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mems belme sulplude then ti terttromtte 1,1

enhally temove end Rubotn the itt.b.mc lutjlttitlme ne: boildted Imuld .uut

ut Os-lb em tehed eumuldte i smy thts:eednunt. lhe (bribedt: tune. betud:

ha IracitothtIed stheate Uctiettennstts And tIte :mt:ketsmeted noble met.n p.dte:Its

isf ThelLud d!!..pe I lItstiIts, mas le expIkmed Itt mnplude s.ninetton betme

ehronme mystallizatton

Boninnes and lovo Idias 11-ig :(1;.)) exhItUHI %411.ttile iIu't_Itrett I tinfie inedd

tractionabon (Pd/Ir ratto 20 21)Lunicotet the hunte 01).` III umesumntle Ni

tends to be enriehed relduve Itt Ir, Ni/h,„„ 2 Iii and Clitsdepleted telative Iii 'd,

Cu/Pd ft01-e/7, hivme and Shat pe (P!Sk!) sungest thnt one ol the nutc1

manmas to the Bushseld Complek wns Inutunte like I hunlyn InKis I hase

dra-wn attention to the sundmns to the depiebon ot I Oi :ti bonutin s

and the Metensky tem lehek sundest thdt the Ca depIehon resuns trorn d pre‘tons

mebingesent and that thts ti trnMkrtnn: t!ene: truly thn bpeol PcnIthl ::!M! wIlteh

Pbteels such ns the Metensk% tee: utt ihe

AlknIme mteks tInn 2ttn Ildse rekttne, tudidettonated meLd partems

(Pd/Ir = 1(3-20), but the full shnpe ol the metal pntlettlellr‘e ts itot knocsn because

Nr and Cu vnlues are not avandble fot the snmples ttt siliteh Ihe noble mehd levels

have been determmed. Inurthermore, the range of values mdiented here may be too

smalI as the data base eonsists ol only localmes •IMe uppet Innu is lutsed on

kimberhtes (Kaminskik I975) ctul the lower hnut titt Idts,untes !NIttehell


Kcays, 105I1.

Idood baskIts Ftg. :(g) :e:Ld I,, h.p.y h.R.Ittuulled p.111c:it+

Er = 100-2(Xt) The eut‘es shos‘ tendenc‘ hmehis mulehment Ni ut,deple

Pon m Cu reintise le ti le nobIe metnIs I he iowet ke.ht ts dettned bs the kne:-

ndponal slandard BCI4 :Imsutd.tdpu. dn!! bet!;)!IIP

trom NorbIsk (Nnkhell I0511 I loweset Imt alt tlood b belt teleted

Itketuncted, the Insteur I uttuston .e.sot Int tke Isnitob nood beddb, lite

the metal pattern Is less Idtclionnted than most nthet llood basall telated umusions

(Pd/Ir = 20, Lightloot et al 198-t) This anotnaly may be explauted by suggestune

thar the Insizsva magmn beenme satutated ttt sulpludes ently itt us Instoty mul th:n

eonsequentlk the sulphules freee itt lile1111  1denotutled medd pcbetn ot the Inst,:w.t

magma

	

The mehd pntletns ted Phteets nre showe.:n Ihn ;!n nnd !sleten:S!!:

reelsol lhe Bushveld i Stmples The leel ol the Stillwnlet ontples and the Polb


zone ol the Lne des lies Intrusum nte III consuleted iii thismoup l'Ineels have klm,

been reported tkom the Pentkat mtruston in Innland (Alapiett Lahtmen. 1056)

and ttom the Crent Iiyke /rtnImbwe (Wilson & Prendergast, 19S7), but m-

sidnetent nob:e metal ddln wete ,bdtInble iii uteinde these
here The nunal

pntterns sh:B1/4 ,t !,:ndtble demee tmetionntIon 1n the nolne metn!.l rottt the teC-2

reet :s ift; te.iS: .11,pti) \ :tle 151 rect 11'd Ir

nmubs:nentets criPOI rh  C ,H1L1WilsC  it 11.111eins


tiverali ntehed sImpe, w Inch isa tesult td the slunp dmkn tuin til eneh end ot the

patter n nt Ni nnd Cu respeetbely One ot the nwst Mstmeme tenturestd lb-reets ts

the i,iw rabo ol Ni mid Utt iii noble ineuds (it/Pd„,,, -11-112).


Intetesbnnly nne othe: toek type lett inetal puttems sinulm ti, l't-reeisaiti i tilsI.

the Ot entuited ehtommtes bom the Cld1 iodnItty nt the I ust opluolne (e on

	

511 Al :\ I It) l)I d-d-\ Nrs

An ,tnetnnuse dpptoneh itt presentingnoble mecl dec tonse Lade IntleMots

tsc,:ne;:d plotted dnantst enehothet e I'd i itt-itt:' Idn„Cdt. ther, Ett inn


neoessms le teenleulate the (1.nn Iti 10(CI sulpludes not le nottnah/e the d:11:1

ttt:it:iletit eilOnd1111:

Pdir sersus Ni. Cti
ltle

	

Id! I r Beentbe the nuuMe: dt sntnples :(tr   111Chtht :1nd

	

beet: dmenttmen rtstil the shape otthese istnne csmine dek:

Ondheless this ,H,..1] 111L.,11:h11:1:i:: be

F'UtteeS,.eS that [11:1\ etfeet the Mstrtbuttono  the noble rart, iL. NInndCM I hese two

pkt Peuku ratios were ehosen beenuse the nteLd pnbetn, mdteated that the Pd !!

tatto merenses as the manma sune becomes 111,11e es-t!ti,
tt

dem eases (higs 2 (d g)) hetetore, i plot ol these tv!,0 1.111,,,, Ag:1111SIeach Olher

plmt.it:re, :I ser.11.11,1,,:l \LI;1) !Iti.11r:C

elid .111d the 111,,..1ev,,Red I conline::1:!: thr i  thc,

he ebeet ti ‘;  11.1:1,,?. itt lhe dek-dee itt pelmt, tme

composmon ot the sbldee ritele:Sd the td:1( " .! mdb es ::::: ned

emmt te:Ms Inte dudugh nkuttle kocoltmes Ittnh-NInt bes .is

	

btsen. honntnes drut eommembd, iti besee Ist deteded ;!.! s

Ite helds tot Inseted umusions, and lot the unbense !unnons tO opluolnes nic

aist, ‘how11(1111M!, .Ibt). I he etteet ol mystnI Imetionnuon itt, the Pd/11 :1nd tird

mbos enn be esdnuned bs consulerinn the komautte and opluoltte data Some

Mbdtte enntnintes bont konktudd: nows on I in heker It rnd Ihnder

	

Men the ebn wreed thed bed ddset
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I R. (.1) N1,t..I NIL i r

	

, III.111.1, 


NIL;() and u‘n rlu.n I :0.
. uu,lu ttn ul:u. I

uur..1,:orts tukr.u.un Lut.I 1) iIcIty:d k

/011e1r/fkorinu:utes at),.1( (litt trum I
tor Ille e:fecisur 11:;:c clu:rre

ammtchrornUe renru  alor ridde::{rnl‘ulut, 1,11):.:1::-.1ruul the i'L! anu!Ni

and uhrarludlle:ucks c:(,n1;1.:rednut: Ihe vti;

Irmrnt 51.) S nnbtid. ekr. K karas:,,k
() I uKLuupluril lei!imuutete 1 I lpluulert. I: 1<unna, 11ilirilli ifisuuuu

prelerenee ru Ca, therehde :he tnehe: :II ;D 1,1 /11-,

the flows is reasonable. Sorne ot oll  :ne eumnl:Pet: dre en::enett ::: I r, thlo lhe

nez effeel clunui:Ue

lower Pd/Ir :nb!brither Nbt rdho.:Intl

fUgher Pd/Im ratros-and N: nungu, tIdtt

Chroruke erystallizdhon Ihn co. Inn rnor nnerbe ch.nd

crysIallizabon. The chihnenee cdn le seen tu. exdninnne :he

chtonubles hnd :

runu 11:e ruili,uL Huril ijuiesrinietl 1,) bc in huld)

:etatl Ihe ehronlibte:,,,hou. LI dnite elNunn: rnKI I:

ranu dnd Li L.IilLTit eh.inge :n Ni u r.:110 Nluislit the ‘.111.1bon la It

	

ophudne. Pood bod:b Sig0

Iddeled rnd  cortind:bit:partnlIntelhnt:

: ,

);;;,12 (11,,h »D11-, .1k, I i  D

t. , .e,:: rn :un

	

I: .n::: IIID sulplu.te

‘‘HIH: the% Itt :osochtted bonsey:ent., the I aneh ,:ulpthtle genb

Idoe rui .-R(a) Nlost

,,,u1.1dvcru mcclurrued Inc Inthoiher:un:: auniuk,.ifion:ifl

drbl hit liuuril Ille bed,eited Ni-Cu sulphide tepusn. Ilog.t ser, ihe srtti.ifion Is

euumphe;ued is Ihe 1::et ;11,u 111:111\- Ni stilphide deposiV, e

gonipo,:bon:11.:onnbon ( 11, Pd, ifrt ennehed portion wignale

ku en: iched pultior: (K,unhuida. Keuy. ni a/ . 1(»(+1. Hula & 1.e‘gek Wes:,

Ndiinen , 11»;2, 1111.10Ut erLit. Ihnnes & NdIrIrett

hnlebellklumpen, I ur,snite, III Eneo,) I he Ilelt ole int.pldeedzelande ru

Ple in the hit-er u,lrm rt the Cuniell venn hu: does not tbudllv pIot

unien sulpInde drin heltt Nalthen et 11. (Pb:2)suggested tit,ui il hudbuly the

Ctumeh ole Is pLI ris Irdelionakkl sulphble llqLliII plottueed dltel Ille etysIdIlinlbon

ot ndomuellphute sului i unlinion Itorn dn Fe-Ni suIphitte antl lurthe:

IllOre that the bunielt,utphdle venbme Ihe hnal hdetionatet:produer In eonirdst

Keay, et .;/ ( InS II. :-.ur,gest thzu ille eumpo.itrolral /ollatuffi uKul‘ed III ale Ni (

sulphide KarnhakId n  he ieslull of Indlrotheunalienlol ih/dbon. Regardte.s

hepothesn is eurreel, il should be renternbered g.hen Iddng Inese nreial

ranu plobtlny, ;:le eornp:bition 0:Cu-riell 0: e` IcuH H,teed

Nr:( u lity.her hit, li zulos ull brg. 1.(a) teldbde il n.:: bub, ore

I he ndlrog. bInge ot N: I u rdlub nute range :n P:: I:

.\Iiti,uiiulu int rt PLI

1,i ered uffilu.bup.. the ec I ot the Stills‘.:::11 I onlple‘ antl Ihe

k(eb :one ot I :b ie  livs Inhutnon die estrentelv Pd-erninbei aril uverlila Wifil

Ich .ulphtde sUlphltie se111\ I't,L111 115 h driullle:111,11

re:nuLiiI/d,10:1 ffien ,,  Vri,:r 0; the 151 red aril kol:  g.ith the het,:

Cn-tkh.nlblIkle coulrl be :ffierpre:etl,1:: e‘alehee

, k` iuneucu, :he N,

1: rhe At:eet ani i 1Zubs iune du not

he Pt-en::chet: chnolnune.ot Lhe I. :un ophudne do not ;n:n. .:::!:e (lek: ot Pt retn,

on

hr

ivekh,:he ( t: uucks
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vl'UNII1C11/11.

N'i :11111( .11
Ihrtutl tu,

NakIrett, 111/11), fIlef elore the lei il 100111 i oflplude humd hoin silicate

nogina dove, not eileet lIte NI/Lu itIttitil eoiit't Ille tenifulothrsilleale muyjna litfl

conuldfe ofd:g. off:fe ). ' 

kH!j L.• :

F.N.irMCN.

fhgufff

consdief f-no

fcf:(1). the efIee

	

s he he; 'Lf If
versus Nr.'/NI

lfeettttse the pfutiitoo euelliefeIns vi Clf and Ni Lou sulpludesg e inueh less thon

tornolne fnetals, the segreg:gion of sulphides from 111:1r,111:1C111',es lhe
sihedle become depleled Ln n”ble melals teiiitve to INg :Lnd ( '0; tIms ,tny

eumulate eontaming these sulphicles is em fehed m nolfle metais relaose lii Ni lnd


Cu. The Ni/I'd fuill Vigh ratio. of the ternagona olugue :111Olite
eotltposi 0:111 tIl VIlleks thdt subsequeof fn lban il ue nef edsed (Off o

I he compootho the complemettt.tr  ttml.:trunt: the sttlphidct.(erht tt

be Wspl:Itttetit, lower NiltI tihi (..if I: : aff, fs I If fv,e‘er. Ihe itettte:t.e :11N: /1,1

(ttuttl: tritt, »,:trt  ttt.l. rti ttt li .tttitttnit tti ttttiph

mnutt::2,nte e t:tat .1:tipt  ctt t`tt-t t  

11(1,Md Cduf 11,1:aes do foL1 I: g .fafgfuf Lef off•
seereffgte,. glen the N1 arffi ( 'ff off, ef fif ,L'ohrie foo fho,

lite melf , big ff :furfe degglof ogifibLIL'offav eavr-, fife l't1 ttatl tt, Ivbf

the sulpludesapproach buf nevet exceefI ii:,r',ete. the illeh thof ‘ilugh lhev I Litt:ttei

ThuS h `11 H"Hditl'et lIte heith"ittimvil: h lite esjittsIve
Weksem 1.12•

-1(a) probahly fot med logn funginds thdt haf.e se,forefeed sulphhies. rocks

ivill not indke good exploohon hueets ti noble metals

	

he elieef til L.vi , i oon) iii il li" d InC11111y. ut the NUPti
CLI/Ir ff noS, is IIIhstigted by Ille liend ol komathlef), ItioliNitil i hasalts, ocean-

lloor basalts gml Ilitticl basalts deef rre the NI/I'd ratio f(nd lçt merease the

Co/Ir ratio  vgh deetedfung degrees of til [131 inelling. Nlole fletailed nunfeliefd

modeniny, lor partial thel(mg ruav be tound in Naldrett fuhl ILItnes (11(SlO -.111d

BUrneS (19;i7)

Olivine erystalhgatton mereases lite NONI rato Lnd deef efoes the (..u/If ratio
til

the cumuLtles  : ::)). The irailonfned hothfi 'flo)of complemenhu 50cm Ltd

,Lif nelease ut( deeredse Ne11,1 '111,unee fo, slollogt1“!1  Inc, 1101
fippreetabls e}1:1111',Vlhe NI,Td::1  1,)(1i the 111:1:,111.1hIli tI liCes utteleose the I ir :;1111,
ol the InfIgnut hittIl ),Invh Lt triletonated heoluse (Iff onute in Ille 11(INI,fssf felateil

‘vi(h il prelelentoily relrn, e?, Ir from ht.',:t.Lif \
Lil`,p11:1CCS111.: :he :tt itt:.‘et 'tt it ttlti

Litt:td, Itt ttntttly;t:tt

NORWEGIAN SAI-GGEG

The (aht h sulphide veins dre entlehed 1n Cu find I'd but ,teple)ed m hoth li and

N1. and plot III :I ffirtmet held (tn hdf. •1(a) I lo)Aevet, Ons iliffgram there is 111,

over lap hetween the Co-rich veinsfuhl the eelsas theof )ofs on the NfiCh versus

1)(1/Ir plol. The most distinetive feature ut the Pt-reels, theff low base tonoble metal

ratof fseleally illustraledon Igg fl(a), hgerestogly, the l'UTICh malenal Iroml.aNt

opinolge (( ') plots elose to the 11t-reet I1eId

[hP NORWI 1-).1 NNIVI I N

Analy tical Methods

nohle lhe

	 offut faf fef "f
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petImnt.tnne the 1.dt,n,tt,trint. br. I:: 2.1 the

noble metnin: Bencinecel Cttich 1.,und iii i>. i:IF[tIL'I i FÇiint.nn utthic ment le‘ch,

cluse lii . then dent..hott hnut ( .thic tIdiliClhIILi th.lt liiimn.tntn.tnt

,n)nhittlintwon.tecuttet! 2,n..011.nn5inteunctILlte naHe ntet.11evatents ,I1111 the

dgicentent beltneen li,ecgnetc!,;11,1.Culch alues p:tr‘uttn.h. deteinuned ‘dluct.

in reasontible t .thle 2 2.\I(ilT ecninnti, ht:tt teNch, .t:

	

 :thtes.nuen n.:th the nc.cpted :h('',hFL:12'J:t ti OlidtOS h.
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0.IbIe I piesett(n the ,11nInnttlin tne.in lor nuttl. nteidln. 2.1 etwit 111.
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e ime effie offis ime ame iffie wee eme

tut ) st , c .entan t In •attt(, i I in hte )(e), 'nbt ant: thc tettebb Tile:111`,1•.!\('

been plotted Ni, ( u and ti:a.datt persent te, att rosats .11 etcatet than tht: detnetton

:111111s,11111thet was not the ettse for the noble metals m solne simples loetabbe.

Whele some silmples contamed noble tnetelc, at less tInal the debtetbm Imitt, the

acometric mean was esbmtned ustne lent hebabtlity papet. dnd the tatUnntin

nwan calentated ustm:a stendatd.latendal Itirmultte (bpy 1,)».,[1 :71)eyl(S S))

- [ .1H ( 11,111:11.1k10 (v.{, ,He   ,-u ittupit ppment

c tIch dnd Netteh Flet medn tor eaelt these tne tspe..d cael) deposn Is


ptesetded m I able I and piotted ni Iths I. )1 settple .e.etatte ct the amples is

not tepr esentate.c the suipInde depotat..1, v.lhde I he v.eighied

mean lot each localuy wa. ealeulated sv ‘‘elghting thc Patt types ot tne.SUCh thai

the (:nn) iF the  ‘etelned mcan is the tbdt tcpt)ttcd Ict each sulphaht

titOl "Itett i 15(515 inteed th",ti Nistin ""tst PItsit titt "ciehttint
was tnett; h tne Pett btnit otc

Komantry,

P Icelasbc Itanntibttes il l'enctoame tete tinsts • stit tsla bm Ntl. kttlI tt: Pem.

Utten. tiont the Ktutepdt Gtemetone mattent. Nontads Ine Idett


been analysed tor noble metals Plelde ) The noble meml porecn ot the metal


pattetn relatively flat tbddir tttd and Nt tirb:Cit dle not bademaded teltdete to

the noble thus the oveddl timpc of the medd pattem .nbtoth timg :na


hmee these pieks are pyra:eitemtc, the noble nteml content te the toaks shobltt be

to thet the magma. unetetawg note tidn the kat.n.).)k Fannatme

mettd patterns elosely resemble the spindex-textude komatffic metal patterret hoth

In .hape and lestel leompatte endst.iin latt.2(d).abl taa i bandat is the Nt

N1,111l1 C11,1111.1110,.1:C:.:11111.1: kontallect.tenn littt Ittadt:Ittc.attlott the

metal tata) phn. the Karestok kannatittes pitn rtte beld kornatetc. itept

and 1(b)) Nttele-metat p111111:11, 1:11111 i'110,e10/01,1 k0:11.1111:01. 11.110C '

teported prestously 11<ateng. liarnes (11.. ILJN-2.) Ihcsc pattetn, tee mine

tractamated than the Kabeatok ktnendltte, teompare upper Lam‘c Ing‘ 2dst Iand


'at(a)). The thfferenee in metal pattertm couid be hce:w,e ;he Kat.t.to's tmmtattdes

fortned trom ti magma contaming apprommateis .75:re Nfr.0 mby :user;ige

conteni tn the Kartn.jok ,111:1p1C1,), N.\11:::C.C. the INatane kommines totmed tenn

Ittentl ettntaming It-att N1g< I [11,..1011‘. C: ti 11(?S1111.1VC 1101C11.111.11111p.:1111C

relabonstbp bek  een NIg() coidern ;ual Pttlr Uts.H H  rn the kaapseat


eraton.

tn the tsedetn (he

1.1.111110‘.‘In :uir:Ucr:,. No;w:t  ‘F:i:•  cme i/si,::::11.1011,1.211`,2,11:11110,11.1,


,11:1.1:11.111. 10,k, 0: 1K.10101:11,,0:1, :11 1C01,11.:110111 I 11C :0,11,

.e:pc:wmc. h,

lot (he Rombak jldrc attt: dmmt: ni Uta: itt katritsbact.

the 21:11). except tor An and in Llepienoll rhe komb.lk `..111):1101. I ht: 0%1.11,111


smuItatt  tot the lontil»11; mebd pattern W1111konminte inetat Hutelns suy.  ,..esk

rruHe nde•teplettem detobttcd amt abilanttapbotett b0/111.11111C, 1.111111C1

1110:C, 111C1(01111):1k 1,1111.1111.111C:,wk thc Isomdeac tteld benat reth ptta.

hant tt.1 antl dtb)) 
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Ivumitue  I I ty.li chrortetnes oplatilites have been

t, pot ted botn Lthellantt tnibt tst Inap: bradlart1 (*t(i) Rtts-la and

	

insht Oehethlc mntatn. dps tnett tit

thotethont the t 'pper and ppembed Atioddlthon ot the N. ttaeatatt catedtml,:c.

11 tec : .) .nds boddope. rtnt nntttm, Pont 1»: tptmattc edgmcbt

tOmdttt.ilt dtbh tomthts ted dem the.S. Naestm Hso,,a),

\ tt tstrtml metat pdbetn.dan dravtt: ttnt the chtt tt:e.tIntt, 


h:Gln:;;;es tront t:; ta. the baamentsappeastocontattt metai leseissetetd:

Atomitne, bom .tround dle1.1.111110.1,the peumon fte thLiJ

(.1:,1% TI shapc bt and Id11..v.Ithat, the pangeot dtoptit tibtame.tente

the Idednlac teompate nottndlaleonntestm bbts511.),nat it P I bese ebrotmlnes

tnoballES e‘htint the ettrand chronntee pattem V.1111•tenent It and

I liat» -ct tadttnetc tbal. Ei ' thte :011:1,11:11:›1:111.1. :Iglprb'Ableh
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I he atele: pal•ons rH:nnirn. :nnn nn: nyLnr•ol knnoo! innnn.no
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nespite the difterenee Lfl p.trhal thethne Cendate:h. hoYartated ter these :thee

wharstons br Robins and (iahine: H.Te) thet; metzd phhern.

Hrhilar. Thts relationship cenittne.:he eenclu-wat, bared :he tte. Tew

trern the laerature. that there e etwleut daterenee heaseea the meial

hetu prtmeive alkainte mek. and thow trent tne.11-\ tehhp•he he:
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Omgeny ino1 :11111:11,11f ( . b.elti Mete detaateenee:::::bt the depombehe

hes.:

beitt:1\: : t, rn:Ir 11 11c111.11e 1l111 ..1111plurtnn .L; L.O. IH( h un• Lot

L:JoHirn. alt,.: 1 11 11t 11“11,111: 111.11 (.1.1 111.11(ne,

enuelled I'd un:11:‘e to bulk oe I he 1'd eahaa nmy ttt,t be rehable

beeause ‘‘.1,;epaable to deternune 1'd ononly 2 ut u samples. The blat

11:Tue ouna: kablv untraebonated :1) 1bb  e e:. is w:th litt Sedand
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setpludes treTned ttt edualbrium vdth LI nhuena that had ror espenenced olonea
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eumulate entiehed m nehrle rnet.dk terant trt :\tlettel t'ut, teas the the trtayao
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Cu-rieh parageneses. The Ertelien Ni-Cu mineralization has eseeedingls loss

contents til Os. 1r and Ru. ts ith even lossercontents of ON and I r. and probabl) also

ot Ru. in the Cu z•.-- Ni mineralization. At somewhat higher lesels the same is true

tor Os and Ir til fiErt. whde the Cu-Ni paragenesisat Hosanger has higher ieselsof le

and Ru. and the same Os content as the N;i-Cuore.

DISC ESSION

ith the exeeption ol the two deposits iii (iroup 3, both trrun an iipliitilttic

ens rionmeni. there is no obvious relationship “ithin lhe group ot deposus

diseussed here between the apparent geotectonic environment or age of the

deporots and their PGE or NI-Cu grades. Group I eontains three deposits, all with

low Cu/1( u Ni) and Pd/Ir ratios (<19 and <11-3 respectively ). but each from a

different is pe of intrusion. only in the sery broadest sense possilsly. synorogenic.

The Ni, Cei and PGE geochemiStry. espeeially the ratiosCu/(Cu - Ni) and Pd/11-, of

these deposits Mdreate der ivation from relatively primitive magmas. 1.11e Pd/Ir

ratios are ol the same order as those lound in deposos related to komanites

(Barnesetat. , 1985). Oneof the more apparent relationshipsin( roup I is the inverse

eiuittniiiiii betweun the eowern or (16 4 Pd) and the size ol the deposits This

inight miply ir Ittws-;ille ol R. the rano ol sdreate magnia rolhe tiLINs1/1 sulplude ineh

equilibrating with ri (Naltheo 1979), but the high content ni Ni ut 11)1P4

sulphides til Bruvann suggeos that thB is not the case for this deposit

The deposits in Group I share their characteristicsof low Pd/Ir ratio and very low

PGE grade with seseral Ni-Cu deposits in other orogenie belts. e.g. in the Middle

Proterwore Svecokarelian belt in Finland (Papunen. 1986) and in the Appalachian

Caledomdes (Jonasson er ut 1987). Even the mote PGE-rich deposits loeated in

orogeme belts have modest PGE grades. totalling 2100 ppb itt 1(0(); sulphides.

eseept lor Hitura at which seeondar) processes have enriehed the taihle metals

(1-lakli al.. 1976). This suggests that there may hea commonmechanism leading to

depletion of l'(iE in mafre bodiesernplaced in the uppererust inorogeme belts. The

examples of Bruvann (Boyd 1987) and mineralizanons at Rana in general

Barnes. 1986a) indicate that thrs isdue to depletionof P aGE in the crust rth‘er than

melting ni a depleted mantle

Vakkerhen and Espedaleti. m Group 2, have Cu/(Cu NO and ratios

sumlar to the deposus m Group I whde Ertehen, though il has i 0  Cul(Cu i NO

ratto has a I'd/li rano 3-100 and Skj:rkerdalen has both a higher Cu/(Cu Ni) ratio

and a liddr ratro tI leas4 ItX1. Unplying a normal basaltie parent magrio (Naldreu

uc 1381 nes. I 986).

be two deposits itt Group 3 have higher CuOtu NO otros than the other

nuneralizations exeept lan Skpekerdalen. but have relatively low Pd/Ir

ratios (18 and 24). well below the values shown for MORB by Barnes (:t al. (1985)

Xlineolitahons o i dus type etruld repre.ent the 'nussnig' Cu-Ny bearing sulphide

ruch which Czarnanske & Moore (P/77). eoneluded had been depleted Itorn

NIORII-type iittstmit

	

1',,,,, ,,Sfricat;enehrmistr, of some .1-1-eu Depaini i ss

Cll-neh verns andlor ore bodiesare known from many Ni-Cu deposits. including

seseral Sudbury (Naldrett, 1981) as well as Katiniq. Alexo and 1nsizwa.

Alternabs e explanations for this Cu enriehment hase heen:

--Hydrothermal mobilization ol Cu. Pt. Pd and Au (not affecting the other PGE)

(MeCalium , 1976; KeiBi, 1981, 1982)

—Subsolidus diffusion (Naldrett & Kullerud, 1967; HofIman et aL, 1979).

—Fraelionation iii POE from the sulphide meh into monosulphide solid solution

(MSS) (Diszler . 1977, Males-skry 1977: Naldrell I982).


-Preferential partition of Pt, Pd and Au intoa high-temperature Cu-nch sulplude

hquid That sueli ti liquid ean exist was suggested b) Hawley (1962) and demon-

stoted by Craig, & Kullerud (1969).

he data for the three deposits shown on Fig. 2(D) are inconsistent with the lirst

of t hese esplanations being the sole reason for the Cu >> Ni paragenescs in that the

proeess resulting in this type of mineralization has not only a marked effect on the

Au contew but has alsoa systernatic effect at the other end of the spectrum because

the zatio (16 Ni/(PGE)Ni-Cu shows an almost consistent increase from

ON to I,. le to Ru and RU to Au for Flat and I losanger. The data available from

lirle hen are also consisieni with this ixotern. The eonelusion must itt thar the

procry. eausuiii ion ol • Ni mineralization has affeeted titt the

Is( i I. I A II III :1 systenralle manner mel rhat any additional elfeer thle iii

hydrothermal alteranon has not disturbed the resulting pattern. A more deladed


stud)' of the mineralogy and field relationships of these ores than has been possible

in this projeet would he required before dowing any further eonclusions on which


iirocess eaused the lormation of the Cu Ni mineralization Isso we feel that the

last explanation IN the most probable.
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PLATINUM-GROUP-MINERAL INCLUSIONS IN CHROMITITE FROM TEE OSTHAMMEREN

ULTRAMAFIC TECTONITE BODY; SOUTH CENTRAL NORWAY

L.P. Nilsson

Geological Survey of Norway, P.O. Box 3006-Lade, N-7002 Trondheir, Norway

Abstract

A variety of platinum-group minerals (PGMs) has been found in ona sins)le

sample of massive chromitite from the Osthammeren ultramafic tecoonite

(serpentinite) body, Norway. The PGM-inclusions occur )n two distinctiy

different E,%Eays:

Os, Ir, Ru and minor Pt occur in primary magmatic, euhedral-subnedraE,

small (<5-20 pm), mainly single-phase inclusions of Os-free laurite,

Os-laurlbe, osmir.dium and Pt2 (Ir, 0s)Fe0,65. They are totally esp'osed

in fresh unaltered chromite. A few PGM-inclusions are however associabed

with small blebs of Na-bearing hornblende or phlogopite indicatind that the

presence of volatiles at an early stage may have influenced the formation

of these PGMs.

Purely seconsary PGMs occur as anhedral - (subhednal), textunallv

often very complex graIns or grain-aggregates with varying size (5-70 pm)

and consisting of from one to eight PGM-phases plus Ni-sulphide and N)-

arsenide. These PGMs always occur within, or in contact with, late f•rmed

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 wicer

cracks are usually serpentine- and chlorite-filled and are rimmed by



ferrite-chromite against the chromite. Os, Ir, Pu, Rh, Pt and minor Pd are

represented in grains of this group, and the secondary PGM-associat1on

found consists of Os-free laurite, Os-laurite, erlichmanite, Ir-rich

erlichmanite, native Os, irldosmine (in lamellae), osarsite, irarsite,

hollingworthite, Rh-rich platarsite, Ru-rich platarsite, sperrylite, (Ir,

Rh)SbS, IrSbS, (1r, Pt, Pb)52 (new?), Pd-antimcride (probably

stibicpalladinite) plus the associated phases pertlandite, heazIewnodite

and niccolite.

Follow-up analyses of new chromitite samples showed that these resemble

the Harold's Grave chromitites in the Shetland cphiolite 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 little has been

published about platinum or platinum-group elements (PGE) in Norwegian

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

The following account is based on results obtained as a part of a cilot

study of platinum-grup elements in rocks and ore mineralizatIons in orway

(Barnes et al. 1987a), and a succeeding study of platinum-group minerals

(PGM) in the PGE-anomalous chromitites found.

Seventy chromitite samples from nineteen ultramafic tectonite bodies

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



spectrometry (AAS). Only four of the samples showed clearly anomalous Pt

and/or Pd-values (Table 1); two of these contained PGM inclusions. The

first comes from the tiny Osthammeren serpentinite lens in the eastern

Trondheim region in the Caledonides of South-Central Norway and the other

from the Ornstolen ultramafic body in North-Central Norway. PGM inclusions

in the Ornstolen body will be treated in a separate paper.

DISTR:BUTION, SETTING AND CONSTITUTION OF THE CHROMITITE DEPOSITS AND THEIR

HOST ROCKS

Figure 1 show,sthe distribution of ultramaf c tectonites in South-Central

Norway. These bodies are distributed mainly in one single nappe unit of the

Caled•nlan tectonostratigraphy in this part of the country. The nappe has

been given different local names in different areas; from east to west

dcross centraL Norway it has been called the Essandsjo Nappe, Bottheim

Group and 31äho Nappe. These nappes are thought to correlate whth 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 cr totally metamorphcsed ultramafic tectonites shown in Fig. 1

represent mantle material (harzburgite and dunite with or without

chromitite) possibly intruded alorg faults or weakened zones in a

transitional continental - oceanic terrain in an early extensional phase

of the Caledonian orogeny (opening of the Iapetus ocean) (Stephens & Gee

1985). Parts of the strongly deformed and recrystallized amphibolites of

the Essandsjo Nappe and correlated nappes which host a number of the

ultramfic bodies represent volcanic units of tholeiitic, low-K character

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



of age determinations of the metabasites however, have not given

constrained ages. A possible age range from upper Proterozoic to middle

Ordovician is given by Stephens ez al. (op. cit.).

The distribution, setting, composition, origin and emplacement of the

ultramfic tectonites and cumulate bodies (i.e. ualpine-typen ultramafites)

within the Scandinavian Caledonides are dealt with in detail by Moohe &

Ovale (1977), Stigh (1979), Qvale & Stlgh (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 magmatio

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 Feracen

body provides a better illustraticr of the setting of the chromitite ores.

This body, the central parts of which are only moderately serpertinized,

conssts of rcuobiy equal amoun:sdf harzburgite and chrorheore bearihd

dunite. This body has contributed abodt 60 % 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, cne running SW-IIE,

the other SSE-NNW across the top plateau of the knoll-shaped ultramafc

body, Figure 3. Petrographic inspection cf nine polished sections of the

ore samble revealed that the chrcite is deformed by a weak cataclastc

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

heazleodite also occur, often in the same textural form as awarulte.

The appearance of awaruite is characteristic of the Osthanrneren,Feragen and

neighbouring almost sulphur-free ultramafic bodies. Awaruite and heazle-

woodite are derived from the alteration of primary silicate and sulphide

phases.

Anal tical techni ues

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 light

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 (0EM) and

ouantitative analyses (mainly WDS) xfitha Jeol 733 microprobe performed at

the Continental Shelf and Petroleum Technology Research Institute (IKU),

Trondhelm, Norway confirmed that the inclusions were PCM. The operating

conditions for the microprobe were: accelerating voltage 25 kV, beam

current 15 nA, beam diameter approx. 1 qm, counting time 10 or 40 s. The

following X-ray lines were used: K - 0, Ni, Fe and Cr; L„ - Os, Ir, Ru,


Rh, Pt, Pd, Au, As, Sb and Te. Metal standards were used for all elements

except S (chalcopyrite), Fe and Cr (chromite). A minor interference exists

between several of the X-ray lines of the elements concerned. The metallic

standards for Os, Ir, Ru, Rh, Pt, Pd, As and Sb were therefore analysed fon

these same eight elements plus S, Au, Te, Ni, Cr and Fe to obtain a

quantitative measure of the interference. The Rh standard yielded as much

as 18.1 wt% Pd, but not more than 0.42 wt% of any of the other elements



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 quant tative analyses were carried out on the PGM-inclusichs

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 cf photomicrographs,

mineral location maps, back-scattered electron images (BEI) and X-ray

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

PGM descri tion and results of anal ses

The fifteen PGM inclusions investigated range in size from ca. 5 tc 70 pm

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-nomenciature 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 pm),


single-phase or two-phase crystals that are always trapped within fresh



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

ahalyses as phlogopite and Na-bearing hornblende.

Group two consists of anhedral -(subhedral) grains or grain-aggregates

with size varying from ca. 5 to 70 pm and consisting of up to eight diffenent

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 ph en Jrite)

and/or with ferrite-chromite. i.e. ferrite-chromite has developed (grown)

from the chromite nearest to the crack and filled or tightered the cracks

partially or totally.

The diversity of PGM-phases present in eight of the nine sections studied

is notable, especially when cearing in mind that all the sections a e =rp—

one single hand-size specimen. The complete PGM-association of the

Osthammeren body with its eleven chnomitite 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 '-lochgrOsser

ultramafic massif in Austria (Thalhammer and Stumpfl 1988), the Harold's

Grave and Cliff 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. Ghina (Chang et al. 1973).



LAURITE - ERLICHMANITE SOLID SOLUTION SERIES

Laurite is ty far the most common PGM in the sections analysed. Os-free or

Os-poor laurite appears in 6 of the 15 PGM grains found, and Os-enriched

laurite in 10 of these. Together this mineral appears in 13 of the 15 PGM

grains found and in 7 of the 8 PGM-bearing sections (Table 3).

The micrcprobe analyses, 31 in number, together show an almpst complete

solid-solutien between Ru0)997050)003S2 and Ru0.480s0.5252. 12 of these

analyses are listed in Table 2 (analyses 1 to 12). Grain-aggregate no. 3

inside which 10 of the 31 analyses were performed, shows a remarkable Ru-Os

solid solutipn (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-Pu

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

diagram alsc shows a low Ir content in the seccndary and somewhat Os-enrichep

laurites, resembling laurites from Shetland (Tarkian & Prichard 1987), but

lower than in most laurite compositions reported, e.g. Legendre & Auge

(1986), Tarkian (1987) and Auge (1988). The few primary and Os-enriched

laurites plotted are somewhat richer in Ir and resemble the laurites in the

cited references more closely. There is otherwise generally no significant

difference in chemical composition between primary laurite inclusions and

laurite in the secondary PGM-grain-aggregates. Erlichmanite which is much

less common than laurite appears in the two grain-aggregates which are most

complex, both with regard to texture and composition (grains no. 1 and 3

shown in Fig. 5 and 6 respectively). Analysis 11 in Table 2 gives the

compcsition erlichmanite in grain no. 3. It is a normal Irpoor variety

which closei resembies 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. with an unusually high Ir-content. Only Begizow et al. (1976)

referred to in Tarkian (1987) and recently Auge (1988) have reported

erlicnmanite with a similarly high Ir-content.

The range of Ru-Os 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 (1985), Auge (1985), Tarkian & Prichard (1987) and

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

SULPhLBSENIDES

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

grairs, never as inclusions in unaltered ctramite. Both osarsite (?),

irarsite, hollingworthite and platarsite were detected (analyses 13 - 26 in

Table 2) all of them showing intermediate compositions. Pure end-member

composition seems to be rare. Together the analyses show extensive

solid solution (SS) between several of PGE present in the sulpharsenides.

The atomic proportions of the elements are plotted in the ternary systems

IrAsS - RhAsS - PtAsS (Fig. 48) and RuAsS - RhAsS - PtAsS (Fig. 4D). In

additian the triangular (Os ± Ir)AsS - RuAsS - PtAsS diagram (Fig. 40) is

used to demonstrate SS within Rh-poor and Rh-free members. The ternary

system IrAsS - RhAsS - PtAsS (Fig. 43) shows extensive SS between Ir and Rh

by plttting Ru-Pt poor and Bh-enriched irarsites and a wide range of

compositions plotting within the hollingworthite field. This extensive Ir -

Rh SS is consistent with results recently obtained by e.g. Tarkian

Prichard (1987) and Thalhammer & Stumpfl (1988).



In the present case the RuAsS - RhAsS - PtAsS diagram (Fig. 4D) dces not

give satsifactorily discriminating information. This diagram is usually

based on including Ir-content with Pt and minor Os-content with Ru (Tarklan

1987). The present hollingworthites (anal. 19-23) which are both Ir- and

Pt-bearing and in 3 out of 5 instances are richer in 1r than Pt are there-

fore spread from the Rh-corner towards the platarsite-field and even into

this field (analysis 19).

There is definitely no SS between hollingnthite (anal. 19-23) and


Rh-poor/Rh-free and Ru-Os-Ir-enriched platarsite (anal. 24-26) in Fig. 4D.

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

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

The zoning irarsite (inner phase) - hollingworthite is found in complex

sulpharsenides from several places e.g. Häkli et al. (1976) from Hitura.

Finland, Tarkian & Prichard (1987) and Thalhammer & Stumpfl (1988). A

further zoning nollingworthite - Pt rich hollingwcrthite/Rh-rich platahsite

is found in the present study, ahc a RhAsS - Pc/-bSSS is indicateo ny

Thalhammer & Stumpfl (1988) based on their analyses. This Ir-Rh-Pt zoning

and 55 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

(0s+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-000r/Rh-free

irarsites (anal. 15-17) and even a Pt-Ru-Ir-enriched osarsite (anal. 13) on

the other hand. At the same time this diagram shows the Ru-content

which is considerable in most of the analyses (except the ones closest to

the (0s+1r)-corner).

This (0s+Ir) - Pt solid solution between Rh-pcor/Rh-free sulpharsenides

/.1



is clearly distinct from the Ir - Rh - Pt solid-solution series. Ir-Rh SS

is well established by the work of Prichard & Tarklan (1987) and a further

Rh-Pt SS is proposed by Thalhammer & Stumpfl (1988). Even the irarsites can

be divided in two compositionally distinct groups belonging to two SS

series: the one enriched in Os-Pt-Ru (anal. 15-17) and the other enriched

in Rh (anal. 14 and 18). Towards the Ir- or (Ir+Os)-corner these two groups

of ccurse 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 V.Pt). Further, the contents of Ir, Ru and Rh are less

than those of Os and Pt. Together this gives a somewhat hybrid intermediate

osarsite composition, far from the composition of normal Pt-free osarsites

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

8se to the pocr stoichiemetry with considerable S excess in aralysis 13,

it is natural to assume that S-radiation from the neighbouring Os-laurite

and/or erlichmanite has contributed to the S-content in the analysis and

thereby disturbed the stoichiometry severely. From this it follows that the

Os-content in analysis 13 then seems to be somewhat doubtful. However Os is

definitely enriched at the analysis spot and in the platarsite area around

the spot (Fig. 6). Piatarsite is further enriched in Os compared with

neighbouring irarsite in grain no. 3, though rather irregularly.

Other analyses of sulpharsenides in Table 2 show As excess relative to

S. These are in sulpharsenide not bordering more As-rich phases such as

sperrylite but the same sulphides, etc. as in the case of analysis 13.

Analysis 26 in Table 2 e.g. which is also from platarsite in grain no. 3

shows a considerable As excess. This may indicate 3 certain amount of solid
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solution between As and 3 in the sulpharsenides present. The high Os-

content in analysis 13 should therefore not be discounted in spite of the

poor stoichiometry.

Irarsiteis the most con ion sulpharsenide and is reported from a variety of

locations (see e.g. Cabri 1981). Irarsite is also the most common

sulpharsenide in the present study, occurring in five PGM grains/

grain-aggregates. A compositional division of irarsites into tv:odifferent

solid solution series as described in the present study is not emphasized

in the literature with the exception of the work of Chang et al. (1973)

from China [paper in Chinese but several analyses of different sulphar-

senides are presented]. They report (page 79 and 81) both a Rh-free Ru-

rich irarsite, and a Rh-enriched Ru-free varlety. 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 Driecop, Transvaal ototed

by Tarkian & Stumpfl (1975). Auge (1985) in his Table 1 presents Rh-

poor irarsites somev,t,atenriched 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 Tarklan & Prichard (1987) and Harris (1974). Tarklan &

Prichard's irarsite analyses are without exception Rh-enriched and free

of, or almost free of Ru, Pt and Os. The eleven irarsite analyses presented

by Harris in his Table 2, contrast strongly to these. Harris's analyses are

tabulated with Ir content decreasing from 60.3 to 40.9 wt %. The

corresponding Ru and Pt values increase from 0.4 to 7.4 wt V.and from 3.0

to 10.7 wt V.respectively. Rh however shows only a slight increase in

corresponding values from 0.1 to 3.1 wt %. Os is low in all these analyses.

From the analyses Harris emphasizes the negative correlation between Ir and

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

Fig. 5 shows that the (bulk) sulpharsenides constitute the second outer-

most phase in the complexly zoned PGM-aggregate. The sulpharsenides are

themselves zoned in the succession irarsite (innermost) - hollingworthite -

Pt-rich hollingworthite/Rh-rich platarsite (see X-ray intensities of Ir,

Rh, Pt and As in the lower right tongue in Fig. 5). Furthermore through

each portion of this tongue the chemical composition gradually changes.

This is exemplified by the compositional change through the

midd'e (hollingworthite) portion of the tongue: analysis 20 (innermost)

- 21 - 19, see Fig. 43. Analysis 22 is from tre central part of the

hollingworthite area, but not directly comparable with the other analyses

(from two different batches of analyses). Analysis 23 is from a small patch

outside the main aggregate. The line connecting analysis 20 - 21 - 19 ir

Fig. 48 indicates a continuation towards the area around the irarsite -

hollingworthite - platarsite triple junction. The zoning described here

has clearly occurred in a secondary (hydrothermal) enyironment in meta-

morphic cracks radiating away from the main part of the grain-aggregate

(see ohotomicrograph in Fig. 5).

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

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

and the other with Ir > Ru at %. The present five analyses indicate broadly

that these belong to the group with Ir > Ru at 7.

Hollingworthite has been reported from several locations. Tarkian (1987)

has given a synthesis of reported analyses by olotting them in the

ternary Ir - Rh - Pt and Ru - Rh - Pt diagrams. In addition Thalhammer &

Stumpfl (1988) present hollingworthite analyses from the Hochgrgssen massif

in Styria, Austria, and Auge (1988) has detected the mineral in chromite

in dunite from Tiebaghi, New Caledonia.



Platarsite is probably the least abundant PGE-sulpharsenide. It is

reported from the Bushveld Complex in the Driekop (Stumpfl 1972, Tarklan

& Stumpfl 1975) and Onverwacht (Cabri et al. 1977) dunite pipes and from

the Merensky reef (Kingston & El Dosuky 1982, Tarkian 1987). Recently

Thalhairiner& 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. I Pt-enriched sulpharsenide occurs in the

outer part of the lower right tongue in Fig. 5 (partly discussed above

under hollingworthite). Unfortunately this part of the grain was lost

during clearing of the polished section. From comparison of the X-ray

images in Fig. 5 and the hollingworthite analyses (no. 19 - 23 in Table 2

and Fig. 48) 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. 48 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 Thalhaufer & Stumpfl (1988).

1n grain no. 3, Fig. 6, the sulpharsenide is zoned in parallel stripes of

irarsite and platarsite, the latter also here as an outer (latest) phase.

This platarsite (analyses 24-26 in Table 2 and Fig. 4C and 4D) differs

markedly in composition from the Pt-Rh-rich sulpharsenide in grain no. 1.

Analyses 24-26 show a Rh-poor to Rh-free but Os-Ir-Ru enriched platarsite

corresponding to the Rh-poor or Rh-free but Os-Pt-Ru enriched irarsites
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just described (anal. 15 - 17 and Fig. 40). These platarsite analyses closely

resemble analysis no. (8) in Thalhanmer & Stumpfl (1988) and to some extent

the analyses from the Merensky reef (Kingston & El Dosuky 1982, Tarkian

1987), but they do not resemble the platarsite-analyses from the Driekop

(Stumpfl 1972, Tarkian & Stumpfl 1975) and Onverwacht (Cabri e: al. 1977)

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

Pt-ARSENIDE (SPERRYLITE)

Sperrylite (PtAs2) has been found at three locations in one polished

section, see Table 3. In all three cases the mineral is part of complex

anhedral secondary grains. Two quantitative sperrylite analyses are listed

in Table 2 (analyses 27 and 28). In addition to Pt small amoun:s of other

PGE appear in these analyses, probably mostly due to radiatior from

neighbouring PGM-phases. In analysis 28 there seem to be clear Ru and S

contributions from the adjoining Os-free laurite (Fig. 73 and analysis 2).

The sperrylite in grain no. 6 (analysis 27) is also intergrown with other

PGMs, see Fig. 8, and the Os, Ir, Ru and S-values are mainly caused by

contributions from these phases (compare the X-ray images). The Sb value

in this analysis which is in agreement with Sb-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

little for a meaningful quantitative analysis.

Prichard et al. (op.cit.) have also reported small amounts cf Fe (max

0.46 wt%) in their sperrylite-analyses. In the present study however,

Fe is omitted in the corrected and recalculated analysis due tc 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 irldosmine (Os, Ir) in

arains 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. 70). The iridosmine lamellae have very high reflectance (Tarkian

& Bernhard 1984) and therefore contrast sharply in the reflected-light

microscope with the enclosing irarsite, erlichmanite, IrSbS and (Ir, Pt, Pb)52

which have clearly lower reflectance (Tarkian & Bernhard, op cit; in the

case of irarsite and erlichmanite and Tarkian & Prichard 1987 in the case

of Ir5b5). These lamellae also stand out clearly on back-scattered electron

images (5EI) due to the alloy's high average atomic mass (60-70 wt % Os)

compared with PGE-sulphides and -sulpharsenides with markedly lower auerage

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 tr angular Ru-Os-Ir-diagram of Harris and Cabri (1973),

see Fig. 45. 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 GUleman,

Eastern Turkey with 10,08 wt % Pt, and far exceeds the Pt-values

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

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

Grain no. 10 in Table 3 is also a primary, single-phase subhedral

inclusion in chromite. Fig. 70. The quantitative analysis, no. 31 in Table

2, gives a very special composition, Pt2 (Ir,Os) Fe0,55 which resembles



most closely the unnamed PGM, Pt2Ir Fe reported by Chang et al. (1973) from

N.W. China (UN 1973-2 in Cabri, 1981). The Fe-content of the recalculated

analysis (Table 2) was based on microprobe-analyses of the host chromite.

Iron was subtracted in an amount making the same Cr/Fe-ratio as for the

host, chromite grains. The average of eight analyses of fresh, unaltered

chromite gave the following composition: Mg0 12.95 wt %, A1203 9.29 %,

Cr203 61.38 % and FeOtot. 16.70 %.

The cnly native metal phase observed is Os which appears as small,

irregular patches, max 0.8 pm large, disseminated in the 70 pm large no.

grain agaregate, both in the Ru-Os 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 ea al. (1987) from Harold's Grave, Shetland. In addition Prichard

et al. (op.cit.) report dissemination of native Os in NiSb which is

intergre,rnwith Ru32 and IrAsS. NiSb has not been found in the present

study. The largest patch of native Os in grain no. 3 (Fig. 7E) was the

target for a quantitative analysis (no. 32 in Table 2), but it was

impossible to prevent a very significant amount of Os, Ru and S from the

host Os-rich laurite, and somewhat smaller amounts of Ir, Pt and As from

the closely adjoinIng platarsite, as contributions to the more or less pure

Os-phase. For this reason "true" Ir and/or Ru in the analysis cannot be

serparated from the "false" contributions, and the analysis can therefore

not be plotted in the Ru - Os - 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

locallt)es around the world have some Ir, up to 11 wt %, and minor Ru. Pt,

Pd and Rh in their totals.

Tarklan and Prichard (op. cit.) point to primasy 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 (0s-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

contan inclusions of native Cs, but this was not clearly ascertalned fssim

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 formatlon of

native Os blebs before Os-free laurite nucleated as a latest, outermost

phase at a stage when Os-availability had decreased dramatically.

As with the case in Shetland the totally chromite-engulfed (primary) inclusions

of Os-rich laurite show no blebs of native Os, nelther 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.



Pd-ANTIMONIDE

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

A quantitative EDS-estimate was first perfcrmed 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 ard 8 from pentlandite and

reazIewoodite appear in the total. Further, minor Os, Ir, Pt an, As from

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). Accordind

to Cauri (1981), Table 8.34 and Tarkian & Prichard (1987) Table 11, small

amounts of Co and/or Te may also be present in similar Pd-Sb minerals, but

these elements were not analyzed in this case. These authors further

report minor Pt and/or As in their analyses. but the X-ray imades show thot

reitrxtrof these elements are enhiched in tte actual tiny patcc. Other.ise

the cor ected and recalculated analysis 34 does not fit quite 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 coter phase

(Ir, Ph)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



36). Analysis 36 closely resembles analysis UN 1976-11 (Cabri 1981; p. 190),

where the sulphantimonide appears as inclusions in Pt-Fe alloy grains.

Ir-Sb-S and Rh-Sb-S, both rather pure, are rece-tly reported in two small

neighbouring grains within a large composite PGY-inclusion in chromite from

Cliff, Shetland (Prichard et al. 1987, Tarkian I Prichard 1987). Those

phases have only been analysed dualitatively. cptical properties are


given.

Ir-Pt-Pb SULPHIDE

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

occurs. The areal extent of this sulphide csinc-tes with the area of Pb-

and Pt-enrichment in the central part of the X--ay images of these elements.

The chemical composition of the sulphide analys-s 38 ln Table 2. leads lep


the structural formula (Ir, Pt, Pb)S2 or msre preclsely (Ir0,64 Pto,22

Pb0,18) 1,04 S1,05. This composition has not te n reported earlier, but it


bears SOrnecompositional and st:-ucturalsimilar-ties e.g. to ma)anite

(Cu, Pt, Ir)S2 which is reported from China (Pehc-et al. 1978).

Discussion

PGM-ASSEM8LAGE AND PGE-LEVEL: COMPARISON WITH OTRER OPHIOLITE-HOSTED

CHROMITITES

The number and diversity of PGM-ohases so far determtned from only one

hand-size sample representing the Osthammeren ch omitites is notable (see

Table 3). However the total of PGE in a follow-Lo analysis of the anomalous



sample was shown to be only 2.1 ppm. A further twelve PGE analyses of new

chromitite samples from the same claim and from other claims in the

Osthammeren body averaged only 1.5 ppm total PGE. The average of ten

samples from the host serpentinite showed only 40 ppb total PGE (Table 4).

By comparison, PGM-rich samples from the 011ff chromitite occurrence in

Shetland are generally much richer in total PGE (an order of magnitude or

more), and samples with as much as 80 ppm PGE are recorded (Prichard et al.

1987, Table 15). However, compared with other ophiolitic chromitites which

also show some diversity in PGMs the Osthammeren sample is not strikingly

low in PGE content. From Harold's Grave, Shetland, which shows the same

diversity in PGMs as the high-grade Cliff 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-N1

antimonide) to the Osthamneren sample. From the Tiebaghi and Massif du SjO

ophiolites in New Caledonia, Legendre (1982) and Legendre & Auge (1986)

report four PGMs in chromitites from each complex and PGE-contents in the

range ca. 0.4 - 0.9 ppm (3 analyses, table 15 in Legendre 1982). Legendre

(op. cit.) further reports three PGMs and two PGE-values, ca. 0,3 and 0.5

ppm from the Al-Ays ophiolite complex in Saudi-Arabia. Auge (1988)

describes six PGMs in chromitite and five in chromite grains in dunite frem

Tiebaghi, but no PGE-values. The present comparison suffers however

somewhat because there are no PGE-data available from the PGM-rich locality

reported from N.W. China (Chang et al. 1973) which bears strong similarities

in PGM-association to the Osthammeren sample. This is also the case with

regard to the recently reported PGM-rich chromitite occurrences in the

Hochgrbssen massif, Austria (Thalhammer & Stumpfl 1988).

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



Aetorache deposit in the VoarYsos complex of Greece (Auge 1985) which beahs

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 (Ecoromou 1986, p. 446-447) resemales

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 seme of the PGE-ana)yses 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 Harola's Grave chromitite occurrence in the Shetlard

ophiolite complex ard the shrsitite 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 Osthanneren

assemblage in Table 5. AnalysYs "G" in Pricnard et al. (1986, 2. 429) fsaT

Harold's Grave also resembles the two analyses of the PGM-anoma)ous

Osthameren sample (sample 138/2), compare Table 4 and Fig. 9. The

Pt-content in the Osthannesen samole is hay,'ever,at least three times

higher than in analysis "G", asn causes appearance of spesrylite and/ar

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 sarsite (plus eventual native Cs) assembiace

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




grains.



PARAGENESIS

The distinctly bimodal occurrence of the PGM inclusions in the Osthammenen

chromitite is striking: 1) The primany, magmatic, small ((5 - 20 pm).

euhedral - subhedral, mainly single-phase inclusions of laurite, Os-

laurite, osmiridium and Pt2(Ir, 0s)Fe0, 65 associated with or without sill-

cate inclusions enclosed in chromite grains. 2) The secondary anhedral -

(subhedral). often very complex grains or grain-aggregates viithvarying size

((5 - 70 pm) and composed of up to eight PGM-phases plus Ni-sulphides

•nd/or Ni-arsenide.

Primary inclusions

The first group is considered to Ce magmatic, or "magmatic -

hydrothermal", in origin for several reasons. Firstly the PGM-inclusicas

are alwass 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 assa-

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

Celong to this group of inclusions. In one grain (no. 2) Os-free laurite

hosts patches of 0s-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

associatien with hydrous silicates, i.e. that the PGMs may have nucleated

ln 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 Stumpfl 1986).

Recently McElduff and Stumpfl (1987) and Stumpfl (1987) have also described

the association of PGM-inc)usions with hydrous, and frequently sodic,

inclusions in chromite from Hji Pavlou chromitite mine, Troodos ophiolite,

Cyprus and from dther ophiolite complexes. The association of PGM- and

silicate-inclusions in ophiolitic chromibites is further trea ed in detail

by e.g. Talkington et al. (1984, 1986) from several Canadian and other

complexes and by Stockman & Hlava (1984) from Oregon.

From several ophiolite complexes alloys of Ru - Os - Ir are reported as

primary magmatic phases occurring either alone or coexisting with sulphides

(laurite) in the form of euhedral-subhedral inclusions (Auge 1985, Legendre

& Auge 1986). 1n the present study osmirldium (1r, Os) occurs as a primary

inclusion (in one instance only), while iridosmine (0s, Ir) is only fourd

as exsolution lamellae in the core-region of two secondary and complex

grains, see Fig. 5 and 7. The occurrence of a Pt-rich alloy with the


composition Pt2(Ir, 0s)Fe0,65 as a primary magmatic inclusion shows thab

Pt has been available early in the formation of the PGMs. Usually Pt (and

Rh and Pd) are more strongly fractionated and available so late that they

appear only in PGMs situated in the altered rim of chromite grains or in

the altered silicate gangue interstitial to the chromite grains, if present

at all.



Secondary inclusions

The secondary PGM-inclusions are considered to have a hydrothermal origin,

generated during the serpentinization of the host ultramafic tectonite.

There is clear evidence for this in the fact that these grains or grain-

aggregates are, without exception, situated within or associated with (in

contact vflth)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 andior chlorite. The chromite is normally

altered to ferrite-chromite, which appears as narrow rims along these

pracks.

The inclusions of this group contain from one to eight PGM-phases plus

NT-pnases (Table 3). They are anhedral or weakly subhedral in a few cases

(1.e. grain no. 8). They may be concentrically zoned (grain 1 ahd 3), show

exsolution lamellae of Os - Ir alloy (grain 1 and or show mpre ihregu-




lah (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 greup of inclusions. In grain nc. 1 (Fig. 5) a core of (Ir.

Pt, Pb)S2 crystallized simultaneously with the formation of exsolution-

lamellae of iridosmine (0s, Ir) along a few structurally preferred

directions. Surroundirg the sulphide erlichmanite (OsS2) and IrSbS

crystallized, with some overlap. In the upper part of the grain 0552

crystallized before IrSbS \,,,hereasthe opposite was the case in the lower

part of the grain. In both phases exsolution of Os,Ir-lamellae still con-

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

cl6



(se Os- and Rh- X-ray images) Os is exhausted and Rh starts to be

avallable in the outer phases. The ir5bS is changed to (Ir, Rh)SbS.

Thereafter As becomes available and a zomed sulpharsenide crystallizes in

the succession jrarsite-hollicgworthite - Pt-rich hollingworthite / Rhrick

platarsite (lower right tongue on Fig. 5). As an outermost phase Os-

free laurite crystallized. The crystallization of the two outermost phases

took place even in the ferrite-chromite-filled fissures radiating from the

main part of the grain as smail oatches (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

serjes of laurite-erlichmanite and Rh-poor/free jrarsite-platarsite. Both

Os-poor and Os-rich laurjte occur in irregular patches, the latter rimmed

by erlichmanite, and the Os-pcor laurite by a more Os-rich intermedjate

member. Irarsite and platarsite are arranged in irregular stripes, but here

tco, platersite occurs as an suter •haseas in the case of grain no. I. 4-

cdterc-mt phase of Os-free la.dYte —fls poth the supharsenides and the Us-

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. 5).

Pentlandite and heazlewoodite then surround the complex PGM-aggregate, and

a droplet of Pd-antimonide crystalHzed independantly of the other PGM-

phases.

In grain no. 4 (Fig. 7A) exclutier lamellae of irldosmine are hosted be

irarsite which neighbours Os-)aurite. A small patch of sperrylite makes up,

an outermost phase.



Conclusions

Chromitite hosted PGMs from the Osthammeren ultramafic tectonite (sertentinite)

body occur in two distinctly different ways:

Os, Ir, Ru and minor Pt occur in primary magmatic, euhedral-subhedral,

small (<5 - 20 tm), majnly single-phase inclusions of Os-free laurite,

Os-laurite. osmiridium and Pt2 (Ir, 0s)Fe0)65. They are totally enclosed

in fresh unaltered chromite. Two PGM-inclusions were however found

associated with small blebs of Na-bearing horntlende or phlogopite.

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

influenced the formation of these PGYs.

Purely secondary PGMs occur as anhedral - (suthedral), texturally ofter

very complex grains or grain-aggregates with varying size (5 - 70 um)

and consistins of from one to eight PGM-phases plus Ni-sulph oe and N'-

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 Sy ferrite-chromite, a hydrothermal alteration-product of

ch-cmite. The wider cracks are usual)y senpentine- and chlorite-fillez

and are nimmed ty ferrite-chromite against the chromite. Os, Ir, Pu, Rn,

Pt and minsr 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, hol)ingworthite hollingworthite/


Rh-rich platarsite, Ru-rich platarsite, sperrylite, (Ir, Rh)StS,

IrStS, (Ir. Pt, Pb)52 (new?), Pd-antimonide (probably stibiopalladinita)

plus the associated phases pentlandite, heazlewoodite and niccolite.



From the literature it seems that there are few examples where

primary magmatic or "magmatic-hydrothermal" PGM-inclusions on the one

hand, and secondary, hydrothermal, late stage PGMs on the other, appear

side by side and show such distinct differences in occurrence as in the

present case.
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Fig. I. 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-Essandsjo-Blaho Nappe unit and nappe

units of similar or assumed similar tectonostratigraphic position.

Dashed line areas: Levanger-Dyfjell Nappe unit, Trondheim

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

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

Data for map compilation from NGU-archives, Wolff (1976, 1977),

Stigh (1979), Guezou (1981), Roberts & Wolff (1981), Sigmond

et al. (1984), Askvik og Rokoengen (1985), Gee et al. (1985a, b),

Krill & Sigmond (1986), Krill (1986, 1987), Tucker (1986),

Zachrisson (1986), Siedlecka et al. (1987), Nilsen & Wolff (1988),

Roberts (1988) and Solli (1989). Data on chromitite occurrences

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

Fig. 2. The Osthammeren body and neighbouring ultramfic tectonite bodies

in the Essandsjo Nappe, ESE of Roros. Key to map symbols: area

with circles: Roa Nappe, arkose and feldspatic quartzite;

horisontal lines: Dalvolsjo Nappe, Augen-greiss; coarse dots:

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



non-patterned; Essansjo Nappe, calcite bearing phyllite, etc. with

subordinate quartzite (fine dots), gabbro (hooks) and ultramafic

tectonites (lined areas); dashed line: lOyfjellNappe, calcareous

gray and graygreen phyllite; gravel pattern: Devonlan clastic

sedimentary rocks.

Map compiled from Roberts & Wolff (1981), Rui (1981a, b) and

Nilsen & Wolff (1988).

Fig. 3. The Osthammeren serpentinite Lens (A) situated in the middle of

the hinge of an overturned fold with gently NNE-dipping axial

plane. The lens itself is clearly streched along both fold limbs

and thickened in the hinge.

on map is calcareous phyllite with horizons of greenschist (C)

and quartzite (D) beonging to the Essandsjo Nappe. E is a long

and narrow gabbroic body.The chromitite showing (claims) are

marked with filled circles and the location (claim) of the PGM-

anomalous sample with a filled square. Location of serpentinite

samples outside the claims marked with open circles.

Contour invervals of 10 m are dotted to give an impression of the

knoll-shape of the lens.

Lithological boundaries from Rui (1981b).

Fig. 4. Microprobe analyses (at %) of PGM sulphides (A), sulpharsenides

(B, C and D) and alloys (E and F). In diagram B contents of Os,

Ru and Pd have been included for Ir, Rh and Pt, respectively.

1n diagram D Ir and Os are included with Pt and Ru respectively.

8-3



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).

Fig. 5. Back-scattered electron image (BEI), X-ray images for Ir, Sb, Os,

Pt, S, Ru, Pb, Rh and As, mineral location map and photomicrograph

of a complex secondary PGM-inclusion (graln-aggregate no. 1).

For descript on see section on paragenesis.

Fig. E. Back-scattered electron image (BEI), X-ray images for Ir, As, Os,

Ru, S and Pt, mlneral location map and photomicrograph cf a

ccTolex secondary PGM-inblusion (grain-aggregate no. 3). Fcr

description see section on paragenesis.

Fig. 7. Back-scattered electron images (A, B, E) and photomicrographs

(C, D and F) of PGM-inclusions. A: Seccndary 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 (graln no. 13). D: primary inclusion of

Pt2(Ir,0s)Fe0.65 (grain no. 10). E: patch of native osmium (1) in

Os-rich laurite (2), (3) is platarsite and (4) erlichmanite (part

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

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



The darker areas betweenthe stringsare unalteredchromite

(grainno. 8). Scale bar is 10 pm on C, D and F and 2 pm on E.

Fig. 8. Back-scatteredelectronimage (BEI),X-ray imagesfor Os, Ir, Ru,

Rh, Pt, Pd, As and S, and mineral locationmap of a complex

secondaryPGM-inclusion(grain-aggregateno. 6). For description

see sectionon paragenesis.

Fig. 9. Chondrite-normalizedPGE patternsof Osthammerenchromititesand

host serpentinite;data for Harold'sGrave from Prichardet 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-enrichedchromititescomparedwith
normal chromititesfrom ultramafictectonites(serpentinites)in centralNorway.

Location n Pt Pd Au




1 760 <2 8Osthammeren

0rnstolen




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 anomalousto

weakly anomalous

samples)

g 66 6.7 1.8 3.8

a = arithmeticmean, g = geometricmean.
xValues below detectionlimits (<x) calculatedas .

Detection limitswere 3,2 and 1 ppb for Pt, Pd and Au respectively.
Analyst: Caleb Brett LaboratoriesLtd., St. Helens,UK
Method: Fire assay and atomicabsorptionspectrometry



7
TABLE 2 Representative analyses of varicus platinum-group minerals

chromItite sample from the Osthammeren ultra5afic tectonite

7

8

in cne

body,

8


6

single


Norway

9


3

hand-size

10

3




Analysis no. 1 2 3 4 5
Grain/gr.-aggr.no 3 5 1 2 11

6


2
11

3 1 3

Os 0.33 0.33 2.90 3.60 12.36 15.83 20.90 23.44 34 98 42.25 66.22 55.30 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 17.92 I4.02
Ru 57.02 56.81 43.03 58.64 38.45 50.08 33.73 32.46 24 91 20.66 2.68 1.24 5.92
Rh 0.10 0.54 2.64 0.20 1.02 0.07 0.63 0.12 1.37 0.41
Pt 0.35 3.31 1.16 0.22 0.29 0.18 0.30 5.35 4.60 4.29 2.94 21.30
Pd 0.61 0.57 0.88 0.67 0.19 0.45 0.31 0.02 0.20
As 0.25 2.90 6.66 0.03 2.21 0.12 1.63 4.51 3.88 3 78 3.02 0.45 21.40

37.72 34.02 29.15 37.66 32 14 25.20 36.00 29.34 32.63 31 21 28.06 26.54 15.61
Sb 0.13
Pb

Ni 0.05 0.08 0.03 0.02 0 36 0.25
Au 0.44 0.54 0.37 0.31 0.15
Te




81 0.02
Cr 0.61 1.04 2.96 0.01 5.32 1.40 2.89 0.97 0.28 0.40 1.4)2 0.21
Fe 0.36 0.81 2.20 7.51 0.56 3.59 0.68 C..b4 0.22
TOT. 101.47 101.04 95.65 102.12 99.90 2.06 100.68 95.25 104.75 104.50 105.41

Cs 0 33 0.33 3.10 3.53 14.19 15.51 22.19 24 10 33.70 40.31 62 47 5:.52 22 6
ir 3 G1 0.09 7.39 1.54 0.45 6.54 1.19 1 59 1.99 2.38 1 62 12.64 13.31
Ru SG 74 57.27 46.03 57.43 44.15 50.03 35.81 33 37 24.00 19.71 2 53 8.47
Rh 0 10 0.54 2.82 - 0.23 1.02 0.07 0 65 0.11 1 29 6.05 0.39
Pt 0 35 3.34 1.24 0.22 0.33 0.18 0.32 5 50 4.43 4.09 2 77 0.55 20.23
Pd 0 61 0.57 0.94 - 0.77 0.19 0.48 0.30
As 0 25 2.92 7.12 0.03 2.54 0.12 1.73 4 64 3.74 3.51 2.55




37 53 34.30 31.18 35.85 35.90 25.17 38.22 30 16 31.44 29.75 26.47 20.11
Sb 6.14 -
Pb -
Ni 0 05 0.08 0.03 0.02 0.41 0.32 0.25 0.62
Au 0 44 0.54 0.36 0.31 0.14
B)

0.02

Os U 10 0.10 1.00 1.05 4.35 5 85 6.87 8 43 11 92 14.94 26.23
1r 1 06 0.03 2.37 0.45 0.14 2 51 0.35 0 55 0 70 0.87 0.67
Ru 31 76 33.15 28.08 32.49 25.44 34 8.5 20.85 21 98 15 98 13.75 2.09 1.13
Rh 0 05 0.31 1.69 - 0.13 0 70 0.04 0 42 0.08 1.00 34
Pt 0 10 1.00 0.39 0.05 0.10 0 06 0.10 1 88 I 53 1.48 1.13 0.23 j 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




G6 23 62.58 59.96 65.78 67.04 55 29 70.16 62 62 65 99 65.49 55.93 67.26 41 54
Sb 0.07
Pb




Ni 0.05 0.08 0.03 0.02 0 ' 0.35 0.29
Au 0.13 0.16 0.10 0.11 0.05
Bi

0.1:1

- element not detected.

analysis 1 - laurite) 5 - 10: (0s-laurite); 11: erlIcOmanite; 12: Ir-rich erlichmanite ; 13 osarste
Mineral names in trackets are not used in Cabri (1981), tut are used in this subscript to specify the
composition of tfe P6M-phases.

raw analyses in weight percent of the element (after corrections due to element interference).
analyses recalculated after subtraction of Fe and Cr. (3): atomic concentration calculated from the

corrected analyses.
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20

1

0.22

13.15

1.87

13.63

3.46

0.76

21.42

8.25

1.81

0.03

12.50

8.32

85.42

0.34

20.36

2.89

21.10

5.36

1.18

33.16

12.77

2.80

0.05

0.14

8.51

2.30

16.47

2.21

0.89

35.55

32.00

1.85

0.07

0.14 0.09




9.46 17.94 4.26

4.94 9.17 0.05 14.52 11.81 3.80

2.69 2.47 1.05 9.55 8.83 6.70

19.36 21.76 36.51 - 0.11 0.23

8.77 8.11 5.64 25.35 26.70 41.3-

1.34 1.31 2.51 0.24 0.19 0.0-

23.70 31.71 29.65 25.91 23.74 28.335

8.87 12.07 11.96 12.62 12.80 8.39

0.90 1.27 2.95




0.01






0.05




0.03





10.92 4.40 2.91 0.77 0.27 3.20

5.08 1.79 1.52 0.83 0.26 2.53
85.77 94.15 94.78 99.25 102.65 98.E3

0.20 0.10




9.69 17.57 4.5;
6.98 10.43 0.06 14.87 11.56 4.09
3.80 2.81 1.16 9.78 8.65 7.22
27.36 24.74 40.41 - 0.11 0.31
12.39 9.22 6.24 25.96 26.15 44.56
1.89 1.49 2.78 0.25 0.19 0.0E
33.49 36.05 32.8.2 26.53 23.25 39.5=
12.53 13.72 13.24 12.92 12.53




1.27 :.44 3.27





0.01






0.07




0.03





0.08 0.04 - 4.56 8.58 2.35
2.86 4.16 0.02 6.92 5.59 2.05
2.96 2.13 0.86 8.66 7.95 6.97

20.91 18.42 29.28 - 0.10 0.29
4.99 3.62 2.39 11.91 12.45 22.27
1.40 1.07 1.95 0.21 0.17 0.C7

35.15 36.86 32.67 31.68 28.84 39-75
30.73 32.79 30.80 36.06 36.32 26.22
0.82 0.91 2.00





0.09




0.04




1

22

1

23

1

24

3

25

3

26

3




Table 2 (continued)

no. 14

6

15

3




19

1

Analysis

Grain/gr.-aggr.no
16 17

4 3

18

3


 Os 7.97 14.67 8.75 2.15 2.26 0.38




Ir 26.34 26.69 34.01 44.88 47.61 11.20




Ru 4.78 5.92 2.11 2.93 3.52




Rh 12.17 2.45 0.88 3.98 10.51




Pt 6.15 14.61 13.25 9.03 5.20 10.15




Pd




- 0.28 - 0.72




As 20.03 25.48 23.37 24.69 22.73 21.20




5 14.81 14.05 9.16 13.65 14.02 7.49




Sb 2.99




0.20




Pb




Ni




0.04




Bi





Cr 1.24 0.26 0.63 0.62 14.09




Fe 0.21 0.52 0.51 6.69




707. 96.48 104.81 88.54 98.82 99.86 80.19


 Os 8.37 14.12 9.88 2.20 2.29 0.58




Ir 27.66 25.70 38.41 45.95 48.22 17.12




Ru 5.02 5.70 2.16 2.97 5.38




Rh 12.78 2.36 0.90 4.03 16.07




Pt 6.46 14.07 14.96 9.25 5.27 15.52




Pd 0.29 - 1.10




As 21.03 24.53 25.39 25.28 23.02 32.41




15.55 13.53 10.35 13.98 14.20 11.45




SM 3.14




931




Pb





Ni




0.06


 Os 3.71 6.70 5.18 1.05 1.09 0.26




Ir 12.13 12.06 19.91 21.65 22.63 7.52




Ru 4.19 5.09 1.94 2.65 4.49




Rh 10.47 2.07 0.79 3.53 13.18




Pt 2.79 6.50 7.64 4.28 2.44 6.71




Pd 0.25 0.87




As 23.66 29.53 35.10 30.55 22.71 36.51




40.88 38.06 32.17 39.48 39.95 30.15




Sb




0.22




Pb





Ni




0.09

analysis 14 - 18 irarsite, 19 - 23 hollingwortnite, 24 - 26, alatarsite.

* = much Cr and Fe present in analysis according to EDS spectrum, but no Ru or Rh accord ng to X-ray images.
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Table 2 (contInued)

27

6

28

5

Analysis

Grain/gr.-aggr.no

no.


 Os




2.47 0.07




Ir




0,53 0.17




Ru




2.03 2.00




Rh




- 0.39




Pt




48.82 52.41




Pd




-




As




35.97 42.81




3.13 1.52




Sb




1.63 -




Pb




Ni 0.05




Au 0.17




Te -




Bi




Cr 1.53 1.93




Fe 0.86




TOT 96.11 102.38


 Os




2.61 0.07




Ir




0.56 0.17




Pu




2.15 2.01




Rh




0.39




Rt.




51.62 52.63




Pd





As




38.03 42.99




3.31 1.53




Sb 1.72 -




Pb




Ni 0.05




Au 0.17




Fe




Os 1.48 0.04




Ir 0.31 0.10




Ru 2.29 2.17




Ph




0.40




Pt




28 53 29.39




Pd





As




54 73 62.52





11 13 5.20




Sb




1 52




Pb





NI




0.09




Au


re




0.09

analysis 27 - 28: sperrylite; 29

	

0.87 2.56 0.63

	

0.66 0.75 6.10 0.84

95.82 99.00 93.90 102.39

	

67.67 32.11 12.27 70.02

	

30.32 52.47 18.62 1.42

4.53 1.74 7.49

- 2.15 1.89 0.08

	

1.34 8.57 62.56 2.35

	

0.08 0.40

	

u.06 0.03 2.12 2.38

	

0.40 0.08 15.87

	

0.08 0.11 0.17

	

0.04 0.01

5.56

	

66.38 30.49 E.94 37.07

	

29.43 49.30 16,24 0.74

9.79 2.85 7.46

3.77 1.43 0.08

	

1.28 7.93 52.09 1.21

	

0.14 - 0.38

	

0.15 0.07 0.26 3,20

	

2.33 - 0.41 49.85

	

0.25 0.34 0.45

	

0L0-1 0.01

16.48

irldosmine; 30: csmiridium;
33 - 34: Pd-antimonIde, probably stibiopalladinite; 35: IrSb5
(not earlier reported?).

* = some NI and Fe present in analysis

= semiquantltative (EDS) analysis only
= Pb analyzed semiquantltatively

29 32
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2.3 Inclusions of platinum group minerals (PGM), base-metal sulphides
(BMS) and sulpharsenide in chromitite and host rocks from the
Ornstolen ultramafic tectonite body, north central Norway by
L.P.Nilsson



INCLUSIONSOF PLATINUM-GROUP-MINERALS(PGM),BASE-METALSULPHIDES(BMS)AND
SULPHARSENIDEIN CHROMITITEAND HOST ROCKS FROM THE ØRNSTOLENULTRAMAFIC

TECTONITEBODY, NORTH CENTRALNORWAY

Introduction

A ollot-study of platinum-group-elements (PGE) in different geolog1cal

environTants was carried out in 1986 by the Geological Survey of Nerway,

NGU (Barnes et al. 1987a,b). The pilot study included Ni-Cu sulphide

deposits, large layered intrusi•ns, komatlites, ophiolltes and related

rocks and Alaska-type "concentric" intrusions. This account will deal on'y

with results from the group "cohoTites and related rocks" and more

specifically with chromitites and their host rocks from the Ornstolen

ultramafic tectonite lens situated on a small island, Selsoy, in North

Central Norway, Flg. 1 and 2.

1n the pilot study seventy chnorn1titesamples from seventeen different

ultramafic tectonite lenses and two ophiolite fragments, Velfjord and

Podey, in central Non,,,aywere analysed for Pt, Pd and Au by atomic

absorption spectrometry (AAS). Only four of the samples showed clearly

anomalous values (Table 1), ana two of these proved to contain incluslons

of platinum-gruop minerals (PGM), namely a sample from the Ornstolen

ultramafic lens and one from the Osthammeren serpentinite lens, the latter

situated in South Central Norway. PGM in the Osthammeren lens are treated

in a separate paper (Nilsson, in press).

Results of follow-u studies, resentstatus of work and su estionsfor
further studies

In the pilot study one of the five chromitite samples from the Ornstolen

body to be analyzed showed anornalousPd-, Au- and Pt-values (Table 2).

Follow-up sampling was conducted 1n 1986 and 1967. The 1986 samples were

not analyzed for PGE, but polished sections were made, and in these, three

inclusions containing PGM were detected(see later). The 1987 samples were

analysed for all six PGE plus Au (Table 3), but the results were

disappointing. Four polished sectIons of the most anomaloussample (no. 3-



I) with 375 ppb PGETOTwere systematically studied in reflected light usine
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 Ornstolen study, though the bulk PGE-analyses (Table 3) show
clearly that the Ornstolen chromitites and their host rocks are not of
economic interest.

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

The Ornstolen ultramafic tectcnite body and similab small ultramafic lerses
which cccur are numercus in this region, are all hosted in metasedimentary
and metavolcanic sequences overlying Proterozoic basement mainly consistn6
of gneissic granites which crop out in several tectonic windows in the
region (Gustavson & Gjelle 1987, Bucher-Nurminen 1988). The
metasopracrustal assemblage seorgs to the Helgeland Nappe Complex which is
part cf the Uppermost Allochthon (Gee et al. 1985). The ultramafic bodies
and their chromitite occurrences are described by Vogt (1984), Carstens
(1918), Sorensen (1955 a,b, 1979), Korneliussen (1976), Bakke &
Kornellussen (1986) and Bucher-Nurminen (1988) most of whom considered them
to be metaperidotites, partly carbonate-bearing (sagvandites). Recent
investigations of the Ornstoler 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. AA,B). A preliminary lithological map
of the Grrstolen body is sho'x.rin Fig. 3.

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

ultramafites in the region (Bucher-Nurminen 1988). Several of the

lithological varieties occurring within the body are not distinguished on
the map while other more easily mappable assemblages are shown. Within a
limited area in the NE (Fig. 3) up to ca. 10 cm long En-prisms and

splinters occur without preferential orientation but evenly distributed in
a Fo-Tr-(Mgs)-(Tlc) groundmass. Large jack-straw-textured olivines which
are abundant in the metaperidotites in the Nord-Helgeland region (Bakke &
kornellussen 1986) were however not found in the Ornstolen lens. Other
varieties include, at loc. 2, (Fig. 3) an En-Fo assemblage only slightly
altered to Tlc, Chl and Mgs; at loc. 3, a Fo-Tr-Mgs rock with subordinate
En-relics and with some Tlc and Chl, and a coarse grained En-Fo rock in
which En is partly 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 Ornstolen 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 sone Fo and Mgs developed. The cpx may be a primary magmatic mineral
only partly altered to a secondary assemblage. The magmatic precursor has
probabl; been a clinopyroxenite or websterite. In a 2-3 m wide border-zone
against the enclosing garnet-micaschist there is a black, plagioclase-
beario: hornblendite (outermost) followed inward by a green, plagioclase-
free vabiety.

Six small, medium-grained, granular pale yellowish presumably pure

forsterite pods were located within the more coarse-grained and fibrous
lithologies, see Fig. 3. Fiye very small chromitite occurrences were

located, four in the Fo-En-Tr- bearing rocks, and one in one of the pale

yellowish forsterite pods. At three of these flye 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 massiye ore remain (e.g. sample K04-86). The high-grade ore
was usually carefully hand-sorted before it was shiped to the chromium



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.

Geochemistr and mineralo of selected sam les 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-carbocate lithologies are given in Table 4. The tabTe

also includes macroscopic and microscopic descriptions of the analysed

samples. The samples in which PGM were determined by microprobe-analyses

were not analysed chemically, but a mineralogical descciption of these is

given in Table 5.

Anal tical techni ues

Polished sections of three chromitite samples and one sample of silicate-

carbonate host rock were systematically examined by both transmitted- and

reflected light 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 quantltative 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.

Descri tion of the inclusions and results of anal ses

Eight microprobe-analyses wece performed on the inclusions found, and the

results are listed in Table 6. More of these inclusions were composite:

both a two-phase PGM-inclusion, a BMS/PGM-inclusion and two BMS/sulph-

arsenide-inclusions were determined in addition to single-phase inclusions.



98

A synthesis of the mineral assemblage found is given in Table 7.

Laurite

A 7 pm large, euhedral (prism-shaped) inclusion of Os-free laurite was

located in chromite clearly removed from the nearest cataclastic fracture

(Fig. 5A, B). A somewhat darker shade in this part of the host chromite

grain which becomes gradually lighter in other areas of the grain indicates

that the PGM is situated in the least altered or unaltered part of the

chromite grain.

Very few examples of the otherwise common and distinct edge-sharp

chromite/ferritechromite boundary were found in the Ornstolen chromitites.

A 16 »m large, subhedral two-phase inclusion composed of Os-bearing laurite

and irarsite was alss Iscated in the darkest, apparently unaltered part of

a chromite grain (Fig. 5 C,D), Cut in the latter case only 5 »m:from the

boundary of the host crain.

The chemical compositipn of both laurites fits well with laurite analyses

from the literature (e.g. Cabri 1981, Legendre & Auge 1986).

Irarsite

The irarsite mentionedin the former section makes up the smaller part of

the two-phase PGM-inclusion. The occurrence of an As-bearing PGM in

apparently primary (fresh) chromite is noteworthy. It indicates that As was

available in PGM-formation also prior to chromite formation. Usually As is

abundant in secondary (hydrothermal) PGM, but it is rare in primary PGM.

Though the texture indicates a orimary 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 low in Os, Ru and Pt.
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Pd-Bi hase ? sobolevskite PdBi

A minute anhedral PGM-grain (z 2 pm) associated with gersdorffite,

pentlandite and pyrrhotite was detected in a polished section of the host

silicate rock (Fig. 5 I,J). The PGM-grain is situated in the silicates

close to a composite grain of tase-metal sulphides. Due to its size the

quantitative analysis of the PGM (analysis 4 in Table 6) naturally shows a

poor total with a substantial contribution from the adjoining silicates.

The recalculated analysis gives a good approximation to stoichiometry, anh

the structural formula (Pd0,08Ptopo
4105i0,64 Au0,28

Teo 08) seems to indicate1



cl.b6
the rare PGM sobolevskite (Cabri 1981, p. 157).




Base-metal sul hides BMS and Ni-sul harsenide

A 20 »ni large anhedral-subhedral composite inclusion of millerite,

gersdorffite and secondary sulpides was detected in ferritechromite (?)

cose to a grain houndary possihiy separating primary chromite frcm

secondary ferritechromite, stggesting 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-33 of the host silicate-carbonate rock a minute

Pd-Bi grain (earlier described) was detected in association with

gersdorffite, pentlandite and pyrrhotite (Fig. 5 I,J). The main grain in

the (grain-) aggregate corststs of oentlandite hosting pyrrhotite-',amenae.

NiAsS occupies a small part •f the main grain. The small grain close to the

PGM also consists of pyrrhotite and ?pentlandite. The whole assemblage is

anhedral and measures 140 pm across.

Four individual 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 pm, 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



ophiolite chromitite (Auge 1989).

Discussion

The anomalous Pd, Au and Pt-values detected in one of five chromitite

samples from Ornstolen 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 hnormal" 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 rock points to

the presence of a Pd-Au-Pt rich PGM-assemblage (Table 6 and 7). Eventual

Pd-Au-Pt rich phases are assumed to belong to a secondary PGM-assemblage.

The occurrence of the Pd-Bi phase within a completely altered silicate-

carbonate rock supports this viewooint. 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 dii 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 PGETOT 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. Onfortunately there

was not much rich, massive ore left at Ornstolen, and the best chromitite-

samples analysed must be characterized as belonging to a strong

impregnation-/massive ore transition type. The 5102-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 % Si02.

The chondrite-normalized PGE-pattern for the Pd-Au-Pt anomalous Ornstolen

sample is pecullar. It resembles the pattern glven by samples from the

Cliff chromitite occurrence in the Unst ophiolite complex (Prichard et al.

1986, 1987) with a marked Pd-top and enrichment in Pt and Au (see Fig. 6).

The Cliff pattern lles however abcpt one order of magnitade above the

Ornstolen-pattern.

The Pd-(Pt)-(Au) enrlchment has not yet been explained nineralogically

(only the minute (x 2 jum) Pd-Bi-rich inclusion gives a weak indication of

its presence). With regard to the Cliff 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 sillcate rock.

The follzwirigprelir.Lary concluslons can be maje:

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

There are no ancalous Os, 1r, Ru cr Rh-enrichments in any one of the

analysed chromitltes. Only a few small Os-Ir-Ru rich PGM inclusions ir

chromite are identified.

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 ls definitely no

economic potential in the Ornstolen body.
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105TABLE 1

Content of Pt, Pd and Au in ppb in PGE-enrichedchromititescomparedwith
normal chromititesfrom ultramafitesin centralNorway.

Location




n Pt Pd Au




1 760 <2 8Osthammeren

ørnstolen




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 anomalousto

weakly anomalous

samples)

9 66 6.7 1.8 3.8

a = arithmeticmean, g = geometricmean.
xValues below detectionlimits (<x) calculatedas

Detection limitswere 3,2 and 1 ppb for Pt, Pd and Au respectively.
Analyst: Caleb Brett LaboratoriesLtd., St. Helens,UK
Method: Fire assay and atomic absorptionspectrometry



Table 2.

Content of PGE and Au in ppb in chromititesamples from the ørnstolen

ultramafictectonitebody, North centralNorway. (Extractof PGE pilot-

project results).

Sample no.

AK 1

AK 2

AK 3

AK 4

AK

AK 5

Pt

22

6

56

299

398

7

Pd

74


<2


63


1391


1621


10

Au

32

138

11

718

832

10

Os


11

Ir


25

Ru


41

Rh

10

Analyst: Caleb Brett LaboratoriesLtd., St. Helens,UK

Method: Fire assay and AAS

ICP-MS followup analysisperformedat MemorialUniversity,

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 ørnstolen ultramafic tectonite body, North central
Norway.

Sample no. Os Ir Ru Rh Pt Pd Au

Chromitites

1-1

3-1

3-4

9-1

average

12 12 42 5.5 4.0 7.0 12

38 36 54 8.5 160 77 10

32 27 73 12 5.013 4

62 31 68 9.0 72 02 10

36 26.5 59.3 8.8 60.332.3 9 223.2 ppb RGE101

Ultramafic rocks

3-2

3 - 3

6-1

14 - 1

17 - 1

average

	

10 5.5 25 3.5 15 14 3

	

4 <0.5 5.5 0.5 2.012 13

	

2 <0.5 2.5 <0.5 3.532 2

	

4 <0.5 7.5 1.0 72 32 10

	

<2 <0.5 4.0 2.5 15 37 4

4.2 1.3 9.1 1.6 21.725.4 6.8 63.3 ppb PGETa.

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

A detalled mineralogical descripton of the ana)ysed samples Is given in Table 4.



Table 4. Chemical analyses of chromitite-ore and ultramafic host silicate-
carbonate rocks from the ørnstolen ultramafite tectonite lens, North
central Norway.

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

Element 1-1 3-1

chromitites Ipltramafic silicate-carbonate rocks

3-4 9-1 13-2 3-3 6-1 14-1 17-1E

510 2 19.33 8.02 10.21 9.00 137.17 47.99 40.17 40.60 50.42
Al 203 3.51 6.61 6.24 12.32 I 1.44 1.40 2.17 0.43 1.95
Cr203 21.31 (43.86)28.23 24.76 1 1.62 1.07 1.01 0.89 1.03
Fe0




4.49 4.80 4.04 8.41 3.66

Fe203





0.95 1.65 2.37 1.10 0.78
Fe203TOT 20.32 26.77 22.09 21.41





TiO 2 0.04 0.06 0.13 0.09 0.03 0.01 0.04 0.01 0.04
Mg0 28.52 16.61 18.87 14.15 38.78 40.75 34.67 42.96 19.82
Ca0 0.12 0.04 0.13 0.05 3.27 0.15 4.52 3.47 19.36
Na20 0.19 <0.10 0.13 0.17 0.35 0.33 3.41 0.37 0.42
K20 <0.01 <0.01 <0.01 <0.01 0.02 <0.01 0.05 <0.01 <0.01
Mn0 0.55 0.36 0.36 0.23 0.14 0.12 0.11 0.17 0.10
p205 <0.01 <0.01 <0.01 <0.01 '<0.01 <0.01 <0.01 <0.01 0.02
11701 0.41 0.86 1.11 2.69 , 1.79 7.10 1.34 1.5:
H-20- 0.02 - 3.05 0.07 0.03 0.40 0.05 0.06
CO2






0.12 1.45 1.56
LOI





, 11.37





TOTAL 101.38 99.18 94.34 103.91 87.57 84.97 99.67 100.23 98.52

Nb <5 <5 <5 <5 <5 <5 5 <5 <5
Zr 13 14 16 13 , 14 14 16 12 11




<5 <5 <5 <5 <5 <5 <5 <5 <5
Sr <5 <5 <5 <5 , 7 <5 11 11 8
Rb <5 <5 <5 <5 <5 <5 <5 <5 <5
Zn 513 831 600 809 40 37 22 22 15
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 <10 <10 <10 <10 <10
Co 321 345 314 323 82 101 91 138 42
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Table 4 (continued)

Descriotion of sam les descri tion of hand-s ecimens all sam les lus thinsectiogs (silicate-carbonate rocks onl

CHROMITITES

Loce-.10n/Sampleno. (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 d ssemination and massive
ore.

	

3-4: Strong dissemination/massive ore.

	

9-1: Strong dissemination ore / massive ore in thin strings and small
clusters.

ULTP4hJA.FICSILICATE - CARBONATE ROCKS

	

3-2: 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
Some alteration to talc (Tlc) and chlorite (Chl). Estimated compos.
30 vol.% Fo, 30% Tr, 20% Mgs. < 10% En, < 5% Tlc and < 5 %

Observed mineral transitions: Tr--> Mgs + Tlc; Fo--->Mgs;

	

3-3: Light yellowish green - pale brown, medium to coarse-grained En-Fo rock
with cm-long pale enstatite-sheaves. Estimated composition: :=630%Fo.n-6
50% En, n-620%Tlc derived from En. Chl rims altered chromite (Chr)
grains. Fo developed as a corona between Chr with surrounding Chl ard
enclosing En.

	

6-1: Red dark grayish green, medium-coarse grained Fo - (Tr) - (En) rock wi"
some alteration. Estimated composition: n>,35% Fo, 15 % Chl cerived
from alteration of Fo, 20% Tr, 20 % Mgs and 10% En. Observed
mineral transitions: Fo-H>Chl: Fo-->Mgs;

	

14-1: Medium grained, glassy grayish to bright green Fo -(Tr) - (En) rock with
some alteration. Estimated composition: 70% Fo, 15% Tr, 10% Mgs, <

5% Tlc and < 5% (?) En. Observed transitions: Tr—÷Tlc + Mgs; three
intergrown/partly dissolved Tr-crystals, i.e. three generations of
unstable Tr.

	

17-1: Medium grained, patchy dark grayish black to light green Cpx-Tr rock.
Estimated composition:cr,,d50% secondary Ca-rich, fine-grained medium-
grained amphibole, 30% primary (?) rel. coarse grained Cpx (augite or
diopside), 10% Fo, z 5% Mgs and < 5 % (?) En. Observed transitions:

Cpx—÷Tr.



Table 5: Mineralogical description of samples investigated by microprobe
(see Table 6 and 7).

Sample no.

IIO

KO 113:

Kø 2A:

KO 33:

KO 4:

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

Chromitite. Fine-gralned, rel. weak chromitite dissemination. Chr
strongly altered to F-Chr. Gangue composed of Fo which is partly
retrograded. Estimated gangue-composition: c 60 vol-% Fo, 20%
magnesite (Mgs), 10% talc (Tlc) and 10% secondary, fine-grainea

amphibole (? Tremolite (Tr)).

Medium-grained patchy yellowish - light green Fp -(Tr) rock. Estimatea

composition: 701.Fo, /7,-;20% Tr, < 5% Chr, Fe-Chr and Mt and 51 Mds.

Chromitite. Transition very strong impregnation/massive ore. Chr is
partly fresh and partly altered to Fe-Chr. Estimated gangue-composition:
z70% Fo and 30% chlorite (Chl) and a secondary fibrous amphibole.
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Table 6

Composition of platinum-group

central horway.

Analysis no. 1

mineral (PGM), sulfide and sulfarsenide lnclusions

2 3 4 5 6 7 8

3 3 10 7 7 7 2




in chromitlte

Analysis

and host-rocks

	

no. 1

from ørnstolen ultramfic

2 3 4 5

tectonite body,

6 7

North

8

Grain/gr.-aggr.no 4

(I) Os 1.98 18 24 2.05




0.10 0.10




0.12 (2) Os 1.98 18.24 3.05





1r 0.36 8 01 53.12




0.13 0.20




0.23




1r 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





-




Pd





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








Bi





34.38





0.12




Bi





34.38





0.12




Te





2.65






Te





2.65






S 37.03 39 53 15.21 0.04 34 03 17.47 36.14 33.44




S 37.03 39.63 15 21 0.04 34.03 17.47 36 14 33.44




Pb







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 2.56 5.21 0.02




Cr 2.12 0.97 1 40




2.18 2.56 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








**

- element not detected

analysis I: laurite Ru52; 2: Os-laurite (Ru,05)52; 3: irarsite 1rAsS; 4: Pd-bismuthide, possibly sobolevskite PdBi; 5 millerite Nii_x5; 6 gersdorffite

NiAsS; 7: violarite or bravoite; 8: pentlandite (NI,Fe)9S8

* = E0S-estlmate only. ** = low total due to significant contribution from adjoining phases.

= estimate 1 % Fe in chromite

****= estimate 2.5 % Fe in chromite

raw analyses in weight percent of the element

corrected analyses due to element interference

analyses recalculated after subtraction of Cr and Fe from host chromite (anal 1-3 and 5-8) and Fe from host silicate (anal 4)

atomic concentration calculated from the cocrected analyses.
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Table 6 (continued)

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

Grain/gr.-aggr.no

(3) Os 1.97 16.96 3.00 (4) es 0.59 5.36 1.40

Ir 0.36 7.45 52.2u ir 0.11 2.33 24.03

Ru 56.91 35.69 1.30 Ru 31.81 21.22 1.14

Rh 0.81 1.42 3.55 Rh 0.44 0.83 3.05

Pt 0.38 0.27 0.57 1.47 Pt 0.11 0.08 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 Br 32.07 0.03

Te 3.35 le 4.04

S 36.80 36.85 14.95 0.05 38.34 19.90 44.36 34.62 S 64.85 69.08 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



Table 7

Pcraoeoesis of platinum-group-mineral (POM), baSe metal solfde (BMS) and sulfarsende oveb.:Ycsp.
in chromitites, and a host ultramafic silacate rock, ';!rastoenophiolitic tectonite body, hbrth
centcal Norway.

C) = Orimary euhedral/subhedral inclusion
4.-secondary and/or altered anhedral gra n/gmain-aggrecate

section 113,2A and 4 are chromItites

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

1—
K0-313KO-1Bpolished section no.

grain/grain-aggregate no. 1 5 6 7 8 9 10

8hases laurite RuS2

Os-laurite (Ru, 0s)S2

irarsite IrAcS

(Pf10.98Pt0.02) 1.00

(810.64190.281e0.08)-E1.00

? sobolevskite

2 s 

BYS apd
centlaodite (Ni. Fe1958sulfarsenide 0 0 2 0 0

bravoite (Ni, fe)22 acd60

violarite feN1224

heanlewoodite Ni352

pyrrhotite Fel_y5

gersdorffise NiAs3

Millerite Ni13

K2- KO-4

2A



CAPTIONS FOR FIGURES

	

Fig. 1. Location of the ørnstolen ultramafic body within the Scandinaylan
Caledonides. The locatjon of the PGE/PGM-rich Osthammeren
serpentinite lens referred to in the text is also shown.

	

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

	

. 3. Simplified litological map of the Ornstolen body showing
chromitite occurrences and sample locations described in the
text. Key to map symbols: non-patterned areas in ultramafite:
Forsterite (Fo) - Tremolite (Tr) - Enstatite (En) rock;
horizontal line: isolated Fo-pods/lenses; fine-dotted area: Fo-
Tr-magnesite (Mgs) rock wlth disseminated large En-needles;
vertical line: Tr-altered clinopyroxenjteloljyjne websterite;
inclined ljne: transition area; dashed line: host
micaschist/micagneiss: brick pattern: calcite marble horizon.

)(= worked chromitite (Chr) occurrence; • = unworked Chr-
occurrence;
C) = main hand-sorting place; 0 = sample location in
silicate-carbonate rock. Numbering refer to samoles
tabulated oh described in the text.

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

	

Fig. 5. Photomicrographs (A - I) and back-scattered electron images (BEI)
(J-L) of PGM, BMS and sulfarsenide inclusions in chromite (Chr)
and host rock. Grain numbering refer to Table 6 and 7. A, B: Os-
free laurite prism in Chr (grain no. 4); C, D: composite
inclusion cf Os-laurite and iransite 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
grajn-aggr. no. 10; K: jrarsite (1), Os-laurite (2), not
identified (3) in grain no. 3. L: millerite (1), gersdorfite (2)
and brayoite/ylolarite (3) in grain no. 7.

	

Fig. 6. 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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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 magpatite, copper-sulphides and/or iron-sulphices
hosted (directly) by serpentinite nfl by lenses of hydrothermal quartz in serpentini
nepresent a very rare ore type n the sclitary ultramafic tectorite (= serpentinite)
enses in the Scandinavian Caledonides. However in the Hattfjelldal-Krutådal area in

the central part of the Caledonites 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

I G.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 stee•-

Isided ca. 0,7 km2 large "Hatten" (= the hat) ultramafic tectonite body. Corneliusser
mentions pyrrhotite in hydrothermai quartz and chromite ore from the ne‘ghbouring

tramafic 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 Catini typei
of Cu mineralization in serpentinite or ophiolitic rocks known from Tuscany,
and several other occurrences in the Yatiterranean countnies. 1n accordanicewitsi-
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 tc opdertake a regional geological mapping of the
•hole Hattfjelldal area. He disccened most of the ultramafic bodies in the area and

mapped the outline of these. Holmsen further recognized what he interpreted as
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several generations of intrusions of ultramafic magma, namely (serpentinite) dykes

surrounded by schistose serpentinite within the ultramafites.

The files of the NGU-Bergarkivet (archives) show that 15 showings of iron-copper

mineralization and 3 chromite showings in the Hatten body were reported to the mine

superintendant in the years 1860 and 1874. Corneliussen (1.c.) reports work done at

two of the iron-copper showings only. In addition six pyrite showings are reported

from the Gryttined body on north side of the Krutvassdalen. Several of the ultramafic

bodies are indicated on the geological map-sheet Hattfjelldal, scale 1:50 000

(Dallmann 1986), based on mapping by W.K.Dallmann and L.K. Stolen. Stolen, who

1::-eatedthe ultramafic bodies in a cand. scient. thesis (Stølen 1985), has found

cumulate chromite enrichments in the Roddiken ultramafic body close to the Røssvatnet
lake, and further chromite mineralization in a serpentinite body south of


Grensetjern close to the Swedish border. In this same area (Krutådal) severa) Pb-

occurrences are reported in the phyllites hosting the serpentinite bodies, and thls

whole region (of the Caledonides) hosts a number of significant Zn-Pb, Pb-Zn and Pb-

Ag-(barite) deposits.

A platinum analysis of chromium ore from ”Hatfjeld" (=Hatten) giving 0.83 ppm Pt has

been reported (Lunde & Johnson 1928). There are, however, no precise locality

descriptions of the 3 chromite showings on the Hatten body or of any of the other

ultramafic bodies in the area. None of the 3 chromite showings on the Hatten body

were therefore found during the present author's reconnaissance.



Distribution, settin and constitution of the ultramafic tectonite ser entinitel
bodies 


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

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

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

The Hatten body seems to represent a fragment of harzburgite. A single 50-100 m
and ca. 700 m long dunite body transects the harzburgite on the top plateau of Hflter
in an E-W direction. Towards the west this body divides in two major branches one of
which crops out in the ca. 200 m high vertical southern cliff of Hatten. The outcrop
of the Hatten ultramafite with its 330 m difference in altitude between the loisst
and hipbest points provides an excellent three-dimensional view of the lens-shauso
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 uintrusive" 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 lateau and their associated iron- and iron-co er
mineralizations

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

Several quite small occurrences of magnetite and magnetite plus copper-sulphides are
associated with the shear zones which seem to postdate the sepentirization of the
altramafite. Newly formed serpentine has individual crystals orierted along the
smaller ana larger lineaments making up the shear zones. Due to heavy overburcen or
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 fiye were
sampled for chemical analysis (loc. 1 - loc. 5). The dunite and harzburgite were alsc
sampled (see Table 1). A small coliection of samples were first anayzed for Au and
PSE at Analytical Services (W.A.) PTY.LTD in May 1988, see Table 2.

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

Loc. 1 mt - (Cu-sulphide mineralization)




2 mt - (Cu-sulphide Cu-richest




3 mt




4 mt - (Cu)




5 mt - (Cu)




(6) mt not sampled




7 serpentinized dunite




8 serpentinized harzburgite
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Table 2. Content of Au and PGE in ppb in samples from the Hatten solitary
ultramafite, Hattfjelldal, Norway

Loc./sample Os Ir Ru Rh Pt Pd Au

1 2 2.0 <0.5 1.5 160 11 250
DUP 110 10 2.0 2.5 120 6.5 240

2 2 1.0 <0.5 1.5 <0.5 17 550
DUP 100 9.0 4.5 4.0 7.5 12 530

5 <2 0.5 4.0 1.5 2.0 12 200
DUP 80 8.5 4.5 3.5 4.5 11 190

7 4 2.0 15 1.0 7.0 7.0 6
8 4 2.0 10 2.0 4.5 7.0 <2

Table 2 shows that the mineralized samples are enriched in Au, though the values are
only qualitative, and to a lesser degree in Pt (sample 1 only). The duplicate values
for Os and Ir are not reliable.
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Table 3. Analyses of magnetite and Cu-sulphide mineralized samples from the Hatten solitary ultramafite, Hattfjelldal,
Norway.

ACME ANALYTICAL LABORATORIES LTD. 852 E. HASTINGS ST. VANCOUVER B.C. V6A 1R6 PHONI:(804)253-3158 FAX(604)253-1716

SAMPLE# Mo Co 05

GEOCHEMICAL ANALYSIS CERTIFICATE

ILP - .500 LRAM •jAMPIE IS D1(ilSli0 01(i) 3M1 hel HN33 m20 AT 95 eiG. C F04: UNC HOUR ANj IS DILUTED TO 10 Ml 0I11) WATER.
THIS LEAD1 IS PARDAL FOR MN FL SR CA P LA CR MG JA TI å W AND LIMITED FC: WA K AND Al. 511LCTION LIMIT SY ICP 1S 3 PPM.
- SAM21± TY11 : 01 Pi C,USHEID RO:K P8 ROCK 09 ROCK PInf, AU' ANAIYSIS LIV CID LEAC1E/AA FRC)M.30 GM SAMPIE.

Geological Survey of Norway FILE P 89-4750.

Ti As NT C.,) Mfl Fe A V AJ 1h Sr C.J Sh 91 V Ca P t.z) Cr 11 Na Ti B A1
Na K W Au'




PPM PPM >1-7,, 1-01




POM X 10S L'OM P1111 0011 DOM F0'M POM 10q4. :004 X Z 111.1101å.




FI'M X PPM Z X X PM 00E3




1936 IA
936 I B

16

4

97799


98634
i0


46
292


243
.1

3.6
92

285
1

30
109


285
10.86

28.46

2 5
2 5

ND

4




1

1

5
11

87
2

17
6

.01


.01
.001
.002

2

2

76
2

4.09
.89




.01

.02
2
5

2.14
.45

.01


.01
.01

.01

1

1

11
3260




93 1c
3 5 2A

8 3 6 2 B

2

1

1

11739

77945

66232

8
35
72

65
198
168

12
16.6
14:7

800
2422
1069

69
166
87

164

545

547

6.82
18.39
28.49

8 5
5 5
2 5

WD

No

3

1

1
2




1
11
2

2
7

10

2

5

2

9
6
9

.01


.01

.01

.001


.003


.001

2

2

2

274

177

202

9.28

721

2.23




.01


.01


.01

22
42
14

.41

.05

.04

.01


.01


.01

.01


.01


.01

1

1

1

60
390

1700 0 .1

8 67 2c i 99999 49 431 30.8 1052 31 420 10.41 7 5 NO 1




65 5 14 1 .02 .015 2 192 6.07




,01 30 .11 .01 .01 5 280




.68 2D 1 53911 26 132 9.3 927 51 496 16.28 2 5 NO 1




9 8 2 8 .01 .001 2 96 727




.01 44 .03 .01 .01 1 280




9 2E 1 35258 16 109 6.6 1388 T9 5TI 18.29 3 5 No 1




3 7 2 8 .01 .001 2 639 8.115




.01 43 .04 .01 .01 1 290 -3 0 3 2 61287 28 193 6.0 1618 190 582 34.44 2 5 ND




1 10 11 2 .01 .001 2 101 29




.01 6 .17 .01 .01 1 50




93 i 5A 1 54366 14 144 4.0 1256 115 490 28.51 5 5 ND





12 1 10 .01 .001 1 81 ?.(?.




.01 18 .27 .01 .01 1 SSO




937 53 2 22705 21 95 2.5 2940 135 494 22.19 S 5 k) 2




1 3 2 16 .01 .001 Z 128 6.23 1 .D1 24 .13 .01 .01 1 135




. 893 1 5C 1 43726 17 115 4.1 1705 95 491 18.18 4 5 Up 1




5 7 2 13 .01 .002 2 304 3.84 I .01 48 .42, .01 .01 1 198




Sample 1A:

Sample 1B:

Sample 1C:

Sample 2A:


Sample 2B:


Sample 2C:

mostly cp in silicate Sample 2D:
(same as sample 1 in Table 2)

compact Cu-sulphide + mt ore Sample 2E:

weak mt and Cu-sulphide impregnation
in serpentinite Sample 3 :

mt-ore with rich Cu-sulphide impregnation
(same as sample 2 in Table 2) Sample 5A:

compact mt-ore with rich Cu-sulphide
impregnation

Sample 58:
small fragments rich in silicates, Cu-sulphides
and malachite with some mt Sample 50:

rich in silicates, some mt,
Cu-sulphides and malachite

silicates, magnetite, minor
malachite and Cu-sulphides

compact mt, minor silicate and
malachile

compact mt, minor silicate and
malachite (same as sample 5 in
Table 2)

silicate, mt, minor malachite

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 o`
the mineralized material sampled from Hatten.

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

The results in Table 3 confirm the eanlier results in a broad sense. God is enr'ched
in the iron-copper mineralized material, though irregularly. This may be due to a
nugget-effect in the Au ennichment. Table 3 shows that there are no unambigous
positive Au-Cu and/or Au-Fe correlations, though the two most Au-rich samoles are
also rich in both Cu and Fe.

study of the ore mineralogy is in progress. Table 3 indicates that no mineras are
specific accompaniments to Au. Ag, As, Sb and Bi do not occur at anomalous 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
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INTRODUCTION

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

Three large and several minor strongly tectonized ultramafic bodies
covering about 3.2 km2 i horizontal section consisting mainly of
metadunite, serpentinite and soapstone from the core outwards, were
discovered during the program (Fig.2). The economic feasibility of
exploiting the very large amounts of soapstone is under assessment at
present. In addition the almost pure forsterite dunite and the contents of
Ni/Co-sulphides, and -arsenides have been studied with aims to evaluate
whether they could contribute to the economy of an eventual mining
operation. Moreover, a preliminary study of the contents of PGM in core
samples has been carried out.

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

GEOLOGICAL SETTING AND CONSTITUTION OF THE ULTRAMAFIC BODIES

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

Two main and several minor deformation phases have affected the field. The
oldest main phase is characterized by tight, almost isoclinal folds with
amplitudes of 5 to 10 m and wavelengths of 2 to 5 m and axes extending SW-
NE, corresponding to Ingdahl's (1986) F2with age late Silurian to early
Devonlan. The youngest main phase is characterized by open folds with axes
perpendicular to F2‘,,,ithamplitudes of 1 to 5 m and wavelengths of 5 to 20
m, corresponding to Ingdahl's (:986) F3. The rocks have suffered retrograde
metamorphism after a maximum c= approximately lower amphibolite facies
metamorphism.

The ultramafic bodies show a common zonation with a dunite core grading
into serpentinite and soapstone outwards. The volume fractions of these
rocks are dependent on the size of the 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 abcut 16 m consist solely of soapstone. The
contacts between the ultramafit tectonite bodies and the their country
rocks show classical examples sf metasomatism as described by e.g. Sanford
(1982).

The dunite is mainly white to ight grey with Fo 97-98 equigranular olivine
grains with magnetite inclusichs probably caused by early progressive
metamorphism of serpentinite as described by Pactunc (1984). The magnetite
pigment causes high magnetic stsceptibility in the dunite and partly in the
serpentinite. The serpentinite surrounding the dunite is derived from itand 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 ayers 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 seroentinitic and dunitic parts of the
ultramafic tectonites.

Varying amounts of Ni/Co-sulphides and arsenides of different types are
found in all the ultramafic rocS types. Ingeneral the forsteritic dunite
core contains mainly heazlewoodite and cobaltite as Ni/Co bearing minerals,
the serpentinite mainly gersdorffite and some heazlewoodite, cobaltite and
pentlandite occurs, and in the soapstone pentlandite is the main Ni(/Co)-
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bearing mineral with minor gersdorffite. The general trend in the
ultramafic bodies is that in Ni/Co-bearing 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 I. Composition of drill-core samples selected for noble-metal
studies.

Sample no. Length Lithology Mineralogy

1 21.0 m Dunite
2 21.9 m Upper serpentinite
3	 9.2 m Lower serpentinite


14.1 m Lower soapstone

Sample preparation

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

The concentrates obtained by this procedure, 13 in number, were then
studied in a binocuiar 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.

Table2. Preparation of the concentrates and minerals identified by



binocular lens and Debye-Scherrer camera.

Concentrate
no.

	

derived from

	

sample no.
treatment minerals identified

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.n py, ger, ptl
13 1 mag. 0.7 A chr, hz, tre(?)
10 1 unmag. 1.6 A py, hz




23 2 mag. 0.1 A chr, pol, ptl, hem
20 2 unmag. 1.6 A chr, ger, ptl
33 3 mag. 0.5 A chr, ptl




30 3 mag. 0.7 A chr, py, ptl
3D 3 unmag. 1.6 A chr, ptl




43 4 mag. 0.3 A chr, py, ptl
40 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 (ptl), 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, sulpharsenicies,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, ard thirdly atomic concentrations are calculated from the
corrected analyses. Subtraction of elements due to "contamination" from the
host phases is difficult and the results are therefore tentative. The PGM
grain-aggregates show rather complex compositions and textures. To
illustrate this, back-scattered electron images (BEI), a mineral location
map and X-ray images of several elements present in the PGM, accompany the
description.



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.

PGM-bhases

I1A 2A13A 4A 113!1C 23 2C 3B 30 3D 43 40

irarsite (Ir,Rh,Pt)AsS . HII.Ak• Ik
iridosmine Os,Ir,(Pt) 1 1

ruthenian Osmium 05,1r,RU Å

geversite PtSb2
r
• 1

i 

isoferroplatinum Pt3Fe AH 1

Pt-Fe- alloy Ak

Ak= PSY and associated minerals (microprobe analysis)
P21 and associated minerals (EDS-determination only)

II= minerals non-associated with PGM (microprobe analysis)
CD= minerals non-associated with PGM (EDS-determination only)

niccolite NiAs

native Au 0?

breithauptite NiSb :0

0? 0 0 • 0 0

0

z

A.

t\ 0 0  

0 o'? o?

beazIewoodite Ni3S2

pentlandite (Ni,Fe)9S8

gersdorffite (Ni,Co)AsS

cobaltite CoAsS 0 •

chalcopyrite CuFeS2

calena PbS

barite 3aSO4

Fe-Bi-Se-phase

Te-Bi-phase

Te-bearing phase

chromite

Fe-Mg-Ca-(Mn)ox

uraninite

bionazite

•

Cd-Au-Os-Pt- alloy

michenerite PdBiTe

Phases assoclated with or

non-associated with PGM.

•
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Table 4. Microprobe analyses (WDS) of noble-metal minerals, associated minerals and non-associated minerals in heavy-mineral concentrates from the Raudoerg

area solitary ultramafftes, Vfk, Sogn og Fjordane, Western Norway

Analysis no. 1 2 3 1.1

Concentrate no. 25 211 40 3A 20 20 25 3A 29 35 15 25 4A 2A 15 3A 25 2C 4C ptl-STO

(1) Os 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 0.39 0.28 0.14 0.73 0.05 0.23 0.03 0.13

Ru 3.77 4 40 0 11 12.08 0.70 - - - - -

Rh 2.51 4 16 8 68 - - - 0.02 0.88 - - -

Pt 7.84 9 37 8 69 1.92 13.11 51.59 31.43 9.81 23.24 1.49 0.64 3.69 2 13 0.36 0.40 0 20 0.31 0.39 0.29 0 29

Pd 0.77 I 27 1 34 0.59 0.46 0.09 0.12 0.52 0.33 26.61 0.14 0.62 - 0.24 0.07 - -

Au 1 54 5.95 29.26 0.67 0.71 9-07 0 72 0.32 0t40 0 43 0.57 0.39 0.34

Ag 1.29 -

As 22.98 24.72 24.42 0.33 0.99 0.20 0.12 - 1 35 0.04 0.12 0.69 0.05 52.21 0 07 0.01 0.05 0.07 -

Sb 0.04 0.22 2.05 2.96 0.15 0.04 - 33 79 0.78 53.48 0.10 0.05 - _

Bi 44.19 72 60 1.76

Te 31.7? 3 46 24.11

Se 8 17

Mg

s 17.23 14.25 9.91 7.35 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 0.05 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 5.53 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 0.05 0.03 0.03 0 03

TOT 106.50 104.97 112.92 101.37 104.07 101.85 99.83 104.78 97.60 113.56 102.62 101.11 96.82 78.06 100.81 99.71 100.77 97.72 98.10 99.62

- element not detected.

analysis 1-3: irarsite(1rAsS); 4: ruthenlanosmium (0s,Ru,lr) 5: iridosmine(Osfr); 6: isoterroplatinum Pt3Fe, 7: Pt-Fe-alloy 8. Cu (Au Os Pt.)

9: geversitePt5b23; 10: micheneritePdBiTe: 11: native Au; 12 breithauptiteNiSh; 13: 51-5e-(Te)-phase; 14: Te.(51)-phase; 15 niccoliteNiAs; 16-19:

heazIewooditeNI3Ix52; 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/correction for Ni, 5 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 analyses.
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Table 4. (continued)

Ana,r;:s no. i 2






11 12 13 11 15 16 17 18 19 20

Concentrate no. 28 25 40 34 20 20 213 34 20 38 18 213 44 24 12 34 28 25 40 ptl-STD

(2) Os 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




-









RO 2 51 4.16 8.68 - - -




-




0.02 0.88







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 5.95




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 0.1? 0.69 - 0.05 52.81 0.07 0.01 0.05 0.07 -




Sb 0.04 0.22




2.05 2.96 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 73.26 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 5-63 435 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



11•1111M- alffillINIO011111001011M  11•111=11110111•111111=1•010•011•0  11•10=1

Table 4. (continued)

Ana1y2»s. 23. 2 17 19 20

Concentrate no. 28 20 40 3A 2C 20 25 34 70 25 44 24 15 34 23 20 40 ptl-STD

(3) Os 3.19 1.31 3.83 57.35 78.15 1 25 2 46 16.58 O 10 1.14

1r 37.38 37.75 36.29 15.89 19.27 2 71 2 49 0.09 0 39 0.33

Ru 4.52 5.01 0.12 20.35 1.56

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 0.58 0.29 0.99 1.02 0 15 0 32 0.56 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 0.80 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



-M-01Effi -11=1M-M-IMIN

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 40 3A 2C 2C 28 3A 20 38 18 28 4A 2A 18 3A 2B 20 40 ptl-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 2.56 4.18 8.76 - - - - - - 0.04 0.89

Pt 4.10 4.97 4.63 69.55 64.46 5.72 28.41 1.05 0.63 2.26 0.90

Pd 0.31 0.49 0.25 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 95.74 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 -

Sb 2.40 66.20 0.88 - 45.62 - 0.40 0.03 - _ _

Bi 28.85 70.35 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
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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. 20 irarsite is
intergrown with other PGM, in concentrate no. 23 the mineral is closely
associated with gersdorffite, whereas in concentrate no. 4C irarsite occurs
as an isolated single-phase inclusion in heazIewoodite. 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 ilYtswe'l
with Irarsite compositions given in the literature, surwarized e.g. in
Cabri (1981) and Tarklan (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 itmdlarge two-phase inclusion
in heazlewoodite and ?pentlandite is occupied by ruthenian osmium Os,Ru,Ir,
(Figure 5). In concentrate no. 2C the central part of the 16/Lm large four-
phase PGM-inclusion is occupied by what is interpreted as iridosmine Os,ir
or native Os. The compositions of the two Os-rich alloys found are given in
Table 4, analyses 4 and 5.

Analysis 4 in Table 4 is interpreted as an alloy of Os with some Ir, but
with only minor amounts of Ru present. The relatively high amount of Pt in
the raw analysis is probably largely due to Pt-radiation from the
neighbouring Pt-rich PGM, see the complex intergrowths of the PGM-phases
and the small size of the total PGM aggregate in Figure 4. Due to the
intergrowth and size even the X-ray image(s), which is often informative
about the presence of an element, does not give any significant information
in handling this particular problem. Cabri (1981) in his Tables 8.50 and
8.51 does not report irldosmine or "osmiumn with more than 2.6 wt% Pt. 1n
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 analys s
shows is definitely a value several times too high. To avoid poorly based
speculations Pt is therefore eliminated together with As, S, Sb etc, in the
corrected and recalculated analysis 5 in Table 4. According to Harris and
Cabri (1973) this composition plots in the field of nirldosminen. 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.



Platinum-rich alloys

Tloys containing essentially Pt and Fe were detected in concentrates 25
and 20 (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
brelthauptite (NiSb) hosted in heazlewoodite (Figure 3). Due to the size of
these patches (the largest is approximately 3.5jum) the raw analysis (no. 7
ir Table 4)is naturally severely disturbed by Ni- and S-radiation from the
host heazlewoodite. However, the analysis is astonishingly little affected
by the neighbouring breithauptite (only 0.04 wt% Sb in the analysis). After
correction for Ni, S and elements present in small amounts, there remains
some Fe which can best be ascribed to the Pt-rich phase. After this
correction the recalculated analysis no. 7 reveals a Pt-Fe alloy with

minor Os and Ir probably substituting for Pt. It is impossible from the
analysis to interpret the alloy as isoferroplatinum (ideal Pt.RFe)or
tetraferreplatingm (ideal PtFe), it can only be labelled "Pt-re a:10.».

Also in the case of analysis 6 in Table 2 the raw analysis is severely
cisturbed by Ni- and S-contamination from the host heazlewoodite. However,
after identical corrections and recalculation, analysis 6 fits very well
'.gth isoferrsplatinum Pt1Fe reported frcm a variety of locations (Oabh
1931, Table 8.75).

Cu-Au-Os-Pt-alloy

The upper part of the PGM bearing inclusion in concentrate no 34 (Fig. 5)
consists of a Cu-rich Gu-Au-Os-Pt alloy, the composition of which is sh.cn.im

analysis 3, Table 1. The atomic crsportions of the elements presented ir
analysis 8 after recalculation give an unusual alloy with composition
Cu()Ps-A 0 1,7u Os0 09 -Pt0.06, '

or ca Cu
2 "
(Au Os Pt) which has not been reported, ,.

eariiery). In this case the X-ray images in Figure 5. support the
analysis. The X-ray image of Os for instance shows that Os is clearly
present in this Gp-rich phase and nct only a result of radiation frem the
lower Os-rich part cf the inclusion.

Platinum-Antimonide

In concentrate 20 (Fig. 4) a Pt-antimonide is intergrown with other PGM and
bosted in heazle'sodite. The rav(-analysisno. 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 PtSb2), in the this case with
some Sb-excess in the structural formula.

Pd-Bi-telluride

In concentrate no. 38 a 17 fum 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 pertlandite)
a michenerite composition (Pd, 04Pto 1 07 (Bio F;sSbo03)10 91 Tel
some Pd-excess compared with rifichenC:ite.compostions.quoted by Catni
(1981) p. 155. The Pd-excess is not in agreement with experimental studies
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carried out by Hoffman and MacLean (1976) who demonstrated a narrow Pd-
range from 31.5 to 33.2 at% compared with 34.7 at% in the present case. The
reason for this deviation from the experimental results may be due to the
poor total sum of the analysis (113.56 wt%) which in its turn may be caused
by a weakly tilted surface of the PGM-inclusion (indicated by the back-
scattered electron image, Fig. 8c) and hence uneven radiation of the X-
rays.

Native Gold, associated minerals and non-associated minerals

Native Au was detected in concentrate 13, and possibly in concentrate 3A
(EDS-scan with Au included in the element association found). In
concentrate 13, Fig. 6, Au is associated with niccolite and a Fe-Mg-Ca-(Mc)
cxide(?) 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 smalI
and apparently significant amounts of Os, Ir, Pt, Pd and S (the
significance criterion is: peak radiation is higher than three times the
squace-coot 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 23, 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 cemains a relatively pure Ni-antimonide close to
stoichicmetrib NiSb (breithaLptite) in composition. Niccolite and an oxide
(probab4y a soinel) are the only phases found associated with native Au.

The present mineral investigation is still at an early stage, and therefore
a discussion with conclusic•.s4111 not be included in this report.

The sulfides and sulfarsenides occur only scarceiy disseminated within the
ultramafic silicate-carbenate 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 heavv-mineral concentrates we loose the possibility
of a direct study of the textural relationships between the PGM-bearing
sulfides, etc. and their host silicate-carbccate assemblages and hence
importaht information about the genesis of the notle-metal minerals.

To quote the famous ore mineralogist, Professor Paul Ramdohr (1967, p.
246): "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 ppti.It is, however, unlikely that these would
ever be observed micrescpoically".
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CAPTIONS FOR FIGURES

fig. 1. Location of the Raudberg field ultramafic tectonite complex (R)
in phyllonitic rocks of the Lower Allochthon situated between
the Jotun Nappe Complex and autochthonous basement of the
Western Gneiss Reglon. F = Framfjord. Compiled from Sicmdnd et
al. (1984).

Fig. 2. The Raudberg field ultramafic tectonite complex consisting of
three large and several minor ultramafic bodies. Outcroping
ultramafic rocks shown by inclined line pattern and horisontal
projection of subsurface ultramafic rocks shown by thick line.
Data from Bakke (1986).

F)g. 3. Back-scattered electnon image (BE) and X-nay inages
As, Pt and Sb. • headlewoodite-grain (1) are hosting

bre)thauptite (2), A Pt-Fe alloy (3), inarsite (4) and
gersdorffite (5). Concentrate no. 28. Scale bar is 10 pm.

Fig. 4. Back scattered electron image (BEI 1) and X-ray images for Os,

1r, Pt, As and Sb of a complex PGM-aggregate hosted in
heazIewoodite. BEI 1 only shows the total PGM-aggregate (),;hite)
in the heazle)goodite(light grey). Strong and overlaidoingIr-
and As-radiation shows aneas of inarsite, strong Os-naciatien
is due to inidosmine and strong SO-radiation is caused
oevensite. Isoferreolatirom is shown by strong Pt-nadiaticn,
while irarsite shows d weaker Pt-radiation. Concetrate no. 20.
Scale bar is 1 pm.

Fig. 1. Back-scattered electron image (BEI 2), mineral locat)on map
(continued) (based on interpretation of BEI 1 and 2, X-ray images and the

quantitati\xoanalyses in Table 4) and X-ray images for ),1and S
of the same PGM-aggregate as in Fig. 2A.
On BEI 2 the contrast is set to emphasize more detailes •f the
PGM-aggregate itself and the complex intergrowths of the PGM-
aggregate with heazIewoodite (black). Ccncentrate no. 20. Sca:e
bar is 1 pnt.

Fig. 5. Back-scattened electron flage(BEI) and X-ray images fcn Cu,
Au, Pt, Os and Pu of a twc-phase inclusion of Cu,(Ati,Cs,Bt)(I)
and ruthenian osmium (2) in pentlandite (3) and heazlew,00dite
(4). Concentrate no. 3A. Scale bar is 1 pm.

1
Fig. 6. Back-scattered electron image (a and b) and X-ray image for Au.

A small grain of native Au (I) intergrown with nicco)ite (2)
and an oxide-phase (3).
Ccncentrate noy 18. Scale ban is 30 wm ch (a) and 3 pi:cn.(b).

Fig. 7. Back-scattered electron image (BEI) and X-ray images for Bi, Te

and Se of a Bi-rich grain bordering pentlandite on one side
(not shown on BEI). Patchy enrichments of Te and Se which only
partly overlap each other (analysis 13 in Table 4). Concentrate
no. 4A. Scale bar is 10 pm.
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Fig. 8. Back-scatteredelectronimages of PGM-inclusions(A,C,D)and a
Te-richphase (B).A: Os,Ir,Pt-bearingPGM-inclusion(1)
quantitativelynot successfullydeterminedhosted in
pentlandite(2) and secondarysulphidesderived from
pentlandite(3). Note well developedhexagonalparting in
pentlandite,concentrateno. 2A. B: Minute inclusionof Te-rich
phase (1) in pentlandite(2), concentrateno. 36. C:
Michenerite(1) hosted in pentlandite(2), concentrateno. 3B.
D: Rh-enrichedirarsite(1) hosted in heazlewoodite(2),
concentrateno. 4C. Scale bar is 10pm in all figures.

Fig. 9. Microprobeanalyses(at %) of PGM sulfarsenides(irarsite)(A)
and alloys (B). 1n diagramA contentsof Os, Ru and Pd have
been includedfor 1r, Rh and Pt, respectively.Analysisnumbers
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 Mossie Johannesen


Abstract

Three types of stratabound platinum group elemem (PGE) unriclunents are documented
ol-eumulates of the layered series on Lekin )0s,Ir,Rt: enriehments associated•.i.ith chro-

mitites, 2) Pt-dominated enrichments, nnd 3) Pd-dominated enrichments that are associated
with discrete IN:SOetn thick sulphide-rich horizons. Drill-cores across the Pt- and Pd-entii-
ched liorivoN h::72 vielded half- and ineteiNavefaes of cd. Ippm (total PGE ±Aa ahd one
of the ILiiii/um have 3ppm PUF in hand-samnies. The horizom can be traccd 1;i;CF:L111
for more tiltn: :.f Fin. B-autoradiography of one of the emiched core-samples sho tinit the
PUPd-eurichnients thav only be ti few centimetres thick. ahd that they caused ivell de-
fincid horizum uro fich in discretc PUE-bearihig mmcrtils onikniv tehurides. autunom-
des, arseuidcs huys of Pd anj Pt).

The PGI emHcianents are associated with ihe base of cyclic units and they seem therefore to
have been formed during, (”."shortly after, iuflux of priminve inagina into the chamber. The
Pt/Pd-enriched horizons are displaced reiatively to chromItites, and this fact explant why op-
hiolitic chromitites, in contrast to chrumitites of intracratonic lavered intrusions, are deple-
ted in Pt-I'd relative to Os,Ir,Ru.The study demonstrate that ophiolitesshould not beexcluded
as potential sources for Pt, and the varions processes that may eontrol the enrichment of PGE
in such complexes are discussed.

158

Introduction

Durinn the last JeeNie Several studies haye

shown that ( nolite hosted chromitites

rnav be cru.iu:te(: iii platinum-group ele-
menN (11(111)(Page et al.1982; Page et

al.1983,: Page and "1ddkington,1984; Page et

al. 1986: Talkington and Watson, 1986).

These are typicaliv enriched in Os,Ir and Ru

(113GE). and contrast with zhe Pt.I'd


(PPGE) enriched chromitites of layered in-




trusions such as the Rushveid Compley

von Gruenewaid: e:

Howevcr, wnhin the Linedonihn

hiolite (Shetland) ItGE-enriched chronn-

tites with extraordinary high total PGE.

contents have been reported (Pritchard et
al. 1986), and show that podiform chromiti-
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tes can not be excluded as hosts for PPOE-

enriched deposits.

Podiform chromitites are generally assu-

med to represent disilipted remnants of

masses crystallized from mantle-derived

magma en route to the magma chamber
(Dickey, 1975; Greenbaum,1977; Lago et al.

1982). Due to uncertainties regarding the

genesis of the podiform chromitites, ie. the
exact petrogenetic DTOcess, their depth of
formation, the amount of magma such ti de-

posit may collect PGE from etc, conside ra-

ble PGE emichmems in these bodiesshould
not induce too mmftt optimisms for the

POE-pote ntitil of the onhiolitic lavered se-

ries (an(1 visa versa fOr harren podiform

chromitites).

Detailed studies of thc PGEpotential of the

ophiolitic tavered sertes have t8een gtven
little attention.This mav have Illany regiS;111S,

but the fact that ophiohttc chromitites in

neral Ure PPG E-depleted has elearly estab-

lished the impression that ophiolites not are

potential Pt-st ffirces. However, a series of
platinum group minerals have been repor-
ted from the ultramafie cumulates of the

Zambales oph ioli te, were Pt also has been
extracted as a by-product from the mining of
Ni-sulphides that are tocated within strong-
ly serpentines "black dannes" (Hulin, 1959;
Abrajano and Bacuta. 1982; Orherger et

1987). Orberger et til. (1987) conclude that
the Pt and Pd have been redistributed in the
rocks and that the formation of the PGM is

related to svn- or pos; sernentinization pro-

cesses.

Orthoingniatic 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 fundamentai itmitations such as Pt-Pd-

depleted parentki magma, ur magilia chain-

ber processes narticular to ophiolitic

magma chambefs that prohibit the forma-

tions of significant PGE-enrichments.

The scope of ft's study has therefore Hen

to establish the nistribution of PCT wtthin

the ultramafFc focks of the Leka ophiMite,
and to evalume tf parental magnla compo-
sitions and the magma chambef processes

operating in onn.tolitic magma chantbers

may allow stroxn enouch enrtchment of the
PG1: to form eccf.tomic deposits.

Geology of the Leka ophiolite

"Flle Leka Oohtolite Complex

(Prestvik 1989: Fernes et cii. 1988) is one of
several ophiolite complexes exposed within

the Norwegian Criedonides. The complex is

exposed on the istand of Leka in Mid-Nor-

way, and exhibits all the components of an

ophiolite complex. ie. tectonized harzburgi-
tes, ultramafic aranmafic cumulates, sheeted
dykes and pillow lavas (Fig. 1). Acid diffe-

rentiates within ibie complex yielded a DiTh
zircon age of 497 — 3 Ma (Dunning and Re-
dersen 1988) and the Leka ophiolite is the-
refore presentk the northernmost of ti

series of Lower Ordovician Caledonian op-
iiiolite which includes the follo-




wing complexes: Thetford Mines (New
Brunswick ). Bay of Islands (Newfound-

land), Pett's Cove t,Newfoundiand), Ballan-
trae (Scotlanct). Karmov(Southwest
Norway). Meta-basalts within the LOC

show a range of trace element compositions

that are comparable to N-MORB, island arc
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tholeiites(INV), haninites as well as alkali-
ne basalts (Furnes et al. 1988), which toget-
her with 0te geology of these complexes
suggest that the LOC together with the ot-
her Lower Ordovician ophiolite complexes
within the orogen formed wIthin an extens1-
ve Lower-Ordovician island-arc/arc-basin
system (1)unnin:: and Pedersen 1988; Pe-
dersen ut al. 0/88; Pedersen & Hertogen
1990).

1iltramcilic r('ctotzurs

The oltramafic rocks of the LOC have heen
suhdivided into nomIavered and lavered ul-
tramafic rocks (Prestvik 1980), which were
interpreted to represent residual upper
mantle and ultramafic cumulates respecti-
vely. recent investigation of the non-laye-

red rocks (AIhrektsen et al. in press) shows
that these rocks have many of the characte-
ristics of mantle tectonites, i.e.: they consist
mainly of harzhurgites with a strong compo-
sitional handMg, and of dunite hodies varia-
Ne size. which are particularly frequem tit
the assumed uppermost part of tectoni-
ks. be1ow the ultrantatic zone of the1avered
series. Dykes and veins of dunNe pyro-
xerdte cut the compositional handing. and
have themselves also been exposed to dhc-
tik deformation. Tahular dunite hodies as
weli as some dunite and pyroxenite veins
contain in ilativ cases a central zone that is
enriched in chromite. The zone is generally
composed of disseminated chromitite, hut
in a few cases ten to twenty eentimetre thick
zones of massive chromitite are developed.
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The lower part of the lavered senes domi-
naded by thick sub-zones (up fl everal hun-
dred ttteLcs) or ol-cumuhttes interlavered
with sub-zones of ol-pvroxe-
tte cumulates (big. 3). Sorne of the sub-zo-
nes of ol-cumulates can be subdivided inm
several evolic mins. These cvelie units start
with extrerne ol-adcumulates at the base.
The contact with the unit below inav

 eru few tens ut ecn:HietreN but
many cases the lmiundarv verv sharn. 1
rizons ehnullitite oecur soulle

distance above the base of the tirlitti

rallv within 2-3 metrest. The chromitite-en-
riched horizons vary in thickness from 5
metres down to horizons that are onlv a few
centimetres thick, and sonle cyclic units ex-
htbit no such enrichment at all along their

hase. Sulphide-enriched horizons that vto:.
in thickness from ten centimetres to

metre occur ako along the base of iiuuuivcC:t

iic umts. Where hoth a chromitite horizon

and a sulphide-rich horizon are developed
the first is developed some distance belov.
the latter.

Clinopvrosene (cpx) and localb orthop:,,r, -
sene (opx) appear upwards first as sporat..,
t(trains, and increase then in amount until Ci -
tectic proportions with olivine are reacimtk
In the ol-cumulate sub-zones the evelie units

are less complete and a new unit may start
before cotectic proportions are establishett.
or even hefore cpx appear in the rock so thio

the units can onlv be defined in cryptic

The cyclic units have been mapped

for nearlv 3 km (Fig.3), until the lack ofc-
posure makes it hnpossible to trace

further. Clyclic units that cum easelv be defE-
ned in the field ntav f:ide laterallv, toward>
sentral parts of the intrusion, so that tlte.,

can only be detected ht. cryptic varratMitt..

Vertical and latcral
composition

Cryptic vertical and lateral variations in olt-
vine composition havc been studied withlf

parts of an ol-cumulate sub-zone Fn:
Althozeh ca 90% of this unit is composed
extreMe ol-adcumulates, the exposcd pa.
of the suh-zone cart he subdivided in Ille

eld into five cyclic unirs denoted cvelic uniht
and V, where only units 11,111and

IV are fully exposed. A several metre thick
chromitite horizon is exposed ca 15 metres
above the base of unit III and serves totiet-
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FIG. 3. Detailed Inap of parts of the ultrainafie vone ofthe lavered series whieh show sub-yones of cb and ol-py-
roxene cumulates. Cyelie units are shown within the ol-ennuilate suh-zones where thay can be defined in the field.
The locations of the main neochemieill proftles referfed le latet in the text are marLd by A,13, and C.
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her with the verv marited hases of some of
the units us reliable murkeu horizons.

A detailed discussion inodelling of the-
se vertical and lateral variations (Pedersen,

1989, Pedersen, in prep) conclude that:

1) The very magnesian olivines (Fo92.5) at

the base of soma of the cyclic units suggest

il picritic parental n:agma for these parts of
the layered series.

2) The relatively mudest variations :n

composition from Fo97.5-ss reflect very
significant variations in We MgO eontent of
the magma - from ca. 20 to 10 wt%.
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The fact tha: nellu ïeIna precipizated oh-
vine which is ss fursiCritic as tvpical olivine

in residna: mantk. stiggests that the mmtnart
could no; havc formed t: plume and mixc-ci
extensiveft with the much more evolved
magma further an in the chamber (as is evi-
dent from the lateral interfingering of the
ultramafic cumulates with gabbros (see Fur-
nes et al.

The ervptie vertical and kiteral variations
in the 01-cumultues can be reasonahly wcII
explained within the frantework of partly in-
termittent and ptil eoffintous of pic-




ritic magma through ainagnla fountain, and
the formation of hybrid bottom layers
which differentiated bv oliviuie fractiona-
tion.

PCE Geochemistry

Analvtica ethods

The rocks were :malvsed fc•r induc-
tively coupled mass-spechrometrw (I(P-
MS) after preconcentratioh of the precions
metals bv fire assav. The artalvses were car-
ried out by Sheen Analytical Services (Wil-
leton, Australia), and at the Department of
Earth Sciences Memorih: Universitv of
Newfoundiand. The tmalyttcal procedure at
Memorial University is ontlined in Jackson
et al. (1990). The mean ins:rumental detec-
tion limits at this lab. are reported to range
frorn 0.07ppb for Ir to 0.7ppb for Au. For
low levelsamples the mean Mank values are
less than 0.15 ppb, and overali method de-



tection linhits approach instrumental detec-
tion limits (Jackson et al. 1990). Sheen
Analytical Services claim slightly higher de-
tection limits, with 0.5 pph for
Pt,Pd,Rti,R1),Ir and 200b for OS and Au, and
state that the recovera of Au in Ni-sulphides
is not quantitative at levels below 500 ppb.

Three internal standtirds have heen applied
to control tlili)preeision of the PGE analvses
(Appendix I, table 1). A large quantitv of
unsei-pentinized dunite was inilled and care-
fuIlv homouenized, and has been analvsed
routinely touether with the samples. The
anuilevfelded mantle valbes and served

cood measure 1or the reproducibilitv

Ir 1".ki 111 l't PCI Au

FIC3.5 nt)im:diiyd IfrGE-p;Itterns

ledt :I[id .1',S()Chltt'd

) hase:111v i ilyse iii this study. The re-
lative stan(Uird dcvi:Itiums hre less than 20.11-
for II", Io. Rh, and Pt; for Pd and 67%
and 88{» for Os and Au respectively (Ap-
pendix I, table 1). Two samples of komatitii-
te (AN18,00), which were kindly provided 


by S-J. Barnes. WCN:also analysed routine-
ly.These samples have PUIL contents in the
intermediate ranue. AN90 utive relative
standard deviations of 10% or better for
the PGE except for Oswhichgavc 22(;)",.The
results are less satisfactory for A X18, which
can be attributed to a sinule bad run at She--
en. The results on these samples are also in
good agreement with the results obtai ned by
neutron activation (Appendix I. table 1).

Two standards (FLC-1, PINI-1 ) have been
run as Corirot for peak compositions. Ex-
cept for Au the results obtained are in upod
(:1"eell;c:-J1with the rceommended

.\lantle T(Ttorziics

The harzburgites of the Leku

whieh Ury intelpreted to represent depleted
mantle tectonite, have very low POE-con-
tents (Appendix I. tafte 2) edmpatible witli
the values obtained from depleted mitiutie
foeks eisewhere (Harues et al. 1985). Tb:
mantle-uormalized POE-patterns are near-
lv flat , hat 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
har/blirt:IICS.

Chroniir:.:csissociated rhe mantle tecto-
uires

Chromititts exnosed within tabolar dunite
bodies aud within dunite and pyroxenite
veins have been sampled and analvsed for
major elements. 5, precious- and base-me-
tals, and the results are listed in tabIe 3 (Ap-
pendix I) . The highest content of precions
metals found in these rocks is 8500 ppb
(PGE+ Au), ohtained from a ea 10-20 cm

I64
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001
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FIG.CLPH P(IF against. the El7 tic:Irrerg.r;rnrcl. thc Ptlr ratio ae000n thy r-
chromiikes11,k•dwirHn the marulc conten:

thick massive chromitite that ean be Mo-

wed for u 0.-,v turl: c)f metres. Thc PGE

tents vary, hoy.evei. considerabio
individual samples from Mis chio e

(from 8510 tu ppb) and the average


samples k 4770 ioph total PGE

The total ;1'; contents of the chromitite
from the tectonites show aroughly ii11(225FU-

lationship whh the amount of Cr hoti1C5()Lir,

(Fig 6). Disseminated chromitites wdnii

therefore be expected to be less  L-rich

than the massive. The increase PGb


increasing nmdal ahundance of chromite se-

ems not to be proportional for Me
and the PP( 1., tis indicated by the increa-




sinp Ptir ratios with increasing Cr coments


of the samples 7)..Ehis is also rebeeteil

bv the chorM: hoimalized

of the rocks (Tig 8ah While the Pen:--deple-
ted rocks huve relatively flat PGE-pa(terns,
the enriched roeks show patterns that climb

towards RI. The depleted rocks tend to

show a positive Ku-anonnalv, wihke or. the

other hand mans of the enriened sanmies
show a peptive kominomal.v.

The chondrite normalized patterns of the
rocks compare with patterns recoited Hoid

chromi:ites from the mantle segdences

other ophiolite complexes E;b). The.

PGE depleted patterns are compamble with

the PGE-signature of chromithes from the
Lewis Hill(s:ewfoundiand) and chromMtG,
from the Thetford Complex show also simi-

larly depleted patterns. The enrichcd mu-

tern differs from the typical ophiolitic

chromitite patterns which tend to be IPG

enriched, as exemplified on Hp. 8b hy

chromitites from the White Hilis (Newfo-
undland) and from ITirolds Grave

the Urist complex iShetland). The patterm.
compare, however, closely with the patterns

obtained from the Cliff she on Unst, aItho-
uph the Leka samples are not so rich as the
highest grades obtained on Unst.
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1:[(;. A ree eh,mirite-neffnahaed

in the itIrratiudic zone of the layered  se-
/7(5V-1/4triutions through c clic units

The study of the PGE-geochemistry of the
cumulate nItralhafic rocks has been focused
on the sub-zone where crvptie minerai
riations kr1 previously been established
(Fig Samples that had been collec:ed

along profile N to detine the cyptic varia-
tions in sii cute miner al composition
were analvsed for PGE to give an overali
view the vignition in PGE contents thro-




ugh the cyclie units. The results are shown
diagrigninitticallv in FigO and listed in tabie
4 (Appendix I and demonstrate variations
in the content I:rom only a few ppb to

above Ippm total PGE. Although the curves
are rather ruged. two pronounced peaks

l't PCIAki

aS

1yp eho 1111,

are evident in the IPGE trends. The lower-
most is sifitited, 215wonki be expeeted, wit-
hin the main horizon f disseminated
chrornithe, while the appermost is located
jusi above the base of the apperfrist evelic
ung, where mifew thin relatively

chromitite seams are located. The total
1PGE eontent is, however, rebitively IOWin

both samies - only of the order of a few
hnndred pph. The presence of three peaks
in the Vi and 1'd eurves , two of which viel-
ded more than 1000 ppb ot Pt and Pd com-
bined. is more surpmsIng. While the
Iowermos:of these peaks is positiored mime-
tre or hvo above the top of :he migh chromi-
tite (R3) the two other are associated with
R5 and Rb(Fig 9).

te,e PG11.-patterns of the Lea chsome:tes (shadLei are;is) wiih olher poLiiken
Ies )..tH Nole PILLIOiÏU et al.,1956; Talkingter and \Vatkinson. 1055).
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The bases of four cyclic anits and tho main

chromnite horizon were resamplei. with
short 10-30 metres drill holes. Severa.cnc

were also taken across the base of the samz
cyclic unit to obtain lateral variations in
composition. The holes were all taken with

ca. 60 deurces inclination to the lavering

(which is vertical) so that two metres of core

represent o one met re section of the rocks.
The d011 cores were split, and 11t111meter

lengths (subsecitiently meter-lengths) were

crushed and imalvsod. The results are hsted

in tables 10 (Appendix U, and the results

are compiled iii Ing 1(1,which shows 01s0thc
vertical nid lateral nmition of the iiiu.ivsed

drill 1(05.

The reSillts from the drill cores confirm that

the EGE contents inav fluctuate by an order


of two mrignitudesiicross a few metres of the

itivered rocks. Tite core-data sh0w also the

presence of seyeral PGE-enriched horizom
ntat vield half- and one-meter imerages

in-ound ippm total PGE. (mainb Pt talii Pd

drill core aCTOSSR6 (88134 and SiSP
where a sample with around 2ppzi PG1', had

heen collected (sample 87P2,

taLfle 4), yielded half-meter avera:Les of onk

a few hundred ppb which suggests that the

enriched hOriZOI1 is verv thin and that this

horizon had been sampled direcnv with the
hand specimen.

.1-he drill cores across and ohovo the main

enromitite horizon show the presence of

Pt and Pd-enriched horizons 	

above the chromitite, and a third 15 to 20
metres above the chromitite witich coinci-

des with a minor reversal in olivirte compo-
sitions (R4). These horizons can be traced
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1:1(110,. (10mpihrIi ol 1)(111-eldt: from drill taken cross the I units 1110 111100 110,1H

prdfilt.)));ol Fig. 3.

laterally from profile A to H and C - a a:s-

tance of tround i.5 kdometrcs (Fig 1()). An

enriched horiton was ulso discovered 'ast

above 1:2 (profile .;SH("))which also vielded

closc to opm total over a mcife of

The valiations iii the PCb; content across

und ilmoudiuteb; above are shown on

morc detail in JdU 11 . The change from
wehrlitc to donite, which dcrines the base of

the cyclic unit in the field, is reflected in the

diagram by sodden drop from above

lOwt% to leH wtc.:( Ca() :fflout
metres abovc the 1).5rinning of the core t:11c

considerable in Ca0 below this Ie-

vel reflects smalier scale interlayering


dunite and wehrine The reversal in com-

uosition at the hu5< of the cyclic ',-

shown by an increas,e in the Ni content of thc

rocks from tiHO ;:hove 2;JUDpom ;Icros


three metres of the '.avered rocks. The PC;1:
enriched horizon (nianny PuPd and Au)
clearly situated at the exact base of the cve-
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inain chromitite hort»al.

and is associated with i minor peak
in S.

R2 was also penetrated by cOre taken
along profile A (Fiz 12).The iRy‘eot.the cyc-

lie unit is ayain defined on the cli.*E-J-{:tribe

the rapid drop in Ca0. Peaks in the Pt and
Pd trunds ;trc ulsc preseht here ut the base

of the evelic unit. and nnnor peaks m-e-

sent just behRw - at level where :he Ca0
content declines rapidly. A Au enr:eh:=1;

(up to 500 ppb) is present alRwe thiese pe-

aks. This enriehment eannot, II"eyer, be

traced laterally, and similar seleetive en-
riehment of Au has not been observed nany

of the other cores.The local Au enrichment

may be related to ti minor brittle shear zone,

but no detailed study of this has
yet been carried out. Above the Au peak
three minar Pt Pd peaks are present hefo-
re the main chromitite horizon is Mmrsec-

ted as shown on the diayram by asudder.
inerease in the (1r content.

A hole 88B I was also tirilled from, pos1-

tion just below the base of the ch:o"-Mrite

and shows the compositional eyolution
through this horizon and 1n meLes above
(Fig ).The 1PGE are enriched in the chro-

mitite horizon and the contents of these ele-
ments inerease linearly with the Cr contem

ot:the bulk rock (Fig 13). Three Pt-Pd peaks

arT reeorded above the chromitite horizon

ahd a fourthis present at the end of the core.

Tyese peaks ean be traced laterally. and the
.w() lowerrnost peaks are interseeted by

drill-hole 87A1(taken along profile IbFiy

14), and all four peaks iffe present trocures

8137 and 89B9 whieh were drilled along

profile C (Fig 10).

turend variations in PGE within cyclin ivrH

here appears to heu systematie lateral va-
Hation in the Pt/Pd ratio of the three majut

peaks that are located above the main chry-
:-.1ititchorizon. 1n In-ufne A. which js

ned to have had the nnr“ ceCtNII

:he magma ehamber, the pea'ks are siMht-

ly to strongly enriened itt Pt reeative to

uro ayeraze Pt/Pd ratio 1.o (1.":“.

Itt profile C, however, the average Pt/Pd rtt-

tho of the three peaks is 0.4 or a quarter

that in profile A. A sulphide-rich horizoy
iucated at the level of the lowermost of the-

se three PGE peaks ean be traced in the I

eld from profile A to B to C. Hand sample>
trom this horizon yielded 137, 1038, 1870
nph respeetively from profiles A, 13,C re-

:tectively, or an increase in the PGE eon-

:ent towards what we assurne nre the mure
distal parts of the intrusion. The Pt/Pd ratio

hurizon seems, however. not ta chan-

ge dramatically (0.33, 0.44 zmd 0.40) whMli
contradiets the pronouneed lateral chanyes
Hat are abserved in the core-data KITig.If‘
Both the total PGE-content and the Pt Fd

tatio of samples from the sulphide-rich ho-

rizon that were colleeted at profile C are
compatible with the values obtained for the

I i n



1710.1. V;tria.tio:1 in conteiw, ueross

chronlitne 11(11-17(lliin JO dde 13(0,[re S7A1).

Iowermosj at lIte thr-Liepeaks at th,s loca-

reasou for the above inconsisten-

cy efin be r)und A where the total
PCiL-conteni of the sulphide-rich horizon

appear ncin IYan order beloix ihat of
the peak composition in the core (88131Fig.
12). It appears therefore that the main

PPOL-enrichments along this profile are

displileed relative to the sulphide-rich hori-
zon. This relation k shown by the variation

Prof ie A

2,5 T

Ptl.Pd

Peak 1 Peak? Et

FIG.10. I listogram 5h" li Ih

[M: three major Kilj-pcahs aho:o

hor]zon chan0,0 la[nrany. In


s0e Inxt.

of these elements with stratizi. hic lie
(Fig. 12), and it is eviHen.

core 88131where the parts that ibiost ett-

riched in Pt and Pd show the loi..sst conccii-

tration in 8 (Fici C.;\ icaitergribii
of the core-data from the hoie that was

through the base of the Yoissi-mosi eve-
iic untt (taken across R6 cioset. profiie A

shows a different picture wii,, the data

points spreading out as a rap 17). The


reason for this covariance can se dedgeed
from Fig 18, which shows conift.sitional

riation with height across base

the cyclic unit is bere again ma:ked

sudden deerease in CaO. A thick

sulphide-rich horizon ean be obscrved in the
field a meter above the hase lE tlie evelic
unit, and this is depicted in the core as two

marked peaks in the 8 content, is parti-




cularly enriched in the uppermost part of

this horizon while the lowermosi part is en-
riched in PcI.The main Pt peak occiirS, ho-

0,5 -
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30 L.DL

rt-Pd (P,Pc)

I. 10. I )i-dgLun clemonstrates the inVeltie

bLINVCCI1 S and l't in enre-snmples tihn

nre Hken ;teross and .,:hove the main chromitneh,,ti-

:,::t nIune. SSI31)

silphide horizon

to.:m1texhIbits rmio of 2.4 wItIIe the

0eak associated wIth the suIphide-rich hu:1-


zon Ims ut1)01kImtio of 0.4. which compares


well with the Interal variation In the Pt "I'd

observed al.mg the enriched horizom,

above the main ehromitite from profile A to

profile ( (Fig

The Myeredseries contains both Pt-domina-

ted II(.; II emiclunents, thnt nre not nssocia-

ted with suIphide-enrichments. and

P.1.-dominnted PCILIenrichments which nre

nssociated with dkerete sulpInde-rich hori-

zons. The present data suggest that the Pt-

dominated enrichments nre positioned just

below the Pd-dontinnted, nnd that they fnde

towards distaI putukot rhe intrusion, and vice

versm fol the I'd-dominated enriehments.

Peak-cOmposition of Sulphide-rich hodzons

The maxitpum half- and meter-averages ob-




tained for the 1)t-nad the Pd-dominated en-

116:1. V.,r-i::::DnbetweenS and l't in slt•t

taken net-,•;!:, between prortle A

o:der ot Ippnt

12sulphtlie-enriched hurizons (maximunt

contem onIy 0.6wtc/c, see Table

tItat the oegS: composition of the Pd-dmni-

nated emichrnents mny be above 3ppnt H-

tztl Pelli (Table 17). The most enriched

sampIes rgflekp & 21) were taken from a

horizon that is exposed around 30 inetres

above II<J).The second most enriehed smn-

ple (891ek31.iwas the only sampIe taken Lpt-

side the nren studied in detail, and poim> to

:he presence of enriched horizon also

de the seteeted

o hand-specimens have vet been taken

from the PI-dominated enriched hori7,)ns

because theI: exact locations are to

establish in the field, due to the Inek ut
her assoctmed phases sueh as sulphides on

ehromite. However, the peak eompositions

of these horizons would also be expeeted to



he sinificuntly higner than the half-nd

fram the cores.

I fl

0:romitites from die Liyered sches

The dissentinntecl chmmitite horizons snm-

oled by drilliiiitvicldcd low contents both

the PPG• USwell tts in the IPGE, although

inodest enrichment in the Ituter group enh

be observed throuph such horizons (1H2
»,14).;\ otinibeJ• horHo>

snr.-.oled at ?nr:inInI tnee Of

. The sanionme. y.as earried on; throunh.

Ho.-;;;;hdic zone of Ute lavered SC:ic>

Ute F:1U.,;irc:::sted in 18.The

hest 	; ge obtained in b7P1 nnel P'.


nich cohtrnsts whh the FCStin thnz Iney

enHolted in PPGE addition

1PGE. These samples were taken from h

thin chromite seam located a few tens ni

centinietLn, above Pi)n prhfile 13,and (li-

[e.: from the other >.nmoles in that they con-

tuP-,visible stdpinde.In the samples that

ffee of vHble sulphides the maximgm PGE

cohtent k 405 pph - mainly Ru. The ave fa-

:ze Rult RulOs of these sample<

ts i.5 I, nnd is slightly higher than the 1:.u#

ohtained from laurne :rain. in chromithe>

of the  Vhite I lilk Peridotite (Ru# (1.4(3)

(Talkinton nnd Watkinson, 1986) , which

suggests thnt nll the IPOI: may be confined

to laurite zrains which have also been iden-

tifted as inclusions in chromite grains.

noroh1liz(4 ponems of the str,a-
aboand noriched

Chondrite-normahzed pniterns of repre-




sehtative uf the Pt-dominated en-

richme nt, the sulphide-bearing


Pd-dominated enriehments as well as of the


chronntite horizons are shown in Fig 19

:1 E7C5432 I C

rnetrys

FIG. 18. Geochernical variations with heiglil i>,

Ita (core 88134)
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FIC 1‘;

IPCn'.
with sHphidy-ticl 11,,11/[1[:‘,

• 


,

tt,b.e Fespectively.Th:t l't nd the Pd-dopn-

ttatcd enriehmehts bDth PPGL chH-

ched pt,tterns that compare t'avourablv with

the patterns of lcj it ucli as the .1-M

Reef of the Stillwater Complex and the Me-

rensky Reef of the Nnshveld Complet< (bitt

20). The ehromPite horizons show on the

otber itand IPOLI-enriehed patterps, snni-

lar to the patterns that are reported from the

other ophiolite hosted chrumitites (Fig 20,

Fig 8b). One chromitite horizon, the one

contailling visible stilphides, deviate froin

this pattern bv having a patt,:rn that can bc

visualized eonibinaPon of the Pd-cloini-

nated pattern of the sOphide rich horizon,

and the tvpical pattetn ol he stratabottild

ehromitites. Thk patterh compare with the

patterns reported frogn chromitites of the

Stillwater Complex (Fiu,20). FIG. 20. C[imparison of the PGE -patterns 01[hc strat-




ahound chrumitites with chromiiite from the Stillwa-




ter (omples (8). and of the PPGE- enriehed horizons



Platinum Group Minerals (PGM)

in the PGE-enriched rocks

Methods

PGM have been located in the enriched

rocks by B-autoradioRraphy, following the

procedure given by Potts (Potts, 1984; Potts

& Prichard, 1986). Polished thin sections

were cleaned and packed in standard alumi-

nium containers. The sections were radiated

for an hour at Institutt for Energiteknikk at

Kjeller (Norway) with a thermal flux of

0.8*10I3 neutrons cni s `.

The activated thin-sections were placed on

a B-sensitive X-ray film (Fuji-RX ) in a dark

room were the lights where screened lw Ko-

dak GBX-2 safelight filter. The film was ex-

posed for 23 and 48 hours after 14 and 30

days respectively. After exposure die film
was developed with Fuji Photosol CD-18

developer for 5 minutes, and CD-40 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 parallel exposures are

shown in 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 13-

emitter (198Au) explain the disappearanee

on the last radiograph. The darker areas on

the radiographs represent an image of the

chromites which due to the content of

emitting isotopes (60Co) can be distinguis-

hed from the silicate minerals. Due to the

contrast between the chromites and silicate

minerals, and also between various silicate

phases the radiot-zraphs are well suited as

"maps" to locate the PGM under the scan-

ning electron microscope (SEM) or on the

microprobe.

The SEM-work ha heen carried out on a

Jeol JSM 35. The PGM were searched for in

back-scatter mode with an accelerating volt-

age of 25kV, and the qualitative analyses

FIG. 21. B-autoradiographof a stratabound ehromi-

tite wichshowthe presenceof a B-emitter(sce arrow

on A) that dissapearafter30days of cooling (13).SEM
investigationof the chromitegrain demonstratedthat
the B-emitter probablywasa smallAu-Cualloy(C).

•
,

,
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RenrescEU:(se

111:-,and (.1.ri::;kc

were done With 0 Kevex 701 ncrffiX ener-

gy disfmrsive X-rav analvser

Ore-rninerMs have hmen ar H.,edquantha-

iivek. ARL SEMQ hummyrohe. The
analvses v,efe dcffie with aeueleratffic
voltage of 21.1.;A;and votli m-current on
HMA. Metallic standards ure ehosen Hr
the analvses of Ni, CMand Mo. ArsenopvH-
te was used as a standard to As analyses,
and pyrite for the analvsm; ffi"f.;and Fe. Both
the SEM and the eleetron inloroprobe anu-
lyses Os wen ris 13-autorrMaigrmffiv were
carried out ut ffie Lhiversiti,

Orc minernL th.f: -hrtinu: 012C (il j)Z!'
serit'S.

Ore minerals oecur in small munnities thro-
ughout the ultramafie cumuIatepile, but are
enriched in the numerous stnphide-rieh ho-
rizons. Detailed mineralogicH work has vet
not been carried out on Mdse rocks hu:
pentlandne. hemilewoodite ahd native con-
per have been idenffied and ahmlysedcluan-
titatively, and rephesentaffi;e results are
listed in table 1. A numher of other ore-mi-
nerals have heen analvsed gualitatively on

A 1)r)stit

rci mwic ,!!

the SIiN1 and int. conmosum nd >. e
ted names are ofrer in tahle

"I 11CphFUgeru;>1

te. OtlienCt:-Nf-IeOthel-

minerdIs and native menak dre
...sHiciated with the pentlandhe, ahd fre-

(mently ceeur composUe grants. A
tdinn complete tOm ut magnetite 1>offfin
developed around ffie sulpinde.

The one niiinen:nh occtnn uene- Ilv nuerst:11-
mdiv serpenHe matrix. or fraemres. ih
other minerdIs Hich moolivine ahd chrmni-
te. A ke-Ni suMhide

tut inelusion iiutctitiiniiite gra.M,whefe it
oceur together with a ru-Au ahov ahd

inclusion.

Hannuin Gron» Alnnerals in the I -iycred Se-
ries

"1"hePGM in ffie I-vered rocksmineoHerved
in twL contrasHL :exturd! positiom,:

' PGM present as inclusions in ehrotnite

* PGM associated with sulphides in the
stratabound horizons.



;!u:nte (Ru.0s,IDS2 is the most common

found inclusions within

chromithe uains. This mineral has fre-

cmennv heen reported in :be same textud-al

posHo:: other ophioline chromintes (Jo-

har: nnLi Johnn an(i, Isegenchre,

os, .	 nI., 1981,Tail.Heton et


hornsni., .:9Sh) and, Intie aftention

has heen oaij in 	 study.

Itc.;PsenricheLl horizons only the

Pdo:.innomeJ have nOt heen .nvesHated

mincralofncally. B-autoradiographs of

r riihr MI thin sections from these hori-

ion> FeA'Crliktheen reeorded. and mann

showed the o.:esence

Sys;ermitic SEM wo:k has heen

car:ILs: oo, lowc-most Pi-dominn:e

,:c•ournerej. in core 57:\ (hn.f:

‘)-  nrade

the :he cose B-annrsn-

oloy:-;,:cs. t.ns:se:hm-secionsrevealelin

2 cm. huTsizon ol B-emitung

that nnr,lul the layerint: ih the rocks

22). 5SE.,\.1st•dies of these B-ernitters show

that He L'r.littCFS WC;FC:'di'LtirnoHdes and tei-

	

• - • .•; 1 :1;1 ;17.;-; ;

TA131.113. Gealitative composi;ion and sugsested na-

mes ut P(;M :n stiambound enrichments

$1k Lff7.

	

`.,;(  '•. .-t1,‘' •

11-aemraMorrapin, HIL,;Igh (11::

PPGN Curichnly;I: uf Ck ;--;5•A: ist;e Fia. 14:

 hy

mnolaiHn.rapM a.annen;111,- prla,enee a tv... •

cemireetre thiek strambaund lea7Rm nien

hirides carrying (FiL, 23,24,25). The

qualitative composition and the sugested

Ulames of the minerul speeies identified so

far are listed iii tahle 3.

Pd-minerals are those rhos: rrequently en-

countered in this horizon wHch agrees with

:he hulk-fock composition. Pd OCCIAN2ene-

rally as antimonides or tellarides (Pd-Sb,

Pd-Te, Pd-Cu-Ph-Te, Pd-Ni-Te) hat also

177
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 24. SliN1

Pd

F1G. 21.1.SENI back-s“drer picture nre-rnineral and

associzded P(dN1. Th( \eo lawest \ehite grains dre

both Pd-Te ;e- shlieee H. the I(ernerd scale, lor 1'd :tud

Te (C anci 1)).

alloys together with Au and Cu (Fig 24). In

the Ao,Cutd alk)ys the ratio between the

three elements varies considerahly from

Irrains dominated by Pd ind Au to graMs

orinoh Y'v •1 ( ( h.

exclos:\ H-PU

have also been enc(umte:.ed. The PO.`,1

this horizon are rallv 5- IDmierons  ac-

ross. but grains up tr) 25 microns have hue:-.

observed.

The PPGM th(:ins studied are clt
cIv associated with l'e-Ni- ur other shinh:-

des, with anovs and native metals. Thc

UPCM occur assohhedral inclosionswithM,

or as anhedral grains along, the grJiii-

boundaity 01" Iii COnttiet with these

In one case ti Cu-Au-Pd allov is observed he-

tween two OlIvtile.gmins, hot it seems

Mat it has been moh:lized from a nearhy Ve-

Ni so:phide Y:ithwhich Hnhiar ary

(Fig 25).
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PG.t1 Chminirites ass ctired with 7 toni-

Samples from the most PGF. enriehed chro-




mitites have been search for PGM following


the same procedure in the lavered series,

scanning electron microscopv of thim

sections which appeared promising ifter 13-

autON1diogriphv.

I.aurite mav, as in the layered series, he ob-

served as euhedral grains enelosed within

the chromites (Ing 27 )..Ley appear inore

frequently than in the chromitites of the

layered series, hat IISin the latter the graim

sizes are generally less than 1(1microlhc

PPGM are present l> anhedral grains Entet-

stitial to the chromites Fin 200) or asoeia-

ted with alteration Hms aroand the

chromites (ferite-ehromite Pd- and It-an-

timonides. Pt-rn allov ah: hative P: have

ad(l •1);a..1H:e

4).

"two unusnaliv :arge :ind 150 micHms).

complex grains have hcen ocated with the

autoradiographs. While the smaller grain is

composed of Pd-Sb and Ni-Sb (Fig 27), the

larger grain is composed cl one part where

ob5:(.1'%ntfloh i[O1 111I I j 1

Table 4. Onantitalivc composilion and suggesicd na-

mes of PCM in chroinitites associated with mantic

tectonites.

is intergre.Kh with h-ru alloc, and

ahother part where Pd-S0 is tito main com-

phnent (Fig. 281 . The Pd-Sh eeins also 20

contaih some additioh to the PCM.

the iLtr[Ljergrain dlso has dom;:ins eomposed

Ni-Sh and Ni-As.

Disellssion

(.• res u.s: vonioaei irirh fit! ruchinii/c.t.

Tittinoe data from Leka cHht-irm the fih-




dny:Is f..;om the Lus; ophiolite whieh show

H.diforin chromitites :nav colitaih

PPLIk enriehe• h,recious ny:tal deposit*

Het that the etirichmeh:s within the

tectonites aru assoelh:ed with the

ennm1Htes suggest that the re'd:,0111.01"

PGib-deposits is to he Lonci in the petro-

.it the ..

111

ionshin u,iner

:he mos: PC3b, • roeks (Fi»;.

:ts that the ChfcrIllies in.Jv have de-

teti tis collecter No; only of the IPCIE, as in

the stratahound chromitites, but also of the

111)(111,.Chromite appear, however, not to be

sintahle for solid suhstitution ti PGE (Bar-

nes et al, 1985), but thcv may olay a role in

the meehanieal settling out or: the refracto-

p, which i> evident for :he 11>C1Ttha:

) be cohfined :o disc:ete enhedrai

Iturites incieded En the ehronntes,

since poditurm ehrumitites (both

dissennnated anc: n:assice) general are

denie;c: 121PPGE. ts seem> e,car that the-

se enrichments orik :)artly can be

attributed to a possible chromite control.



<"1

„

atin

FIG. 26. SEM back,,,,,,i'der :IiiIicdi,hnirne in chmnlik- Pd-Sh (v.hnc)
which ,tre positioncd •Interstninlly iL chrninne

Pc1 N1 Sb

FIG. 27. SEM back-s.atter phiurc f associnted nnd Ni-S1)



Pt

Pci D Sb

Cu F Ni

back-scatter picture of composite P1; B-b show single element seans for Pt, PU, Sb, Co, and .N

respectively. The compo:dte grainis composed tii ,:nams Pt-Co, Pt-Sb, Pd, Sb, Ni-Sb and Ni-As.



The two most enriched chromitites

a,h,c,d,lek87p I and lek883a„b,c,d,e)

are hoth hosted in orthopyroxenite veins,

while the other samples which i.Lrebarren

except for one (1ek88-8a), are associated

with tabular dunite bodies and dunite veins.

The ipperant relationship with orthopyro-

xenites may be an artefect of the small num-

ber observations, but it mity also have

importance for understanding these unusti-

al III-enrichments.

The orthapvroxenitic veins tflitv represent

traces of bontnitic magma, which itre assu-

med to he barticulariv PGII-enriched

(I Jaiiiivn et ni. 1985). The layered series also

shows thc crvstaliization sequenee

opx-epx sparadicallv, instead at the more

common seduence of ol-chr-cpx-opx.A >Id-

isotape study at these units does 1101indca-

le the minte opx-dinninated parts of the

lavere:se:ies are :elated to influx of a more

honinitie parenta, magma (Pedersen et al. iii

prep), and there seems neither to he ground

for suggestim: Mat the orthopvroxenitic

veins ithin the mantle tectonites formed

from boninitic magrna Cither.

The presence of dunite hodies and veins, as

well varions pvroxenite veins within the

mantle tectorates suggests that the primarv

niaginii fractionated to some extent within

the conduit system. This is ïlsa indicated by

cryptie variations in olivine compositions

across individual dvke-hke bodies, which

inav be interpreted to reflect the flux of va-

riably diffcrentiated magmas with time (A1-

hrektsen et al., in press) (Fig 29). "l'he more

than ealectic proportions of Chromitite that

have precipitated locally in these bodies ean

therefore be explained by the mixing of the-

se variablv differentiated inagmas, in ac-

2

-.1c) rvp[ic vithauions

dunitic dyke within the m3ntic tec;unh:

AlbrckN,.:” e at. ta pr(t,$).

cordance with the interoretution at srrai-

aaaund chromitites (Irvine )977

It seents iikeiv Litid intra-mantie diffwen-

tiation ef the magma mav represent a key to

understanding these deposits. Differentia-

tion of the magma may saturate the melt in

the PC Land mixin“ of the variablv d±fe-

rentiated meits mav induce chromitite :)re-

cipitation and aiso the formation of

sulphides or other PGE-heartns phases.

Significam intra-mantle differentiatio:T wo-

uld only be expeeted to take piace whhin

small ntagma bodies that rise slowir, ar bec-

ome trapped within the mantie. ditTeren-

tiation af the magma is important foi- the

formatiait of PPCLI-enricbentents,one eint

therefore anly expeet to find verv minor vo-

lumes of such enriehments within the mant-

le sequence.

183
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Parental inagma conzposition

184

!Fhe average PGE-composition of the studi-

ed cyclic units in pph is estimated to hc :

3.5(0s), 3.7(Ir), 9.0(Ru), 3.5(Rh), 30.3(Pt),

40.2(Pd), taking both vertical and late-

ral variations into account. Varia:ions from
1:o92s7 in extreme ol-adcumulates. 1-1:6

heen estimated :o reflec: ca 2(611 oliyHe

fractionation (Fig 30). The pareit:al inammi

lo the lavered series therefore had aIt(

content of at least 1/5 of the estimated ave-

rage - ic at least 6 pph an: pph of Pt and

Pd respectivelv( parenta! .Hutinta is med

here 10 refer to the emcring the

nuauna chamber, while primary magma (le-

notes the magma that segregated FC111 Ine

partially melting sourcey The patental

composition for the Bushyeld (!umpl,ex

has been estiinated to contain areand 151m!!
of Pt (Davies and TredouN, 15),1)11 11s:..-

dy of the basal series of the 8tillwater Com-

ulex and associmed sills and dykes sugges:

that the parental magma tlia; c(Impk.\

comained less than 2Opph of anY of the

PPGE (Zientek er.aI , 1986). The parem,b

magma of the Leka ophiolite seems there-

fore not to have had significantly lower 11(

contents than the parental magma

onic layered intrusions that host major

PGE-deposits.

Stratabound enriclinzents

The PGE-enriched horizons .thin thg

layered scries on Leka are, as as
know, the first PPGEenrichmenis ophli)-

lites that are documented to bestratahound.

The extent to which the mineralization of

Ni-Cu-PGE in the Zamhales Ophiolite

(Abrajano and Bacuta, 1982; Bacuta et al.

()]ly111, '

1.1( :n) NIodelled v,nlainifis in Fet dnd \l Ine

physicil ihn ametics .n..1 uncIiun .ng de,:un

es Irnentin.ninn  ny.1


PeLler>.nn.1Q9D).

1987: (irherger et al. 1987) ;:ne Ut the same

type is not cicar (i.e. their !!,.)

chromilites and to hydrotherrna:DrUeeSSeS).

The ure- mineralogy of the s:ratahmind en-

riclunents contain sulphur-deficient sulphi-

de suel: as heazelwoodite as wel. as nativc
metals. The presence of such phases. and

textural relations such as of the

sulphides bv magnetitc, show tha: the para-

genesis has gone through extensive re-equi-
libration (Lorand, 1987). The presence of

native La mtsweilas other native metals, sug-

gest reducing conditions during the altera-

tion of the ore-minerals (Eckstrand, 1975).

and this alteration inav well have been con-

temporimeous with, and caused the intro-

duction of reducin, fluids during the

serpeininisation of the host niek.

It is evident from thin-section studies that

the PGE may have heen redistrihuted on a

small-scalc, hut since thc enrichments defi-

ne verv thin stratahound horizons that con



be traced for kilometres, a seconclarY

related to the hydration and aneration of the

rocks seems unlikely. The fact that the strat-

abound enrichments on Leka occur within

extreme olivine adcumulates which show to

traces of imercumulus liquid or any late-

magmatic hydrous phases, makes it also dif-
ficult to attribute the enrichment to

percolating late magmatic fluids, which has

been st.-Lugestedto have formed some Strat--_,

abound enrichments such as the Picket-Pin

of the StilIwater Complex (Boudreau and

McCalIum. I98d).

The enriehments on Leka compare in some

respect with PGEsde.;,)osits such as the 1.:(;-
2, Mere nsky and J-M Reefs of the BusbYeld

and the Stillwater Complexes in that Hil_e,

OCCUrat the base of cyclic units( Barnes and

Naldrett,1985; Kruver and Marsh, 1985: I Ii-

emstraT 98b; Irvine et al. 1983). The PGI-

colleeting phase in the Merensky-type

deposits is generally considered to be base-

metal sulphide (Naldrett and Cabri, I97b;

Campbell and Naldrett 1979; Campbell and

Barnes 1984; NaIdrett and von Gruenewal(1t

1989). This is probably also the case for the

Pd-dominated enrichments on Leka which

are cleariv associated with sulphide-rich ho-

rizons. These enrichments show high PES

and PWS ratios and have similar chondri te-

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 tvpe 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 ot the StiIiwa-

ter Comolexes, but the Sompujaryi minera-

lization of the Penikat Lavered Intrusion

(Finland) would also seem to flCunrelated

to base-metal sulphide-emIchments or

ehromit:tes (Alapieti and I .ali'nen. 1980),

and Ina:. be ti comparable tyre of enrich-

ment. Tne mineraIo:v of these emiehments

on eka i>not ve; knov.n. but ;he Penikat

Layercel Intrusion ehaiacterized by

sulphiLIe-free PGM suell as sperryli-




te(PtAs2) ;hal kumerticite çPdtiSHAs2), as


well Pt-Pd-Cu
afloys HdpietI,tud 1.;ihtinen.

The )osits o!" IflCt1C1 intru-

sions eated Ute leve where


.comes flcumulos ok,,se and they

eoHdeSCd 1.0

;11Which the magma reaehed signifieant

and wicIespread soI;)Ilide satura:lon (Camp-
e t a1 ioy3 Iniune et al. 1983: I3arne5 and

Naldreut I,)85; Naldrett and von Gruene-

waldt, I9s9).

The reason for the sudden sulphide satura-

tion is uinlvunderstood bot it probablv re-

sults fro:u magma mixing (IrviNe.,1977) or a

decreae in temperature (11am:hton et al.

I974). Lampbel] et al. (1983) anributed the

sudden sulphide preeipitation and the for-

mation J Merensky-type depbsits to tem-

perature deerease in the influxing magma.

The strong PGl enriehment was explained

by extru.dinary high melEsulphide ratios
(R-faeti:u so that the sulphides scavenged

the P(II :"romlarge volomes ofunagma.The

reati011 fl IIIC posiuoni of the reefSsome dis-

tance ak  ve the level where pIagioclase ap-

pears as ti cumulus phase was explained bv

the fact that the resident magma at this sta-

ge had beeorne just slightly denser than the
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influxing magma (due to an increase in the

Fe0 content of the magma, which have Ren

caused iiw the plagiocIase precipitation).

The influxint magma would therefore form

a plume and rise into the resident magma

column untillit reached the appropriate

densitv-level where fl conid spread (tut. Sub-

sequent conling of the magma

uld lower the density of the resident magrua

below that of the under'.ving resident matt-

ma, and result in turnover and the opporm-

nity for the immiscible sulphide droplets to

equilibrate with large voltijites of inagma.

Naldrett and von 0ruenewaldt ( I989)

gested that the sudden sulphide precipita-

tion was induced by magma mixing and that

the reason for the position of the reels abo-

ve the level where plagroclase appears Iies

in the shape uif the sulphide curve

(Ing 31A). The solubility oishiphide in si-

licate magnia is to a large extent governed

bv the temperature and the FeC contem of

the magma, and a decreasc hoth lowers

thc soltihihy,, Iaughton et a. Sluma

and Nah'.rett, IL)75: Buchar.,,:t Nolan.

l'Aq; Buch.,:mn ei al., 1(ts,C,) seems the-

1-et-u;-eIikc that the ot:

in the magma decrezHc,  

lization ut ultramilfic eturnrH , when the

he0 content of the HilignIU sroaId decrease

, and that the soluhilitv curve niev become

rlat and even rise after plagieciase appears

ti cumulus phase and the 1.c4)concentra-

tion starts to increase in the magma

( 1A). Mixing primitis magma (I))

with ti resident evolved maef.da ; that is


ervsndlizing Hagioclase, ina  therefore re-
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FIG. 31. A) Schenmtic dntgram illustrating assumed evulution in the siIuitvinv ot.Mpnsulphid vith prooressive
diffeeentiation of hasaltie magma (after Naldrett and von Gruenewaldt 19s9). B) Fhase relatmns in the svs(em
Chromite-olivine-quartz (after Irvine, 1978).C)Schernatic diagram illttstratina assumed charmes in the solubility
of sulphiele in the magma as a function of variations in the magma-temperature and the Fe0 coment of (he mag-
ma with progressive differentiation.D)Suggested moditications to the sulphide soluhilitycurve snggested by Nald-
rett and von Gruenewaldt (1989) (A) which take inh) account the initial increase in the Fe0 eontma or the maama
when vant maanesian olivines are fractionated



sult in a hvbrid magrna (H), positioned abn-
ve the sulphide solubilitv curve (Fig 31A),

and hence give rise to extensive sulpInde se-

gregation, which, due to turbent condi-

tions during mixinEi ntav eeMhbrate with

large volumes of magma and scavellge the

PGE. However, if the primitive magnia mi-

xed with im only slightly mOre evolved mag-

ma, then the hybrid magma might no: 1)e

positioned ahove the sulphEde sdubilttr

curve, and this explains, accotding to Naht-

rett and von Gruenewaldt (19SH the gene-

ral lack of PGE-deposiN within ihe

ultramafie zones of layered inousions.

It mav seem illogical that this siady has been

focussed the ultramafic 70,ss:df the iaye-

red series while all the major P01:1-deposits

within intracratonic lavered intrusions UrC

positioned ahove the level where plaHocki-

se appears cumulus pnase. \10113 and

also /1:B/IAT-like magmas of compara-

ble ophiolite complexes sueli as Kar-
mov(Pe ti e rse 11,1(?89), shov. vCry lov.

abundances of the POE (tvnicaliv less than

0.5 ppb ol Pt). The resident inagma in ihe

ophiol itte magma chamber frum which ihe

Ltabbroic eumulates formed vere therefore

probahlv vel.v depleted in P011. 11a P011

deposit was to form from such a magma an

unrealistically high R-factor would be :e-

quired half-meter thick deposit with

3000 ppb of Pt should form from a magma

with 03ppb Ot Pt, the Pt from a 5001)me-

ter thick eolumn would have had to be sea-
vened). hm- reJsonirm was :he:cfore that

if a PC111-deposit was present in an

than the PG11 must have been scaveng-

ed directly from a more PGE-rich parental
magma, imd the position of such a deposit

could fint be governed bv whether the sulp-




hides subsequentb equilibrated with a labte

volume of the PG11-depleted resident

ma or not. The deposit could, for this reib

son, just as well be positioned below

above the level where plagioclase appears hs

a cumulus phase.

The presence of the PGE-enriched hori-

zons within ol-cemulates that appear

have formed frn11;a boltom laver ntparee-

tal magma tPedersen, 1980). shows that this

reasoning was villid and that the P01

scavenged from the parental magma shorn:,

after it entered the chamber and before :t

mixed entirely with the resident

The presence of the selniiide-rich

within the olivine eamulates stadted

illso that sudden and significant sulphide

precipitation may take ph,ce prior tn the ap-

pearance of plagioelase i> ti cumuhis phase.

There are therefore grounds for believin,

that the processes zhat comrol P011 distr:-

hution in the layered series of opinolites di:-

fer from those of intracratonic lavered

intrusions. The features that may have a pa•-

ticular importance for understanding the

contrasting PGE-distribuhons are:

Widespread and sudden sulphide preci-

pitation occurred repeatedly, and after ib-

flux of very primitivc parental magma long

hefore plagioclase appeared as a ciimulus

phase - this appears not to be the case

tracratonic lavered intrushms (Naldrett and

vo Gruenevaldt, 198()).

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 lavered intrusions

are generally enriched in PPGE and are of-
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ten the host rock uf Pt-deposits (ie. the (

2, Bushveld Complex)

3) Sorne of the PPGIi-enrichments on Leka

seem to have pronounced gradient iii

Pt/Pd ratio over relatively short distances -

similar lateral gradients are not reported

from PGE-deposits iii lavered Mtrusions.

The discrete sulphide-dch horizons within

the ol-cumulates on I ,eka may have formed

due to the influx ol sulphide saturated mag-

ina containing innuiseible sulphide droplets

that segregated immediately after the

ma entered the chamber. The splohide pre-

cipitation mar aho have been caused

drop m temperature of the parental Inagina

after it entered the chamber, but it mar Ik•

questioned if coohng by thermal diffusion

alone could result in the formation of dis-

tinct sulphide-rich horivons. 1.\.'HyMy-indu-

ced precipitation should not accoRlinn 1(1

i\ialdrett and von GrueFiev2t1di (led*,))
place. due to the shapc or the suiphide solu-

bility curve (Fig. 31A). I loweSer, the selie-

matic evolution iii sulphide-solubility with

progressive differentiation of hasaltic mag-

mas may not be entirelv valid for cases whe-

re verv forsteritic olivines initially

fractionated fromilthe parental magma.  Cli-

vincs with 111L0will contain ca. SwtH Fc0,

which is below the be0-content of a ECUSO-

nable parental inagma (9- lOwt%). Fract io-

nation of such olivines will therefore

initially lead to increase in the Fe0-con-

tent of the magina until the Fe0-content of

the olivines excee(k that of the mkagmaand

then start to deplete it in be() (Fig 30) The

sulphide saturation curve may therefore

start with a rapid decline before it flattens

out and even climbs due to the initial inc-

rease in the Fe0 content of the magma, and 


will subsequently decline rapidiy when both

the temperature and the Fe0 content dec-

rease (Fig 311)). Sudden and widespread

sulphide precipitation caused by the blen-

ding of magmas mav thus be expected

produced bv two circumstances : when pri-

mary magma mixes with a resident magma

that has undergone plagiocIase fractiona-

tion for u while (Fig.31A). and when picritic

parental magma jul equilibrium with very

magnesian olivine (H),)3.9,1 biends with

slightly more evolved magma (in equilibri-

pm with Foyn_ss)(l. ig.311).). The first seena-

rio appear to have resulted in the majoi

PGE-deposits ot the wobd. anu the seCOH
sitwittion serns to be the Oetrogenetic a-

mework for the more modest enriehments

within tbe Leka ophiolite.

Chromitites iii lavered intrus:ons are consi-

dered to have formed ris a result of inagma

mixing (Irvine,1077). Due tp (he eurvahme

of the olivine-chromIte co(ectic line, the

blending of a magmils positioned somewhe-

re on the olivine-chrtanite cotectic wiII re-

sult in a nybrid magma positioned witInn the

chromite field, and which consequendy will

precipitate only chroinite (Fig.3113).

ding of magnra with very small differeilces

in composition will, according to the phase

relations in the system chromite-olivine-

quartz, result in ii relativelv small amount

of chromite, while the mixing of melts that

have more contrastingcompositions mar re-

sult in the precipitation of Iarger quantiti-

es of chromite.

If the formation of chromitites and enhan-

ced sulphide precipitation are both pro-

ducts of rnagma 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 thowever, diso'.aced relaave to each

other within the cumulates onLea, with the

chromite-rich i)ositioned below the sulphi-

de-rich horiznn. This is also refiected in the

chondrite-norinalized pattern of the PGE

content of these rocks. All the analvsed

stratabound ehromitites from Le;:a. exce:,t

show the typieitl 1PGE-eitH-

ched pattern ftig IH. The one that is anom-

alous differs from the other in havMgvisible

sulphtde and in havint: a slighth PPGE-ea-

riched nattern wilieh compare with the th,t-

tern of chromitites from the Stillwater and

the Bashveld Complex (Fig 2W. This pat-

tern can be prodaced bv coMnining the

1PGE-enriched pattern of the standm

chromitite with the TGE-enriched pat-

tern of the sulplade-rich itorizohh and

be explained by the stiperpositio of a sn-

hide-rich horizon on a chromitite horizon.

This is, however, rio exception and generaf-

iv the sulphide-rich horizons and the chro-

mitites are separated by a few tens ut

centimetres to a few metres.

If an immiseible sulphide-phase and ehro-

mites formen saeottsennence of the saine

mixing event, differing settling velocity be-

tween verv small immiseible st::hide dro-

plets and larger chromite er. ,ils couH

possiblv explain the separatio: the sulp-

hide-rich and the ehromite-ri‘± horizons.

However. this mechanism cann.r. easilv

v.hy the relative dispiacement of these

layers should be exclusive to these very mag-

nesian ol-comulates. If the shape of the suIp-

hide-solubility curve is in principle as

outlined in Fig 31 A&D), this relation ean


readily be explained. Consider first the case

whereparental magma mixes with it resident

magma that hasundergone plaizioclase crys-

tallization (Fig 3H. Thc assumed shape ut

the sulphide-solubihty curve suggest that

the hybrid magma will be positioned ahove

the curve wether the volume of replenishing

matzma have been small ur more substann-

al.. This olay also he the case if a pierine

magma mixes with it slightk more differea-

tiated resident magnia positioned to the leit

of point A on the sulphide-solubility cun'e

(Fig 113).If on the other hand the residing

magma is positioned bttvond noint .A.a new

influx of inaLant: will tead suln-

hide undersaturated nvbrid magma (II I),

and sulphide saturation first be achie-

ved after continued influx of picritic magina

has brought the hybtid magma above

ourve (112). A Pritilar delav wouid not be cx-

t)ected for the formatiun f mixing-indueed

chromitites (Fig hence shouid

develop some distanee below the sulphide

enrichments.

The lateral gradient :n the Pri'd ratio of

some of the PGE-enriched horizons on

Leka may reflect the specific fluid dynamic

process that formed the ol-cumulates..bhe

cryptic olivine composition of the units stu-

died can be explained by influx of the paren-

taI magma th rough ti maltma fountain,

within which the parental mazma mixed

partly with the resident magnla before it fell

back and spread out as ti hvbrid bottom lav-

er (17i(7.32D-G). This type of magma influx

contrasts with the wa., the Bushveid Cont-

piex is thought to have been replenished

when the Merensky cyclic unit formed

(Fig.32A-C). "ft e influx through a 01agina

fountain results in a lateral flux of hybrid
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Nterenal:y reei.

m(l) NIIILICI for the fluld dynamie processes thal ;Ippear to have operated dusIng fortnation ot the airat,tbitund

en; ichementa on 1okt. D) Iniroduetidn cl ft esh pulse (tl pieritin parental mauma as i magina Luntain whieh

pc tly nuxes with the resident magma, ilaG) HInlatitm d a hyltrid holitun layer arld inixing-indneed precipitation

tl chromItea and Sulyacquentlysulph.idessvHdi st.:ivenued tine PGE from the nyadma. The flux cfpiientul Inagma

result in a lateral fraeLouation the IGE with ;he mos; remaeterv elrmenta deposhed sio-

seat to the vent , and this may explain the lateral variathm in the ratio of mie of the enriehed ludiztuis

magma across the floor of the chamber (Fig

321)). The refractory metals that precijilta-

ti tis ehromite, PGM, alloys or sulphides

may therefore be fractionated latevally,

whether these phases were carried by the in-

fluxing magma or formed due to inagina mi-

xing iii the fountain. The tinnning of the

inain ehromitite horizon from 5-7 metres

thickness ti profiles A and B down to a me-

ve thieknes in profile C, may be the result

of such ti lateral fractionation, and the dee-

rease in the Pt/Pd ratio of the PPGE enri-

ched horizon in the same direction may also

be explained by such a mechanism.

Fructionation of the PGE

'Fhe fractionation of the PGE, tts evident


from the posit±.'e slope of the chondrite-




normalized PGE-pattern of terrestrial ba-




salts, ean either be attributed to partial


melting or to fractional crystallization or a


combination of *Weseprocesses (Barnes et


IQ85). Ophiolite complexes represent ti


unipue possibilgy to evaluate the effect of


various possible mechanisms since both the


PGE-contents of the residual source of the


magma (mantle tectonites), the cumulates


that have been fractionated from the prima-




ry magma (podiform chromitites and laye-



red series), and the differentiated hasaltic

magma (lavas and dykes), can he estah-

hshed.

The PCI'. composition of dykes assumed to

reflect the composition of the axis sequence

magma after formation M the ultramafic  en-

nitilates, shows an averacre Pddr ratio 12

(Pedersen, unpublished data). The strat-

abound chromitites, which typicany vield a

Pdir ratio of ha‘.e cleadv fraction.ded

the parental mayma in rei,Mve to

the PPGE. The sulphide-rich horizons, on

the other hand. show a spread in Pdir

rom less then 10 to above :Ou tHg ahd


the most PPGP-enriebed horizons shuhid

therefore have fractionated the magma in

the PPGE relative to the 1PG11.which krea-

sonahle considerin.(2. that the PPGE parti-

tion much more strongiv ihto an immiscEOle

sulphide melt than IPC31: (Parnes et al.

1985). 1lowever, the 3yel°,I11,(2. Pdir of
120
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Plot showing variation in the Pri/Ir ratio

against the total PGEcontent at the sulficle-enriehed

horiyons.

I 0 1 Ao

FICI. (thcndr.te trInali/ed PriE patterns ct the

average evelic une.s. staalestimateei parental and pri-

mary mattma Fta ttather disenssitm see text.

the all the eumulates studied is ca. 10 - abo-

ut the same as that of the assumed residual

hasaltic magma, wInch suggests that the

combined effect the formation of the va-

rious types of PGE-enriched horizons did

not lead to anv significant fractionation of

the PGE. "rhe fractionation of the PGF. se-

ems therefore not to have taken place in the

malima charnher. and must consequently

have oceurred during ascent to the magnla

chamber or daring partial melting of the

mantle source

Neither the dunite bodies nor the chromito

te schlierens that are assumed to have for-

med from the prinary maknna en route to

the magma chamber, can account for the

fractionation of the PGE because of the in-

significant volume of sufficientiv PGE-e nri-

ched rocks. 1-10weve r, t he
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PGE-geochemistry of the tectonite-hosted

chromitites on Leka is not representative of

typical podiform chromitites, which compa-

re in composition with the IPGE-enriched

stratabound chromitites on Leka. The PGE-

pattern of the mantle-tectonites on Leka

can be perfectly modelled from dite parental

magma composition by adding IPGE-enri-

ched chromitites to the estimated magma

composition (Fig 34). However, if we

chromitites with ca 300 ppb of IPGE

which is a typical coment of ophiolitic chro-

mitites, Page et at. 1986), a weight fraction

of 0. I ninist be added to produce the

ratio of the mantle tectonites. Uniess the Cr

content of the chromitites is less then 5wt%

, ie. low vrade disseminated chromitites, the

Cr comem of the primary magmawilI be on-

realisticalIy high. If Yety IPGE-enriched

chromitites (3000 ppb of IPGE) are consi-

dered then a weight fraction of oniv 0.003

Peeds to be added to the parental magma to

obtain the Pd/IF rano of the harzburgite.

The fractionation of the IPGE relative to

the PPGE of the parental magma can there-

fore be accounted for by the fonnation of

podiform ehromitites from the primary

magma. Howeyer, in order to maintaM a

reasonable Cr-budget, 0.3 to 0.9 wt% of

chromitites with IPGE content in the 1-3

ppm range should haye fractionated from

the priinary magma en route to the magma

chamber. Such IPGE-enriehed chromitites

are found in ophiolites, but it may be ques-

tioned if they are present in large 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 rnagma has Pt and

Pd contents comparable to the average

mantle tectonite on Leka, and the Drnar-

le/crusi value for Pt and Pd seems according-

ly to have been of the order of 1. This

suggests that the fractionation of the PGE

in the parental melt is due to depletion of

the IPGE and not to enrichment of the

PPGE relative to the mantle source. If If

partitioned yery strongly into the residua,

during partial melting, then the residual

mantle would become enriched in Ir by

maximum of 20% relative to the primary so-

urce (assuming 20% partial melting). The

maximunt expecteci variations in the manne

lithologies Ure thus at the edge of the preci-

sion and accuracv that can be expected fforn

the analvses. A considerably Iarger dambu-

se of mand e tectonites which show a widef

range in the degree of major element-deple-

tion than is the case for the samples stridi-

ed, seems therefore necessary to document

whether the PGE became fractionated du-

ring panial melting or not.

PGE-potential of the Lelcaophiolite and ap-
plication to exploration in ophiolhes

The parental magma of the Leka ophiohte

appears to have had PGE-contents compa-

rable to that of intracratonic layered intru-

sions containing economic PGE-deposits.1t

seems therefore clear that a possible lack of

economic deposits in ophiolite complexes

should be attributeci 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 magrna thro-

ugh the mantle, and during and immediate-

ly after infiux of the parentaI magma into the

192



magnut chamber. The highest contenb, ob-

mined from the podiform type chromitites

are 8500 ppb with an average Pt value of

2500ppb. These values approach ore

3700-4SOOppb Pt (Morrissey, 19S7), but the

volume of these enriehments are

The PPGE-enriched stratabound Itorizus

yield a maximum of 3 ppm total P(iE Au

(average of 2 samples, 8)lek9a,c table 7).

Although this is only half of the amount .»re-

sent in the Merensky keef, the horizi

still highly enriched in ConsideHng

that we have studied only ca 150 metres of

eumulates in detail. aml that we haye Jsc-

overed one horizon eiving 310u11inhancl-

samples and several horizons vieldtng half-

and ineter-ayeraees of around 1 ppm total

PGIL as well as 5-0 other horizohs

several hundreds of ppb, the enauces

of finding ti stratabound PCF-deposit ap-

proaching ore grade viiltin the I.eku ophio-

lite should not be ruled out.

The high nunlber of moderately enriched

horizons can, as discussed above. be exnlai-

ned by the fractionation of PGF-rich fm-

miscible base-metal sulphides andior PGM

or alloys Unmediately after influx of discre-

te batches of parental urngula the mae-

ma chamber. The "12.-factor", or the almiunt

of melt that the immiseible sulphides equi-

librate with and scavenge the PG1', from, is

considered to have a major importauce for

the formation of econolnie PGN-deposits

(Compbell et al. 1983). Magma hatches of

sufficient volunle may therefore 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 bescaveng-

ed from at least a 250 metre thick column

of parental inagma with Spph ut lh.

leka ophiolite complex contains ti numher

of tt hundred to several hundred meter

sub-zolles of ol-cumulates

mass-balance considerations. mu't

formed from columns of pierffic parentH

magma that were considerably thieke; thaf,

o few hundred inetres. The maLma caCater

was therefore periodically refil,ed

rental magma of sufficiently stibsiantitil v,

Innle to form PGE-deposits 0 ecohonuz

grade. 1lowever, the Pub-zone,:.

be subdivided into several cychc afu,

cryptic variation has also revealed the pre-

sence of several crYpticcycliculUts.'l

stantial innuxes of picritic mo

reflected by the thick sub-zones

seem accordingly not to Live et,fereLl

the magnla chamber in one batch. bt:t rathy:

in a series ut minor incremental luitehe- --•

even as 0 continuous influx of matuna

stihstantial period of thue Pcde:-

sen, 1989). Thus, instead of one :pajor

enrichment, this type of magmz.-influx ha>

resulted in ti number of more :noderate,

PG11-enriched horizons. \Vhetlter tIth, is

general feature of all the major ol-cumulate

sub-zones on 1.eka is, as yet, unknown. Pre-

sent knowledge suegests that if bne of thes:

zones represents a sinele, Or (CTS ripic


of macro cyclic units, then PGE-enrfeb

ments that approach ore-grade should be

expected to be present close to kbe (z.


such unifs.

While the Pt-deposits of layered intruslom

are often hosted in chromitites. 'witfeli the-

refore are targets for PGE-prosoecting. the

stratabound chromitites on Leka are poor mil

PPGE. Studies of a number of other com-

plexes have shown that such Pt- and Pd-de-
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pleted chromitiles ni e general feature of

ophiolites (Page et al.1982; Page et al.

i9), ancl opinolites complexes have the re-

fore not been regardej as potemial plati-

num SollfiCS of economic importance. This

study show that the reason for the PPGE-

depletion of the str:,:abound ouhiolitic

ehromitites is probably noi related to the

laek of and Pd-enriehments in ophioli-

tes, but to the faet that these enrichments

are dispkwed relative the chromitites. In

the few cases where thev are superinlposed

on each inher the chromitites have P012-

patterns ciimparable to the chromitites of,

[or instal;. :he Complex. While

the reaso:i, for this re,ative displacement

mav be deliated, the observation has oHio-

US for the prospecting of

stratabound Pt- and Pd-deposits in ophioli-

tes.

"Fhe latera, variation in Uie Pt/Pd ratio of the

PPCjE em,elied horlions, with increasMg

ratios t(),,i.,,rds the mos: eentral parts of the

lntrusion has also signincanse for prospec-

ting These lateral gradients suggest that

Pt-deposits in ophiolites may be more spa-

tially limited than Pt-deposits of intracrato-

nic lavereil intrusions. If this also implies

that deposits of unusual high grade may be

present oHiolites is vet to be shown, but

what seems clear is that l't-deposits that are

not displaceila relative to ehromitites, and

which are simated within very imignesian ol-

cumulates where the only cyclic units

are ervinie, will he diftieult to find,

The majo: PClE-depos;ts of lavered intru-

sions are located above the level where pla-

gioclase appears tis a eumus phase. This

level has not been investigated in this stu-

dv, and to knowledge not in any other

studies of ophiolites either. Our present

knowledge does not suguest that these levels

should be more favourable for the forma-

tion of PCE-deposits than the ultramafie

zone studied. .Admittedly, however, our

knowledge of the Evered series of ojihoit-

res, and the magma chamber processes

operated during their formatlon, is ven, li-

mited eompared with the knowledge aval-

lable on intraeratonie layered intrusions.

should therefore not be excluiled that also

the mafic zone of the lavered series

may eontain positive surpriscs with regard

to the PCF-potenthil ni ophiolites.

Summary and Conclusions

The studv of the Pr Ill.-abundances within

the I .eka Ophiolite Complex has lead to the

fonowing conclusions:

PPGE-enriched chromitites with a maxi-

lmlrnut 80°Opill)
mented to be present within ihe mantle

teetonites. These rucks 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 1.eka. but proba-

blYalso in ophiolites in general, suggest that

they do not have anv eeonomie potential.

The parental magma to the magma

chamber of the I.eka Layered Series is

shown to have had Pt-Pd abundances com-

parable with that of intracratonic layered in-

trusions that host major PEE-deposits.

The parental magma had a fractionated

PCE-pattern when it entered the magma



chamber and no significant fractionatMn ap-

pears to have taken place within the magma

chamber. The fractionation may therefore

either have taken place by the formation of

unusually IPGE-rich podiform chronatites

or during partial melting.

-I) Three types of statabound enrichment

are doeumented from the ultramafic zonc of

the layered series: 1) IPGE-enriched chro-

mitites, 2 Ptufpminated enrichmems and

) Pd-domIntnej enrichments that are itsso-

ciated with suinbide-rich horizons. While

1PG Frerniched horizons typically euntain

few hundred ppb of IPGE, the Pd-domina-

ted liorizons have commonly Pt Pd con-

tents in the ppm range. Dril1 holes acnEss the

enriehmcn:s shown the presenceut se-

veral horizons with half- and metepavera-

ges of ca Ippin of PGE ±Au combined, and

some of these hurizons can be traced for ca

1,5 kilomet fes.

5) Pd-I': antim )nides,tellurides and arseni-

des, as well nanve platinum have Men do-

comented from the enriched rocks, with

grainsizes that \•ary from less than 1(1to 151)

Inicrons.

0) The PPGE-enriched horizons I .eka

are generJlv displaced relative to the chro-

mitites and this relationship mav explain

why the ophiolitic chrornitites in genera1are

PPC If-depl eted.

7) The present data suggest that the Pt-do-

minated horizons are positioned jus: below

the Pd-domina:ed horizons and that they

fade laterany towards distal parts of the in-

trusion; the opposite seems to be the case

for the Pd-dominated horizons.

The enrichments ciocumented are sub-

economic, but their presence demonstrates

that orthomaematic statabound Pt-Pd-de-

posits may be present within ophiolites.

Prospecting for stratabound PGE-depo-

sits in ophiolites should not e foeused di-

rectiv on chromitites but just above the

chromitites, orif chromitites are not present

elose to the base of macro e\ clic units.

inav be preferennalIv enriche‘I lateralIv to-

wards the centra. parts 01the ")., usiun.
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0,8
2,0
6,0
2,?
1,9

88,7%
4,0

4,9


4,5

0 7

5,7

4,0

1,9
34,96,

37,0
340

650
1•0..1
1800

!CPMS/Sheen 8,0,
6,7:
27
3,11

8,5
5,9.OP8S/Menor at




CP8S/HemoraI 7,0




ICPMS/Memorlal 7,3




,ICP8S/Sheen 12,01 7,0




::Cr8S/Sneen 5,0

Kcat lite

ierscatle

I

Average
3,9

67,67:

2,61

1,7:

0,5

2 ',2%

2,0'

; 3

,9 (J

6,8 3,7

0,6

16,3%
140,0:
132,21

I
141,8:
138,0

5,1

3,7%
119,0

32,0.

58,5:
72,01, .
62,0.
56,0
62,1_ . _ 7,0

6,5,0
2700.

3000.
5800
5800

StandarddeviatIo.n
Relativestarxdarddev
ICPMS/Sheen
,ICPMS/MemorIal

1,2
17,7%

3,"n
IICPMS/Memorial
Average

3,2:
3,1


0,1Stardarddeviation

Rotativestandacddev
ses:tronAct. average
NeutronAst. std
ICEMS/Memorial_
IISPHS/Sheen

2,9%

2,7

0,2
1,3

1CPMS/Sheen
17.785/Sheen
Avecage
Standarddeviatloo
Retazivestacdurddev. _
SeutronArtivation. .
:15785/Sheen
Recoesnerxk-91
ICP8S/Sheer,
Recausendesd

1,5

1,5

2,3
1,8

76,6%-
• 2,4

340

1
1

1

1
PPENDIXI



Table 2 - Ha-zborgitelS88-8te/Pyroxe e fnom e,

Sample # ,Rock_Type




Tab. I 0A1

Lek8.8-2c IDunite




Sheen ! 6,0

Lek88-3f iDunite




Sheen




2,5

tek88-4a 1Dunite




Sheen




4888

lek88-5d lounite




Sheen 1 12,01

lekB2-66 'Dunite




Sheen I 2,0

lekB8-76 Dunite Sheen I

!

4,0

lek88-86 Dunkte Sheen . 10,0

!ek8.8-le Rarzburo c Sreen




8,0

!ek.38-261 Hahzburg c ,Sheen




6,0

tek8.883e Harzb&irgite .Sheen.




lek88-39 Rahzburgite .Sheen




tek88-46 Harzburgite .Sheen




lek88-5e HArzburgite Sheen I 8,0

lc088-55


lekB8-79-

Rarzbdrgite


Hahddx!rgite

:heen




!ek88,85 Harztxasite Sheen




!c288-26 .Pyroxenite Sheen




.ek88-51 Pyrcxenite




Ru,' Rh Pt:

I8,51




12,018 2,5' 9,5-

10,0




2,0!

13,0; 
 2,0 8,0

15,0: 1,0. 3,0

9,0: 1,5 2,5


13,0: 2,0 15,0

18,0 3,0 24,0

9,0 2,5 13,0

11,0 2,5 8,5

13,0 2,0 8,0

9,09 2,0 9,0_ .
11,0 2,0, B,5

12,0' 1,5' 5,0

11,0 1,5 6,5

15,0 1,5 4,5

11,5 1,0 8,0

9,0 0,5 3,5

Pd: Au Totul.

7,51 2,0, 30,0.

6,5: 2,01 39,5.

4,5 4,0; 35,0

6,0 4,0' 51,rL

3,5 6,0: 33,0,

1,51 2,01




12,0' 4,0. 60,6.

140 2 , 0 75,51

7, 5 2,0 48,5

0 6,0 54,5

7 0 4,01 49,C-

7,5




8 ,5 4,Ol 49,0

0 2,0:




4 , 0 2,0. 32,5

1, 5 2,0 42,5

6,5 2,0' 32,51

3 , 0 6,0 25,5



Ir,

4,5

5,0

5,0

6,0


2,5


4,0

4,0

6,5


6,5

6,5


5,0


4,5

7,0

4,0

3,5


4,8

Sheen 242

Sheen

1Sheen

210,


400'

iSheen 270'

'Sheen 180

:Sheen 370

Sheen 80

iSheen 30

Sheen 12

Sheen 4;

Sheen 41

Sheen 21

isheen 4'

75:-..e3

	

22: 48

	

2!0 40

	

241 84.

	

170 64

	

75 40

	

250 96

	

32 25

	

14 16

9


3 13

	

3 13

	

2 13

	

3 9

Sample # 1Lab. 0s1 Ir Ru
tek88-16 Isheen 360 410 60
!e287-T1SLO ilS 22! 37L
!ek8B-.3 sheen 228 56r _
Le0.88-i

.
n

lek88-16

lek88-3a

lek8B-36

!ek88-8a

lek88-3c

lekB8-36

lek88-6a

lek8,8-2a

1ek88-5a

lek88-56

lek88-7a

1!C88-56

•

Rh:

fr6m Tecten

Rt

c




Pd Au Total
210' 4600 2700 170- 8510
15C 24150 1602




155 180C 1208 44- 381U
160 2100 958




140 1500 6900 421 283?
350 1000
_ 5551 28) 2682
2101 1100 730 32- 2576
BO 740 1400 50- 2565
270 1000 420 30. 2436
39 270 180 18. 652
4 2 4 8- 78
21, 16 9 2- 56
21 6 13 27 42
21 _ 6'.__

7

5,


2'

2,


4'

34


311J

21 6 4 2' 29
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Sarple A I
54 16 :
84-28
84-38
84-49
84:56
84-66

84-78

84 35
84-99
84-106
84-119

84-128
84-136

34-146

84-158
84-168

84-1E 8

84-1415
84-205

84-215
84-229

84 2.35
84 246
84-259
84-265

84-271.1
84-288

84-298
84-308
84-316
84-3,

34-338
84-34S

84-356

84 36E
84-376

84 385
84-396
84-406
84-416

84-426
84-436
84-446

84 456
84-466
84-7,78

84-4861
84-490
87 -: 2
84-506
84-516
84-526
84-536
84-549

84-556
84 - 568
84 570
84 5106
84-596

Average

- STRATi
20

22,1,
25,4
26,3'
28,5I
31,6
34,5

37,2
40

40,9!
41,9

43,1
44,1.

45,5
46,9.
47,9

49,,.
52.

54,5

56, ?"
55,3
60,2.

62
63,4

65,9

68,9
72,?

79,2.
81I

84,9,

90,8
67,,

112
'.:5

136,2

1 3.

114', 4-
124,6

129,3.

136,5
140

141,3I

142,61
143, EI"'

1 145,3

14
148
9,6!

150,7.

152,6.
153

153,3.

' 54,9.

I 156,4

157,0
159,3
161,2

1e4.
164,1.

165,0
,
I

16/

Lab.
Sheen

Sheen
Sheen
Sheen
Sheen  

Os

2,0

2,0

Sacle 4

I r.


5

Pro'i

Ru

9,0

9,5
8,0
0

1 2,0

1 2,0
E,5

8,0
7,0

6,0
7,0

9,0
5,5
9,0

s ,O.

2 , 3

'2,3

2:,S;

0,5

8,5
6,5
8,5

13,0

5,0
7,5

6,5
5,5j
5•,5'
7,5
7,0
7,5'
7,5

1 6,3
260,0
38,0

8,5
4,5

4;,:1_1
41,0

le B

Rh'
3,0
3,0
3,5
4,5

9,5
3,0
4,0

6,0
4,0

2,0!
2,51
3,5

3,0!
3,0
6,0

7,5
3,5

3,0
3,5
45

2 ,0

2,5
16,0".

,
2,5,

6,0j
6,0,

6,5-:1
3,0

4,0
,0.

2,0

5,5 •
2,0_

2,5
3,0

2,5
2,5-

,
3,5'

4,5I
45'

2,51
2,5
3,01

2,51
3,0,
2,5
4,0

55,0

10,01

Pti
9,5

15,0.
17,0

7,5
27,0-

_ 4,0*

17,0.
20,0
34,0,

5,31
11,0,
26,0
14,0

27,0

37,0.

21,0
13,0

20,0
22,6
23 0
9 ,5

10,0

85,0.
11,0

3,5

520,0
38,0:

36,0j
13,0'
18,0:

32,0
8,5.

43,8 •
5,0.

8,0
10,0

5,0

9,0
' ,

51,0
30,0
74,0

14,01
17,01
19,0
9,5

42,0
19,0
34,0

640,0
64,0

7,5
4,5

86

28,0
46,0
54,0
29,0:
30,0
14,0

26,0

31,0
76 ,Ol,
21,0
34,0

220,0:
42,0,

52,0
48,0
18,0

23,0

24,0
22,0.
27, U"

26,1'
17,0

47,C,
411,P"

9,5

150,0
29,0
36,0
18,0
17,0.

30,0
13,0.
89,0

12,3

14,0

9,5_ .
15,0
81,0
53,

31,0
45,0

13,0'

22,0I
29,01
17,01

100,0
32,0
55,0

1000,0
26,0

9,0.
10,0
10,0.

10,0
17,10.

10,0:

17,0'
lo,o.
37,0,


51,5",




Au

8,0
8,0
6,0

6,0
6,3.

6,0

6,3
8,0
4,0

4,0
16,0.

2,0
1 , 0.

7"

4 , 0

130,0
6,0

6,0
6,0
4, I
6,3

13 , 0

42,3

6,1„
,,,,

4,2,

4,C.

6,0

16,0
4,0.
6,0

6,0
4,01

8,0
8,0,
4,0.

10,0
12,0

110,0.
4,0

4,0*

6,0
4,0

6,0

6,3
6,0.

4,0.
4,0.
6,0

10,6'

lotal
61,0
83,5
93,5
59,0

83,5
44,0

70,0

76,5
134,5

42,5
61,0

276,5

74,0
95,5

111,0

63,0
54,5
62,0

62,5
68,5

53,5
45,5

182,0
15921:::

818,5

96,5

98,5
50,5
56,0
93,0
45,0

204,5
40,0

48,5
42,0

39,0
43,5

159,0
121,0

83,5
140,5
43,0

58,5
70,5
43,5

166,5
76,5

128,5

2278,0
179,0
35,5
36,0

102,5

92,0
58,5
35,5
85,0
35,5
96,0

133,4

1,5,
2,0 1,5

2,C 2,0
2,0 4,5

3 ,CSheen

Sheen 	

2,0

2,0 3,0


3,0Sheen
Sheen

Sheen
Sheen

Sheen
Sheen

Sheen
Sheen

Sheen
Sneen

Sheen
Sheen

Sheen
Sheen
Sheen

Sneec
Sheen
Sheen

Sheen
Sheen

Sheen
Sheen
Sheen

Sheen
Sneen
Sheen

Sheen

Sheen
sheen

sneen

Sheeg

Sheen
Sheen
Sheen

Sheen
Sheen
Sheen
SOcen

Sheen
Sheen
Sheen
Sheen

Sheen
Sheen

SOcen

Sheen

Sheen
Sheen

Sheen
Sheen

Sheen

Sheen

Sheen

2,0
2,0 2,5

2,01
2,0:
2,0,

2,0
2,0,

2,0
2,0.

2,0

1,5

2,0

2,0

2,0

3,0

2,0


2,0 2 ,:
2,C


2,0

2

1,5
2,0
6,0

30,0

8,0
4,0
4,0,

2,0'
2,0:
2,0
4,0
2,0
6,3 _ _
4,0

2,0
2,0

4,0

2 , 0

1 03
.
i ,
5,0

4,0
4,0

3,5
2,0
2,5

4,0
2,1
4 , C

2

2,0

2,0

,

2,0

2,0 2,5

2,0 2,5
2,5
2,0

1,5
2,0
1,5
2,0

2,17
2,61

2,01
2,0,
2,0
2,0
2,0


4,0

133,0,
18,0
2,0
2,0

16,0
14,0
4,0

2,0
8,0
4,0

4,0,
i

5,9j

1,5
5,5

83,0
1 9,0

2,11
2,2

9,5

2,5!
2,0:
5,5'
4,5-,
4,5

2,5

4,0

2,5
5 ,0


4,9

- 8,5
8,5

15,0
4,0

12,0
s,o

30,0

39,91

3,0

2,5 9,5

9,0
34,0
E,0

11,0,

,0

2,0
6,0

2,0

3,0

4,7 16,0

203
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204




Table 5 - C:-e 8741




Corc ten. : Lob.1 Os: 1r Ru




Rh Pt Pd- Au Totat
19,51 Sheen: 2,0,1 4,0 5,0




7,0 2000, 240,01 14,0 472,0
1901, Sheent 2,0 4,0 3,5




7,0 120,0 82,01 6,0 224,5
18,5', ShecH 2,0 4,0 4,0




6,5 54,0 36,0 4,0 110,5
18,0: Sheen! 2,0 3,0 5,0




3,5 28,01 38,0 4,0 83,5
17,5 Shcen' 2,0 4,0 5,0




5,0 33,01 51,0 6,0 1,06,0
17,0 Sheen 2,0 4,0 3,5




8,5 160,01 110,0 22,0 310,0. :
16,5 Sheen 2,0 2,0, 2,5




2,5- -1-40,01 780,0 170,0 1099,0
16,0 
 Sheen 2,0 2,0 4,5




3,0 110,0 250,0 46,0 417,5
15,5 Sheen 2,0 4,0 12,0




2,0: 16,0. 17,0 2,0 55,0
15,0 Sheen, 6,0 9,0 , 26,C




3,01 8,5i 7,0 2,0 61,5
14,5 Shcen: 14,0 8,0: 28,C




4,51, 23,01 28,0 6,0 111,5
14,0_.. Sheen'. 12,0 16,01 56,0




5,5, 7,0 11,0 8,0 115,5
13,5 Sheen: 24,0, 13,0: 42,0




4,5: 	 7,01 15,0 6,0- 111,5
13,0- Sheen' 20,0; 12,0: 45,0




6,0: 13,0 6,0 106,0
12,5- Sheen t 20,0 15,C' 60,C




6,0 8,0; 12,0 6,0 127,0
12,C.: Sheen r 22,0 13,0 68,C




5,0; 65 1 0 6,r 139,5
11,5- Shaen t 28,0 14,0 53,C




5,0 9,0: 12,0. 10,0 131,51
11,0. Sheen 22,0 '2,5 40,5




4,0 5,08 11,0 6,0 98,0
10,5 Steen 16,0




56,0




5,0 5,5 12,6 o,: 113,5
10,0 Sheen. 16,0




76,G




6,0 7,0 15,C: 8,. 5,




9,0 Sheen 30,0 19,0 80,0




6,0 15,0 17,0. 10,0 185,0
9,0- Sheen 30,0.




80,1




6,5




8,0 165,5
8,5- Sheen- 32,0




84,0




8,0 48010,123,00:




271,0
C,C Sheen . 26 0-.!. 57,C




4,5 9,5; 17,0- 8,0 135,,C
7,5 Sheen 8,0. 5,0 G20, .




2,5- 7,0,. : . 13,0-
.

6,0 61,5
7,0 Shnen' 8,0., _ 24,:




2,5. 7,5: 16,0




C,E.- Sheen 12,07,0 28,1




3,0 8,5 14,0. 6,0 73,5




Sheen 16,0 IG,5, 33,0




3,0 10,0 19,0: 97,0
5 ,5 Sheen' 10,0 7,0 23,0




2,5 6,0, 13,0 6,5 67,,5
5 0- Sheen 6,0 5,0 1C,C




2,5 8,0 13,0- 6,0 58,5
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 10,0 129,5
3,5. Sheen' 2,0 2 C 6 :




4,0; 29,0, 35,0 6,0




3,0 Sheen. 2,0 3,0 8 5




3,0, 20,0, 23,0- 8,0 67,5
2,5. Sheen- 4,0 3,07-




3,0, 14,0i 21,0- 8,1 66,0
2,0 Sheen- 7,0 2,0 6,2




2,5: 8,5; 15,0. 6,C; 47,C:
1,5- Sheen 2,0 2,0 7,0




2,5; 20,0 37,0 6,01 76,5




Sheen 2,0 - r 6,5




2,0 17,0 31,0 6,0 c6, ,.._ _
0,5- Sheen- 2,0.




8,5




2,5' 24,0: 38,0- 6u 03,3

Average




10,8 8,1




4,3 32,8: 56,4 13,9- 155,128,8
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2('')

ore len.:,
,

Labl 0s_l_

Table 5

Irl

- Core

RIA

8781




Rh; Pt Pd Aul Totat

0,5'
1;

Sheeni
Sheenl 


2,Ch 3,01

2,01

3,-57.


3,0:




5,0

3,5

110,0
58,0.

150,0


100,0

14,0h

8,0

287,5

176,5

t2,0
1,5

2

Sheer7

Sheen:

2,0' 1,0h 1,0




1,5 17,0


15,0

	

22, 4,0

	

24,01 6,0

48,5

50,02,0 1,0 1,0




1, 0
2,5 Sheen 2,0 1,0 1,0




1,0 15,0 19,0, 6,0 45,0
3. Sheen 10,0 5,0 20,0




3,0 22,0 31,Oj 10,0 101,0
3,5 Sheen 12,0 11,0 32,0




8,0: 36,0 52,0! 10,0. 101,0
4' Sheen ' 8,0 : 6,0i 16,0




3,5 9,5. 15,0; 62,0
4,5: Sheen: 10,0' 7,0! 19,0




4,0 20,0 24,0 4,0 88,0
5. Shcen 14,0 12,0 31,0




12,0 170,0 130,0 1 20,0: 389,0
5,5i Sheen 16,0 10,0. 31,0




5,5 30,0^ 41,0 4,0 137,5
6 Sheen 8,0 4,0, 14,0




3,5 11,0 10,6, 4,0 54,5
6,5 Sheen 10,0 6,0h 18,0




3,5 9,0. 15,0 6,0 67,5
7' Sheeni 2,0: 2,0' 7,5




1,5 19,0 20,0 6,0 58,0
7,5 1 Sheen 4,0 4,0, 10,0




3,0 22,0 18,0 8,01 69,0
8: : Sneen 2,0 2,0' 7,0




1,0




1 Oi 4,0 37,5
8,5

9-

Sheen

Sheen

2,0 1,0, 3,0


3,5




1,5

5,5

12,0


58,0

9,5
65,0 30,0,

33,0
167,02,0 3,0,

9,5 Sheen 2,0 1,0 3, 0




2,0 7,0 7,0 26,0
10 Sreen 2,0 1,0




2,5 24,0 7,5 2,0 44,5
10, 5. Sheen





3,0 24,0 5,0 2,0 43,0
11 Sneen 2,0 1,0




2,5
. ,

22,00 2,0, 39,5
11,5 Sheen 2,0 1,0




2,5 21,0 2,0 38,5
12 Sheen 2,0 1,0 Ç




4,0 27,0. 3,0.. 2,0 45,5
120 5 Sheen• 2,0 2,0 8,5




3,5 27,0 5,01 2,0. 50,0
13: Sheen .

,

,

2,0 2,0 3 5




3,0 26,0 . 7,5i 4 , 0, 50,0




Averege '






3,5 31,5 30,91 6,6 91,1
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Core len. 1 hrib.
30,0 Sheen

Os:
2,01
2,01

2,0
4,0•

	

7able 7-

1r,
17,01

9,01

"1,0.
.

L. ,1,4

Ru!

2,01
2,0

2,0

2,0
2,0

2,5
3,0

2,0
3,0
2,5
0,01

1,5!

2,5

3,0
1 ,5
1,5 1

5,0
5,0

3,5

5,0
5,0

3,5

5,0
3,0 1

i

5,0
,

5,01

4,0

9,0
:,0
5,0
3,0
2,0,
3,51

2,5

3,5
3,5
2,5 1

11,01

15,01

21,01
25,01

12,0:

11,13t
7,0'
2,0
9,5

7,0
6,51

8,01
21,01
11,0
12,0

3,5

3,0

5,8!

Rh
1

5,51
4,5 4,

Pt,

580,0"
270,01

Pd'

180,0
130,0

220,&
84,0.

100,0
100,0
51,0
16,0
24,0

22,0
22,0

21,0
12,0

18,0
16,0

27 0
13,0

25,0
24,0,
17,0

35,0
46,0

24,0

50,0
64 , 0

120,0.
110,0
79,0
39,0
28,0

28,0i
21,0
41,0

8,0
14,0

160,0
160,0
160,0

49,0
20,0'
19,0'

68,0
120,0

8,5





l


l

Au
180,0

Total
966,5

29,5 Sheen


Sheen

42,2 459,5
29,0 1 6,0, 320,0 r 12-.-24,,

46,0
- 611,0

28,5 Sheen 12,0 170,0 329,0
28,0 Sheen 6,0

8,01 

9,0
9,51

10,0 •
5,5

5,0
4,51
5,01

5,5 1

5,5

6,0
5,0

8,5

6,5.

4 0

7 , 5

T5

u
13,0
i

2 , C

tY

0

8 , 0

5,0

5,0
"4,0

16,0
19,0
20,0
1

8 , 0

3,0'
21,0
28,11
39 , 0

34,0

28,0
21,0
'2 n

13,0

14,0
20,0.

2.0,0
13,5

22,0.
11,e

12 , 6

11,0,

10,0,

48,0:


60,0:

58,0

32,0

232,0

222,027,51 Sheen

27,0 Sheen
Sheen
Shcen
Sheen

Shecn
Sheen

. Sheen
Sheen

Sheen
Sheen
Sheen

Sheen

Sheen

4,0,

2,0

2,0
2,0'
2,0,

2,0
2,0.
2,0

2,0

4,0
4,0,

2,0

2,0
2,0

4,0
6,0
4,0

4,0

6,0

10,0
2,0
2,0
4,0

4,0
4 , 0

4,0

2,0

6,0
6,0
6,0

6,0;
8,01
4 , 0

6,0'
---

.
4 ,0

14,01
30,0,
44,0,
40,0

32,0

26,0'
14,0
26,0

10,0
18,0

14,01
i

18,01

56,0i
22,6
18,0
24,0

8,0 ,
6 0

. 4.._

9,5

9,5. 74,0 52,0 203,5
26,5:-
26,0-

4,51 29,0 52,0 111,0
3,0,

3,0,

3,51

31,0 25,0 96,0
25,5 22,0: 


43,0"

11 7 102,0
25,0


24,5

26 , 0 103,5
3,5.
2,5
4,0
3,0

3,5
3,0

3,5
3,5
2,0
3,5'

4,0

32,0

21,0


25,0




67,5

87,524,0

23,5

23,0

22,5

58 , 0 113,5

15,0

29,0
14,0

51,0

35,0
16,0

42,C
39,0




224,5

,

42,0_____.
4r,_.

52 C

t2 , 0157,0

121,0,
78,5

118,0
87,5

144,0

22,0

21,5


21,0
20,51 Sheen
20,0' Sheen
19,5 Sheen
19,01 Sheen
12,5 Sheen
18,0. Sheen'
17,5. Sheen
17,01 Sheen•
16,5 1 Shetn
16,0. Sheen
15,5' Sheen
15,0' Sheen

5 , 0 161,5
4 ,,4,

4,5
6,0

11,0.

10,0,
10,0
7,0
3,5

2,5
2,5
7

,, ,n
,

2,5
2,5
5,5

11,0

19,0
8,0

3,5

39,0
63,0

65,0
1200,

100,0
130,0
74,0

39,0
25,0

42,0
40,0

17,0

29,0
190,0
230,01
150,01

60,0
23,0




152,5


196,5

5-,2 208,5

52 , 0

359,0


290,0




317,5
5 , 191,0'

80

128,0

114,5
139,5

179,0

14,5 Sheen

14,0 Shecn
13,5 Sheen
13,0 Sheen
42,5 1-1_ Sheen

55, 104,5

142,575,0

84,5
76,0,

462,5

501,012,0 Sheen 1

11,51
11,0

10,5
10,0

Sheen

Sheen
SNee
Sheen

Sheen
Sheen
Sheen
Sheen.

Sheen1
Sheen 1

90,11 449,5

-- - .5 45
140,0

4,0 25,0 82 , 0 143,5
9,51
9,01

8,51
8,01
7,51

7,01
6,51

10,0


13,0

11,0

81,0
110,0'

12,0

8262 260,5
110,0 399,0


164,5604 111

16,0
14,0

11,0
8,0.
5,0

5,0
15,0
4,0

17,0

12,0
6,01

21,0,

11,0

15,0

6,5
12,0

6,01
9,51

22,01
5,51
6,1
7,51

18,0:
19,01
8,0

11,01
6,01

12,01

46,11

62,0 210,0
54,0 199,0
42,0

58,0

143,5


157,0
6,01 Sheen! 48,0 98,0
5,51 Sheen'
5,0: Sheen
4,5 Sheen
4,0 Sheen'
3,51 Sheen 1.... -
3,01 Sheen:
2,51 Sheen,
2,01 Sheen•
1,5' Slicen

1,0' Sheen:
0,5 Sheen,

10,C'
5,0
7,5

62,0

2,7

121,5

78,5
36,0 91,0

5,0
6,0

11,0
7,5
7,5
9,0

3,5
3,0

.

7,51
7,5t

12,0
8,0
9,0

15,0

6,5
12,0

52,0

66,0

76,0

105,5


133,0

228,0

66,0 153,5
42,0 112,5
46,0 138,0

62,0

62,2

100,5
105,5

Average '

,, •

60,1




6,6 63,2 203,8
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Corc ten. 1 Lab.1 Os'

TabIe 8

Ir:

- Ccre asR?

Rui Rh:




Pt! Pcil_ À1 Total

20,0 Sheent 24,0 8 0 13 0 3,5 7,5 8,0i




70,0
19,5 Sheen 38,0 9,0 19,0: 4 , 0 5,5 8,5'




92,5
19,0 Sheen 20,0 6,0 12,0 3,5 4 , 5 7,5




6"0-,,12,0 6,5 4,5 4,5




18,5 Sheen 21,0




18,0 Sheen 24,0 7,0 21,0 3,5 2,5 5,0 1,. 73,0
17,5 Shcen 2,0 4,5 1,0 0,5, 3,5 0,5




24,0
17,0 Sheen 2 0 1 5 11 0: 1,5' 3,0' 5,5 4 30,5
16,5 Sheen 2,0 1,5 18,0H 2,0: 4,5- 14,01




54,0
16,0 Shecn 2,0 2,0 11,0' 1,5' 9,0 7,01




98,5
15,5 Sheen 2,0 1,5 11,0 1,5 6,0 10,0 0.. 34,0
15,0 Sheen 2,0 1, 5 18,0 2,5 4 , 5 18,0




52,5
15 0 Sheen : -




14,0 4,5 8,5 20,C




55,0
14,5 Sheen




18,0 2,5 12,0 28,2




70,5
14,0 Sheen




9,5 3,5 7,5 23,0




55,5
13,5 Sheen 4 , 0 8 , 5 11,0 9,5 64,0 58,0 5 163,0
13,0 Sheen 2,11 8,0 16,0 8,0 160 0 i0,0 i 346,0
12,5 Sheen 2,0 5,0 11,0 3,0 24,0 21,0 i.. 80,0
12,0 Sheen 2,0 2,5 12,G 2,0 13,0 14 0




51,5
11,5 Sheer 2,0




13,0 3,0 27,0 40,0 5 1117,0
11,0 Sheen




16,0 0,5 41,0 0,5




08,5
10,5- Sheen-




2 , 05 , 5 4,t- 5_ 83,0 130,0




258,5




Sheen-




14,5: _ 3 2 0 0,0




75,0
9,5- Sheen-




16,0 7,0- 77,0 110,0.




236,0
9,0; Sheen-




4 5_ , . 15,0- 4,5- 40,0 52,01




136,0
8,51 Sheen 6,0 4,0 18,0- 2,5 11,0 14,0




(1,5
0,0: Sheen 2,0 4,0 16,0 2,0 9EL 8,0




51,0
7,5 Sheen 2,C_ .._ 4 3,:: 2,5 7 0 3,0




312,0
7,0- Shecn- 2, 0




4,5 26,0 24,0




231,5
6,51 Sheen , r.,_ 5 , 29,0 . 4,4 19,0 14 C 2.1 313,0




_






I5,C 26,C6 0, Sheen-.




-,. . 4,C




356,5
5,5 Sheen- 2 , 0.




3,5 . 4,0 53,0 23,0 31: 399,5
5,0 . Sheen- 2,0 6 , 0 3,5 7,0 24,0 8,2 550, 600,5
4,5 Shecn 2,0 6,5 5,0 6,0 59,0 30,0 30", 408,5
4,0 Sheen 4,0 11,0 6,0 10,0 220,0 160,0 393, 801,0
3,5 Sheen 2,0 7,0 3,0 6,5 100,0 1 160,0 6,: 344,5
3,0 Sheen A. r 9 ' 3,0 10,0 87,0 230,0 '''' 445,0
2,5 Sheen.. 2 , 0 5 , 0 2,5 2,5 33,0 30,0




99,0_
2,0 Shecn




3,0 4,0 36,0 56 , 0 6s, 171,5
1 5,_ Sheen-.




3,0 4,0 47,0 58,0




147,0
1,0 Sheen 4 , 0 13 , 0 2,5 15,0 150,0 220,0 21, 484,5
0,5: Sheen c,0




7,5 59,01 87,0 33 204,0






i





Average




5,2 3 11,0 4, 39,0 1: 46,2 793 190,6
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1
1

1

1
1
1

1
1



1

1
1
1
1

1
1

1
1
1

1
1
1
1
1
1
1

208

Core len: Lab.' Os!

Tabte 9 - Core 8805

1r Ru Rh Pt' Pd Au Total
201 Sheen' 2,0 1,5 4,5 1,5 4,5 5,0 4,0, 23,0
19 Sheen 2,00 0,5




0,5 3,0'; 4,0 4,0 16,5
18 Sheen 2,0 1,0 4,0 1,0 6,0 6,0 6,0 26,0




171 Sheen, 2,(0




1,51- 4,0 2,5 25,0: 33,0 6,0 74,0
16 Sheen' 2,0; 1,0! 3,5 2,0 21,0: 18,0 6,0 53,5
15. Sheen' 2,0: 2,5, 3,5 3,0 6,5! 6,0 4,0 27,5
14! Sheen, 2,0: 2,0' 3,5 2,5 19,0' 19,0 6,0 54,0

7,0 6,0 4,0' 
 24,5131 Sheen 2,0: 1,0' 3,5 1,0
12, Sheen' 2,0' 0,5 3,5 1,0 4,5 3,5 6,0 -2-1,-(vj
11 Sheen 2,0 1 1,0' 4,0 1,0 2,0 1,5 4,0 
 15,5
10 Sheen 2,0, 1,0 4,5 1,0 2,0 2,5 6,0 19,0
9, Sheen 2,Erl, 0,5; 5,6 0,5 2,5 2 5 2,0 ,

8 Sheen 2,0 2,5 9,0 1,5 4,0 5,0 2,0 26,0
7, Sheen 2,0' 2,5 7,5 1,5 3,5 3,5 2,0 22,5
6. Sheen 2,0! 2,6 6,5 1,5 3,5 2,5 2,0 20,0
5 Sheen 2,0 1,5 3,5 2,0 3,5 3,0 2,6 TJ7 .

,5
4._ . Sheen 2,0! 2,0 5,0 2,5 12,0 6,5 2,0. 32,0
3 Sheen 2,0! 2,5 3,5 3,0 9,5 13,0 2,0 35,5
2 Sheen 2,0 1,0 3,0 1 5 14,0 33,0 6,0 60,5
1: Sheen 2,0 1,0 3,5 1,5 13,0 36,0 36c0. 932 0





i






Average :




2,0 1,5 4,4 1,6 8,3 10,5 5,6 33,8

Sartple lab. Os•

Table 10

1r

- Core 88b6

Ru Rh, Pt. Pd Au Total
1 Sreen 2 6 6,5




26 58! 4 557
2 Sneen 2: 6. 5,5




22 37! 4 80
3'Sheen 2 7'




- 39 49' 6 114
4:Sheen . 2 51 5' 4,5 36' 39'1 8! 100
51Sheen 2 6,5! 6,5 3,5 57 61 12?. 149
6'Sheen 2 5,51 3,5- 2. 16' 22. 6' 57
7:Sneen 2 4,5' 5,5 1,5 15' 26 14- 69
8'Sheen 2: 9. 11 4 150 210' 21 407
9.Sheen 2 8,51 19 5 5 100 580: 48 763

10,Sheen 4 7,51 4 7 32 48 4 107
11:Sheen 4

-1-a 5,5 4. 24: 48 8 102
12:Sheen 2 8, 5,5 3 10 14 2 45
13Sheen 2 6 5 2 8,5 8,5 2 34
14'Sheen 2' 6. 4,5 2 8 11 4 38
15:Sheen 2 6,5- 5 2 6 8 2 32
16iSheen 2 7 4 2,5 9 8 :. 37
171Sneen 2 7; 4,5 2,5 13 15 
 48
181Sheen 2 5,51 4 2' 10 9. 2 
 35
150Sheen




6 4 2,5 17• 22- 2 56
20Sheen 2, 4,5: 3,5 2,5 15 55 2_ . 45






30,7' 64,4




120,9
Average ' 2,2! 6,5: 5,9, 3,2
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209

Core Len. 1 Lab.1 Osi

Table

1r

11 - Core 8887

Ru! Rh1 Pt,

27,01
32,01

Pd'

51,0!

120,0i
870!

Au1 Total
201

191


181

Sneen'
Sheen:

Sheenr -

2,0!
2,0'

2,0

0,5. 3,01 1,51 20,0'


28,0j

105,0
0,5

1,5

3,01 1,01 186,5
3,01 1,5: 34,0: 20,0L_ 149,0

17 Sheen 2,0 1,0 3,0' 1,5, 27,0 47,0 12,0' 93,5
16

r
Sheen; 2,0 2,0 5,5' 2,0 47,0


43,0

4',0 1i 
45,01

41,0!
29,01

53,0 1
18,01

30,0'

34,01

34,1t,

1876

133,5
16 Sheen! 2,0 2,0 5,0' 2,0 133,0

100,0
60,5

170,5

80,0

15 ---tSheen, 2,0 1,5 2,5 2,0

1,0

33,0
18,0'14 Sheen' 2,0, 1,0 1,5, 8,Upil ro,

26,0'

12,0'

13 Sheen' 2,0 3,0' 4,5 5,0


4,5

77,0


36,0


17,0

12 Sheen1 2,0. 2,5: 5,0
11 Sheen' 2,0' 1,0, 2,0 1,0 38,0 91,0

___ . _ 10

9,

Sheera

Sheen1,

2,0 1,5' 3,5, 1,0

21,0'

16,0
250,0'

17,0'

310,0',
270,0'

15,0
94,0

96,0
4,0

4,5'
2,5
3,5.
7,51

63,01

4,0

28,0

45,0
649,02,0 12,0 26,9'

8' Sheen' 2,0 4,0


1,5

8,0 7,5 120,0

28,0

55,0
61,0

4,5
4,0

2,5
5,0

6,5

42,9

34,0, 445,5
7.
:

Sheen, 2,0 4,3 3,5


2,0
10,0'
8,0;

10,01

2,0,
4,0,

64,0

166,0
176,5
27,5

63,5

6 Sheen; 2,0 1,5 3,5
6' Sheen. 2,0 2,0 ,:,,:

11,0

36,0'
33,0,
20,0

22,0'

2,0

1,0
3,0
2,5
1,5

2,5

5 Sheen' 2,0 3,2
4' Sheeni 2,0 10,0

9,0'
6,0

31 Sheera 2,0 4,01

4,0'


4,01

55,5

42,0

50,0

2, Sheen, 2,0'
1,

	

Sheen1 


1 1

2,0 5,5




16,51




Average i I 2,0 3,3 9,5' 3,2 140,3





 abel 12 - Core 8981





Core len. 1 Labl Or, 1r,




Ru' Rh Pt Pd, Au' Total
11 Sheen' 2,0, 1,0




3,01 1,5 14,0, 27,01 6,0, 54,5
21 Sheen' 2,0 1,01




3,0, 1,0 6,0' 8,51 8,0' 29,5
31 SheerP 2,01 0,51




2,51 0,5' 5,0, 7,51 8 0,1__ 26,0
4' Sheen' 2,0' 0,5 1




3,0 1,0 4,0' 7,5 8,01 26,0
51, Sheen' 2,0', 1,51




r2,5, 1,0 6,51 1370 8,01 34,5
6' Sheenr 2,01 1,0j




3,0 1,0 9,5' 14,01 6,01 36,5





6' Sheeni 2,01 -r
13,0, 8,0 1 40,01,01




3,5 1,5 11,0
71 Sheen1 2,0' 1,0i




4,0, 1,5 9,5 15,0' 6,0 1 39,0
8 SheeH 2,0 1,0,




2,51 1,0 7,5 9,51 6,0. 29,5
9! Sheen1 2,0 2,01




3,5 1,0 3,0 5,0, 8,I±L 24,5
101 Sheen1 2,0 0,5




2,0 0,5 2,0 4,5' 10,0' 21,5
111 Sheen' 2,0 2,0




3,5' 1,5 3,5 2,5 1 4,0
, 19,0

12, Sheen' 2,0 2,0




7,51 4,01 33,03,5, 2,0 12,0' ,
13 Sheen





2,0 0,5 8,0 9,5 2,0, 24,5
141 Sheen 2,0 0,51




1,5, 0,5 5,5 8,5 4,-6' 22,5
151 Sheen 2,0 1,0,




3,0 _1,0 12,0, 16,0 4,0, 39,0
16 Sheen 2,0 1,5 1




2,0 1,5 8,0 9,5 4,0 28,5
16 Sheen 2,0 1,0:




2,5 1,0 7,0 8,5 4,0 26,0
17 Sheen 2,0 1,0




3,0 1,0 7,5 11,0 4,0 29,5
18 Sneen' 2,0 1,51




2,5' 1,0 12,0 16,0 4,0 39,0
19 Sheen 2,0' 1,51




4,5 1,5 15,0 21,0 4,0, 49,5
20 Sheen 2,0 1,5'




3,5 1,0 9,0 12,0 4,0 33,0







,




Average




2,0 1,1




2,9 1 , 1 7,9 11,4 5,6 32,0
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210

Core len
20


19

_ ....__18
17
16
16
15

14
13

12
11

10
9

8
7

6
6

5
4:_. .
3
2

1•

Average 1

Core len. i
7,0

6,51
6,0
5,5
5,0
4,5
4,0
3,5

Average




Tabel 13 - Gore 8983




Lab. Os 1r! Ru Rh Pt Pd Au Total




Sheen 2,0 1,5' 4,0, 2,5




11,0. 8,5 13,0 43,5




Sheen 2,0 3,0, 7,0, 4,0




39,0 54,0 14,0. 123,0




Sheen 2,0 1,5 1 3,01 3,0




11,0 4,0, 18,0, 42,5




Sheen 2,0 1,01 2,0 2,0




9,5, 9,5 14, 11 40,0




Sheen 2,0 1,1 3 0 3,0




11,0. 14,0 12,0i 46,5




Sheen 2,G 1,0' 2,5 3,0




12,0 13,0 14,0: 47,5




Sheen 2,0 2,0: 4,0 2,5 21,0 30,0 15,0, 71,5




Sheen 2,0 1,0, 2,5 1,5 8,5 5,5 2=,0 45,0




Sheen 2,0 1,0 3,0 1,5'




5,0 5,0 10,0 27,5




Sheen 2,0 1,0 1,5




3,5 2,0, 14,0! 24,5




Sheen 2,0. 2,0' 4,0 4,5'




18,0 4,5; 4,01 39,0




Sheen 2,0 1,0 2,5 1,5




5,0 5,0 2,0, 19,0




Sheen 2,0 1,5. 2,5 3,5 6,5 7,0 6,0 29,0




Sheen 2,0 1,5 2,5! 2,5 28,0 48,0 8,0 92,5

Sheen 2,: 0,5 2,5, 1,0 6,5 4,5 1:,0 27,0

Sheen 2,1 2,5 2,0




16,0. 8,0 8,0. 39,5

Sheen 2,0 1,0 2,5, 2,0'




16,0 8,5, 4,0:

c---

36,0
-.

Sheen 2,C 1,0 2,5i 3,0




16,0. 13,1 6,0 43,5




Sheen,




1,0 2,1 2,5




26,0 26,.: 10 68,0




Sheen




1,5 7,0 1,0




6,0 2,5 C 0 24,0

Sheen 2 13,0 1,5




3,5 1,0




28,0




Sheen 2,0 2,5 14,0 1,5,




3,0 3,0 3,0 30,0




2,0 1,4 4,11




12,8 12,1





2,3,




table 14 - Core 8984





Lab. es Ir Ru Rh Pt Pc Au lotcl
Sheen 2,3 1,3 3,0




3,5 61,0 55,3 22,: 180,5
Sheen




4,5 4,5 85,0 150,0 16,3 263,5




Sheen 2,0 0,5! 2,51 1,0




9,0 15,0 8,0




38,0
Sheen.__ 2,0 . 0,5. 3,51




1,5 9,5, 19,3 8,0




44,0
St-iceen 2,0 0,5 2,5' 2,0 34,0 58,0 18,0 117,0




Sheen 2,3 1,5 2,5, 3,0 69,0 99,3,





Shecn 2,0 1 0 2,0: 3,0 73,0 110,0 42,0 233,0




Sheen 2,0 1,0 2,51 2,5 77,0, 92,0 46,0 223,0




Sheen 2,0 1 5 2,0i_ 2,1 27,0; 26,0 12,0 73,0




2,0 1 0 2,81 2,6 49,4! 73,0 22,4 153,2




Tabte 15 - Core 8985





lab.! Os lr: Ru. Rh Pt, Pd Au, Total




Sheen: 2,0 1,0• 4,0 1,5' 9,5 8,5 6,0 32,5




Sheen. 2,0 2,0 2,0 3,0 33,0 41,0 12,0• 95,0




Sheen 2,3 1,0 1,0 1,5 31,0 49,0 26,0 111,5

Sheen 2,0 0,5' 1,5 1,0




19,0 22,0 34,0 80,0




Sheen: 2,0, 1,0 1,5 1,0




18,0, 15,0 40,0, 78,5




Sheen 1 2,0! 2,0: 3,0 2,5!




20,0'
39,0

12,0'
28,0

4,0 1 45,5

84,5




f
Sheen' 2,0 2,0' 4,5 3 0! 6,0'

Sheen' 2,0, 0,5. 0,5 0,5' 12,0' 12,0. 4,0, 31,5




!




,






2,0 1,3 2,3 1,8 22,7' 23,4 16,5. 69,9




Page 1





Core ten.
1,0

1,5
2,0
4,5
5,0

5,5
6,0
6,5
7,0

Average



1

1
1

1

1

1

211

n7ere len. lab. Os

	

Table ic ore 8;5c7

	

lr Ru




Au TotalRn Pt Pd,

13,5 Sneen: 2,0

2,0

0,5

2,0.

3,0 1,5

2,3

9,0,

37,0
4,5

75,0
2,0

22,0
27,5

104,013 Sheen:
12: Sheenl 2,0 1,0




1,0 25,0. 27,0 )8,0: 76,5
11i Sheen 2,0 1,51 3,01 2,0 43,0 330,0; 64,W 445,5
101 Sheen 2,0 1,5, 3,0; 1,5 27,0 33,0i 26,0. 94,0
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5. Platinum-group minerals in the Lillefjellklumpen nickel-copper
deposit, Nord-Trondelag,Norway by A.Gronlie, published in Norsk
Geologisk Tidsskrift in 1988.
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