the

average for Little Stobie (Naldrett, 1931) for seference. (D) shows data for Ns-Cu and Cu > > Ni mineral-
1zavons for Hosanger (solid ine), Flat (dashed line) and Enelicna {(dashed ot line)
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Lake. Moak Lake and Renzy (Jonasson eral.. 1987}, The Pd/|r ratios are low for all
three deposits and Hosanger and Flat have, in general. patterns similar in form to
the field shown by typical komatites (Naldrett, 1981). The low PGE gradesin these
deposits are seemingly at variinee with evidence of a relanvely pnimitive magma
from other indicators, for the case of Bruvann (Bovd ¢ al.. 1987) and for
mineralization in its host. the Rina intrusion in general (Barnes. 1987). Possible
explanations are that the parental magmas were derived from an already depleted
mauntle or thal PGE were removed inthe crust but below presently accessible levels:
both papers conclude that the evidence, particularly REE data (Barnes, 1986q).
supports the second altermative,

The position of Au for Flat and Hosanger refers to Au-poor Ni-Cu ore (Au s
concentrated in Cu =2 Ni mineralization in these deposits), while at Bruvann high
Au values oceur locally in dissennated Ni-Cu mmerabzation and no Cu-rich
paragenesis is known o exist {based on a total of 28 30 m of drilling and several
thousand assays).

Group 2 (Fip. 2(8)) Skjrekerdalen. Vakkerhen, Espedalen and Ertelien
contain Prand Pd at higher levels than Group 1, but < chondrite, except for Pd at
Skjiekerdulen. The average Pd content at Skjiekerdalen 1s however perhaps
artifictal, 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, these found in Group |, with all
deposits for which data was obtained showing flat pauerns for these elements.
Though the Pd/Ir ratios of Group | and Group 2 deposits overlap, they are
generally higher in Group 2. cspecially for Ertelien, the Pd/lr ratio from which 15
compatible with equilibration with a magma of composition between continental
tholeniie and MORB (Maldrett & Bames, 1986).

Group 3. Lillefjellklumpen and Faedy (Fig. 2(C)) have Pt and PdJ contents
exceeding those of typical komatiites, while having concentrations similar to
komatiites for Os, Ir, Rh and Au, and relatively low levels 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 aphiolite-hosted lllinois River massive sulphide deposit in
Oregon (Foose, 1986) which includes both disseminated sulphides and pods of
remobilized massive mineralization in deformed pyroxenitic and gabbroie cumu-
lates. The levels for all PGE are about an erder of magnitude lower than those
found in the chromitite-associated Cliff mineralization in the Unst ophiolite,
Shetland (Prichard er of., 1986) which 1s located in a dunitic body in harzburgite
tectonite. Chromitite-associated sulphide mineralization in the Eretria arca of the
Othris ophiolite has, however. much lower Pt and Pd levels { Economou & Naldrett,
1984) than those found ac Lillefjeliklumpen and Faedy, The Ru, Rh, 1"t and P'd
concentrations al the two Norwegian deposits are close 10 those at Litle Stobie,
Sudbury (Naldrett, 1981),

Cu >> Ni mineralizations. Three of the deposits examined, Hosanger, Flat and
Ertclien, contain parageneses dominated by Cu (with Cu/(Cu+ Ni)>0-9) (Fig.
2(D)). Na rcliable data are available for Pt and Pd, and in two ¢ases for Rh, in the

D
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Cu-rich parageneses. The Ernclien Ni-Cu minerahzation has exceedingly low
contents of Os, [rand Ru, with even lower contents of Os and Ir, andd probahly also
ot Ru, in the Cu >> Ni muineral:zation. At somewhat higher levels the same is true
for Os and [rat Flit, while the Cu-Ni paragenesis a1 Hosanger has igher levels of [r
and Ru. and the same Os content as the Ni-Cu ore.

DISCUSSION

With the exception ol the two deposus in Group 3. both from an “ophiolitie’
envirenment, there is ne obvious relationship within the group of deposits
discussed here between the apparent geotecionic environment or age of the
deposits and their PGE or Ni-Cu grades. Group 1 contains three deposits, all with
low Cuf{Cu + Ni} and PdfIr ratios (<19 and <11-3 respectively). but ench [rom a
different tvpe of intrusion, only in the very broadest sense possibly. synorogenic.
The Ni, Cuand PGE geochemustry. especially the ratios Cuf(Cu ~ Nijand Pd/1r, of
these deposits imdiente dernvation from relatively primitive magmas. The Pd/lr
ratios are of the same order as those found in Ni-Cu deposits related 1o komatines
(Burneseral. . 1985) Onecolthemore apparent relationshipsin Graup Listhe inverse
corrclaton’ between the content ol (P Pd) and the size of the deposits. This
g ht |m|1|y alow virlue of 1 the eane ol silicate magna te the miss ul sulplude mel
cquilibrating with 11 (Naldrett e of,, 1974), but the high content of Ni in 100%
sulphides at Bruvann suggests that this is not the case (or this deposit,

The depesits in Group 1 share their characteristics of low Pd/ir ratioand very low
PGE grade with several Ni-Cu deposits in other orogenic belis, e.g. i the Middle
Proterozoie Svecokarelian belt in Finland (Papunen. 1986) and in the Appalachian
Caledonides (Jonasson er al.. 1987). Even the more PGE-rich deposis located in
arogenic belts have modest PGE grades. totalling <¢. 2000 ppb in 100% sulphidaes.,
except tar Hitura at which secondary processes have enriched the noble metals
(Hakh et al.. 1976). Thissuggests that there may be a common mechanism leading to
depletion of PGE in malic bodies emplaced in the upper erust in orogenic belts. The
examples of Bruvann (Bovd er of.. 1987) and muneralizations at Rana in general
{Barnes. 19864) indicate that this is due 10 depletion of PGE in the crust rather than
melting of a depleted mantle.

Vakkerlien and Espedalen, in Group 2. have Cu/(Cu + Nt} and Pdflr ratios
sumilier 1o the deposits in Group 1 while Ertelien, though o has o low Cu/(Cu o+ Ny
ratio has a Pd/1rratio = 1{0 and Sk ekerdalen has bath a higher Cu/(Cu = Ni) ratio
and o Pd/Ir ratio at least > L0, implying a normal basaltie parent magema (Naldrett
& Birnes, 1986).

The two deposats v Group 3 have higher Cuf(Cua + Nij rutios than the other
Ni-Cu muncrabizations except for Skjackerdalen, but have relatively low Pd/lr
ratios (18 and 24), well below the values shown for MORB by Barnes eral. (1985).
Mneralizanons of s type could represent the “massing’ Co-Ni-beaning sulphide
melt which Cramanske & Moore (1977), coneluded had Licen depleted lrom
MORB-twpe basalt,

D B L
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Cu-rich veins and/for ore bodies are known from many Ni-Cu depuosits, including
several at Sudbury (Naldrett, 1981) as well as Kaunig. Alexo snd Insizwa,
Alternative explanations for this Cu enrichment have been:

—Hydrothermal mabilization of Cu, Pr. Pd and Au (not affecting the other PGE)
(MeCallum et af., 1976; Keays e el.. 1981, 1982).

—Subsolidus diffusion (Naldrett & Kullerud, 1967: Hoffman eral, . 1979).

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

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

The data for the three deposits shown on Fig. 2(1D) are incansistent with the first
of these explanations being the sole reason for the Cu >> Ni parageneses in that the
process resulting in this type of minerahzation has not only a marked eftect on the
Au cantent but has also o systematic effect at the ather end of the spectrum because
the ratio (PGEYCu > Nif{PGE)Ni-Cu shows an almost consistent increase from
Qs to Ir, Ir to Ru and Ru to Au for Flat and Hosanger. The data available from
[irtchen are also gonsistent with this pattern. The conglusion must be that the
process causing lormation ol the Co == Ni mincralization has alfected all the
PGE - Au omoa osystematie manner and  that any  additional elfeet due w0
hydrothermal alteration has not disturbed the resuliing pattern, A morc detailed
study of the mincratogy and field relationships of these ores than has been possible
in this project would be required before drawing any further conelusions on which
process causedd the formation ot the Cu =2 Ni mineralization but we feel that the
last explanation is the mast probabic.
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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 ym), 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 volatites 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. Os, 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)Ss (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 Nerwegian

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 platinum-group minerats

(PGM) in the PGE-anamalous chromitites found.

Seventy chromitite samples from nineteen ultramafic tectonite bodies

in central Norway were analysed for Au, Pt and Pd by atomic absorption



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 Nerway and the other
from the @rnstolen ultramafic body in North-Central Norway. PGM inclusions

in the @rnstolen bedy 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 Essandsjo 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) pessibly intruded along faults or weakened zones in a
transitional continental - oceanic terrain in an early extensional phase

of the Caledeonian orogeny (opening of the lapetus ocean) (Stephens & Gee
1885). Parts of the strongly deformed and recrystallized amphiboiites 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
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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 illustraticn 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 are 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 little gangue, in one of
eleven small claims distributed roughly along two lines, 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



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 Tight
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 perfaormed at
the Continental Shelf and Petroleum Technology Research Institute (IKUY,
Trondheim, Norway confirmed that the inclusions were PGM. The operating
conditions for the microprobe were: accelerating voitage 25 kV, beam
current 15 nA, beam diameter approx. 1 um, counting time 10 or 40 s. The
following X-ray lines were used: K, - S, Ni, Fe and Cr; La - 0s, 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 gbtain a
guantitative 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 A-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 um),

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 hornbiende.

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 Hochgrossen
ultramafic massif in Austria (Thalhammer and Stumpfl 1988), the Harold's
Grave and CYiff 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).
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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
Taurite 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 Rup,g970s5p,00352 and Rug,480sg,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 quantitative 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
Tower than in most laurite compositions reported, e.g. Legendre & Auge
(1986), Tarkian (1987) and Auge (1988). The few primary and Os-enriched
taurites 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 eriichmanite in grain no. 3. It is a normal Irpoor varijety
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



no. 1) with an unusualiy 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 erlichmanite 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

Thathammer & 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

sotid 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 55 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 - RhAsSS - 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- ang
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 (amalysis 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 (7)
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. Hikli et al. (1976) from Hitura,
Finland, Tarkian & Prichard (1987) and Thalhammer & Stumpfl (1988). A
further zoning hollingworthite - Pt rich hotlingworthite/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 S5 will not be reflected 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 (amal. 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 (Os+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 5SS 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 compesition, far from the compesition of normal Pt-free osarsites

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

Due to the poor stoichiometry with considerabie 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 0s is
definitely enriched at the analysis spot and in the platarsite area around
the spot (Fig. 6). Ptatarsite 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 analtysis 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 stoichiocmetry.

Irarsite is the most common sulpharsenide and is reported from a variety of
locatiens (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 suiphar-
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-Os division with perhaps the
exception of two analyses (3(i) and 3(ii)) from Driekop, Transvaal quoted
by Tarkian & Stumpfl (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 stroengly to these. Harris's analyses are
tabutated 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 jncrease in
corresponding values from 0.1 to 3.1 wt %. Os is low in a)) 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). Furthermere 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. Apalysis 22 is from the central part of the
hollingworthite area, but not directiy comparable with the other analyses
(from two different batches of analyses). Analysis 23 is from a small patch
outside the main aggregate. The line 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 photemicrograph in Fig. 5).

On the basis of data from various deposits Tarkian (1987) reports that
there are apparently twe 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 %.

Hoilingworthite has been reported from several locations. Tarkian (1987)
has given a synthesis of reported analyses by plotting them in the
ternary Ir - Rh - Pt and Ru - Rh - Pt diagrams. In addition Thalhammer &
Stumpfl (1988) present hollingworthite analyses from the Hochgrédssen 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 Oriekop (Stumpfl 1872, 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 compariscn 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 alsc 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
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just described (amal. 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
(Stumpfl 1972, Tarkian & Stumpfl 1975) and Onverwacht (Cabri et al. 1977)

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

PL-ARSENIDE (SPERRYLITE)

Sperrylite (PtAsp) has been found at three locations in one palished
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 ameunts 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 (anatysis 27) is also intergrown with other
PGMs, see Fig. 8, and the 0s, Ir, Ru and S-values are mainly caused by
contributions from these phases {compare the X-ray jmages). The Sb value
in this analysis which is in agreement with Sb-values reported by Prichard
et al (1987) in sperrylite from Cliff, Shetland, is noteworthy. The
sperrylite in grain no. 4, Fig. 7A, , occupies an area considered too
Tittle 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, Os) {(grain no. 13, Table 3 and

Fig. 7C). The iridosmine lamellae 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)S2
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 % Os)
compared with PGE-sulphides and -sulpharsenides with markedly lawer 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-0s-Ir-diagram of Harris and Cabri (1973),
see Fig. 4E. Analysis 29, performed on an Os-Ir-lamella in grain no. 1
(Fig. 5) shows a relatively limited 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 anaiyses (max. 2.5 wt % Pt).

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

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



most closety the unnamed PGM, PtpIr Fe reported by Chang et al. (1873) 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 %, A1,03 9.29 %,
Crp03 61.38 % and FeOiot. 16.70 %.

The only native metal phase observed is 0s which appears as small,
irregular patches, max 0.8 pym large, disseminated in the 70 um large ne. 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, Shetiand. In addition Prichard
et al. (op.cit.) report dissemination of native Os in NiSb which is
intergrown with RuSy 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 smatler 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 pletted 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 te 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 exsolution texture as two possible modes of origin of
the dispersed blebs 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 EOS-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 wt%.
The Pd/Sb-ratio was however roughly similar to the first analysis. Much

Cr and Fe from adjoining chromite and Ni and § 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 apalyzed 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-5b-S and Rh-Sb-S, both rather pure, are recently reported in two smali
neighbouring grains within a large composite PGM-inclusion in chromite from
Cliff, 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 ne. 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)So or more precisely (Irp,64 Ptp, 22
Pbg,18) 1,04 51,95. This composition has not been reported earlier, but it
bears some compositiona) and structural similarities e.g. to malanite

(Cu, Pt, Ir)Sp 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 anly 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 anemalous



sampie 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 chremitites 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 Cl1iff 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
ophiclites 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 compiex 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 availabie 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
Hochgrgssen massif, Austria (Thalhammer & Stumpfl 1988).

No PGE-analyses have been found in the literature from the PGM-rich
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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 level 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 Hochgrdssen
massif, Austria, the Hareld'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 aiso 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 Pty(Ir, Os)Fep g5 associated with or without sili-
cate inclusjons enclosed in chromite grains. 2) The secondary anhedral -
(subhedral), often very complex grains or grain-aggregates with varying size
(<5 - 70 pym) and composed of up tc 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-



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 volatiles 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 Stumpf) 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 - 0s - 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 anly)}, 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
compoasition Ptp(Ir, 05)Fe0,65 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 aitered silicate gangue interstitial to the chromite grains, if present

at all.



56

Secondary inclusions

The secondary PGM-inclusions are considered to have a hydrothermal origin,
generated during the serpentinization of the host ultramafic tectenite.
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 zened {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)Sy crystallized simultaneouslty with the formation of exsolution-
lamellae of iridosmine (Os, Ir) along a few structurally preferred
directions. Surrounding the sulphide erlichmanite (0sS») 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 Jower
part of the grain. In both phases exsolution of Os,Ir-lamellae still con-

tinued. At a certain line, which makes up the shape of a six-sided crystal



(se 0s- 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 hellingworthite / 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 ptace 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 irreguiar 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
teo, 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 outermest phase.
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Conclusions

Chromitite hosted PGMs from the Osthammeren ultramafic tectonite (serpentinite)

body occur in two distinctly different ways:

1. Os, Ir, Ru and minor Pt occur in primary magmatic, euhedral-subhedral,
small (<5 - 20 ym), 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 Hm)
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 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 hoilingworthite/
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.
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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 lower Caledonian nappes (Lower- and Middle
Allochthon) [undifferentiated].

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

Nappe Complex and 01d 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), Krit1 (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 Tines: Dalvolsje Nappe, Augen-gneiss; coarse dots:

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



Fig. 3.

Fig. 4.

non-patterned; Essansje Nappe, calcite bearing phyllite, etc. with
subordinate quartzite (fine dots), gabbro (hooks) and ultramafic
tectonites (lined 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
piane. 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 bedy. The chromitite showing (claims) are
marked with filled circles and the location (claim) of the PGM-
ancmalous 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 impressicn of the
knoll-shape of the lens.

Lithological boundaries from Rui (1981b).

Microprobe analyses (at %) of PGM sulphides (A), sulpharsenides
(8, C and D) and altloys (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.

Fig. 6.

Fig.

5.

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, 5, 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 phetomicrograph 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
Ptz(Ir,0s)Feg.g5 {grain no. 10). £: 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 (1ight strings).



Fig. 8.

Fig. 9.

The darker areas between the strings are unaltered chromite

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

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.

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
Brnstoien 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 anomalcus g 66 6.7 1.8 3.8
samples)

a = arithmetic mean, g = geometric mean.

X
Values below detection limits (<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. Representative analyses of various platinum-group minerals in one single hand-size
chromitite sample from the Osthammeren ultramafic tectonite body, Norway.
Analysis no. 1 2 3 4 5 6 7 8 g i0 11 12 13
Grain/gr.-aggr.ne. 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 §5.37 23.44
Ir 3.63 0.09 6.91 1.57 0.39 6.85 1.12 1.55 2,07 2.49 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 1.20 8.92
Rh 0.10 0.54 2.54 - 0.20 1.02 0.07 0.63 - 0.12 1.37 0.05 0.4
Pt 0.3% 3.31 1.16 0.22 0.29 0.18 0.30 5.35 4,80 4.29 2.94 0.5 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 3.8 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 26.8] 15.61
Sh - - 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 0.0l 5.32 1.40 2.80 0.97 0.28 0.40 1.49 0.21
Fe 0.36 0.81 2.20 - 7.8t 0.56 3.59 0.68 0.8¢ 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) oOs 0.33 0.33 3.10 3.53 14.19 15.81 22.19 24.10 33.70 40.31 62.47 53.83 22.26
Ir 3.61 0.09 7.39 1.5 0.45 6.8 1.19 1.59 1.89 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 3.3 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 0.18
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 5.85 6.87 8.43 11.92 14.94 26.23 23.37 10.52
Ir 1.06 0.03 237 0.46 0.14 2.5 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 1.89 - 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 0.10 1.88 1.53 1.48 1.13 0.23 9.32
Pd 0.32 0.31 0.54 - 0.42 0.13 0.27 0.19 0.02 0.16
As 0.19 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 .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: Jaurite: § - 10: {Os-laurite); 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 anpalyses.
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Table 2 (continued)
| |
Analysis no. 14 15 16 17 18 15 20 21 22 23 24 25 26
Grain/gr.-aggr.no. 6 3 4 3 3 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
l Ru 4.78 5,92 2.11 2,93 3.52 1.87 2.69 2.47 1.05 9.5 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
l Pd - g.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 28.3%
S t4.81 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 0.90 1.27 2.9%
l Pb - 0.01 - -
Ni 0.04 0.03 0.05 - 0.03
Bi -
l 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 6.9 8.32 5.08 1.79 1.52 0.83 0.26 2.53
TOT. 96.48 104.81 B88.54 98.82 99.86 86.19 85.42 86.77 94.15 04.78 99.25 102.65 98.58
l *
(2) Os B.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 11.5 4.09
' Ru 5.02 5.70 2.16 2.97 5.38 2.89 3.80 2.81 1.16 9.78 8.65 7.2¢
Rh 12.78  2.36 0.90 4.03 16.07 21.10 27.36 24.74 40.41 - 0.11 0.3
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
l 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 13.83 10.35 13.98 14.20 11.45 12.77 12.53 13.72 13.24 12.92 12.53 B.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 6.70 5.18 1.05 1.09 0.26 0.14 0.08 0.04 - 4,56 B8.58 2.35
Ir 12.13 12.06 19.91 21.65 22.63 7.52 8.51 2.8 4.16 0.02 6.92 §.59 2.08
Ru 4.19 5.09 1.94 2.65 4.49 2.30 2.96 2.13 0.8 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 D0.29
l 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 0.89 1.40 1.07 1.95 0.21 90.17 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 39.7%
I 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 - - - -
' N1 0.03 0.07 0.09 - 0.04
. analysis 14 - 18: irarsite; 19 - 23: hotlingworthite; 24 - 26: platarsite.
. * = much Cr and Fe present in analysis according to EDS spectrum, but no Ru or Rh according to X-ray images.



l Table 2 (contipued)
l Analysis no. 27 28 29 30 3 32 33 34 35 36 37 38 |
l Grain/gr.-aggr.no. 6 5 1 13 10 3 6 6 1 1 1 1
{1y Os 2.47 0.07 64.48 31.57 9.8l 70.65 0.43 4.67 0.15 4.72 4.7
Ir 0.53 0.17 28.89 51.55 17.78 1.43 0.18 49.74 43.23 44.50 43.87
' Ru 2.03  2.00 - 4.45 1.66 7.586 - .18 - -
Rh - 0.39 - 2.11 0.85 0.08 - 0.94 6.32 0.35 0.1
Pt 48.82 52.41 1.28  8.42 59.78 2.37 1.48 1.49 1.19 15.52 15.41
I 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 0.001 0.12
S 3.13 1.52 (.38 - 16.02 6.15 9.10 10.07 24.67 22.1§
Sb 1.63 - - - 15 5.83 30.09 32.37 - -
l Pb 0.03 - 6 13.60
N9 0.05 0.08 0.1t 0.16 6.77 - 0.02 0.40 0.42
Au 0.17 0.04 0.01 0.03 o0.11
I Te - - - -
B1i - - -
Cr 1.53 1.93 Q.87 2.56 0.63 11.34 0.8 1.80 0.84 0.74
I 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
* * &k ook
l (2) Os 2.61 0.07 67.67 32.11 10.27 70.0? 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 43.80
Ru 2.15 2.01 - 4.53 1.74 7.49 - 0.19 - -
. Rh - 0.39 - 2.15 0.8 (.08 0.97 6.73 0.36 0.3
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 -
I 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 22.0%
Sb 1.72 - - - 25 26.31 31.17 34.46 - -
Pb 0.14 - 6.23 13.5!
l Ni 0.05 0.08 0.11 0.17 - 0.02 0.42 0.42
Au 6.17 0.04 0.01 0.11
l 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 Q.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
l Pd 0.14 - 0.38 77.44 76.13 0.01 - 0.0% -
As 54.73 62.52 0.15 0.07 0.2 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
I Sb 1.52 - - 22.56 23.80 29.50 30.20 - -
Pb 0.07 2.53 5.96
Ni 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
I Fe 16.48
analysis 27 - 28; sperrylite; 29: iridesmine; 30: osmiridium; 31: Pty{Ir,0s)Fen g5: 32: native Qs;
l 33 - 34: pd-antimonide, probably stibiopalladinite; 35: IrShS; 36: (Ir,Rh)SbS; 37 - 38: {(Ir,Pt Pb)S,
(not earlier reported?).
* = some Ni and Fe present in analysis
l ** = semiquantitative (EDS) analysis only
¥** = Pb analyzed semiquantitati vely
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Table 3

Paragenesis of platinum-group-mineral (PGM) inclusions in one single hand-size sample of massive chromitite from the
Osthammeren ultramafic tectonite body, South central Morway, hased on analyses of nine polished sections.

i 1
polished section no. | 2A 2B 2C ‘ZD |2e |2F |26 |21 | Quantitative analyses of the
investigated phases. Numbers

refer to apalysis-numbering
10 (11 [12 |13 |14 |15 in Table 2.

| O] 1-4

—

® e 0 ® O Ols-n

7

o
w

1
grainfgrain-aagregate no. ] 1

2
| PH-pases laurite RuSsz |I . o
10

&
® e
o O

000"

[Os-laurite] (Ru,0s)Sz [
ertichmanite 0s52 | l l 11
[ir-rich erlichmanite] (Os,Ir}S2 . 12
? osarsite OsAsS . 13
irarsite IrasSs . . . . . 14 - 18
hollingworthite RhASS . — 18 - 23
platarstte PLAsS . . . | J 24 - 26 i
sperrylite PtAsp . . ._ . i [ 27 - 28
iridesmine Os, Ir {_. o ‘ 29 _ ]
osmiridium Ir,0s O 30
Pta(Ir.0s)Feg. 65 ] I O I |
native Qs i . 32 |
? stibiopailadinite R Pd3Sb) . 33 - 3
[r5bS . 35 J
{Ir,Rh)Sb3 . Al 36
NEW? (Ir,Pt,Pb)s; . 17 - 38
associated ph;:::.landite (Fe, Ni)gSg . . . . |
niccolite NiAs l'___ I ,I
neazlewoodite NiaS i . | l L [ [
O = primary euhedral/subhedral inclusion . = secondary and/or modified anhedral grain/grain-aggregate

Mineral names 1n brackets are not used in Cebri (1981), but are used in this table to spec!fy the composition and the

distribution of the PGM-phases.
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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 tecton!te body.

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

. Fig. 3) 0s Ir Ru Rh Pt Pd Au 10T

LPN78-138/2 ¢ 760 2 8 massive ore {PCM- 1

anomalous sample)
-138/2 g 174.2 674.4 841.0 B5.2 323.4 2.9 4. massive ore (PGM- 2
oup 166. 659.2 835.8 64.9 316.1 3.0 5 anomaious sample)
2068.5  Average of two analyses
-138 5. §.2 6.2 0.9 1.7 1.7 11, serpentinite
LPHBZ-1/1 1 62 41 100 B.0 25 S.0 10 transition dissemination/- 3
oup 54 k] 100 9.0 75 30 10 massive ore
-2 - 130 160 180 130 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 a3 11 2 massive ore
=441 4 140 130 230 19 79 28 & massive ore in veins
our 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 & massive ore in vein
ouP 130 110 750 78 480 11 16
-6/ 6 S0 54 100 21 1000 19 20 massive ore in vein
REP 270 43 97 11 22 10 2
REP 44 44 130 13 24 4G 2
-8/1 8 92 40 170 18 72 28 4 transition dissemination -
Dup 70 73 150 26 68 27 4 massive ore in fine veins
-8/1 g 550 420 590 34 160 22 12 massive ore in veins
REP 560 290 &l0 32 120 9.0 &
REP 560 430 550 35 190 34 8
-8/2 9 670 490 640 50 430 20 2 massive ere in veins
-10/1 10 570 470 520 27 zi0 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 B.¢ 32
346 243 396 35 449 17 14 1500 Average of samples
T 1M tri0/2ne 12
-1/2 1 & 5.0 4.0 ¢0.5 2.0 6.0 <2 serpentinite 3
-4/2 4 6 6.5 8.0 1.0 <0.5 &.5 4 "
-6/2 6 4 1.5 14 1.0 2.5 21 & =
-8/2 8 2 4.0 55 1.0 7.0 5.5 4 =
-TE ] 4 1.5 8.0 2.0 4.5 19 <2 ’
~12 12 2 2.0 5.5 1.0 1.5 4.5 2 -
~-13 13 2 6.0 12 1.5 3.0 15 2 "
-14 M 2 2.5 35 1.5 7.5 6.0 «¢2 .
=15 15 6 4.0 7.0 1.0 3.0 14 24 I
=16 L6 4 3.0 11 1.0 3.0 12 8 "
a. 3 1.0 1.1 3.4 11.2 5.3 39.6 Average of samples
T -1/2to 16 n = 10

Analyst: Method:

1 Caileb Brett Laboratories Ltd., St. Helens, Uk Fire Assay and atomic absorption

spectromatry

2 Memorial Universiiy, St. John's, Hewfoundland, Canada
3 Analytical Services (W.A.) PTY.LTD, Perth, wWestern Australia

Fire Assay and [CP-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 Ir
chromitites from different PGE/PGM-rich ophielite (alpine-type) compiexes.

(1]
o &
c ]
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2|5 fzze | sS
‘ e o = e 3 2 3 §
| = & = ot %'é
- _— UL & I o Ee
= 8& = [ i — a
= B — - & E - W
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LY = - “ o = — g
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t.. o o Jror S P i a1 @ w0
] wou L =0 - £ w O
E| 62| 25 20| 2d™
E - L F C E o— o b — @
S/ 830 |£8z2 |eS5E| SE g
S| 23L& | G2 |58 | 2z
h— ‘ =
laurite e o o ® ®
erlichmanite l O ‘
osarsite ' O ‘ O
irarsite o e | J o O
hollingworthite O | o)
| platarsite O | O O
_sperrylite ® O o ®
sperrylite-iridarsenite O
iridosmine O ®
rutheniridosmine O
osmiridium O O C
PtZ(IF’OS)FeO.GS O
native Os O O
Pd- antimonide : O O 9]
1rSbs | o |
(1r,Rh)SbS Q
RhSbS O
(Ir,Pt,Pb)s, O
(PI:,IF,Rh,OS)z_?CL'l_ESB O
Rh-Ni antimonide O
cooperite O
@ = Major PGMs O = Minor PGMs



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.Niisson.
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INCLUSIONS OF PLATINUM-GROUP-MINERALS (PGM), BASE-METAL SULPHIDES (BMS) AND
SULPHARSENIDE IN CHROMITITE AND HOST ROCKS FROM THE BRNSTOLEN 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 mare
specifically with chromitites and their host rocks from the @rnstolen

uttramafic 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
Redey, 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 Nerway. 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 resuits were
disappointing. Four polished sections of the most anomalous sample (no. 3-
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1) with 375 ppb PGETOT 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 Grnstolen 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 cverlying 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), Serensen (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 iithological map
of the @rnstolen body is shown in Fig. 3.

The main rock type is a medium- to coarse-grained rock with variabie
proportions of the prograde metamorphic minerals forsterite (Fo), enstatite
(En), tremolite (smaragdite) (Tr) and chlorite (Chl) variably altered to
retrograde assemblages of talc (T1c) and Magnesite (Mgs). The Fo-En-Tr-Chl



assemblage corresponds to the maximum P-T assemblage found in the
ultramafites in the region (Bucher-Nurminen 1988)}. Several of the
Tithological 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 c¢m long En-prisms and
splinters occur without preferential orientation but evenly distributed in
a Fo-Tr-(Mgs)-(T1c) 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 Ornstolen lens. Other
varieties include, at loc. 2, (Fig. 3) an En-Fo assemblage enly slightly
altered to Tlc, Chl and Mgs; at loc. 3, a Fo-Tr-Mgs rock with subordinate
En-relics and with some Tlc and Chl, and a coarse grained En-Fo rock in
which En is partiy altered to talc (also at loc. 3). At loc. 6 there is a
Fo-Tr-(En) rock with very strong chloritization 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 precurser 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
Tocated, 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 parallel bands or more irregular clusters. Small
quantities of massive ore remain (e.g. sample K04-86). 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 Ornstolen 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 micrascopic 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 1isted 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 pm large, euhedral (prism-shaped) inciusion 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 Hm large, subhedral two-phase inclusion composed of Os-bearing laurite
and irarsite was also located in the darkest, apparentty unaltered part of

a chromite grain (Fig. 5 C,D), but in the latter case only § pm from the
boundary of the host grain.

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

Trarsite

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 alse 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 lTow 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 I1,J). The PGM-grain is situated in the silicates
close to a composite grain of base-meta)l 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 (Pdy og Pto(ug (Big ga AUg 25 Teg 08Liseems to indicate
' W f.00 ! ? 3 .80

the rare PGM sobolevskite (Cabri 1981, p. 157).

Base-metal sulphides (BMS) and Ni-sulpharsenide

A 20 pm large anhedral-subhedral composite inciusion 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 (eariier 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 7pentlandite. The whole assemblage is
anhedral and measures 140 Hm across.

Four individual euhedral-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 jm, 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-inclusions 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 rack 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;or 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 transitioen type. The 5i0,-values which directly
reflect the gangue-content in the chromitite are as high as 8.02, 9.00,
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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 % 510,.

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 C1iff pattern lies however about one order of magnitude above the
Ornstolen-pattern.

The Pd-(Pt)-(Au) enrichment has not yet been explained mineralogically
(only the minute (=x 2 Pm) Pd=-Bi-rich inclusion gives a weak indication of
1ts presence). With regard to the C1iff 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 anomatous 0s, 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 @rnstolen 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
Ornstolen 1 299 1391 718
Skamsdalen 1 178 156 120
Aurtand ! 1 427 104 5
narmal chromitites a 66 12.90 6.2 10.0
(=non anomalous to

weakly anomalous g 66 6.7 1.8 3.8
sampies)

a = arithmetic mean, g = geometric mean.

X
Values below detection limits (<x) calculated as 2 .

Detection limits 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

105
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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 22 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 S 7 10 10

Analyst: Caleb Brett Laboratories Ltd., St. Helens, UK
Method: Fire assay and AAS

*

= ICP-MS fallow 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 Brnstolen ultramafic tectonite body, North central
Norway.

Sample no. Os Ir Ru Rh Pt Pd Au

Chromitites

1 -1 12 12 42 .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 8.0 72 32 10
average 36 26.5 59.3 8.8 60.332.3 9 223.2 ppb PGETOT

Ultramafic rocks

3 -2 10 5.5 25 3.5 16 14 8
3 -3 <0.5 6.5 0.5 2.012 10
6 -1 0.5 2.5 <0.5 3.532 2
14 -1 <0.5 7.5 1.0 72 32 10
17 -1 2 <0.5 4.0 2.5 15 37 4
average 4.2 1.3 8.1 1.6 21.725.4 6.8 63.3 ppb PGE

T0T

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
A1,0, 3.51 6.61 6.24 12.32 1.44 1.40 2.17 0.43 1.95
Cr203 21.31 (43.88) 28.23 24.76 ' 1.62 1.07 1.01 0.89 1.03
Fel 4.49 4,80 4.04 8.41 3.66
Fe,0, 0.95 1.65 2.37 1.10 0.78
Fe, 0y 20.32 26.77 22.09 21.41
Ti0 0.04 0.06 0.13 0.09, 0.03 0.0l 0.04 0.0l 0.04
2
Mg0 28.52 16.61 18.87 14.16 138.78 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
on§ J <0.01 <0.01 <0.01 <0.01'<0.01 ¢0.01 ¢0.01 <0.01 0.0?
H,0 | 0.41 0.86 1.11 2.69[ 1.79  7.10 1.34 1.51
H,0~ |  0.02 - 0.05 0.071 0.03 0.40 0.05 0.06
co 0.12 1.45 1.56
2
Lo1 ‘ | 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 1 <5 <5 5 <5 <5
ir 5 13 14 16 13 | 14 14 16 12 14
Y <5 5 <5 <5 l <5 <5 <5 <5 <5
Sr j <5 <5 <5 <5 7 <5 11 11 8
Rb RS <5 <5 <5 ‘ <5 <5 <5 <5 <5
in 513 831 600 809 I 40 37 22 22 16
Cu 31 6 9 491 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 |<10 10 12 <10 15
Pb <10 <10 <10 <10 [<1o <10 <10 <10 <10
Co 321 345 314 323 | 82 101 91 138 42
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Table 4 (continued)

Description of samples (description of hand-specimens (ail 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:

3-3:

14-1:

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 (Tlc) and chlorite (Chl). Estimated composition:=
30 vol.% Fo, =~ 30% Tr, %20% Mgs, < 10% En, < 5% Tic and < & % Chl.
Observed mineral transitions: Tr — Mgs + T1¢; Fo—>Mgs; EnsTlc

Light yellowish green - pale brown, medium to coarse-grained En-Fo rock
with em-long pale enstatite-sheaves. Estimated composition: =« 30% Fo,=
50% En, = 20%T1c derived from En. Ch} 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 % Ch] derived
from alteration of Fo, = 20% Tr, 2 20 % Mgs ang = 10% En. Observed
mineral transitions: Fo—Chl; Fo—>Mgs; Tr—>Mgs,

Medium grained, glassy grayish to oright green Fo -(Tr) - (En) rock with
some alteration. Estimated composition: = 70% Fo, = 15% Tr, = 10% Mgs, <
5% Tlc and < 5% (?) En. Observed transitions: Tr—sTlc + 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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Table 5: Mineralogical description of samples investigated by microprobe
(see Table 6 and 7).
Sample no.
K@ 1B: Chromitite. Fine-grained, low-grade chromite dissemination in paraliel

bands. Chramite (Chr) is strongly/totally altered to ferrite-chromite
(Fe~Chr). Gangue composed totally of forsterite (Fo).

K@ 2A: 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 (7 Tremolite (7Tr)).

K@ 3B: Medium-grained patchy yellowish - 1ight green Fo -(Tr) rock. Estimated
composition: & 70% Fo, = 20% Tr, < 5% Chr, Fe-Chr and Mt and = 5% Mgs.

K@ 4: Chromitite. Transition very strong impregnation/massive ore. Chr is
partly fresh and partly altered to Fe-Chr. Estimated gangue-composition:
=70% Fo and =~ 30% chlorite (Chl) and a secondary fibrous amphibole.



Table &
Composition of platinum-group mineral (PGM), suifide and sulfarsenide inclusions in chromitite and host-rocks from @rnstolen ultramfic tectonite body, North

central Norway.

Analysis no. 1 2 3 4 5 6 7 8 Anatysis no. 1 2 3 4 5 6 7 8
Grainfgr.-aggr.no 4 3 3 10 7 7 7 2
(1) 0Os 1.98 18.24 3.05 0.10 0.10 0.12 (2) Os 1.98 18.24 3.05
Ir 0.36 8.01 53.12 0.13 o0.20 0.23 Ir 0.36 8.01 53.12
Ru 57.26 38.38 1.32 - - - Ru 57.26 38.38 1.32
Rh 0.81 1.53 3.61 - - - Rh 0.81 1.53 3.61
Pt 0.38 0.29 0.58 1.16 0.27 0.35 0.28 Pt 0.38 0.29 0.58 1.16
Pd 26.45 - Pa 26.45
Au 14.34 Au 14.34
As 2.80 1.47 24.87 - 40.06 - As 2.80 1.47 24.87 - 40.06 -
sb - B3 34.38 0.12
Bi 34.38 0.12 Te 2.65
Te 2.65 S 37.03 39.63 15.21 0.04 34.03 17.47 36.14 33.44
) 37.03 39.63 15.21 0.04 34.03 17.47 36.14 33.44 Fb 0.06
Pb 0.06 Ni 52.20 28.74 28.28 40.82
Ni 52.20 28.74 28.28 40.82 Co 1 1.5 2 1
Co* 1 1.5 2 1 cr 2.12 0.97 1.40 2.18 2.5%6 5.21 0.02
Cr 2.12 0.97 1.40 2.18 2.5 5.21 0.02 Fe 0.67 0.53 0.63 1.46 2.54 1.23 17.55 21.16
Fe 0.67 ©0.53 0.63 1.46 2.54 1.23 17.55 21.16
ToT 103.41 109.05 103.79 80.48 91.95 91.56 89.18 96.62
TOT 103.41 109.05 103.79 80.48 92.45 92.21 89.18 97.24 xn axs

* &

- element not detected

analysis 1: laurite RuS,; 2: Os-laurite (Ru,Os)Sz; 3: irarsite IrAsS; 4: Pd-bismuthide, possibly sobolevskite PdBi; 5: millerite Niy_,S; 6: gersdorffite
NiAsS; 7: violarite or bravoite; 8: pentlandite (Ni,Fe)qSg

* = EDS-estimate only. ** = low total due to significant contribution from adjoining phases.

*x* - gstimate 1 % Fe in chromite

*xtk=  pstimate 2.5 % Fe in chromite

{1): raw analyses in weight percent of the element

(2): corrected analyses due to element interference

(3): analyses recaiculated after subtraction of Cr and Fe from host chremite (anal. 1-3 and 5-8) and Fe from host silicate (anal. 4)

(4): atomic concentration calculated from the corrected analyses.

Il



Table 6 (continued)

Analysis no. 1 2 3 4 5 6 7 8 Analysis no. 1 2 3 4 5 6 7 8

Grain/gr.-aggr.no

(3) 0s 1.97 16.96 3.00 (4)  Os 0.59 5.36 1.40
Ir 0.36 7.45 52.20 ir 0.11 2.33 24.03
Ru 56.91 35.690 1.30 Ru 31.81 21.22 1.14
Rh 0.81 1.42 3.55 RR 0.44 0.83 3.0§
Pt 0.38 0.27 0.57 1.47 Pt 0.11 008 0.26 1.16
Pd 33.47 Pd 48.38
Au 18.15 Au 14.17
As 2.78 1.37 24.44 - 45.64 - As 2.10 1.10 28.86 - 33.53 -
Bi 43.51 0.12 Bi 32.07 0.03
Te 3.35 Te 4.04
3 36.80 36.85 14.95 0.05 38.34 19.90 44.36 34.62 5 64.85 60.08 41.26 0.24 53.21 34.17 58.95 48.86
Pb 0.06 Pb 0.01
Ni 58.80 32.74 34.71 42.26 Ni 44.56 30.17 25.19 32.57
Co 1.13 1.71 2.45 1.04 Co 0.85 1.60 1.77 0.80

Fe 1.73 18.47 21.90 Fe 1.38 14.09 17.74

Il



Table 7

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

polished section no. Kg-18 K@- | K9-4 Ke-38
2A
—
grain/grain-aggregate no. |1 2 3 4 5 ) 7 8 9 10
PGM-phases  taurite RuSy O
Os-laurite (Ru, 0s)S; QO
irarsite IrasS O

(Pdp, ggPto.02) 1.00 ‘@
(Blp.g4Aug, 28720, 08) £1.00 :
7 sobolevskite

BMS and 4
S
sulfarsenide pentiandite (Ni, Fe)gSg O O 0 O O O

bravoite (Ni, Fe)S; and/or

violarite FeNiyS, o

heazlewoodite NizS, ®

pyrrhotite Fey_ xS O
gersdorffite NiAsS @) O
Millerite Nij_,$ ] O

O = 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
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CAPTIONS FOR FIGURES

Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4,

Fig. 5.

Fig. 6.

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.

Simplified geological sketch map of the Hestmona-Redey 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 & Gjelle (1987) with some ultramafic bodies
from Korneliussen (1976) and Rekstad (1925).

Simplified litological map of the @rnstolen body showing
chromitite occurrences and sample locations described in the
text. Key to map symbols: non-patiterned 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 Targe En-needles;
vertical line: Tr-altered clinopyroxenite/olivine websterite;
inclined Jine: transition area; dashed }ine: host
micaschist/micagneiss; brick pattern: calcite 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.

A: Dismembered schlieren and pods of chromitite (Chr); B:
alternating Chr and silicate-carbonate tayers; C: remaining low-
grade Chr-mineratization 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).

Photomicrographs (A - 1) 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: Os-
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.

Chondrite-normalized PGE-patterns of Ornstolen chromitites and

ultramafic rocks; data for Cliff, Shetland from Prichard et al.
(1987) and Gunn (1989).
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fig. 5 (cont)
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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. Cornelijussen

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 "Monte Eétini 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 geclogical 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. Cornelijussen (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.X.Dallmann and L.K. Stolen. Steten, 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 phyilites hosting the serpentinite bodies, and this

whole region (of the Caledonides) hosts a number of significant Zn-Pb, Pb-ZIn 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. Nane 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

ATl the ultramafic bodies in the Hattfjelldal area are situated in the eastern part
of the area, within the Joesj& Nappe (Dallmann 1986). This nappe is a part of the
Lower K@1i Nappe Complex which in turn represents the upper part of the Upper
Altochthon (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 bimedal 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
otivine 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 cutcrap
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
locally 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 jron- 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 eartier

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 zeones. Due to heavy averburden 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 amalysis (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 8.0 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 sampies 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 reliable.



Table 3. Analyses of magnetite and Cu-sulphide mineralized samples from the Hatten solitary ultramafite, Hattfjelldal,
Norway.
ACME ANATLYTICAL LABORATORIES LTD. 852 E. HASTINGS ST. VANCOUVER B.C. V6A 1Ré PHONLE(604)253~3158 FAX(604)253-1716

GEOCHEMICAL ANALYSIS CERTIFICATE
ICP - .500 GRAM SAMPLE IS DIGESTED W1Tii 3ML 3-1-2 HCL-HNO3-H20 AT 95 DEG. C FOR ONE HOUR AND [S DILUTED TO 10 ML WITH WATER.

THIS LEACH 1S PARTIAL FOR MN FE SR CA P LA CR MG BA T1 B W AND LIMITED FOR NA K AND AL, AU DETECTION LIMIT BY ICP IS 3 PPM.
- SAMPLE TYPE: P1-P7 CRUSHED ROCK P8 RCCK P9 ROCK PULP AU* ANALYSIS BY ACID LEACH/AA FROM 30 GM SAMPLE.

Geological survey of Norway FILE # 89-4750,

SAMPLE# | Mo Cu Pb In Ag Nt Co Mn Fe As Uu As Th sSr €d sb Bi v Ca P La Cr Mg Ba TV g8 Al Na |4 W AU
{pen PPH PPM PPM PPH PPH PPM  PPM X PPH PPM FPH PPH PPH PPM PPH PPR PPN x L PPH  PPHM X PPH %X PPM 4 * X PPM  PPB
1A 16 99999 70 292 .1 92 1 109 10.86 2 5 K 1t 1 S & 17 .01.001 2 76 409 1 101 22.% .01 .01 i 11, _
{8 4 98684 46 23 3.6 285 30 285 2846 2 5 4 2 1 1 11 2 6 .01.002 2 2 .89 1 .02 5 .45 .01 .01 1 3260 &
tc 2 1739 8 &5 1.2:800 69 164 6.82 .8 5 N Y 1 1 2 2 9 .01.001 2 27 928 1 .01 22 .41 .00 .01 1 & &
365 2 A VO77945 35 198 16.6:2622 166 545 18,39 50 5 N 1 1 A% 7 5 6 .01 003 2 177 7.21 1 61 42 .05 .00 .00 1 390 o
8p3hs 2B V66232 72 168 14.7 1069 87 547 28.49 2 5 3 2 1 2 0 2 9 .01.001 2 202 2.25 1 .01 i .04 .01 .01 1 1700 WM
aMsr| 2¢€ 199999 49 43130,81052 81 420 1041 7 5 M0 1 1 65 5 141 02.015 2 192 6.07 t .01 30 .11 o1 .01 5 280 B
ayi6sl 2D 153911 26 132 93 927 51 49 16,26 ‘2 S WD 1 1 9 8 2 8 .01.000 2 9 7.27 1 .01 4 .03 .01 .00 1 280 o
9| 2E 1 35258 16 109 6.4 1388 79 S71 18.29 3 5 ND 1 1 3 7 2 a .01 .0o0% 2 639 B.13 1 .01 43 .04 01 .0 1. 290 »=
3 2 61287 28 193 6.0 1618 190 582 34.44 2 5 ND 2 1 1 10 1 2 .01 _001 2 1 19 1 .01 6 .15 .01 .ot 1 50 é.
5A 1 54346 4 144 4.0 1256 115 490 28.5% 5 5 ND 2 1 1 12 2 10 01 oM 2 81 2.72 1 .01 18 2fr .01 .0 1 350 1
5B 2 22705 2% §5 2.5 2940 135 494 22.19 <1 5 NO 2 1 1 3 2 16 .01 .00 2 128 6.23 1 .0 24 .13 .0v .01 1 135
893 fJ5<: Lo 43726 17 N5 41705 95 491 1818 4 5 N Y 1 5 7 2 13 .01.002 2 304 B.B4 1 .01 48 .42 .01 .01 1. 108
Sample 1A: mostly cp in silicate Sample 2D: rich in silicates, some mt,
(same as sample 1 in Table 2) Cu-sulphides and malachite
sample 1B: compact Cu-sulphide + mt ore Sample 2E: silicates, magnetite, minor
) ] _ malachite and Cu-suiphides
Sampte 1C: weak mt and Cu-sulphide impregnation
in serpentinite Sampie 3 : compact mt, minor silicate and
) . ) ) ; malachite
Sample 2A: mt-ore with rich Cu-sulphide impregnation
(same as sample 2 in Table 2) Sample 5A: compact mt, minor silicate and
) _ _ malachite (same as sample 5 in
Sample 28B: compact mt-ore with rich Cu-sulphide Table 2)
impregnation
- ) o . Sample 5B: silicate, mt, minor mailachite -
Sample 2C: small fragments rich in silicates, Cu-sulphides 5

and malachite with some mt Sample 5C: silicate, mt
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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
middle 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 compiex 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 putwards, 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
Cevonian. The youngest main phase is characterized by open folds with axes
perpendicular to F2 with amplitudes of 1 to 5 m and wavetengths of 5 to 20
m, corresponding to Ingdahl's (1986) F3. The rocks have suffered retrograde

metamorphism after a maximum of approximately lower amphibotite 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 ultramafic 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 tectenite bodies and the their country

rocks show classical examples of metasomatism as described by e.qg. Sanford
(1982).

The dunite is mainly white to light 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 almost 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
pentilandite ocecurs, 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 sulphides/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 SE
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 ODunite
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 tab. Each sample
was first crushed in a jaw-crusher, then ground in a disc-mill and sieved.
The sieve-fraction ¢ 250}Lm was used in the subsequent waterboard
separation. The heavy mineral concentrates from the waterboard were treated
on & 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 1iquid (Clerici)
separation were further treated on a "Gold-hound" automatic rotating
washing pan designed especially for panning gold and other very heavy
minerals like the PGM. In this particular case the pan was tilted to
recover also a smal) 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 jdentified by
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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, ptl
18 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
48 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
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 compesitions and textures. To
i1lustrate 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 I A
iridasmine Os,Ir,(Pt) Al

OC

ruthenian osmium Q0s,Ir,Ru
geversite PtSb2
isoferroplatinum Ptjfe
Pt-Fe- al loy__ ' A
Cu-Au-0s-Pt- alloy
michenerite PdBiTe
Phases associatéa with or
non-associated with PGM.

> >

|

!

!
native Au -
breithauptite NiSb I lo
“niccolite NiAs oz _
heazlewoodite Ni,S, A A A »
pentlandite (Ni,Fe)gSy - B OIA!A O O T A OIO
gersdorffite (Ni,Co)AsS ot 0 o) 0 oY
cobaltite CoAsS ole " 1]
chalcopyrite CuFes, b| |
galena PbS 0 O o
barite Bas0, | O|g NN _ e
Te-Bi-Se-phase

!
Te-Bi-phase | _
_r._ .

Te-bearing pha?e |

| @ |
chromite olo| | ]
Fe-Mg-Ca-_(Mrr)bx T . |0
uraninite | B ol | l

monazite ' ' _' / |
i i O

A - pGM oand associated minerals (microprobe analysis)

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

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

O = minerals non-associated with PGM (EDS-determination only)



Table 4. Microprobe analyses (WOS) of noble-metal minerals, associated minerals and non-associated minerals in heavy-mineral concentrates from the Raudberg
area solitary ultramafites, Vik, Segn og Fjeordane, Western Norway

Analysis no. 1 2 3 4 5 6 7 8 S 10 11 12 13 14 15 16 17 18 19 20

Concentrate no. 28  2C  4C 3A 2c 2c 28 3A 2 3B 18 28 4A 2A 18 3A 28 2c 4C  pt1-STD

(1) oOs 2.63 1.15 3.41 34.04 35.13 0.75 0.93 15.37 0.74 0.10 0.98 0.08 - 0.07 - - 0.02
Ir 30.79 33.13 32.35 9.43 8.66 1.63 0.94 0.08 1.49 D.39 0.28 0.14 0.23 0.05 0.23 0.03 ©0.13
Ru 3.72 4.40 0.11 12.08 0.70 - - - - - - - - . - = -

Rh 2.51 4.16 8B8.68 - - - = - 0.02 0.88 - - - - o -

Pt 7.84 9.37 8.6% 1.98 13.11 51.59 31.43 9.81 23.24 1.49 0.64 3.69 2.18 0.36 0.40 0.20 0.31 0.39 0.29 0.29
Pd 0.77 1.27 1.84 0.59 0.46 0.09 0.12 0.52 0.33 26.61 0.i14 0.62 - 0.24 0.07 - - - - -

Au 1.54 5.95 29.26 0.67 0.71 98.07 0.72 0.32 0.40 0.43 0.57 0.39 0.34
Ag 1.29 - -

As 22.98 24.72 24.42 0.33 0.99 o0.20 0.12 - 1.36 0.04 0.12 0.89 - 0.05 52.81 0.07 0.01 0.05 0.07 -

Sb 0.04 0.22 2.05 2.9 0.16 0.04 - 33.79 0.78 - 53.48 - 0.10 0.05 - = - - -

Bi 44.19 72.60 1.76

Te 31.72 3.46 24.11

Se - 8.17 -

Hg * *

S 17.23 14.25 9,91 7.36 14.52 8.87 15.28 3.14 4.14 0.94 0.01 2.58 5.19 15.19 0.24 24.36 24.01 23.57 22.45 32.92
Pb 0.17 0.08 0.35 - - 0.19

Cu 7.28 4.91 37.13 0.46 0.02 ©0.10 0.06 0.05 0.02 0.06 0.04 0.02 0.07
Ni 16.58 12.26 13.38 21.85 25.69 32.52 46.65 8.73 29.24 3.67 2.38 37.06 2.54 20.86 46.23 73.99 74.55 73.25 74.81 35.90
Co 0.18 0.39 0.52 0.52 0.30 0.27 0.04 0.60 0.03 0.04 0.06 0.03 0.11
Fe 1.21 - 0.04 0.43 1.76 5.63 4.35 0.23 1.64 1.81 0.48 0.82 1.91 14.42 0.34 0.05 1.11 0.02 0.02 29.85
Cr 0.04 0.06 0.01 0.0% 0.03 0.03 0.03

TOT 106.50 104.97 112.92 101.37 104.07 101.85 99.88 104.78 97.60 113.56 102.62 101.11 96.88 78.06 100.81 99.71 100.77 97.72 98.10 99.62

- element not detected.

analysis 1-3: irarsite (IrAsS); 4: ruthenian osmium (Os,Ru,Ir); S5: iridosmine (Oslr); 6: isoferroplatinum PtiFe, 7: Pt-Fe-alloy; 8: Cu,(Au,0s,Pt),

9: geversite PtSbZ_; 10: michenerite PdBiTe; 11: native Au; 12: breithauptite NiSb; 13: Bi-Se-(Te)-phase; 14: Te-(Bi)-phase; 15: niceolite NiAs; 16-19:
heaz]ewoodite N13 52; 20: pentlandite-standard

* = Hg not detected on EDS spectrum
(1): raw analyses in weight percent of the element (2): raw analyses after corrections due to element interference (3): analyses recalculated after subtraction

of fcorrection for Ni, § and Fe from host heazlewoodite and pentlandite and subtraction/correction of element contributions from adjoining PGE-phases, etc. (4):
atomic concentration calculated from the corrected anaiyses.

8L



Table 4. (continued)

Analysis no. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Concentrate no. 28 2C 4C 3A 2C 2C 28 3A 2C 3B 1B 28 4A 2A 18 3A 28 2C AC ptl1-5TD

(2) 0s 2.63 1.15 3.41 34.04 35.13 0.75 0.93 15.37 0.74 0.10 0.98
ir 30.79 33.13 32.35 9.43 8.66 1.63 0.94 0.08 1.49 0.39 0.28
Ru 3.72 4.40 0.11 12.08 0.70 - H § N . i
Rh 2.51 4.16 8.68 - s = s > = 0.02 0.68
Pt 7.61 9.37 8.69 1.98 13.11 51.59 31.43 9.81 23.24 1.49 0.64 3.69 2.18 0.36
Pd 0.31 0.51 0.26 0.59 0.46 0.09 0.12 0.52 0.33 26.61 0.14 0.46 - 0.24
Au 1.10  5.85 29.26 0.67 0.71 98.07 0.72 0.32
Ag 0.49 - -
As 22.98 24.72 24.42 0,33 0,99 0.20 0.12 - 1.36 0.04 0.12 0.69 - 0.05 52.81 0.07 0.01 0.05 0.07 -
sb 0.04 0.22 2.05 2.6 0.16 0.04 - 33.79 0.78 - 53.48 - 0.10 0.05 - - . - -
Bi 44.19 72.60 1.76
Te 31.72 3.46 24.11
Se - 8.17 -
s 17.23 14.25 9.91 7.36 14.52 8.87 15.28 3.14 4.14 0.94 0.01 2.58 5.19 15.19 0.24 24.63 24.01 23.57 22.45 32.92
Pb 0.17 0.08 0.35 - - 0.19
cu 7.28 4.91 37.13 0.46 0.02 0.10 0.06 0.05 0.02 0.06 0.04 0.02 0.07
Ni 16.58 12.26 13.38 21.85 25.69 32.52 46.65 8.73 29.24 3.67 2.28 37.06 2.54 20.86 46.23 73.99 74.55 73.25 74.81 35.90
Co 0.18 0.39 0.52 0.52 0.30 0.27 0.04 0.60 0.03 0.04 0.06 0.03 0.11
Fe 1.88 = 0.04 0.43 1.76 5.63 4.35 0.23 1.64 1.81 0.48 0.82 1.91 14.42 0.34 0.05 1.11 0.02 0.02 29.86
cr 0.04 0.06 0.01 0.05 0.03 0.03 0.03
TOT 105.81 104.21 110.90 101.37 104.07 101.85 99.88 104.78 97.60 112.76 102.62 100.95 96.88 78.06 99.72 98.84 99.78 97.11 97.40 98.86

6€1



Table 4. (continued)

Analysis no. 1 2 3 4 5 € 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Concentrate no. 2B 2C AC 3A 2C 2C 28 3A 2C 3B 1B 28 4A 248 18 3A 2B 2C 4C pt1-STD
(3) Os 3.19 1.31 3.83 57.36 78.15 1.25 2.46 16.58 D.10 1i.14

Ir 37.38 37.75 36.29 15.89 19.27 2.71 2.49 0.09 .39 0.33

Ru 4.52 5.01 0.12 20.36 1.5 - - - - =

Rh 3.05 4.74 9.74 - - - - - - 0.02 1.03

Pt 9.24 10.68 9.75 85.93 83.21 10.58 39.38 1.41 0.64 2.50 1.33

Pd 0.38 0.5 0.29 0.99 1.02 0.15 0.32 0.5 0.56 25.10 0.14 0.54 - 0.89

Au 1.23 31.57 1.14 0.67 97.86 0.83 1.19

Ag 0.46 - -

As 27.90 28.17 27.39 0.56 - 0.04 0.a0 - 0.19 52.97 0.07 0.01 0.05 0.07 -

Sb 3.45 - 57.26 0.74 - 62.32 - 0.37 0.05 - - - - =

Bi 41.68 83.27 6.52

Te 29.92 3.97 89.33

Se 9.37 -

s 14.34 11.75 11.12 0.24 24.93 24.07 24.27 23.05 33.32

Pb 0.58 - - 0.20

Cu 40.06 0.78 0.10 0.07 0.19

Ni 33.85 46.37 74.90 74.74 75.43 76.82 36.34

Co 0.20 0.66 0.56 0.88 0.27 0.03 0.04 0.06 0.03 0.11

Fe 0.04 0.72 9.38 11.52 0.48 0.34 0.05 1.11 0.02 0.02 30.23

Cr 0.03

Ov1



Table 4. (continued)

Analysis no. 1 2 3 4 5 6 7 8 9 10 11 i2 13 14 15 16 17 18 18 20

Concentrate no. 2B 2C 4C 3A 2C 2c 28 3A 2C 38 1B 2B 4A 2A 18 3A B 2C ac pt1-STD

(4) Os 1.45 0.63 1.86 70.07 76.63 1.04 1,95 9.20 0.10 0.53
Ir 16.82 17.83 17.48 7.00 18.70 2.23 1.96 0.05 0.39 0.15
Ru 3.87 4.50 0.11 17.06 2.88 - - - = - -
Rh 2.5 4.18 8.76 - - - = - - G.04 0.89
Pt 4.10 4.97 4.63 69.55 64.46 5.72 28.41 1.05 0.63 2.26 0.9
Pd 0.31 0.49 0.2% 0.79 1.79 0.22 0.45 0.56 0.74 34.12 0.25 0.45 - 1.10
Au 0.58 16.92 0.81 0.49 85.74 0.74 0.79
Ag 0.62 = ;
As 32.21 34.13 33.84 0.63 - 0.08 0.95 - 0.33 46.78 0.05 0.01 0.03 ©0.05 -
Sbh 2.40 - 66.20 0.88 - 45.62 - 0.40 0.03 - - - - -
Bi 28.85% 70.3% 4.10
Te 33.92 5.49 91.99
Se - 20.95 -
S 38.69 33.27 32.11 0.50 37.82 36.72 37.03 35.43 47.21
Pb 0.44 - - 0.05
Cu 66.55 1.73 0.30 0.19 0.39
Ni 51.39 52.26 62.05 62.26 62.84 64.48 28.12
Co 0.31 0.95 1.00 2.10 0.88 0.03 0.03 0.05 0.03 0.08
Fe 0.07 1.09 26.52 31.17 1.66 0.40 0.04 0.97 0.02 0.02 24.59
cr 0.03

7l
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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 pm. In concentrate no. 2C irarsite is
intergrown with other PGM, in concentrate no. 28 the mineral is closely
associated with gersdorffite, whereas in concentrate no. 4C jrarsite occurs
as an isoclated 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 €.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 lower part of an only 3 um large two-phase inclusion
in heazlewoodite and ?pentiandite is occupied by ruthenian osmium Cs,Ru,Ir,
(Figure 5). In concentrate no. 2C the central part of the 16 am 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 O0s 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 etec. 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 28
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 anmalysis 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—?e 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
gna]ysis 8 after recalculation give an unusual alloy with composition

u Au Os Pt , or ca. Cu,(Au,0s,Pt) which has not been reported
ea?W%%r ?5{ Phnihfkagase the X-r%y 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
tower 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, like 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 Ptsz), in the this case with
some Sb-excess in the structural formula.

Pd-Bi=-telluride

In concentrate no. 38 a 17 Mm large inclusion of a Pd-Bi-telluride was
located in pentlandite, Figure 8c. Analysis no. 10 in Table 4 revealed
after recalculation (subtraction of Ni, Fe and S from the host pentlandite)
a michenerite composition (Pd) 94Pto o3 7 (Big gg3bg g3) Te with
some Pd-excess compared with micheﬁérité'gomposf ?on§ qdﬁ%éﬁ byIC%%ri
(1981) p. 155. The Pd-excess is not in agreement with experimental studies
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carried out by Hoffman and MaclLean (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. 8¢) 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 0s, Ir, Pt, Pd and $ (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 100se the possibility
of a direct study of the textura) 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 microscopicaily".
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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 ulttramafic tectonite complex (R)
in phyllonitic rocks of the Lower Allochthon situated between
the Jotun Nappe Complex 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 line pattern and horisonta]
projection of subsurface ultramafic rocks shown by thick line.
Data from Bakke (1986).

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

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). Streng 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 bhar 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 itseif 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 %eaz]ewoedite
(4). Concentrate no. 3A. Scale bar is 1 Fm.

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

Concentrate no. 1B. Scale bar is 30 fm on (a) and 3 pm 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 ontly

partly overlap each other (analysis 13 in Table 4). Concentrate
no. 4A. Scale bar is 10 Pm.



Fig. 8.

Fig.
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Back-scattered electron images of PGM-inclusiens (A,C,D) and a
Te-rich phase (B). A: Os,Ir,Pt-bearing PGM-inclusion (1)
guantitatively not successfully determined hosted in
pentlandite (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 pentiandite (2), concentrate no. 38.
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 alloys (B). In diagram A contents of 0s, 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-eumulates 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 10-30 em 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 eyclic 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-
tedin 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 lavered in-

During the last decade several studies have trusions such as the Bushveld Complex
shown that ophiolite hosted chromitites (Gain,1985; von Gruenewaldt et al.,1986).
may be enriched in platinum-group cle- However, within the Caiedonian Unst op-

ments (PGL)(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 unceriainties 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 inthese 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 many reasons,
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 cistribution of PGE within
the ultramafic rocks of the Leka ophiolite,
and to evaluate i parental magma compo-
sitions and the magma chamber processes
operating in opiaiolitic magma chambers
may allow strong enough enrichment of the
PGE to form economic deposits.

Geology of the Leka ophiolite

The Leka Opziolite Complex (LOC)
(Prestvik 1980; Furnes et al. 1988) is one of
several ophiolite complexes exposed within
the Norwegian Czledonides. 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 northernmost 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), Karmoy{(Southwest
Norway). Meta-basalts within the LOC
show arange 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 ct 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-ar¢/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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FIG. 2. Schematic illustration of internal lithological
and structural relationship within the mantle tectoni-
tes and its relation to the ultramafic cumulate rocks
(after Furnes ¢t al. 1988).

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 cyelic 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 oceur frequently some
distance above the base of the units (gene-
rally within 2-3 metres). The chromitite-en-
riched horizons vary in thickness from S
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 2
metre occur also along the base of many cye-
lic units. Where both a chromitite horizon
and a sulphide-rich horizon are developed
the first is developed some distance below
the latter.

Clinopyroxene (c¢px) and locally orthopyro-
xene (opx) appear upwards first as sporadic
grains, and increase then in amount until co-
tectic proportions with olivine are reached.
Inthe ol-cumulate sub-zones the cyclic units
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 eryptic va-
riations.

The cyclic units have been mapped lateraily
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 paris
of the sub-zone can be subdivided in the fi-
eld into five cyclic units denoted cyclicunits
LILILIV and V, where only units 11,111 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 cornposition from Foga s.g5 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 ¢an 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 indue-
tively coupled mass-specirometry (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 Osand Au, and
state that the recovery of Au in Ni-sulphides
Is not quantitative at levels betow S00 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 milledand 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 20%
for Ir, Ru, Rh, and Pt; 37% for Pd and 67%
and 88% for Os and Au respectively (Ap-
pendix I, 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 [, 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.

Mantie Tectonites

The harzburgites of the Leka ophiolite,
which are interpreted to represent depleted
mantle tectonite, have very low PGE-con-
tents (Appendix ], 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 5). 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 c¢m
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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
5 samples is 4770 ppb total PGE + Au.

The total PGE contents of the chromitite
from the tectonites show a roughly linear re-
lationship with the amount of Crinthe 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 PY/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

Cr¢ppmy 200000 4

400000
350000 -
300000 4

250000 | L

150000 -

100000 -

50000 - D 0

FI1G.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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FIG. 8. A) Contrasting chondrite-normalized PGE patterns of chromitites associated with the mantle tectonites.
B) Comparison of the PGE-patterns of the Leka chromilites (shaded areas) with other podiform type chromiti-
tes (Data from Prichard et al. ,1986: Talkington and Watkinson, 1986).

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
diagrammaticallyin 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 JPGE 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 eyclic
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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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
(whichis 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 Ptand 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 direcily 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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profiles of Fig. 3.

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 cyclicunitin the field, is reflected in the
diagram by a sudden drop from above

10wt% to less than 0.5 wt% CaO about §
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 cyelic unit is
shown by anincrease in the Ni content of the
rocks from 800 to azbove 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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within the main chromitite horizon.

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 CaQ
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 not been observed in 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 & sudden
increase in the Cr content.

Ahole (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 bulkrock (Fig 13). Three Pt-Pd peaks
are recorded above the chromitite horizon
and a fourthis 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
88B7 and 89B9 which were drilled along
profile C (Fig 10).

Lateral variations in PGE within cyclic units

There appears to be a systematic latera) 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
inthe 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).
Inprofile C, however, the average Pt/Pd ra-
ii0 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. 13).
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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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 horizan
appear to be nearly an order helow 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
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FIG.15. Histogram that show how the Pi/Pd ratio of
the three major PGE-peaks above the main chromi-
tite horizon change laterally. For furt=er discussion
sec Lext.

of these elements with stratigraphic height
(Fig. 12), and it is particularly evident in
core 38B1 where the parts that are most en-
riched in Pt and Pd show the lowest concen-
tration in S (Fig 16). A similar scaitergram
of the core-data from the hole that was dril-
led through the base of the uppermost cye-
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 inthe
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 uppermast part of
this horizon while the lowermosi part is en-
riched in Pd. The main Pt peak occurs, ho-
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wever, below the sulphide horizon. This
peak exhibits a PyPd 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 layeredseries 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-compoaosition 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 P+ Pd in core $854
taken across R6 between profile A and B.

richments are of the order of 1ppm for the
two elemenis combined. Hand-samples of
12 sulphide-enriched horizons (maximum S
content only (.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 (89tek31) 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 both in
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-
dv. 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 thev 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-
tain visible 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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with sulphide-rich horizons.

a,b,crespectively. 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).
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FIG.20. Comparison of the PGE-pattcrns 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 instandard 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 em? 52

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. Afier exposure the film
was developed with Fuji Photosol CD-1§
develaper for S minutes, and CD-4() fixer 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 paralilel 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 (GOCO) 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 voli-
age of 25kV, and the qualitative analyses

v
e ma i ey e

FIG. 21. B-avioradiograph of a siratabound 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 %

Alom %

Observation

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 qantitities 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 been identified and analysed quan-
titatively, and representative results are
listed in table 1. A number of other ore-mi-
nerals have been analysed qualitatively on

[Pentlandite Heazlewoodite | Native Cu : Suggested mineral
Fe 36.93 Ee 0.£3 | Fe 0.<2 Fa,Ni ! Awaruite

i 28.49 Mi 72.62 Ni 1.0 ) |

Co 0.85 Co v Co - Fe.Ni.Cu.Te ! 2

Cu - lcu - | Cu 9B.02 _

s 33.68 S 26.G8 g - Fe.Cu,S8 Chalcopyrite
Tetal 100,40 | Tetol 100.58 | Tolo! 99.48 o P

Fe 29.77 fe 0.3¢ fFe 0.48 NiAs Oreelite

i 21,83 Mi 5¢.30 Hy 1.10 Nickeline

0.72 C 0.0 -

gﬂ o C,O_, = Ea €9 48 Ni,Sh Bretthauptite
5 Thes s N s = h Native Ph

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
oceur together with a Cu-Au alloy and a si-
iicate 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.
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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 therelore 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 em. 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
Pd.Sb | Mertieite i
Pd.Te Rotulskite }
Merenskvite |
Michenerite i
Telluro=- |
palladinite i
1
Pd.Cu.Pb.Te 2 |
|
Pd N Te ? |
Cu.Au,Pd J Metal alloy :
I, As and I !
I, PL.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-
lers.

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 (wo largest white grains arc
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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F1G. 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.
Inone case a Cu-Au-Pd alloy isobserved be-
tween two olivine grains, but it seems likely
that it has been mobilized from a nearby Fe-
Nisulphide with which similar alloys are as-
sociated (Fig 25).



FIG. 25. SEM back-scatter picture of Fe,Ni sulphide,
magnetitie and Cu-Au-Pd alloy. B-E shows single ele-
ment scans for Fe, 8§, Cu, and Ni respectivels




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,
le. 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 chiromites (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 {Tuble
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-Sh (Fig 27), the
larger grain is composed of one part where

= T
Observation | Suggested mineral

Ru.0s,Ir,§ ! Laurite

Pd.Sh 1 Mertieite

PL.Cu | Hangshiite

PL.Sb %}s-ve'rsﬂe R |
renkinite i

Pt Native PL i

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

P1-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 10 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
raiios 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 10 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-Sh and Ni-8b 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
(lek881a,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 particutarly 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-
rtably 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 manile 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(P1),
40.2(Pd), taking both vertical and late-
ral variations into account. Variations from
Fog2.87 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-
¢s 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 1s 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 intercumnulus 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
MecCallum, 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 cyclicunits( 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; Naldrettand 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 Py/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

deseribed from the Bushveld or the Stillwa-
ter Complexes, but the Sompujirvi 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 (Pd1ShaAs2), as
well as various Pd-Pt-Cu-Fe and Pt-Pd-Cu
alloys (Alapieti and Lahtinen, 1986).

The main PGE-deposits of lavered intru-
sions are located above the leve! where pla-
giociase 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 etal, 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) atrributed 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
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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
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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, 1973; 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
(Ig.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
Chromile-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 FeQ content of the mag-
ma with progressive differentiation. D) Suggested maodifications (o the sulphide solubility curve supgested 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

186



sultin a hybrid magma (H), positioned abo-
ve the sulphide solubility curve (Fig 31A),
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 he
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-
m@y(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 5000 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 significan: sulphide
precipitation may tuake place prior to the ap-
pearance of plagioclase as a cumulus 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 tayered 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 eka may have formed
due to the influx of sulphide saturated mag-
ma containing 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 suiphide 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 Fogy 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 (Fig30). 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 (FFo93.92) 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-
sultin 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, displacedrelative to each
otherwithin 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, [PGE-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 Stiliwater and
the Bushveld Complex (Fig 20). This pat-
tern can be produced by combining the
[PGE-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 uf 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-
nesianol-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 magmamixes with aresident
magma that hasundergone 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 suiphide-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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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 PY/Pd ratio of the PPGE enri-
ched horizon in the same direction may also
be explained by such a mechanism.
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Fractionation of the PGE

FIG. 32. A-C) Sketch showing a model for the formation of the Merensky Reef (after Naldrett et al, 1986) A) In-
troduction of afresh pulse of magmaas 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
earichements 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.

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 eof 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/Irratio
from less then 10 to above 100 (Fig 33), and
the most PPGE-enriched horizons should
therefore have fractionated the magma in
the PPGErelative to the IPGE, which is rea-
sonable considering that the PPGE parti-
tion much more strongly into an immiscible
sulphide melt than JPGE (Barnes et al.
1985). However, the average Pd/Ir ratio of
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FIG.33. Plot showing variation in the Pd/Ir ratio
against the total PGE content of the sulfide-enriched
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average cyclic units, and estimated parenial and pri-
mary magma . For further discussion see text.

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 0
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



PGE-geochemistry of the tectonite-hosted
chromitites on Leka is not representative of
typical podiform chromitites, which compa-
re in composition with the JIPGE-enriched
stratabound chromutites 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
(whichis atypical 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%
,1e. 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 IPGE 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 theyare presentinlarge enough vo-
lumes. 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/erust value for Pt and Pd seems according-
ty 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-
plication to explaration 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 magma into 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 pph, 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 thercfore be a neces-
sity to form deposits of ore-grade, If a half
meter thick enrichment with 4000 ppb of Pt
is to form, it would require Pt to be scaveng-
ed from at least a 250 metre thick column

of parental magma with 8ppb of Pi. 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
a few 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 a series 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-infiux 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 1s, as yet, unknown. Pre-
sent knowledge suggests that if one of these
zones represents a single, or onlv 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 variationin 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 limnited 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 ophialites 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 thetr 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 ophialites.

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

194



chamber and nosignificant fractionation ap-
pears to have taken place within the magma
chamber. The fractionation may therefore
etther 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-
tentsin 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, orif chromitites are not present
close to the base of macro cyelic 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. B 0s| Ir Ru Rh| Pt rd Au
s1__ [bunite 1cPMS/Sheen - B0 8,5 11,0 2,00 45 3,0 2,0
51 i 1CPMS/Memorial 6,7 5,9 11,4 1.3 3,9 1,7 1,4
$9 1CPHS Memorial 2,7 7,0 16,9 1,3 3,1 1,6 0,9
51 1CPHS /Memorial 31 7,3 12,7 1,5 6,1 1,9 0,8
S1 1CPMS/Sheen 12,0 7,0 15,0 1,5 X5 1,5 2,0
st 1 1CPHS /Sheen 2,0 5,00 11,0 1,5 3,0 1,0 6,0
st — Average 5,8 6,8 13,0 1,5] 3,71 1,8 2,2
$1 Standard deviation 3.9 1,2 2.4 0,3] 0,6] 0,7 1,9
st _ [Relative standard dev 67,6x]  17,7%]  18,7% 17,08 16,3% 88, 7%
AX90  |Komatiite |ICPMS/Sheen 2,00 3,0 14,0 12,00 140,0 4,0
AXS0 1CPMS/Hemoriat 2,8 3 15,8/ 11,8 132,2 4,7
axg0 | ECPHS/Memori al 1,7 3,2 16,4 12,3 141,8] 4,9
Ax90 Average 2,1 3, 15,5 12,0/ 138,0] 4,5
AX90 Standard deviation 0,5 0,1 1,3 03 51 0,5
Ax90 Relative standard dev 22,2 2,9%  8,5%  2,3% 3,7 10,4%
AX90 Neutren Act. average | 2,3l 2,7 19,0/ 12,00 119,0 5,4
Ax90 Neutron Act. std ] 0,7] 0,2 4,00 1,0 32,0 0,7
AXD18  |Komatiite |1CPMS/Memoria! 1,3 1,3] 5,5 5,1 58,5 5,7
AXD1E | iCPMS/Sheen 40 5,00 12,0 10,00 72,0 4,0
AXD18 iCPMS/Sheen 2,0 1,5] 8,0 55 62,0 4,0]
AXD18 1CPHS/Sheen 2,0 1,5 7,5 5.0, 56,0 8,0
AXD18 Average 2,3| 2,3 82 44 &1 5,4
AAD18 Stendard deviation 1,2 1,8 2.7 2,4/ 7.0 1.9
AXD18 Relative standard dev | 50,8%| 76,6%  33,2% 37,9%] 11,3% 34,9%
AXD1E Neutron Activation _<9.00| 2,4 9.0 10,6 56,0 37,0
PIC-1 1CPMS/Sheen 310| 170 550 430 2700 340
P1C-1 Recommended | - ] 3000 650
PTH- 1 [CPMS/Sheen ) 340 650 970 5800 1700
PTH-1 IRecommended 900 5800 1800
APPENDIX 1

201



Table 2 - Harzburgite/Dunite/Pyroxenite from Tectonites

Sample # Rock Type ILab. Os Ir Ru Rh Pt,  pd Au| Total| i
lek88-2¢c Dunite 'sheen 6,0 4,5 8,5 1,5 80 75 2,0 380
lek88-3f Dunite Isheen 2,0 5,00 12,0 2,5 9,5 6,5 2,0 39,5
lekB88-4a Dunite |Shean 4,0 5,00 10,0 2,0 5,5 4,5 4,0 35,00
lek88-5d Dunite Sheen 12,0, 6,00 13,00 2,0 8,0 6,0 4.0 51,00
lek88-6b  |ounite  Isheen 200 25 150 1,0 30 35 &0 330
lek88-7b  lpunite ISheen 4,0 4,0 9,0 1,5 2,5 1,5] 2,0, 24,5
lek88-8b  |ounite 'Sheen 10,00 4,00 13,0 2,00 150 12,0 4,0/ 60,00 |
lek88-1e Harzburgite Sheen 8,0 9,5] 18,0 3,00 24,0 14,0 2,0 75,5
iekB8-2d  |Marzburgite [Sheen 8,00 6,5 9,0 2,5 130 75 2,0 485
tlekB3- Je Harzburgite Sheen 10,0 65 11,0 2.5 8,5 10,0/ _E«E 5#. 1
LekB8-3g Harzburgite Sheen 10,0/ 5,00 13,0 2,0 80 7,0 4,0 49,0]
lekBB-4b Harzburgite Sheen 8,9'_ 4,5] 2.0 2,0 9,0" 7,5, 4,00 44 0:_
lekB8-5e Harzburgite Sheen 8,0 7,0 11,0 2_,0 8,5 B,S 4.0 49, Ql__
lek88- é¢ I Harzburgite Shee_n 4,0 4,0 12,0 1,5 5.0} 5,0 2,0 33, 54_
lek88-7¢  |Harzburgite Sheen 4,0 3,5 11,0 1,5 6.5 4,0 2,00 32,5/
|lek88-8¢ Harzburgite 'Sheen E,O' 4,0 15,0 1,5 4,5 7.5 2,00 42 51
(ekB8-2b  |Pyroxenite Sheen 2,0 2,00 11,0] 1,0| 8,0 6,5 2,0 32,5 ]
lekBB-Sf  |Pyroxenite Sheen 2,00 1,5 90 o5 35 30 60 25,5
Taple 3 - Chronitites from Tectonite

Sample # Lab. N Os Ir Ru Rh Pt| __Pd| Au Total

lek88- b Sheen 360 410 60 210 4600] 2700/ 170 B510
lek87-71 Sheen 180] 240 370 150 2400 1600] 20 %960
lekB8-1a  |sheen 340/ 220 56 150] 1800, 1200 44 3810
lek88-id  |Sheen 240 220 48 160 2100, 960| 46 3774
lek88-1c  |sheen | 210 210 40 140] 1500} 690 42| g8
lekB3-3a  |Sheen 400 240 84} 300 1000] 550] 28 2602
lek88-3b  [sheen 270 170 64 210 1100] 730 32 2576
lekBB-Ba  |Sheen 180 76/ 40/ 80 740] 1400 50 2566}
lek88-3c  |Sheen 370 250 96| 270] 1000 420, 30 2436
lek88-3d Sheen 80 39 26 39 270 180 18 652
lek88-6a  |sheen 30 0 16! 4 2 4 8 78
lekB8-2a Sheen 12 7 bl 2 16 9 2 56
lek88-5a Sheen 4 i 130 2 & 13 2 42
lek88-5b  [Sheen 4 3 13] 2 3 5 2 34
Lek88-7a Sheen 2 2 13] 1 I 4 31
iek88-5¢ Sheen 4 3 9| 2 6 4 2l

Page 1
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203
Table 4 - Profile B

Sample #| STRAT Lab. Os Ir Ru Rh Pt Pd Ay Total
84-18 20| Sheen 2,0 1.5/ 9.0 3,0 2,5 28,0 8,0 61,0
84-28 22,1 Sheen 2,0 1,5 8,0 3,0 15,0 46,0 8,0 835
84-38 25,4 sheen 2,0 1,5 9,5 3,51 17,00 54,0 6,00 935
84-48 26,3 Sheen 2,0 2,0 8,0 4,5 7,50 29,0 6,00 59,0
84-58 28,5] Sheen 2,0 4,5 9,5 §.5 27,0 30,0 6,0l 88,5
B4-68 31,6/ sheen 2,0 3,00 12,0 3,0 4,00 14,0 6.0 44,0
84-78 34,5/ sheen 2,0 3,00 12,0 4,0 17,0 26,0 6,0 70,0
84-88 37,2] Ssheen 2,0 3,0 8,5 6,0 20,0/ 31,0 6,0 76,5
84-98 40, sheen| 2,0 2,5 8,0 4,0 34,0 76,0 8,0 134,5
84-108 40,9] Sheen 2,0 1,5 7.0 2,0 5,0 21,0 4,00 42,5
84-118 41,9/ sheen 2,0 1,5 4,0 2,5 11,0 34,00 4,00 61,0
84-128 43,1/ sheen 2,0 2,0 7,0 3,5 26,0/ 220,0 16,00 276,5
84-138 44,1] Sheen 2,0 2.0 2,0 3,0 14,00 42,0 2,00 74,0
84-148 45,5 Sheen 2,0 2,0 5,5 3,0 27,0, 52,0 4,00 95,8
84-158 46,9 Sheen 2,0 3,0] 9,0 6,00 37,00 48,0 6,0 11,0
84-168 47,9] sheen| 2,0 4,5 6,0 7.5, 21,00 18,0 4,0 63,0
84-178 49,3] Sheen 2,0] 2,0] 7,0| 3,5 13,00 23,0 4,0 54,5
B84-188 52| Sheen 2,0 2,0 7,00 3,00 20,00 24,00 4,0 62,0
84198 54,5/ Sheen 2,0 2,5 6,5l 3,5/ 22,00 2,0 4,0 62,5
84-208 56,2 Sheen 2,0] 2,0 6.0 4,5/ 23,00 27,00 &0 68,5
84-218 58,3| Sheen 2,0; S 6,5 20 9.5 2,00 6,0 53,5
84-228 60,2/ sheen 2,0] 2,0 8,0 2,5 10,00 17,0 4,0 45,5
84-238 62| Sheen 6,0 10,0 12,00 16,00 85,0 47,0 6,0 182,0
84-248 |  63,4] sheen| 30,0 16,00 75,0 525 11,0] 48,0 6,0 91,5
|84-258 65,9 Sheen 8,0 5,00 20,0 2,5 3,5 9,5 4,0 525
B4-268 68,9 Sheen 4,0 4,00 4,5 6,0 520,0 150,0] 130,0( 818,5
B84-278 72,2| sheen 4,0 4,0 9,5/ 6,0 38,0 29,0 6,0 96,5
84-286 | 79,2] Sheen 2,0 3,5 85 6,5 36,0/ 36,0 6,00 98,5
84-298 1] Sheen 2,0 2,00 6,5 3,0 13,0/ 18,0 6,0 50,5
84-308 84,9 sheen 2,0 2,5 8,5 4,00 18,0 17,0 4,0 56,0
84-318 | 90,8/ Sheen 4.0 4,0 33,0 4,0f 32,00 30,0 6,0 93,0
B4-328 | 97,4 Sheen 2,0 2,0 7.5 2,0 8,5 13,0 10,00 45,0
[84-338 102 Sheen é,0 4,00 150 5,5 43,0 89,0 42,0 2045
84-348 105 Sheen 0] 2,0 9.0 2,0 5,00 12,0 6,0] 40,0
84-358 109,2| Sheen|] 2,0 2,00 10,0 2,5 8,00 10,0 14,0 48,5
84-368 113  sheen 2,0 2,5, 6,5 3,0 10,0 14,0 4,0 42,0
84-378 119,4]  sheen 4,0 3,00 11,0 2,5 5.0 9.5 4,0, 39,0
84-358 124,6] Sheen 2,0 2,0 7,0 2,5 2.0 15,0 6,0 43,5
84- 398 129,3| Sheen 2,0 2,0 5,5 3,5 49,0 81,0 16,0 159,0
84-408 136,5 Sheen 2,0 2,5 5,0 3,5 51,0 53,0 4,00 121,0
84-418 140 Sheen 2,0 2,5] 7,5 4,5 30,00 31,0 6,0 83,5
84-428 141,3 sheen 2,0 2,5 6,5 4,5 74,0/ 45,0 6,0/  140,5
84-438 142,6] sheen 2,0 2,0] 5,5 2,5 14,0 13,0 4,00 43,0
84-448 143,8] Sheen 2,0 1,5] 5,5, 2,5 17,0 22,0 8,0 58,5
84-458 145,31 sheen 2,0 2,0 7.5 3,0 19,0 29,0 8,0 70,5
84-468 148, Sheen 2,0 1,5 7,0, 2,5 9,5 17,0 4,00 43,5
84-478 149,6  Sheen 2,0 2,0 7.5 3,0 42,0] 100,0  10,0] 166,5|
84-488 150,7  Sheen 2,0 1,5 7,5 2,5 19,00 32,00 12,00 76,5
84-498 152,6] Sheen| 4,0 5.5 16,0 4,0 36,00 55,0 10,0, 128,5
87-p2 153 Sheen| 130,0] 83,0/ 260,0  55,0] 640,0] 1000,0,  110,0] 2278,0
84-508 153,3| sheen 18,00 19,00 38,00 10,0 64,0 26,00 4,00 179,0
84-518 | 154,9| Sheen 2,0 2,00 85 2,5 7,5 9,0 4,0 35,5
84-528 156,4] Sheen 2,0 2,0 9.5 2,0 4,5 10,0 6,0 36,0
84 -538 157,8 sheen 16,0 9.5 43,0/ 5,5 8,5 10,0 4,00 102,5
84-548 159,8) Sheen 14,0 8,0 41,0 4,5 8,5 10,0 6,00 92,0
84-558 161,2] Sheen 4.0] 2,5 9,5 4.5 15,0 17,0 4,0 58,5
84-568 163 _sheen 2,0 2,0 9.0 2,5 4,0 10,0 6,0 355
84-578 | 164,1 Sheen 8,0 6,0 34,0 4,0 12,0 17,0 4,00 85,0
184 -588 165,8) sheen| 4,0 2,0 8,0 2,5 5,0 10,0 4,0 35,5
84-598 | 167| Sheen 4,0 3,00 1,0/ 5,0 30,00 37,0 6,0 96,0
Average 5,9 4,7 16,0 4,9 39,9 51,5 10,6 133,4
Page 1



204

Table 5 - Core 87A1
Core len. | Lab. 0Os Ir Rul Rh Pt Pd Au Total
19,5, Sheen 2,0 4,0 5,0 7,0 200,00 20,0 14,00 472,0
19,00 Sheen 2,0 4,0 3,51 7,0 120,0 82,0 6,0 22,5
18,5/ Sheen 2,0 4,0 4,0 6,5 54,0/ 35,0 4,00 110,5
18,0 Sheen 2,0 3,0 5.0 3,5 28,0 38,0 4,0 83,5
17,5 Sheen 2,0 4,0 5.0 5,0 33,0 51,0 6,0 1060
17,0 Sheen 2,0 4,0 3.5 8,5/ 60,0 110,0 22,00 310,0
16,5/ Sheen 2,0 2,0 2,5 2,5  140,0] 780,0/ 170,0 1099,0
16,0 Sheen 2,0 2,0 4,5 3,0/ 110,0] 250,0 46,00 4175
| 15,5 Sheen 2,0 4,0 12,0 2,0 16,0 17,0 2,0 55,0
15,0/ Sheen 6,0 9,00 26,0 3,0 85 7,0 20 61,5
14,5/ Sheen 14,0 8,0 28,0! 4,5 23,0 28,0 6,0 11,5
14,00 sheen 12,00 16,0 56,0] 5,5 7,00 11,0 8,0 1155
13,5 Sheen 24,0 13,0 42,0 4,5 7,0 15,0 6,0 11,5
13,0/ Sheen 20,0 12,0 45,0 4,0 6,0 13,0 6,0 10,0
12,5  Sheen 20,0 15,0 60,00 6,0 8,0 12,0] 6,0 127,0
12,0| Sheen 22,0 18,0 68,0 5,0 6,5 14, 0| 4,0 139,5
11,5  Sheen 28,0 14,0 53,0 5.0 9,0 12,0| 10,0 131,0
11,0/ Sheen 22,00 10,0/ 40,0 4,00 5,0 11,0] 6,0 98,0
10,5/ sheen 16,00 13,0 56,0 5.0 5,5 12,0 6,0 1135
10,0/ Sheen 16,0 17,0 76,0 6,0 7.0 15,0 8,0  145,0
9.5 Sheen 30,0 19,0 80,00 5,0 15,0 17,0 18,0 185,0
9.0/ Sheen 30,00 21,0 80,0 6,5 8.0 13,0 8,0 166,5
8,5 Sheen| 32,0 20,01 84,0 8,0 40,0 23,0 64,0 27,0
8,0/ Sheen 26,0 14, 0! 57,0 4,5 9,5 17,0 8,0 136,0
7,5/ Sheen 8,0 5,00 20,0 25 7.0 13,0 6,0 61,5
7.0] Sheen 8,0 6,0 24,0 2,5 7,5 16,0| 6.0 70,0
6,5 Sheen| 12,0 7.0 28,0 3,0 8,5 14,0] 6,0 78,5
6,0/ sheen| 16,00 10,0 33,00 3.0 10,00 19,00 60 97,0
5,5] Sheen 10,0/ 7,0 23,0 2,5 6.0 13,0 6,0 67,5
5,0, Sheen 6,0 5,0 18,0 2,5 8,0 13,0 6,0 58,5
f 4,5 Sheen 6,0 5,0 12,0, 4,5 34,0 35,0 8,0 104,5
4,0{ sheen 4,0 4,0 12,0 6,5 41,0/ 52,0 10,00 129,5
3,5/ sheen .0 2,0 6,5 4,0 29,0 35,0] 6,0 84,5
3,0 Sheen| 2,0 3,0 8,5 3,0 20,0 23,0 8,0 67,5
2,5 Sheen 4,0 3,0 13,0 3,0 14,00 21,0 8,0, 66,0
2,0] Sheen 2,0 2,0 6,0 2,5 8,5 15,0 6,0 42,0
1,5] Sheen 2,0 20 7,0 2,5 20,0 37,0 6,0, 76,5
1,0/ Sheen 2,0 2,0 6.5 2,0 17,0 31,0] 6.0 66,5
0,5/ Sheen 2,0 2,0 8.5 2,5 24,0 38,0| 6,0 8,0
I { !
Average 10,8 8,1 28,81 4,3 32,8 56,4 13,90 1551
Page 1
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Table 7- Core 8881

|Care len. | Lab, 0s Ir Ru Rh Pt Pd Aul Total
30,0]  sheen 2,0 17,00 2,0 5,5/ 580,0, 180,0] 180,0] ~ 966,5
29,5 Sheen 2,0 9.0 2,0 4,5 270,00 130,0] 42,00 459,5
29,0 Sheen 2,0 11,0 2,0 6,0 320,00 2200 50,0 611,0
28,5 sheen 4,0 11,0 2,0 12,0] 170,0] 84,0 45,00 329,0!
28,0 Sheen 6,0 2.0 &0 11,0 48,0 100,0 56,00  232,0
27,5 Sheen 8,0 9,5 2,5 10,0/ 60,0 00,0 32,0 222,0
27,0 Sheen 4,0 10,0 3,0 9.5 74,00 51,0 52,0  203,5
26,5 Sheen 2,0 5,5 2,0 4,5 29,0, 16,0 52,0,  111,0
25,0 Sheen 2,0 5,0 3.0 3,0 31,0 24,0 28,00 96,0
25,5 sheen 2,0 4,5 2,5 3,0 22,00 22,0 46,00 102,0
25,0 Sheen 2,0 5,0 2,0 3,5 43,0 22,0 26,00 103,5
24,5 sheen 2,0 5.5 1,5 3,5 32,0 21,0 2,00 875
24,0 Sheen 2,0 5,0 1,0 2,5 21,00 12,0] 4,00 87,5
23,5 Sheen 2,0] 6.0 2,5 4,00 25,0 18,0/ 56,00 113,5
23,0 Sheen| 2,0 5.5 3,0 3,00  15,0] 16,00 180,0 22,5
22,5 Sheen 4,0 6,0 1,5 3,5 29,0 23,0 54,00  121,0
22,0 Sheen 4,0 5,0l 1,5 3,0 14,00 13,0 38,0 78,5
21,5 Sheen 2,0 85 50 35 51,00 25,0 62,0, 157,0
21,0 Sheen 2,00 6,5 5,0 3,5 35,00 24,0 42,00 118,0
20,5 Sheen 2,0 4,5 4,0 2,0 16,0/ 17,00 42,0 87,5
20,0 Sheen 4,0 6.0 3,5 3,5 42,00 35,0/  50,0]  144,0
19,5 Sheen 6,0 7,5 5.0 4,0 39,00 46,0/ 54,00 161,S
19,0 Sheen 4,0} 9,0 5,0 5,5 39,0 24,0 66,08  152,5
18,5 Sheen 4,0 7,51 3,5 4,5/ 63,0/ 50,0 64,0 196,5]
18,0]  sheen 6,0 9.0] L5 6,0 65,0] 64,0 5.0 2085
17,5 Sheen 10,0 17,0 5.0 11,0) 120,0/ 120,0 76,0 359,0
17,0 Sheen 2,0 13,6) 3,0 10,0/ 100,0] 110,0 52,00 290,0
16,5 Sheen 2,0 14, 0] 4,5 10,0 130,00 79,0 76,0 317,5
16,0 Sheen 4,0 12,0 5,0 7,0 74,00 39,00 50,00 191,0]
15,5 sheen 4,0 6,5l 5,0 3,5 39,0, 28,0 42,00 128,0
15,0 Sheen 4,0 6.0 5,0 2,5/ 25,00 28,0/ 44,0 114,5
14,5 sheen 4,0 8,0 4,0 2,5 42,00 21,0f 58,0 139,5
14,0 Sheen 2,0 Lo 60 300 #%00f 4108 8O0 179,0
13,5 Sheen 6,0 8,0/ 5,0 2,5 17,0, 8,0f 58,0 104,5
13,0 sheen 6,0 8,0 5,0 2,5, 29,0 14,0 78,00 142,5
12,5 sheen 6,0 1,00 3,0 5,5/ 190,0] 160,0] B4, 0 462,5
12,0 sheen 6,0 16,00 2,0] 11,0] 230,0] 160,0] 76,8  501,0]
11,5 Sheen 8,0 19,0 35 19,00 150,0 160,0] 50,00  449,5
11,0]  sheen 4,0 12,0 2,5 8,0 60,0 49,0 80,00  215,5
10,5 Sheen, 6,0 10,00 35 35 23,00 200 7.,00  140,0
10,0 Sheenl 2,0, 8,0 3,5 4,0 250 19,0 8,0 13,5
9,5 Sheen| 40 13,00 25 10,0 81,00 68,0 82,00 240,5
9,0 Sheen| 16,00 21,0 11,0 13,00 110,00 120,0/ 110,00 399,0
8,5 sheen| 30,0/ 28,0 15,0 11,0 12,0 8,5 60,00 164,5
8,0 Sheen| 44,0/ 39,0/ 21,00 16,0 17,00 1,0/ 2,00 210,0
7,5|  sheen| 40,0, 39,0, 25,0 14,0 12,0, 15,0 54,0 99,0
7,0 Sheen, 32,0 28,0 18,0 11,0 6,0 6,5 42,00 143,5
6,5 Sheen 26,00 21,0 11,00 8,0l 21,0 12,00 58,00 157,0
6,0 sheen 14,0 12,00 7.0 5,0 6,0 6,00 <80 98,0
5,5 Sheen 16,0 13,0 8,0 5,00 10,0 9.5 40,06/  121,5
5,0 sheen] 10,0 15,0 9.5 15,01 5,00 22,0 2,00 78,5
4,5 Sheen, 18,0/ 13,0 7,00 4,0 7,5 5,5 36,0 91,0
4,0 Sheen 14,0 %,0 &5 5,0 7,5 6,5 52,00  105,5
3,5 Sheen 18,0 20,0 8,0 6,0 7,5 7,5 66,0 133,0
3,0 Sheen|  56,0] 34,0 21,00 11,00 12,0 18,0/ 76,00 228,0]
B 2.5 Sheen 22,0 20,0 11,0 7,5 8,0 19,0 65,00 153,5
2,0] Sheen 18,0 18,0 10,0 7,5 9,0 8,0 420 1125
1,5 sheen| 24,0 22,00 11,0 9,0, 15,0 11,0 6,0 138,0
1,0 Sheen| 8,0 11,0 3,5 3,5 6,5 6,0 62,6/ 100,5]
0.5 Sheenl 6,0 7,5 3.0 3,0 12,0 12,0f 62,00 105,5
| |
Average | 9.5 12,6 5,8 6,6/ 83,2 46,1 60,1 203,8
Page 1t



Table 8 - Core 8382

Core len. Lab. Os fr Ru Rh! Pt Pd| Ay Total
20,0,  sheen 24,0 8,0 13,0 3,5l 7,5 8,0| 5,0 70,0

19,5]  Sheen 38,0 9,0 19,0 4,0 5,5 8,5 8,0 92,0

19,0 sheen| 20,0 6,0 12,0 3,5 4.5 7.5 60 59,5

18,5  Sheen 12,0 6,5 21,0 3,5 4,5 4,5] g.0 60,0
18,0,  Sheen 24,0 7.0 21,0 5,3 2,5| 5,0 8,0 73,0

17,5/ sheen 2,0 45| 1,0 0,5 3,5 045 12,0 4, 0]

17,0 Sheen 2,0 1,5 1,0 1,51 3,0 5,5 6,0 30,5

16,5/ sheen 2,0 1,5 18,0 2,00 4,5 14,0 12,6 54,0

| 16,0 sheen 2,0 2,0 11,0 1,5 9,0 7.0 66,0 98,5
~ 15,5]  sheen 2,0] 1,5 11,0/ 1,5 6,0 10,0 2,0 34,0}
15,0/  Sheen 2,0 1,5 18,0/ 2.5 4,5 18,0 6,0 52,5

15,0  Sheen 2,0 2,0 14,0/ 4,5 8,5 20,0 ¢,0 55,0
14,5 Sheen 2,0 2,0 18,0 2,5/ 12,0 28,0 &0 70,5

N 14,0  Sheen 6.0 3,0 9,5 3,5 7.5 23,0 ¢,: 58,5
13,5/ Sheen 4,0 8,5 1,0 2.5 64,0 58,0 g,: 163,0
13,0[  Sheen 2,0 8,0, 16,0 8,0 160,0] 140,0 12,0 346,0

12,5/ sheen 2,0 5,0 11,0 3,0 24,0 21,0 1,3 80,0

12,0]  Sheen 2,0 2,5 12,0 2,0 13,0 14,0 63 51,5

11,5  sheen 2,0 4,0 13,0 3,0 27,0 40,00 18,0  107,0]

11,0 Sheen 2,0 4,5 16,0 0,5/ 41,0 0,5 2t 0 88,5

10,5/  sheen) 2,0 5,5, 16,0 5,5 83,0{ 130,0 18,0 258,0

10,0 Sheen| 2,0| 4,00 14,0 3,00 2,0 20,0! 8.0 75,0

9,5  Sheen 4,0] 8,0, 16,0 7,00 77,0 110,0] 14,0 236,0

9,0]  Sheen 4,0 4,50 15,0 4,5 40,0 52,0 16,0 136,0

8,5 Sheen 6,0] 4,0 18,0 2,5 11,0 14,0 16,0 71,5

8,0  sheen 2,00 4,0 14,0 2,0 9,0 8,0 10,4 51,0

7,5 Sheen 2,0 4,5 3,0 2,5 17,0 3,0, 280,0 312,0

7,0]  sheen 2,0 8,0 7.0 4,5 26,00 25,00 10,0 231,5

6,5]  Sheen 2,0 5,00 29,0 4,0 19,01 16,00 240, 3130

6,0 sheen 2.0] 4,5 5,0 4,0 15,00 26,0 300,0 356,5

5,5 Sheen 2,0] 4,00 3.5! 4,0 $3.00 23,00 310,52 3995

5,00 Sheen 2,00 6,0 3,5 7,00 24,0 8,0] 550,0  600,5

4,5  Sheen 2,0 6,5| 5,0 6,0 59,00 30,0 3006 408,5

4,00  Sheen 4,0 11,0] 6,0 10,0/ 220,0 160,0/ 390,0  801,0

3,5 sheen| 2,0, 7,00 3,0 6,5 100,0] 160,0] 66,0 3445

3,0,  Sheen 6,0 9,0 3,0 10,00 87,00 230,0] 100,0 45,0

2,5|  Sheen 2,0 5,00 2,5 2,5 33,0 30,0 2¢,0 99,0

2,00 sheen 2.0 4.5 3,0 4,0l 36,0 56,0 66,6 171,5)

1,5|  Sheen 2,0 5.0 3,0 4,00 47,00 58,0/ 28,0  147,0

1,00 Sheen 4,0,  13,0] 2,5 15,00  150,0] 220,0] 80,0  4B4,S

0,5/ sheen 2.0] 6,5 4,0 7,5 59,0 87,0, 38,0 204,0

| [ |
Average | 5.2 5.3 11,0 4,4 39,00 46,2 79,3 190,6
Page 1
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label 13 - Core B89B3 210
Core len Lab. Os Ir| Ru Rh Pt Pd} Au Total
20, Sheen 2,0 1,5 4,0 2,5 i1,0 8,5 14,0 43,5
19| sheen 2,0 3,0l 7.0 4,0 39,00 54,0 14,0/  123,0
18]  Sheen 2,0 1,5! 3,00 3,00 1,00 4,00 18,0 42,5
17| sheen 2,0 1,00 2,0 2,0 9,5l 9,5 14,0 40,0
16|  sheen 2,0 1,50 3,0 3,0 11,0] 14,0 12,0 46,5
16|  sheen 2,0 1,0] 2,5 3,0 12,0 13,0 14,0 47,5
15|  Sheen 2,0 2,0} 4,0 2,5 21,0  30,0f 10,0 71,5
14|  Sheen 2,0 1,0i 2,5 1,5 8,5 5,5! 24,00 45,0
13| Sheen 2,0 1,0! 3,00 1,5 5,0 5.0 10,0 27,5
12| Sheen 2,0 0,5 1,0] 1,5 3,5/ 2,0, 14,0 2,5
1] Sheen 2,0 2,0 4,0 4,5 18,0/ 4,5] 4,0 39,0
10| sheen 2,0 1,0 2,5 1,5 5,0 5,0 2,0 19,0]
9| sheen| 2,0 1,5 2,5 3,5 6,5 7.0 6,0 29,0
8] Sheen 2,0 1,50 2,5 2,5 28,00 48,0 5,0 92,5
7| Sheen 20 0,5 2,5 1,0 6,5 4,5/ 10,00 27,0
&  Sheen 2,0 1,0: 2,5 2,01 6,0 80 80 39,5
6| Sheen 2,0 1,0 2,5 2,00 16,0 8,5 £,0] _ 36,0
5| sheen 20 1,0 2,5 3,00 16,0 13,0] 6,01 43,5
. 4| sheen 2,0 1,00 2,5] 2,50 2,0 26,0! 8,00 68,0
3| Sheen 2,0 1,51 7,0] 1,0 6,0] 2,5 4,0 24,0
2| Sheen 2,0 3,0 13,0/ 1,5 3,5 1,0] 4,0 28,0
1| sheen| 2,0 2,5 14,0 1,5 3.0 3.0] 4,0 30,0
| :
Average | 2,0 1,4 41 2,3 12,8] 12,6 9.6 44,9
Table 14 - Core 89B4
Core len. Lab. Os| tri Ru/  Rh Pt Pd| Au Total
1,0 Sheen 2,00 1,0 3,0 3,5 61,0 88,0 22,0 180,5
1,5 Sheen 2,0 1,5/ 4,5/ 4,5 85,0 150,0 16,00  263,5
2,0 Sheen 2,0 0,5 2,5 1,0 ¢.0 15,0 8,0 38,0
4,5 Sheen 2,0 0.5/ 35 1,5 9.5 19,0 8,00 44,0
5,0 Sheen 2,0 0,5 2,5 2,00 34,0 56,0/ 18,6 17,0
5,5 Sheen 2,0] 1,5 2,5 3,0 69,0/ 99,0 30,00  207,0
6.0 Sheen 2,00 1,0 2,0 3,00 73,00 110,0 42,0] 2330
6,5 Sheen 2,0 1,00 2,5 2,5 77,0, 92,0 46,0  223,0
7,0 Sheen 2,0 1,5 2,0 2,5 27,0 26,0 12,00 73,0
| i |
Average | ) 2,0 1,0 2,8 2,6 49,4] 73,00 22,4 153,2
Table 15 - Core 8985
Core len. | Lab. 0s ir| Ruf  Rh Pt Pd|  Au| Totat
7,0] Sheen 2,0 1,0] 4,0 1,5! 9,5 8,5 6,0 32,5,
~6,5] sheen 2,00 2,0 2,0 _ 3,0 350 41,0 12,0 95,0
6,0]  Sheen 2,0 1,00 1,0 1,5 31,0, 49,0, 26,0 111,5
5,5/ Sheen 2,0! 0,5 1,5 1,0 19,00 22,00 34,0 80,0
5,0/ Sheen 2,0 1,0 1,5 1,0 18,0 15,0/ 40,0 78,5
4,5  Sheen 2,00 2,0 500 2,5 20,0 12,00 4,0 45,5
4,0]  Sheen 200 2,0 4,5 3,0 39,00 28,0 6,0 84,5
3,5/ sheen] 2,00 0,5 0,5 0,5 12,0 12,0] 4,0 31,5
| ! I ' |
Average 2.0] 1,37 2.3 1,8 22,7 23,41 16,5 69,9
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Table 16 - Core 8989 21
Core len. Lab. Os| Ir Ru gh Pt _Pd Aul  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 2,00 43,00 3300 64,0 4455
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 1,00 26,0 35.0 88,0 154,5
8 Sheen 2,0 2,0 2,0 1,0 30,0 32,0 70,0 39,0
7 Sheen 2,0! 2,0 3,0 3,00 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 81,5
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 2,51 47,0 81,0 50,0 188,5
1 I
Average 2,0! 1,5 31 1,8 31,5 47,8 46,6  154,2
Table 17 - Sul!'ice-rich horizens
Sweple # Lsb.! D8 Ir] fuf Rh Pt Pd _Aul Total
89iex%a Sheen il 18] 20 &5 830 2100f 250, 31
89! ekvc Sheen) 8 B &z &50] 1709 L) 2796
89lexzia | sheen <l m W son,tiedl ieo,  90a
89lek22 | Sheen 2 20, s, 27|  ap 1100 240] 1879
89lek31 Sheen) 20/ 63 120; a2 550 B0l 62 77
&9lek2ib | sheen] 2 T 3] R 910! &b 1929
BPlekba |  Sheen| 20 13 26) T4 200 %0 80 1243
891 ek1Ba Sheen 2| 13 22 45 30, sae s 1076
g5lex2lc Sheen PR | ® a2 e swl 7 e
E0lck2d |  Shaen il L N L 280 [T a7
Bolekla | Sheeny & Te 8 b 2 780 24 _Bs0
9l eksa Sheen 12| 20 39 19 &7 370 180 ear
[89Lek27 Sheen 4 R 201 250 280 35 63!
lek2ld $heen 2| nooon 200 350, a8 £23
891exob Sheen] 2| 4 I I/ 320 6 528
8%l ekid _Sheen | 8 12 4 H(q 290 74 520
89 ek30 Sheeny 2. w3 Ml e 2600 sS4 u§L|
89lexiln Sheen] o 12 16 9 e 80«20 383
891 ek 280 Sheenl 2 13 19 10 95 (L %
891exBa Sheen, & 9 0 [ 110 ..‘..‘19]: 48 3.8
B5teki3a Sheen 3 8 & 3 88 1607 841 132
8% ek 24k Sheen & [] § 8 51 150, a2 M
891ek!7a. Sheen 2 10 18 8 & w2 287
@71ek2ch | Sheen, 2| 13 1 3 3] 2ol 12 259
891ek29 | sheen 3 10 1% 7 7l 1% 24 260
89lekie | Sheen| . 4 L 7o) 246
89lek20b | Sheen 2 ] 1% 7 &3 L) I
891.eki0a Sheen| [} 8 & 3] 58 54 200
89lekTc Sheen 8 [ & & 41 S8( b4 189
87lek25h Sheen; Z 8l | & 54 B8l 24 185
[BYlek14n Sheen! [ 9 7 4 [T N3
[E9LekTa Sheen! P 7 ) a 81| i 137
|B91ek19a Sheen 2 7 5] 3 38 3. 21 )
Sheen! ) | | I || s 2] 114
___ Sheen F | é 3 ! 45] wl
sheenr 7 1 I | ) LN )
Sheen; 2 5, E] 2 191 7 18] &
Teble 18 - Chromitites Layered Serics
Samile ¥ Lob, Osf  Ir| Ru Rh P1) Pd_ Au Tetal]
87p2 Sheen 130] £3 260 5§ [ oo 10| 2i7e
a7e3 Sheen| 58 % 120 39 &40 670, 100 1471
878 Hemor fal| 69,5 48,3 23,4 8,2 Tigl 65 702 i0s2
sTL21A Hemor {al 8 363 018 20,5 965 4,5 4,52 3840
B7LT ~_Memorial 96,8 80,9 74,2 18, 2.3 0,7, 482 37158
87.7-0 Hemor sl 98,5 80,4 172,0] 14,1 2,2 0,8 453 3.8
87018 Meaor ial 40,3, 57,3 96,7 327 92,3 &40 6,18 3688
87110C Hemorisl 58 0 &1,% 1,5 12,2 12,51 &7l 4,1  263,8
871204 Memorinl 21,4 30,3 67,8 164 & _ 93 a9.32 /il
Jt_m: Weworial|™ .8 37,2 32,81 25,4 @1l izal 7.6l 238
87017 Henorial 31,0 29 8 T 88 0,3 5,7 1,86 2143
87038 Hemor jal 730 N Y5 % T Y M % 10,9 57| 204,0
87.36-0 Hemor 1ol 39,5 38,0, 68,5 14,8 24,7, 0,8 548 2038
a7LsC Memorfal| 51,8 33,2 ¥7,1 8.0 97 82 87 1929
B7L8B | Hemorisl 3,2 2351 105,58 L 9.8 2,43 0,1
7158 Memorial| 31,2 5,9 7,6 TS 1,1 3,50 3,38 1ds,g]
arLe Hemor il 31,8 4,3 er,8" 132 6,6, 4,0 1,98 59,5
87054 | Memorial 20,4 3,4 42,4 16,4 12,31 1,9 2,Thl 1300
87L15 Hemorial i & 7.8 a4 a3 ams s 912
&703A Hemorial 18,3 W7 3,7 7,0 3, 1,0 2.8 88,7
8712 Memor ial 4.0 3,0 .21 1,7 21,8 374 13,59 830l
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E 19 XRF-ANALYSES

PRBVE NR. Si02] Tio2| AL203] Fed] MrO K50 €all v €rl Co Ni Q.  2n 8
89lekla 37,381 0,02] 0,47] 10,12| 0,14] 44,98 0,12 27] 83541 41| 1673 138 21| 0,097
891ck2a 38,31] 0,02] 0,23 10,16] 0,14 46,38] 0,20/ 19| 6173 143] 1410 1238 24| 0,107
89l ek2d 38,30, 0,02] 0,27 9,89 0,14 46,73| 0,15 25| 9044l 139] 1456] 364 32| 0,035
89lek3a 40,32| 0,01] 0,13] 9,48] 0,14 48,48] 0,12] 14| 4298] 135| 1498 &7 21 0,029
89lekie 37,64 0,02| 0,14 11,44l 0,%6] 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
89lekba 38,31 0,02] 0,18 12,10/ 0,16 44,83 0,20 12| 3326] 156] 2327 253: 22, 0,234]
89lek7c 38,36] 0,01] 0,16 11,83] 0,16 45,19 0,30 11 2032] 156 1601] 1925 17, ©.13%
89lek8a 37,99, 0,02 0,25 11,770 0,16 44,13] 0,46 18] 3511] 154] 1821 1123 28 0,118
89lek10a 38,20, 0,01] 0,19 11,800 0,16 44,73] 0,53 11| 2060( 174| 2417] 2992 14| 0,276
89lek11a 36,94| 0,02] 0,35] 12,8 0,16 43,07, 0,22| 15 3772 161| 2133 159: 28] 0,236
89lek12a 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] 44,48] ©0,32] 17 5035 51| 2372| 1561 24| 0,263
89lek14a 38,23] 0,02] 0,19 12,88' 0,17] 44,19] 0,16] 15[ 3645] 156] 2066] 191z 31| 0,238
890ek15 38,40 0,01 0,12] 12,33 0,16] 45,59] 0,21 11| 2857 151 1403| 85: 36| 0,044
891ek16 37,25 0,02] 0,16 1,49 0,15 44,38] 0,20 20; 6379 152] 1390] 857 33| 0,093
89lek17a | 38,57] 0,02] 0,16] 12,10/ 0,16/ 45,02 0,33] 26/ 6238 150, 2016] 137: 32| 0,179
89Lek18a 37,05 0.02] 0,28 13,14 0,37] 43,13] 0,&1]” 25| 5276 158 2124 183 33| 0,204
89lek19a 37,33 0,01] 0,39 11,77, 0,15 44,28) 0,19 14 3585 154 24281 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
B9lek21a 36,56 0,02] 0,22 2,73 0,16 42,02] 0,32] 21| 5022] 70| 4778 460: __ 9| 0,636
891ek22 36,5¢| 0,01] 0,06/ 10,70 0,14] 43,17| 0,22] 9| 3389 151| 4920] 153; 22| 0,448
891ek23a 37,61, 0,01 0,04] 10,40, 0,14] 44,65] ©0,24] 8 26869] 141 1496] 87: 29| 0,118
891 ek24b 38,17] 0,011 0,09/ 10,91 0,15 45,26] 0,19] 13| 4494| 141 1253] 117z 27| 0,095
89lek25b 37,63 0,02| 0,27 12,70 0,16/ 43,55| 0,34 20 4975 158 1972] 00: 32| 0,281]
89lek26b 37,40| 0,01] 0,07] 11,33] 0,15 43,46] 0,26 6/ S09| 171 1978] 420: 2] 0,424
891ek27 37,60 0,02 0,58 13,02' 0,18 41,23 0,91 33| 4478, 144| 1744| 164c 26 0,158
891ek28b 36,13| 0,01 0,35 11,26 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] 97i 36| 0,146
891ek30 38,96| 0,01 0,07] 12,23 ©0,i6] 45,76, ©0,12] 5| 1267 151 2749] 2305 28| 0,295
89lek31 | ¢40,18] 0,02] 0,37] 10,07] 0,15 47,17 0,06] 15| 2363 154] 2956| 166z 21| 0,163
|
lek87-P1 27,43| 0,29] 5,25| 23,14| 0,28) 25,22 <0.01| 884| 326633 157 28| 10 206 0,016
lek88- 1a 29,13| 0,14| 4,65] 17,12] 0,26] 27,38 <u.o1_1150ﬁ“333_qzc 08| 583 & 152] 0,001
lek88-1c 33,93| 0,11 2,88] 13,52] 0,25| 33,59| <0.01] 956] 256312 102| 729 10 146] 0,001
lek88- 1e | 41,48 0,01 0,61 8,79 0,15 40,10 0,64 82 3080 140/ 2083 133 73| 0,00
lek88- 2a 40,435] 0,01, 0,63 10,25] 0,19 0,32 0,08] 65 2797 181 2213| 165 67| 0,010
lek88-2c 41,55 0,01] 0,82 8,36 0,15| 40,65] 1,45] 83{ 2372, 127, 1953] 0% 61| 0,005
lex88-2d 42,81 0,01 0,97] 7,60 0,13] 38,67 1,48] 108| 4679 113] 1869 15¢ 97| 0,001
1ek88-3d | 41,95] 0,05| 1,06 9,94 0,25] 34,33| <0.01| 2441 68364] 148, 1394 47: 188] 0,001
lek88-39 | 42,15] 0,01 0,66] 8,02/ 0,15 40,28] 0,75/ 81 2441, 132| 2005] 11z 58] 0,003
Lek8B-3e | 43,33] 0,02] 1,04] 9,47 0,97| 33,22] 0,07 97| 6826] 152| &75] 246 49| 0,001
LekBB-3¢ |_41,68] 0,00 0,59] 8,49 0,14| 40,89 <0.01] 61 2114|152 2391 115 65 0,001
LekB8-4a 39,08] 0,01 0,52| 10,31] 0,18 43,71] <0.01| 8] 14265 164| 1875 80 70| 0,007
LekB8-4b 42,63 0,01) 0,53| 7,58 0,14] 39,97| 0,45] 75| 2650/ 127| 1981| 8 55| 0,003}
LekB8-5a 37,56] 0,04 5,39 10,70/ 0,15 41,47 <0.01| 216] 46778 111] 1849  5¢ 204] 0,003
lek88-5b 38,01] ©,04] 4,98 10,44] 0,16 42,50, <0.01| 208, 44409| 118 1903 55 195 0,006
[ek88-5¢ 38,27 0,04 4.B0| 10,78 0,16] 41,17| <0.01| 207 46069 125 1968| 8 213] 0,006
lek88-5d 39,43 0,01] 0,37 10,30] 0,17 43,22] <0.01| 55| 2177| 172 2463| 177 64| 0,019
lek83-5f 46,39 0,03 1,41 7,05] 0,11 21,54 13,91] 193] 6337] 21| 653 125 50 0,001
{ek88-6b 40,38] 0,00] 0,30] 9,40] 0,17 43,06 <0.01| 61 4390 175 2032 1i7 67 0,006
(ek8B-7a 38,57 0,04/ 5,29 9,93 0,13] 41,22] <0.01| 193] 3¢434| 11| 1798] 210 186] 0,001
lek88-7b | 41,19] 0,01] 0,74 8,45 0,15 41,89] <0.03| 62| 2308 144| 2462] 11t 64| 0,007,
{ek88-8¢c | %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| 0,01] 0,60] 12,13] 0,18 43,44 <0.01| 75| 7423, 182 2375 113 75| 0,001
Lek88-3b 38,91] 0,08] 1,62 13,12] 0,38 33,07/ <0.01| 372] 129459] 155| 943| 113 295/ 0,001
Lek88-6¢ 42,78| 0,01] 0,72 7,531 0,15 39,19] 1,20] 92| 2576 116 1888 136 80| 0,001
Lek88- 1b 27,14| 0,16] 4,99 18,50] 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
Lek88-2b 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| 0,09] 1,64 12,6.] 0,38 33,59| <0.01] 374 128120] 157] 955, 96 290 0,001
1ek88-3c 35,09 0,15 2,72 17,36] 0,51] 30,29 <0.01| 543| 218434 185| &sa| izt 409] 0,000
Lek88-5¢ 44,064/ 0,01 0,57 6,62 0,16 39,16 <0.01| 83 27e6| 124] 1903 75 53| 0,001
LekB3-ba 38,78| 0,03] 1,09 12,17 0,22 41,07] <0.01] 239, 67801] 91| 1520, 125 182] ©.004
1ekBB-7c 42,01} 0,01 0,79] 8,17 0,14 40,03 0,60| 82| 2427| 133] 2128 &% 57| 0,009
tek88-Ba 36,48| 0,05 1,19| 14,29] 0,27 38,29] 0,05 300] 135124| 164 1717 & 378 0,020
!
88B1-0.5 39.10] 0,01] 0,36] 9,57 0,16] 47,54 <0.01 63 6310] 179 18235| 40 30| 0,015
APPENDIX 1
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8e82-5.0 | 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
88B2-6.0 38,88/ 0,01 0,23 i0,42] 0,17 45,85 0,16] 54 3702 191] 1494] 123] 45| 0,042
8382-6.5 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| 124| 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 S5 0,044
8882-8.0 39,18/ 0,01 0,25 10,36] 0,17] 45,31 0,34] 58 332|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 58,23| 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 11,871 0,19 45,33 0,24 54| 2683 232 1448, 18] &7| 0,021
8882-10.5 | 38,21] 0,01 0,29 12,28] 0,19 45,19 0,40] 58| 39971 228] 1419] 1461 69| 0,011
B8B2-11.0 | 38,11| 0,01 0,28 12,36/ 0,19] 45,39 0,24 S8 4341] 234 1580| 539 75| 0,038
8882-11.5 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 0,08] 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] 0,00!
8882-13.0 | 38,36] 0,01 0,33 11,76 0,18 4564 0,07| 62 298] 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] 1273, 83| &4 0,005
8882-14.0 39,08 0,01 0,35 10,08 0,'7| 46,08] 0,0t] 73] &927| 182, 1338] 234 125, 0,008
8882-14.5 39,17| 0,00 0,3 9,60 0,16 46,97 0,01 &2 5683 174 1377, 137, 75 0,007]
8882-15.0 | 38,98 0,01 33 9,80 0,16 47,071 0,011 69 7734l 78] 17| 127] 70! 0,0%0
8882-15.5 | 39,02/ 0,01 0,30, 9,78 0,167 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 163 85 0,018
i8882-16.5 | 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 0,00 0,29 9,68 0,16 47,21] 0,01 64| 6608/ 171 1763] 76| 40| 0,030
88g2-17.5 | 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] 4B927| 125 1628 03] 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 9,8 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

| |

1 i
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
B8B4-1.0 | 41,70 0,03 0,78 10,79] 0,15/ 38,81 4,41| 4| 4891 114] 964l 108 35| 0,021
88B4-1.5 | 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 &5/ 35| 0,037
8884-3.0 39,63/ 0,03 0,45/ 10,87 0,15] 41,68] 2,51 41 3331 126/ 1185 &1 29| 0,026
8884-3.5 38,50] 0,02 0,3i| 11,23] 0,15 45,29 0,27 17| 3012] 1] 1472] 35| 35| 0,019
83B4-4.0 37,97| 0,02] 0,29 11,28/ 0,16 44,52] 0,26] 17 3604| 141] 1507| 31| 38 0,022
8884-4.5 _38,62] 0,02 0,26 11,20] 0,16] 45,68] 0,18] 20| 4403] 42| 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
88B4-5.5 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  0,57| 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, 0,056
8864-7.0 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 1i42] 1348] 09| 37, 0,016
8884-8.0 37,45| 0,02] 0,44 10,84 0,15] 44,37] 0,10 20| &506] 142] 1466] 99| 38 0,017
8884-8.5 37,52 0,02]  0,51] 11,00 0,15, 44,24 0,11] 20| 4966 14D| 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
8884-10.0 37,60/ 0,02 0,26 11,32 0,15 44,32] 0,25 23| 6703| 137 1974| 14| 38 0,016

|} ¢
B8BS-3 | 39,05] 0,02 0,77 12,34| 0,17 40,08] 2,26| 47| 4511 128, 1195] 71| 39| 0,029
88862 37,38] 0,02] 0,33 13,54| 0,18/ 41,06] 0,65] 25| 3510 1431 1429| 63| 43| 0,03
{8886-3 | _40,49| 0,03 0,68 9,891 0,14] 36,11 4,B5] 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| 5201 247 12| 0,02
88B6-5 42,14/ 0,03 0,59 8,83 0,13] 37,18) 5,50| 54| 3868] 99| 917 270 23| 0,045
8886-6 45,71] 0,03 0,85 5,83 0,10, 31,68 10,36] 70| 4226] 48 578 278 11| 0,036
88B6-7 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] 0,03 048] 7,60 0,12 37,77| 5,65| 49| 5395 @8 767 175 19| 0,023
8886-9 | 38,39| 0,02 0,18 10,83 0,15 44,06] 0,27| 14| 3630/ 140, 1279] 27| 33| 0,039
8886-10 | 38,37, 0,02] 0,18 9,95 0,14 44,75| 0,26] 17| Sz242| 1341 1399] 29| 34| 0,030
8886-11 | 38,02 0,00 0,10] 9,93 0,34 44.62] 0,21 15/ s217| 133] 1&23 23| 31| 0,020
8886-12 | 38,18/ 0,02 0,17] 9,73 0,i3] 44,54 0,33 16| 4333 130 1987) 18 32| 0,013
8886-13 37,16, 0,02 0,15| 9,52] 0,33] 43,61] 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
88B6-16 38,11 0,01] 0,10] 9,73 0,13] 45,61 0,16/ 11| 4497 132| 2391] 15| 31| 0,012
88B6-17 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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TABLE 19 XRF-ANALYSES

Be86-18 T 38,17] 0,011 0,11 9,78 0,13 45,74 0,20] 13| 5085 134] 2304] 16/ 33] 0,003
|88B6- 19 37,88, 0,021 0.1 9.9 0,%4| 5,23 0,19 5| 5203 i34 2115 16| 3| 0,016
8886-20 | 38,29 0,01 0,12 9,70 0,13 45,90 0,19] 15 5033 132 2099 14| 31| 0,013]

APPENDIX 1
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Platinum-group minerals in the Lillefjellklumpen nickel-copper
deposit, Nord-Trendelag,Norway by A.Grenlie, published in Norsk
Geologisk Tidsskrift in 1988.
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Platinum-group minerals in the Lillefjellklumpen
nickel-copper deposit, Nord-Tr¢ndelag, Norway

ARNL GRONLIT

Grenhe, Atnc: Platnum-group mingrals 1o the Lillefellkiumpen nickel-copper deposit. Noid-Teondelag
Norway, Morsk Geologik Tedsskeift, Vol 68, pp. 6572 Oslo 1988, 155N DO2S-196X.

The Liliefjeliklumpen Ni=Cu deposit aceurs in the Gierssik MNappe in the Upper Aliochihon of the cemtral
Norwegian Calednmides. The area has been interpreted by eatlser wuchers as past of an ensimatg bland
are of Lower o Muddle Ordovician age  The mineralizauon is asiocined with a smal! body ol metagabbre
acpusring at the contagt between gabbro and greensione The massive sulpbide Doy consists of pyerhotine
pyeiie, peatiandsic, chalcopyrite, magnatite nd mibcates The avesage Ni contzar is 36% and the Cu
content is 1 2% The totsl platioum group element (PGE) content n Sepp. P () Sppm) and P
(3.1 ppm) accounting for <9 ppm, The T + Pd/Ru + 1z = Os ratio is 2.8, withan the range reposted fof
gabbiro related deposits. The average chondrite normalized PG E paittern is similas 10 thar of the Kanichee
deposit although Lillefjellslumpen has lower absolute PGE values. Merenskyii: u the main platinum-
group maneral (PGM), bet sperrylite, mancheite and iemagamite (7) alvo occur Tie PGM oceur assmall
(20 pm) inclusions in pyribalite and shalcopyring as well 23 om grain boundanes. The Lillefjellklumper
dieprmst profably sepreents & magmalis sulphide wgregation related o a Tayer 3 spnsimatic) gohbeo beds
later remubilized duning & wectonic € ond and redeponited in ol present positien

Arne Granfie. Nurges grologishe wndersodelse. Posrtbols JO06, N 7000 Trondhem. Narway

The Lilleljeliklumpen Ni-Cu deposit 1s located in
the Grong area, 5 km porth of the Skorovas Mine
and 200 km NE of Trondheim. The high PGE
content of the deposit has been known since Foslie
& Johnson Hest (1932), during 2 noble metal
investigation on ores from the Grong area, found
Lillefiellklumpen massive sulphides 10 contain
4 ppm PGE. As no PGE could be found on opticai
inspection, it was assumed that most of the PGE
probably eceurred in solid solution within the
chalcopyrite lattice. The aim of this investigation
was, with the help of the electon microprobe, to
try 1o solve the problem of PGE oceurrenee and
10 identify any PGM that might be present. The
electron microprobe was chosen because the
PGE, if prescat, 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 peology of the arca has been described by
Talis et al (1977) and by Reinsbakken (1980}
The Lillefjellklumpen deposit is situated i the
greensione sequence of the Gjersvik Nappe (Fig
1), which constitutes the low-grade, uppermost
unit of the Seve-Keli Nappe Complex. In the
west stzucturally above the Gjerswik Mappe he
the higher grade racks of the Flelgeland Nappe

Complex. To the east are lower tectonic uaits of
the Koli Nappe scquence. To the north and south
the Grong area is limited respectively by the
Borgefjell basement window and the Grong-
Oiden basement cuimination. The main rocks
of the Gjersvik Nappe are gabbro, diorite and
trondhjemitic plutons and a sequence of sub-
marine volcanics. The igncous complex is overlain
by polymict conglomerates and flysch sediments.
According to Reinsbakken (1980) the eruptive
sequence is interpreted as an ensimatic island
are, formed to the west of the Fennoscandian
continent prabably 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 10
erop out in the vicimity of the deposit {Palmer
1972). The metagabhros are surrounded by a
group of greenstones with dykes of quanz 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
(Gronlie & Haugen, in prep.}). The REE patterns
show a striking similarity to the massive Storeya
lava flows of the Leka ophiolite (Prestvik 1983)
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Fig. 1. Sumplified geological map of the Lillefjeliklumpen-5horovain arca, bassd on Halls e al Q97TT), Kaelluag (1979) and A

Reinsbakken (pers camm, 1984).

Ore geology

The Lillefjellklumpen mineralization consists of
an irregular lens of massive suiphides, trending
cast-west and dipping sieeply to the north. The
length of the massive sulphide orc 13 20m, and it
is up to 2 m wide. The contact against the hanging-

wall metsyoleanics and the foot-wall metagabbro
is always tharp. There are some small angular
fragments of grecnstone n the ore. Except for
the immediate contact zane the sulphide lens 15
nearly free from gangue minerals. The average
Ni content of massive suiphide is 3.6% and the

NORSK GEOLOGISK THISSKRIFT 6K [ 1968)

Fable | Content of Cu, N2, § (%) and POGE + An (ppb) 1m massive suiplade ore
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Sum
Cu Ni s i rd Rh Ru 1e O Au PGE + Au
x 2 LN w2 1™ 06K 214 18% 1M 13 b1 ST
5D a9 07 A | 1856 1156 % 100 86 & s
N 15 14 1% 8 13 1] 0 10 FR 13
CC 1020 3 00 650 550 ot B 153

1€ = Cl-Chondntes, data from Naldren (1982}
CuCu=Ni= 025+ Pd/Rusli + Ox = 977

Cu content v 1.2% (Table 1), 1n good agreement
with figures published by Foslie & Johnson Hest
(1932); consequently no new modal analyses have
been done. Foslie & Johnson Hest cstimated the
modal composition to be: pyrrhotite {64%),
pyrite (13%), pentlandite (12%). chalcopyrite
(3%)., magnetite (3%} and silicates (2% ). There
are two distinct ore types, aithough pyrrhatite is
always the most abundant mineral.

1 Pyrrhot:te ore, the dominant ore type, consists
of pyrrhotite, pentlandite and magnetite.
Pyrite and chalcopyrite are not abundant,
although pyrite sometimes occurs a3 founded
grains up to Smm across in a groundmass of
the other sulphides,

2. Pyrrhotite=chalcopyrite ore occurs less fre-
quently than the pyrrhatite 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 Hest (1932) and recently
by Palmer (1972).

Platinum-group mincrals

Foslic & Johnson Heast {1932) found no discrete
PGM with conventional optical methads, but Pal-
mer (1972) recognized one grain of a PGM
¢enclosed 1n pyrrhotite. The observed PGM, in
decreasing order of abundance, are:

Merenskyite (idcal formula PdTe.)

Sperrylite (P1Asy)

Moncheite (ideal formula PtTe;)

Mercunen palladium tellunde (temagamite [
PdyHgTey)

Merenskvite, 1deat PdTe,. pgeneral (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 eccurs
as small (<20 um) hexagonal or rounded grains.
The most frequent mode of occurrence is as
inclusions in pyrrhotite (Fig. 3) on grain bound-
arics in pyrrhotite aggregates, or on boundaries
between pyrrhotite and chalcopyrite grains. Mer-
enskyite also occurs embedded in late chalco-
pyrite replacing pyrrhoutte (Fig. 4) or exsolved
from chalcopyrite (Fig. 3). All observed grains,
except one containing a2 small inclusion of tema-
gamite (?) are apparently homogencous. Mer-
enskyite forms a complete solid solution series
with moncheite (Hoffman & MacLean 1976).
Data from Lillefjetiklumpen illustrate this {(Fig
.

Sperrylite, PtAs,, occurs less frequently than
merenskyite. The mineral has previously been
identified in this ore by Hysingjord (Neumann
1985). Sperrylite, generally euhedral, ts com-
monly found enclosed in chalcopyrite, but also
occurs as inclusions in pyrrhotite,

Moncheite, ideal P1Te;, peneral (P, Pd,
Ni)}(Te, Bi)s. Only two grains have been ident-
ificd, 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 mwo pentlandite grains.

Mercunan palladium telluride, occurring as a
< 5 um inclusion in merenskyite, again enclosed
in pyrrhotite, gave an electron microprobe apaly-
sis ¢lose 1o (Pd, Hg)Te. This mineral is probably
temagamite (PdyHgTe,). Previously, Buchan
{1981) reported an occurrence of kotulskite inter-
grown with a Pd-Hg-Te mineral, possibly tema-
gamite, from the Fmov deposit. southwest
Norway
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Pt.Ni
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Fig. 2 Compesitkonal varation i Lallefjl tklumpen merenskvite and monchene vompared wiath ihe adeal muncral compssiiom

Platinum-group element chemistry

Eighteen samples of massive sulphide orc have
been analysed for PGE and Au by neutron act
vation analyses (X-Ray Assay and Chemex Labs.
Caznada). Cu, Ni and § have been analysed at the
Gealogica! Survey of Norway by atomic absorp-
tion and fire-assay. The analyses show an average
1otal 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 distn-
butien of Pt and P4, there being one dominant
group where Pd® Pt and one group where
Pt > P'd. This roughly reflects the amount of
chaleopyrite :n the original ore samples. the
Pd & P1 proup corresponding with the pysrhotite
(type 1) ore and the Ptz Pd group corresponding

Fig. I Three meremsbyvine gramy {white) eceurpng ass (5}
Inelusion wn prorhoute fdarkh greyl (2) on gram boundary
pyrehotise/pyrhonir and {3 exsobved trome chaleopynie with the 5)yrrholllc~¢.‘1mlc0pynlc (1)"}(‘ I} ore as

{grov ). Hagkseatter elestron immage dehped 1 oa previous section
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= 4 Chalopynite {grey) comtaining cuhedral mereikvite
«mle) replacing pyrrhative {dark grevi Backscatter ¢lsiron

= 1ol

This is contrary to what one finds a1 Levack
W est, Sudbury, where the Cu-rich (28%) stnager
ores are more enriched in Pd than Pt, and rotal
PGE-contents are high (Heffman et al. 1979,

Ag at Strathcona, the Cu-rich (32%) ore zone
i« more enriched in Pt than Pd, but the total PGE
contents are very low. Cu-nich stringers analogous
1o those at Levack West, however, were notinves-
ugated (Naldrett et al. 1982)

The Levack West stringers do, however. con-
:un more than 20 times as much Cw as Lille-
ifiellklumpen tvpe 2 ore and the ores are
-herefore mot readily comparable. The mech-
anism of therma! diffusion explaining metal
roning at Levack, favoured by Hoffman et al
11979). cannot have been operetive 10 the same
degree at Lillefjeliklumpen., perhaps because of
this crebody’s small size and tectonic emplace-
ment {see [hscussion)

The chondrite normalized PGE pavern (Fig
3} does show a close similanity to the main trend
of the Sudhury ores, suggesting 2 general gepeuic
simularity.

Diiscussion

Four main possible onging are conmdered tor the
mincralizaton

Platinum-group minerals, Lillefjellkiumpes 69
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, The sulphides and PGE represent 2 magmatic
segregation, having settied out of the magma
in their present position,

. 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 erust, the
simatie foundation of the Giersvik island are,
by hydrothermal activity, and deposited in a
zone of dilation

4. The deposit is volcanic eshalative, the sul-

phides and PGE being leached out of the host

rocks by circulatory brines discharged through
sea-floor fumarotes and precipitated on the sea
floor.

N

Considering alternative 1, this represents the tra-
ditional interpretation of the ongin 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 frachonated rela-
tive to monosulphide solid solution (mss), fol-
lowing crystallization of mss and magnetite. The
subsequent erystallization of intermediate solid
solution (iss) with a coexisting liquid rich in Pd-
Pi-Te-Bi-Sb on further cooling produced the
PGM pow obsenved in the ores. Melting tem-
peratures for PdTe; (730°C) and PiTe; (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 Av have fractionated
into a Cu-rich liquid, as spcrrylite, electrum and
much merenskyite are either inclusions in, of
found bordering on, chalcopynte grains. The
other Pd-Pt bismuth-tellundes occur either
enclosed in pyrrhotitc or on grain boundaries in
pyrrhotite; this could be interpreied s a trapping
ol most of the Pd-P1-Te-Bi elements in the mss
structure due to rapid cooling of the sulphides
This could also explain why merenskyite and mon-
cheite arc the only Pd-Pr brmuthetellurides
present. Because of later metamorphism the sul-
phides, however. show no textural evidence of
the rapid cooling of the vrebody.

Counter 1o a strmghtforward magmatic arigin
15 the fact that the gabhro baily with which the
II)II’\CI’CI]IL'AIH)H 15 W .l\‘-ut‘l.ilk‘d 1 wery \I'I'lil“
(Fig. 1), and it is unlikely thatst could have hosted

N
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Tabie 2¢ and 2b. Content of Cu, Ni, § (%} and 'GE + Au (ppb) in type { and 1ype 2 ore.

Table 2a. Type 1 Ore, Pd » Pr.

Sample

no Cy o 5 R Pd Rh Ru Ir O An

2501 030 253 »2 20 00 240 190 190 220 18
502 129 307 7o no 00 1 hih] 0 250 54
A 123 18 n: 531 T P % 0 2 120
8308 018 433 3 4643 4600 b 0 210 170 8
8407 s 404 N 1500 3300 180 180 160 110 460
B8 226 im MK 1300 2500 Do palil 1850 0 200
a810 0.48 a0 e N 3400 200 190 180 [HY 140
SFl0 a2 400 1ns paill 4200 <l0
119 —_ -_ - <ltu 4700 <10
1187 —_ - — [REY 2% 1910
139 —_ - - a8d 606 <10
X 08 16 L% | £20 3603 24 193 17 143 78

sD o7 06 13 s 710 87 1] i n 62

Table 2b. Type 2 Ote, PL>Pd

Sample

a0 Cu Ni 5 ™ Pd Rh Rui 1] Os Ay
8503 0.5 £74 362 4100 2200 30 280 240 170 15
5006 0.54 298 Jo s 3900 2900 280 250 210 190 ]
8509 126 3.46 o | £500 4000 48 <21 14 26 30
SFOL 210 3.10 371 1500 1500 250
SFO3 2.85 30! 330 100 410 [51]
SFO§ 1.1 438 37t 1330 1250 <10
SFO7 2.82 307 6.0 4330 3330 225
X 16 15 35S EERH un 212 18¢ 188 129 13

80 10 07 I8 28 1265 144 148 i RY 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
deposis with this Ni and Cu content

Alternative 2, that the ore 1isof magmaticongin,
but later remobilized by a tectonic disturbance
and brought 10 i1s preseat position, possibiy while
still fluid, scems 1o be in agreement with min-
eralogical and textural evidence, and is also able
10 explain the orebody’s present location. As
mentioned previously, the 1rapping af many of
the Pd-Pt-Bi-Te elements in the /s structure
indicates a rapid cooling of the sulphides, posuibly
after the emplacement of the sulpludes in theie
preseat position by a tectonie event,

Considering aliernarive 3, the chondrite-nor-
malized PGE and Au pantern (Fig. 5) show that
Lallefjellklumpen cxhibits 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 tholeitic tavered
intrusion  (Naldrent  1982). The Pi+Pd/
Ru+ It + Os rano, which 15 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 ophialites have recepily been mves-
tigated with respect to PGE content in rocks and
sulphide deposits. Economou & Naldrett (1984)
studied the sulphide bodics occurring in ultra-
mafie ophiolitic rocks at Eretria, They suggested
vt the sulphides and PGIL were gwecipatated by
hvdrothermat lumds, possibly those responsible
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Fig. 5. Chondrite-normalized PGE and Au concoatiations far
Lillefjellklumpen compared with other gabbro related deposity
(Naldrett 1982} and the Chif deposat (Gunn et al. 1985)

for the serpentinization of the host rocks, and
that the source of the metals could have been the
witramafic rocks themselves, in the Unst ophial-
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, ar Lillefjellklumpen. They
interpret the CLff PGM which occur in elose
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 asgued that
most Ni-Cu deposits have been precipitated by
hot aqueous fluids, Using It and Pd values as
discriminants between different types of Ni-Cu
deposits (Keays et al., 1982), the Liliefjell-
klumpen values for Ir and Pd place this deposit
on the trend line for magmatic Ni-Cu deposits
(Fig. ). distinctly removed {rom hydrathermal
ar valcanic exhalative deposits, which are very
low in Ir. Mineralogicallv, hydrothermai deposits
tend to be highly copper-eariched. like the Eretria
deposit (Economou & Naldrett 1984), which has
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Fig, 6 Pd and 1 contents of majer Niwiphide deposits of
western Aunttalia { Keays et al 1982 Sefine 2 Ni-sulphide vrend
ling. close 1@ which analyses fremn 1he Lillefjeliklumpen deposit
plot

a Cu/Cu+ M ratio of 0,78 or the New Rambler
Mine (McCallum et al. 1976). where Pd and Pt
are associated with copper sulphides occurting in
shear zones. The Eretria deposit has a chondrite-
normalized PGE pattern distinctly different fram
the Lillefjellkiumpen deposit. the Eretria pattern
being flat with a pronounced negative Pd
anomaly.

Alternaiive 4, that the metals were leached out
of the gabbro and greenstone in the vieinity of
the deposit by a hydrothermal eell driven by the
igneous activity in the island-arc system, is dif-
ficult to evaluate unless ane knows the content of
PGE in the greenstones and gabbros likely to be
affected by the hydrothermai system. Generally
MORE have extremely low contents of PGE
(Hertogen et al. 1980}, and the valcanie
exhalative model does not seem to be a likely
alternative. Keays ¢t al. (1982) showed that the
voleanic exhalative Sherlock Bay Ni-Cu deposit
plotted well off the Ir-Ni and Ir-Pd trend line for
the other magmatic Mi-Cu deposits on which
Lillefjeliklumpen plots.

Conclusions

The Lillefjellklumpen deposit probably rep-
resents a magmatic sulphide segregation related
10 an ensimatic gabbro body later remobilized
during a tectonic event and redeposited in its
present position. The chondnire-pormahized PGE
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and Au pattern {(Fig. 5) shows similarity to the
Sudbury deposits ard to gabbro-related deposits
in general.

Texturat and mineralogical evidence indicates
that the sulphides could have been fAuid when
subject 10 the tectonic event. The orcbody was
later subject to a small-scale mob:lization of sili-
cazes and chalcopirite, particularly affecting the
deposit marging, poswbly related (0 the meta-
morphism of the host rocks

The main platinum-group mineral is mcren-
skyite, followed by sperrylite and moncheite,
Liliefjellkiumpen 15 the only Ni-Cu-PGE deposit
deseribed in which merenskyiie 1s the dominant
PGM, a fact that could be due 1o rapid cooling of
the hiquid sulphides atier emplacement. The PGE
content, danunated by Pd, is also consistent with
4 magmatic orgin
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