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ABSTRACT

The Rana synorogenic Caledonide intrusion in north Norway contains
pentlandite+pyrrhotite+chalcopyrite+pyrite disseminations grading up to
0.8% sulfide nickel in peridotite in the northwestern part of the body.
Peridotite and pyroxenite occur as bands and lenses within a peripheral
zone mainly of norite, around a core mainly of quartz-norite. Crystal
settling appears to have been an important process at Rana but over much
of the intrusion primary structures have been severely disturbed by the
later Caledonian fold phases which also involved local overthrusting:
these movements resulted in infolding and thrusting of units of semipel-
itic and calcsilicate gneiss and black schist into the intrusion. The
body has the form of an inverted, possibly trungated cone with its axis
plunging northwestwards at a moderate angle.

The peridotites show no obvious systematic variation of sulfide or
silicate mineralocgy across strike. Locally, associated with certain
deformation zones, dissemination passes into massive mobilized sulfide wd
with up to 5% nickel. The proximity of sulfide-bearing black sechists to
mineralized rocks, the occurrence of graphite disseminated in peridotite
and other factors, suggest assimilation of sulfur from the éountry rocks.
Sulfur isotope studies do not, however, offer confirmation of the hypo-
thesls taat an external source of sulfur nas had more than very local
significance at Réna.
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INTRCDUCTION
The Radna mafic intrusion lies at approximately 68%20'N, in steep
mountainous terrain 20 km soutnwest of tre iron-ore port of Narvik in

north Norway (Fig.1). Tne present paper will give a brief description
of the general geoclogy of the complex, with a more detailed consider-
ation of the sulfide-bearing areas = especially the main one at Bruvann
(Fig.2) - and of the genetic implications involved. More comprehensive
treatment oF varicus espects ©f Lae geology of tae Rana intrusive will
be forthcoming in later papers.

The information prescnted aere results from an investigation of the
Ra&na mass and its nickel mineralization wnich began in 1971 and is now
approachning its conclusion. The investigation has been financed by the
Norwegian steel company Stavanger Staal A/8 and by the Norwegian state,
and carried out mainly by the Geclcgical Survey of Norway.

Tne intrusion itself nas been described by Foslie (1920,1921), and

cerneral geology of the surrounding area by Gustavson (196€,1969,
1672). The area lies within the recently published geological map-shneet

Tr.e mass contains thne only nickel deposits registered ia the Norweg-
ian Caledonides within a radius of 100 km. The region dees contein many
subeconemic depositis of Cu, Pb, 4n and Fe, as descrived Ly roslie (1341,
1946,1949) and Juve (1967). Nickel exploration at Rana began during
world War I and the several known deposits were investigated a number of
times before the present work was initiated.

The only known major deposit is restricted to an area of approxim-
ately half a sqgare lm just north of the lake of Bruvann near the north-
western periphery of the intrusion where it outcrops between 400 and 500
m above sea level (Figs. 2 & 3). Prior to the present investigation a
total of 7,000m was drilled in tris area at various periods, and during
World War II 800 m of drirfting from which mucn of this drilling was
carried out. The present investigation has, in addition to geological an
geophysical mapping, entailed approximately 28,000 m of diamond drilling

GENEKAL GEOLOGY OF THE INTRUSION

The Rdna mass nhas a surface area of over 80 sq. km and expresses
positive relief in relation to the surrounding metasediments. Most of
the outcropping intrusive lies above 450 m and several peaks reach over
1,300 m. The area is dissected by the north-south-running valley of R&rg
Réndal, the lake it contains lying at 12 m above sea level.

COUNTRY ROCK
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The intrusicn lies witnin the Caledonide orocenic belt, in rocks

classified as tne Narvis Group (Gustavson 1966). Trese consist mainly of
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well dyveloped in ¢ rerolded band sulnwest of tne mass (Fig. 2). Much mor
3 commcn than either of thiese rocke ere bands of varyingly hornfelsed calc

silicate gneiss, up Lo several nuadred metres tnick, and occurring ofter

—

on- or clotce 1o the ouler contact of tne latrusion. Tals gneiss consists

mainly of plagicclase+clinczoisitesnornblende+spuene+diopside+microcline

tgarnetrquartzicarbcnates, and also contailns bande of black schist rich

in grapnite and pyrraotite.

. Trne country rocis dave been afifected by at least four fold phases:
1) at least one isoclinal phese, possibly two.
2) Z-:olces, often with east-wes! exes, and with amplitudes up to the
groer of 100 /mi
1) open folds with eesi-west, norlheast—soutnwest or, lecs commom Ly
nortn=south axes. Taese folds may have wavelengtins of the crder ¢
cllometre OF more.
) monoclinal folds, generally with north-south verticsl axi-=Y viane
These may correspond in ade t0 a series or norta-soutrh-criented
raults occurring at tuae northern and soulnern mar¢ing of the mass
Concepts on :the geotectonics of thne north Norwegian Caledonides are
currently undergoing reexamination (kemssy & Sturt 1977: Sturt & Hobert:
. 1978: Zwaan & Roberts, in press) but it 1S rairly ge;a'erally accepted thd

-y

all but the thin autocnthonous units, lowermost in the sequence, rorm a

& series @f major nappes trrust a coansidersble distance fror ine nortuwes

o, R

in two major episodes - 1) late Camuiian. early Ordovician and 2) Upper
Silurian. Gustavson (1972), reterring wo tue Silurian deformation in
Nordland, states that the major period of nappe =mplacement occurred
pest-F, and pre-FQ. and trat the peak of regiovnal metamorpaism (garnet
aimpnibolite facies) occurred syn-F .

Tae Rdna intrusion appears to nave, been enplaced before the third
1old phase under garnet-ampribolite facies (kyanite-garnet sub:acies)
conditions walcn prevailled througnout the solicitication period af the

{ mass. bBvidence from tae Rana area tnus suggests scmewnat different con-
% - : : i
‘ clusions from taose obtained regionally. Roddick (1977) dates the int-

rusion &t 400 m.y. on the basis ¢i Rb/Sr whole rock and mineral isochro
whille the country rocks ¢give a metemorpinlc age of 400416 m.y..

MAFIC AND ULTRAMAFIC. ROCKS
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Tne surfcace geclecgy of tre intrusion has a crudely concentiric arr-
angement, witn a peripneral zone 0Or norite and a core 0f quartz-norite,

both locally ampaibole-bearing and botrn loecally cabirele, particularly

e

tre guartz-norite. The porite zZone contéins somewhatn ilrreguiar Lands and
lences of peridotite (tne main LOst rock for tne nickel mineralicaticn a
Lhruvann) and pyroxonive. Tiese L8 are ol evenly disposed argundd T8
peripreral zone, but, waere commod, tend Lo oCccur towards tae Quter mar-—
gin or lhe mass. Soutn of Uaf fekn 1atrusicn occur two outliers: the
Tverr: jell synform ¢ast & Raacal and on tile north side or Kvanakertind
wvest of taoe valley (Fig. 2). Neitner of these appears to extend down to

gea level. Trne ’I‘\"(-r{ih}{‘jﬂ wittlrer 35 the dnls Razl O EAE InErs S5 OM Ah

ey
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whaich systemmatic gravitational banding cn scalen below 100 m i1s common:
triese sielictures, Wit the excupnticon ef a Few doubtiul ‘cagses, are alwavs

Vrigat way up!' .

k
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Mne porthers and noytawesteyn contacts of tne lLatrusSion generally dif
£V L s modecdate 0 glteeld giled, Wiulle she soutunern and sasiercn ¢on=
(= 1 12 Inwacds uhnder the gads an angles wiich arve sSfallow Lo | Weratm
U 2 vl ARG sougoedet. THe centact between  lxe Nome i E i
L1l A te=Aorite COe LS digeinee only wiere 'tyouvoniso, . Wil pd 'cdzes Dk
GIp 1 gimilar £O that af e outer contact, exueplc 11l BN £l AL
of e intrasion waere Ui norite/quartz-norite cont | \Teaned, Tt

gecnetry of thue contacts sugresis Lhat the 1LNLrus.ion Hae, Y B rude son
e form or an inverted, possibly Lruacated, core il on sxlcs plun
nortlhiwestwards and exposure nearing Lhe roor in tue s .2 madel is
supported by tne resulis ol a cravity survey (sindre & Boye 1877 Mie

e llishHmewsr: ad . olne Tabatis o e
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distribution vf inck 'typed Wi
magratlc gravi’ o iencol Slrucliures; waele a0l atren Lo Ly latee del'ofiai—
ion, sugdesiy thalt - ovitational forces played apn wmportent role in the
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mae most coimon peridotite warlety found v fanad is harzburgite witk

fd

Goa—Colk olivine (F08c~c; pasew on. nine micrabrahe dudlyseﬂ). taoucH
lherzolitic and dunitic varieties als)y n2cur, and lacally <wall amounts
piagioclase may be present. Ti LY Pud.dOtile units dn tae norinern a
sovthwestern parts of the intrus.con appear nowever to be generally homo-
cene- iu over many tens of metres, «ith no systematic variation readily
afypa.'cat in primary cngracterist.c:.

Q1. wne Forms grains up te . mm long, subidiomorphic te rounded
aca.nsnw 21licates but oktea idiomorphic against sulfides. Except in def-
ormation zones aad along aydrated fractures the olivine is almost always

{

!
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unaltered (serpentine, along irregular cracks, is rare, ecspecially in
the Hruvarn area), and as yet ro indication of zoning nas been found.
Crthopyroxene (aypersthene) occurs as primocrysts similarly o
as megacrysts up to 1 com long wita rounded clivine inclusiohs, bu
frequently as anhedral 1ntersiltial graias. Woere present, augite forms
megecrysts or interstitial grains similar 10 Lnose Of Crinopyroxens.
Placioclase 1s always interstitial in Rina peridotites. Phlogopite is a

m P

COmmorn accessory in all peridotlite varieties. Tne

-~

eralning primary
prhases, ia addition to Lue sulfides destrited later, are picatite spinel,
hematite, ilmenite and megnetite, «ll in smell amounts. Secondary amph-
ibole {uralite) ia interstices 1S common, and 1 déeformation zones, talc
and antrnopuyllite.
b) Pyroxenite

This yrock contains up to zbout 404 hypersthene in generally subid-
iomorphic ¢rains up to J mn long, Llnoch locally as much as & mm. Slight
marcinal zoalng is found, and pecasionally exso.utiocn lamellae of augite.
Neslicizarion is comngn. Interstitial aanerars are AUgite, FR1GHOPLLE,
31a slate and occasicnally gpague minerals, QLlvine—Dearino varletles

not cormonly.

Horlte : 5. PRt o nere 1 el L A 1 I 4 .
£ YEO PBITInGEDY K Living— Al Zns H { i Led

amount AlTeratlion, CceroiMaeudld nd recrystialilizalil . o
complexities. Hyperstaene occurs as sub:dlomerpaic, grains gensrally 155
rnan 2 mm long, rarely wita exsolved lamellae 2 T1ANeDYToOXere anc rare=

~
1y zoned. Inclusions of plagibllase may sresent in The avpersinene LAER

{and vice versa), Plavioclase m M up 500 o> the TOCK and 1t 15 EEANX
generally uazoned. Clinopyroxesn whe @ prescnt, has a mods OF Ooccuarrence
cimilar to the hypersthnene. Prijary «hpn. ole 16 o realurt ot soRe oo the
naTrLtes I ceytaln areas. Sacancarry AmUPnLLDOEe (fEd clzaozeotrsil arsa Ccommor

ana wnere deformed tne rocg 1s commonty recrystallized 1o ampuibo.cs+
pilagiuciase+clinozolisitesnica.
a) Quartz-norite

The guartz-norite core Of the intrusicn apgpears to be less well def-
nad than suggested by Fesiie {(1%41) and Lo be more variable internally.
Plagicclase is more abundant tren an the norite, and is oitea 1diomorpnic
against quartz wnicn is present 'n only small amounts. Clingpvroxene
increases relative to orthopyroxene, and primary ampnibole and biotite
are present in addition to rare ortnoclase. Superimposed on tnese var-
jations ape tne effects of deformatior and recrystallization, especially
marked in the area of Eiterdal.
e) Later dykxes and veins

These are of two main types. 1) Northeast of the Bruvann area occur
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thin vertical acrin-south-runaing dolerite dykes. 2) Throusiaout the
intrusio:sn, but especially in tae southeast, occur sills of granite,

trondhijemite and quartz-rich pegmatite.

\‘T[.i.r‘miu .“.L ‘1-401 L\-‘V

Thouall the Rana intras ion may postdate the stronuest phases of reg-
tonal deformation, the pofects of Lag later prases have locally been
very proaounced. This applies particularly to thne area nortr of a line

From Bruvann to Saltvikvann and to 2 belt from Kvanakerting to Biterdal.

u
.

(Fig. 2). Deformaticn in these areas ccorrespeondiag to the rezicha 4
movements appears to fave Legun wita Lie development ©f segregation h
panding 1A agritesMmeranorite, witih subsecught jolding of the bands. Kaxz
Folding of tae contact soulneast oL Bruvann ond south of Sepmolf jell,

and the davelgpment of Lzne Tverpijell syacline saem to deve from this

Fr

. peéricd. The climax of tHie paase ol derprmation iavolved digpruptrion of

the mass in two major drceas:
t‘* e overtorust j.uih. Sr Lif Al Ohn  Cuk 1NConsron nortiwaeg) L i
Lide &pum sruavéann Lo Rdana (known as tae Arpesnesten blocz) (Fig 2)
Eamas eyt SR cdurtheast. Tie tnrust 18 deflfinec by (v LI e oae
! g L ihe eries Or lenses =18 Ivin i = crmed
AVCUSte sone dipping Aorcthwesst al g ancle wnl 5t ) ti
Pty = itavays, TOoe ACNESH L LAt & COomL 1l 1% . i . J
& feSlidl BF IJ[I'.liF:;: e et iy, e S EALSE I i A GTUSY

ing. In additicn 1O disrupting tue or ry igneous str

=
~
b
.
T
}
r
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Slock, trese movements resulted in

gneiss lenses and Slads O vVarlolds Lype incluaing black soh: (Fics. 3
. . ‘;}' Relative €0 NOsSt otpner paprls of e pnopriles peplphery LhHlS Bred 1S

diSEiuU?J,.LSt.H:i by Als hien poopont i O3 L. randi-ie /Ponk 't nori AN
by tne presence Or large vo.dlt: of per.dotite wity nlcxel-Learihc
sulfide gissemination. This &S a0l s5uUrprising ia 2n uptarust ..ics, 1E X
the model of the intvusion as an inveritod cdae in walcn grave .y “eitling
has Leen aclive 1S Correct.

L3

ﬁ"\ Thée southern part of A€ Latrusion was ftected by The rormation

s

of 3-191 rnal struciures both easy ond vest of Ridhdal, those ar Tverr-
ror the

flell and nortn of Xvandieriind eventualiy Lecoming separated
st Of tke intrusion Ly completely recrystalilzed deformalion zcnes
containing bands and pods of coullry rock.
Tae F, t0ld paase seen 1a lhe Surrounding gnelsses appeals 10 Lave
its thlo;ua within tne intrusion in north-soutsn block faults common in
well exposed arcas on the souin side of tane macss, and also on Sepmolfjel

and in the Arnesnesten Llock.
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ingly complex in the southern pPart of the area: mineralized horizons

Split up and generally become weaker?nghe Peridotite unitae finger out

and pass into generally noritic rocks of rapidly varying character.
Close to the base of the mineralized peridotite in this area occur

accumulations of massive epigenetic sulfide with up to 5% nickel. This

type of mineralization, first found at Bruvann in 1974, is now known

from several localities along an east-west line (1250 N) close to the

southern contact of the deposit. These locations usuwally have in common :
1) the presence of peridotite or other Olivine-bearing rocks,
2) deformation, and
3) the presence of tectonically emplaced gneiss lenses including black
schist.
‘ Almost all of the localities show the massive sulfide occurring in conne:
. ection with dissemination in peridotite.(Fig. 4.
west of the fault which dissects the Bruvann area, (Fig. 3) the sit-
uation is more complex. This part of the deposit is of a tonnage some=
what greater than that of the eastern area but it is nowhere exposed and

was not discovered until 1972. The western ared contains two major miner-
alized peridotite units which lie rather flat in the south and which
increase in dip to about 45° to the nortnwest. The present stratigraphy,
bPartly the result of complex deroimation, 1s, in simplified term, from
top to bottom:

Complex of interbanded norite, Peridotite and pyroxenite.

Upper mineralized peridotite.

Interbanded peridetite and Pyroxenite with subsidiary norite.

Lower mineralized peridotite.

. Pyroxenite.

Norite (to depth drilled, approximately 400 m below sea level)
The western area nas several features in common with the eastern area.
In both cases tne peridotites, both rineralized and unmineralized, ter-—
minate abruptly on their northern Merg.ns against a ridge of norite
(under country rock in the western area). In both cases the dissemination
tends to be richepr and more nomogeneous 1in the north and more discecntin-
uous to the south.

It is thought probable tnat the Mma)os mineralized peridotite in the
eastern part ot the Bruvann area and the lower mineralized peridotite in
the west were originally continuous and tnat the upper peridotite in the
vest may be a tectonic repetition of the towver one.

Typical sulfide dissemination in the peridotites at Bruvann contains:
Pyrrhotite (50-75%), pentlandite (10-35%), chalcopyrite (5-15%) and min-
ute amounts of pyrite (less than 0.5% according to a detailed point count

© analysis by Malvik (1977)). The sulfide mineralogy of olivine-norite and

. -

. _Dbrroxenite in <% gl 5|
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In many parts of the intrusion there are numerous subhorizontal

' pegmatites, individually up to 50 m thick and with a total thickness
within the visible section of up to perhaps 200 m. These appear to have
been emplaced along subhorizontal fractures at a late stage in the
history of the intrusion, and possibly associated with the release of
load pressure related to uplift.

ORE GEOLOGY

DEPOSITS
a) The Bruvann area.

The deposit contains a calculated 40-50 million metric tons of
sulfide disseminatec peridotite averaging 0.33% sulfide nickel. Restrict-
ed parts of this tonnage average as much as 0.6%, and individual analyses

. reach 0.8-1.0%. The deposit has approximate dimensions of 900 m east-west
and 500 m north-south. It cutcrops at 500 m above sea level at its east=-
ern end and the deepest mineralized zones lie at 100 m below sea level at

the western end.
In the middle of the area the deposit is cut by a nortrneast-—-southwest |
running ninge fault, the throw of which increases northeasiwards from
about 200 m close to Bruvann. East of tnis fault the peridotite 1s under-
lain by pyroxenite which in turn lies on norite. The base cf the peridotii
ite is ratner flat-lying in nortn-south section and rises to tane east. In
the north the peridotite stops abruptly along a steep east-west contact
against a ridge of norite.and is cut off in the east by faulting with
upthrow to the east. Thus the norite underlying the Bruvann peridotite is
. thought to be equivalent to tae iargely noritic rocks on Arnesnesten. The
peridotite is also affected by various lesser dislocations. The main =
mineralized zone strikes east-west parallel to the rock contacts and,
where not appreciably affected by deformation, as in profile 2600 E (Fig.
4), has a dip of about 45° near the surface while flattening out in depth
towards the south. Above this main zone occurs a series of thinner, more
tenuous zones of mineralization. A grossly simplitied stratigraphy for
the eastern area 1is, from top to bottom:
50-100 m: unmineralized peridotite containing thin, erratic zones
of mineralization.
20-50 m: mineralized peridotite (the main zone).
0-70 m: pyroxenite.
150 m: norite (to explored depth).
Much of the area is complicated by deformation zones and by bodies of
other rock types including gneiss whose geometric relationships are often

not amenable to interpretation (Fig. 4). The situation becomes incyreas-
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.

uously and interstitially to olivine and hypersthene but, in richer por-
tioqsﬁ, nas the 'net' texture described by Naldrett (1973). The pentlandi
ite occurs for the most part as discrete, irregular grains close to or at
the margins of pyrrhotite and in cracks througn pyrrhotite grains.
'fFlames' and lamellae of pentlandite are present in the pyrrhotite near
fractures and grain boundaries but only in minor amounts - of the order
of 1% (Malvik 1977). A somewhat curious feature of the dissemination is
the variability of the pentlandite:pyrrhotite ratio from area to area on
a polished section. The cnalcopyrite also occurs as free grains marginal
to pyrrhotite, but in addition 1s present as crack fillings cutting acros
other sulfides and sometimes penetrating adjacent silicates. Pyrite forms
isclated idiomorphic grains in pyrrhotite. Small amcunts of magnetite
occur, often near the mqirgins of olivine grains, and small amounts of
intergrown hematite and ilmenite are disseminated interstitially. In
common with Ramdohr (1969), the writers nave found minor amounts of gra-
phnite within sulfide disseminated in peridotite. (Small amounts of gra-
phite are also dispersed within other rocks of the intrusive at Eruvann
and elsewnere).

As noted earlier, accwnulations of massive ore occur locally along an

east-west-running zone near tae soutne{gp border of the Bruvann area, and
thelr emplacement 1s apparently to some extent tectonically coatrolied.
In most, but not all cases, this mineralization lies bDeneain normally
disseminated peridotite and above a gnelss-like rock bearing considerable
sulfide impregnation. The massive ore and the underlying impregnation
have a variable Ni:S ratio, generally lower thkan 1is characteristic for
the dissemination in peridotite. In certain drillnoles the massive sulf-
ide has a continuous thickness of several metres: in others it has been
injected into velns from a few centimetres Lo several decimetres aCross.
It would appear that the massive Ore accumulated subsequent to trne sol-
idification of the peridotite and along a zone of disruption between the
more homogeneous thicknesses of peridotite to the north and the mire vari
iable rock types to the south. The presence of the sulfide-rich gneissose
rock beneath the massive ore may also have some genetic significance.
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b) Ri&nbogen (Figs. 2 & 3)

This areca, which lies near the nortnern contact of the mass, east of
Rdndal, has been the focus of some attention since 1915, but has never
been drilled. Both norite and peridctite are commonly mineralized, thoug
irregularly so.

In some of the norite fine, unevenly disseminated sulfide is common
and in certain deformed belts this passes over into zones of massive
sulfide

e $t RAnbegen shear zones up to several metres wide and several hundred

. —
s —— - -

metres long contain predominantly grapanite and pyrrhotite, with small (axm
amounts of other sulfides, and also rounded inclusions of silicates. Thes
zones may include lenses of black schist in which variable amounts of

graphite and pyrrhotite are accompanied by small amounts of chalcopyrite.
Mineralization also occurs irregularly within the peridotites 1in

Ra&nbogen. Two bands near the northern contact contain sulfide almost
exclusively as rounded drops up to 6 mm in size. Further south weak
normal dissemination is found in pexidotite. Common to all mineralizatio
so Far known from Ranbogen are low Ni:$ and Cu:$ ratios (Ni:s is 1:174
or lower in the peridotites). The peridotites rarely show more than 0.25
sulfide nickel.
¢) Eiterdal (Fig. 2) '

Tnis deposit lies at 300 m above sea level on a steep mountailxn side
in the southeastern part of the intrusion. Five short exploratory adits
were driven into the deposit during World War 1 but, because of the

:

apparently limited extent of tne mineralization and the dirfficulcty of

the terrain, little further work has been done.

The deposit occurs in olivine-norite, along the underlying, sheared
contact of the intrusion - here in contact with calc¢silicate rock con-
taining black schist. Near the contact the norite is also deformed, and
contains lenses of calecsilicate rock. The various types of mineralizatio
include 'drop' ore and impregnation winich locally passes over 1nto more
massive ore. Analyses from Eiterdal show up to 1% N1 in richer impreg-
nation with a Ni:8 ratio of 1:10.

d) Other mineralizations.

Elsewhere in the intrusion, but particularly in the northern part of
the norite periphery, peridotite commonly contains weak dissemination
with rarely more than 0.2% sulfide nickel. Vein sulfide with negligible
contents of nickel and copper also occurs, especlally in sheared areas.
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a) Mineral chemistry

Table 1 shows tne results of microprobe analyses of olivines and
sulfides from mineralized peridotite at Bruvann. Sample 1 is from a zonelt
containing 0.4% sulfide nickel and the other two from zcnes with 0.1% orft
less sulfide nickel. The pentlandites have compositions falling within the
range shown to be characteristic for the assemblage pyrrhotitefpentlandit:
+chalcopyrite+pyrite by Harrlis & Nickel (1972), a systematic relationship
also suggested by Graterol & Naldrett (1571). Harris & Nickel also show
that the nickel contents of coexisting pentlandite and pyrrhotite are
crudely proportional (see also Papunen 1970) and that the cobalt content
of pentlandite varies inversely witna that of nickel: the Rédna data are in
agreement with these conclusions. Pentlandite 'jlmames' in the pyrrhotite
contain several percent less nickel than discrete grains.

Tre microprobe was also used te search for [ossible variations in
olivine or sulfide compositions relative to gra:n boundaries against each
other: no such variations were fouad. This and the textural evidence (a
greater tendency for idiomorphism in olivine against sulfide tran against
other silicates) tend to disprove any suggestion tnat direct sulfurizatiol

of olivine (as suggested by Kullerud & Yoder 1965 and by Naldrett 1966 ,/x9)
1969) aas been an important process in the Rana peridotites. The glivine
analyses show a positive correlation between sulfide nicxel and tne per-

centage of nickel in olivine, ac has been demonstrated ctatisticelly on
natural material by H#kli (1971) and experimentally by Fleet et al.(1377)
b) Bulk sulfide chemistry

A substantial portion of the drill core material from the Bruvann
deposit has been analyzed both for the total nickel content of the rock
(acid soluble) and for the sulfide nickel content (bromine soluble). The
difference between these two figures can be taken to represent approxim-—
ately the silicate nickel content of the rock for each sample. In turn,
given the peridotitic nature of the rocks and the partition coefficients(
for nickel between olivine and other silicates (Hakli 1971), this figure (
must be strongly influenced by the nickel content of the olivine. Assays
from two drill holes cutting the same mineralized peridotite just over
100 m apart are shown in Fig. 5. In Fig. 5a is shown a situation similar
to those described by Naldrett {1966} From the Alexo deposit and by HAkli
(1971) from the Tyrv#a and other deposits in Finland: in this case silic-
ate nickel shows a background level of 0.06-0.10%, which decreases to
zero in the mineralized zone which has a grade of 0.4-0.6% Ni. Fig. 5b
shows a zone with similar sulfur and sulfide nickel contents but in which
the silicate nickel content rises slightly, from a.background level of
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approximately 0.1%. Tne only major difrerence in rock types between the
two sections is that the mineralized peridotite in Fig. bHa 1s split up

by two weakly to unminerallized pyroxealte zones, wrlile trne zone shown in

Fic. 5b is entirely of peridotite (except wnere cut by a late pegratite). |

Tne distinction between tnese Lwo zones could not be explained by sulfur-

jzation unless tnis were a very local prnenomencn.
m

The Ni:S ratio for mineralization at Bruvan: varies £rg 1:2 downwards |

bur is clustered between 1:2 and 7:02-6, W1llL a median &t apbroximately

&

1:4. This is typical of tne velues for nlckel sulfide deposits in perid-
otites given by Wilson & Anderson (1959). Tue Cu/Cu+Ni ratio (0.2) of the
Bruvann dissemination lies witnin the range found in deposits 1a ultra-
mafic rocks (Naldrett & Cabri 19/6: Rajamani & KNaldrett 1a78). It should
here be noted that trhe majority oif depcsits for whichn sucn metal ratios
are cited as cnaracteristic are arcuean (e.g. ceposits of the Abitibi

and Manitoba belts), and occur ia LosL coumplexes wnich as a wnole are
much more malfic than the Kina mass.

It nas been roted already taat certain metal ratlos appear Lo be
characteristic of difterent parts o:f the 1intrusion. Thus, at Zruvann,
vrere trne dominant mineralization is in peridotite, lnhe Ni:+§ ratioc.is 1:4
while in Eiterdal, in olivire norite it 1s 1:10 and 1a Ranpogen, where
the mineralizatioa is predominantly 1a aorite, Lae rat.d 1s 114 Or less.
A similar tendency with respect to rock type nas been suown by Eixl
(1971). Tnis trend suggests toat Lhe suliide maumnwa in certain parts of
the intrusion attained a degree of local howogeneity, the composition
being dependent at least in part on tke nature of the silicate magma
present.
¢) Sulfur isotope study

The presence of grapnite in various rocxs in the intrusion, the
juxtaposition of sulfide-ricn DLaCK scnist witn ?ineralized peridotite
and massive sulfide, and disequilibrium reatures such as illustrated in
Fig. 5 led the writers CC suspecCt an external source for scme Of the
sulfur in the deposits.

The presence of graphite 1in sulfide-bearing mafic intrusives has been
described from the Bushveld Complex (Liebenberg 1970), Kotalahti (Haapala
1969, Hitura (Papunen 1970), the Harriman and Warren deposits in Maine
(Rainville & Park 1976) and from the Water Hen Intrusion 1in the Duluth
Complex (Mainwaring & Naldrett 1977) . In ar nunber of these cases country

rock xenoliths are prominent. Sulfur isotope studies bDased on the differe

ence in 348/325 between sulf@ﬁax}in black schists and other metasediments
and the ratio for sulfur from normal uncontaminated mantle-derived magma
have been used () to indicate a partly external source of sulfur for the
sulfides in certain mafic intrusives (Godlevskii & Grinenko 1963:(ﬂakiq}
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Naldrett 1966: Liebenberg 1969: Mainwaring & Naldrett 1977).

Table 2 shows the results of sulfur isotope analyses performed on
Rana samples. On the principle trat investigations of the origin of
sulfur in ore deposits snould ce based on the sulfur isotope ratio for{xim
the total sulfide content, not that of the individual minerals (Rye & (@km
Ohnoto 1974), the sulfide minerals were noxt separated individuaelly. The
samples consisted of more tnan 95% pure culk sulfide fractions, with the
mineralogy Ffor individual rock types as described earlier. The writers
have to date not found putlisned sulfur iscoicpe data for separated pent-
landite, but data on separated mineral fractions of coexisting pyrite,
pyrranotite and chalcopyrite (MEkelk 1974: Rye & Onmoto 1974: ?ainwaring
& Naldrett 1977 and otuners) suggest that the degree of isotope fraction-
ation which can be expected in this paragenesis and at high temperatures
of depositicon is very limited. In addition, the changes in sulfur isotope
ratic so far demonstrated as due to walirock contamination (Liebenberg
1969: Godlevskil & Grinenko 1963: Mainwaring & Naldrett 1977) are almost
an order of magnituade greater Lhan those which would be expected from

isotope sfractionation.

Tine results for dissemination 1in the Ré&na peridctites (Taule 2) are
clocely comparable with thnose cited by Stanton (1972) f:ronm o nunber of
deposats in mafic and ultramafic rocxks and interpreted as in 1 in
uncontaminated magma from a deep-seated source. Tals applies equally to

tie samples of dissemination in aorite, and, LhouRugh
pyroxenite and massive sulilde cositaln sligatly Teavie: sylfyus, the
difference is small and does not appear to be related to varliaticns in
the proportions of sulfide minerals.

The sulfur witnin tae Lends of olacg scnist, wotn witnin and outs.ide
tne intrusion, 1s on average merkedly lioater Loon meteoritic sulfur, and
are clearly lighter thnan tae values oUta.ned rrom disseminaticn in perid-
otite. The values fall witnin tae range cited by Stanton (1972) for
ancient sedimentary rocks witn no veolcanic component.

These results would appear to suggest that external sulitur was not a
significant factor in tne formation of tine mineralization in the perid-
olite at Bruvaan, nor,probably in peridotites elscwhere in the lntrusion.
Only very locally ( and only in samples in wnich graphite 1s clearly
visible megascopically) has exXternal sulrfur nad an obvious influence.

A possible explanation is that country-rock sulfur was absorbed only
locally, and/or at a stage at which tke norite may have been in a mushy

state or even after much of the mass was solid.



NORGES GEOLOGISKE UNDERS@KELSE [
DIECUSSICON
A classificationk of ultramaric and associated mafic rocks was pro-
posed by Naldrett & Gasparrini (1971) and later mocified by Naldrett %99
(1973) and by Naldrett & Cabri (1976). In all three papers thne main emph-
asis is on the implications of thke classification for nmetal deposits,

especially of nickel, associated with lrnese rocks. Witd more general
geological considerations in view, classifications of mafic and ultra-
mafic rocks nave been publisned by Trnayer (1960, 1971), Jackson & Thayer
(1972), Tnayer & Jackson (1972), Moores (1973) and Wyllie (1963). The
Rdna intrusion and a number cf others in i1ne Caledonides, including
those of the Seilend Propvince (Rebins & Gardner 1974), Ireland (Leake
1970: Kanaris-Sotiriou & Angus 1976) and northneast Scotland do not Fall
easily into any of the publisned classifications. This problein aknd many

" of the difficulties 1in interpreilny tie dna mass and its mineralization

arise fprom tae fact that, tnougn .t uas many of the features of the
stratiform or funnel snaped 1lntrusions occurring 1a stable areas, it lies
in an orogenic belt and also nas maeny Or the features of the intrusions (z!
clasgisied as alpine (Jac«son & Thayer 1972). In rails context the usa of
the torms 'stratilorm' and 'conceatric' (descriptive of the forn of the
intrusicn) as opposed to 'alpine' (descriptive of present ceological

Curate 8= also £y

"

environment) (Jackson & Tuaayer 1272) seems unio
tendency to equate "alpine Ultramafic rocks' with opaiglite (Naldrert &
Cabri 197o: CGarson & Plaat 1573). Some “sfii é resarvaiions ¢n existing
classifications Of matic and allranarlc rocks nave deen expraessad by
Challis (1965, 1969), Challis & Lauder (196%), McTaggart (1977), HNespitt
et al. (1970}, Moore (1972), Robins 4 Gerpdner {187<) and otrners.

" As has been describea, the iorm of Lue coatacis of The Rdna iatrusion
suggest tne shape of an inverted cone, pessibly truncated, witn its axis
plunging aortawestwards and Lae nlgrnest SeClion cf tne cone, pussinly
near tne roof of the intrusion, in tne east and Tape deepest section in
the northwest. In a very ¢eacral sense tue distripution of tre .eridotite
bodies lends support for trnl: model, as they are not frequent on the east.
ern rim and are most frequent along tne northern and northwestern contact
Further confirmation of this nrodel 1s ¢iven by the nature of the Arnes-—
hesten block which, having becn tarust up from an even deeper level than
those exposed elsewhere, contLalns not on.y pericotites of! substantial
tnickness, but the only ones in the intrusion gnown to be significantly
mineralized over large volumes. However, when considering the distribut-
ion and attitude of the individual peridotite bodies problems are en-
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countered: the individual peridotites may be subparallel to the outer

b gt e W

contact ( eastern Ranbogen, Tverrfjell) (Fig. 2) or discordant to it
(western R&nbogen, Bruvann) (Figs. 3 & 4), some bodies changing along
their length from apparently concordant to apparently discordant. So far
the writers have Ffalled to construct 4 model accounting for these comp-
lexities: they must, however, be related to the extensive syn- and post-
(XEEX) intrusive defromation of the area, and complicated by the possibilit:
indicated by the nickel-rich metal ratios from Bruvann, that some of the
peridotites may have crystallized from an earlier, more mafic magma pulse.
The pentlandite-bearing sulfices at Réna are invariably within, or
closely associated with elivine-bearing rocks. Though the writers do not 1
believe that direct sulfurization of olivine has been a major process
in forming the nickel mineralization at Rana, the connection between i
. olivine-bearing rocks and nickeliferous sulfide magma is not thought to
be coincidental cr purely aue tc physical factors. Irvine (1975, 1977)
has suggested the existence of a mechanism whicn would seem to explain
sati?factori{fy makny features of tne Rana mineralization. He suggests
tnat an increase iﬁ silica or alkalies i?& magma (eitner by contaminat-

icn or by magma mixing processes) causes a polymerization of tne magma,
vhics results in ions such as Ni®* with hign octanedral site prererence
energies being preferentially expelled from the silicate ligquid and iate |
tie sulfide magma. Among aspects of thne Bruvanhn depogit exgleined by ;
this process are: 1) trne mineralization does not occur at the base of the
peridotites and 2) the mineralization, bota disseminated and massive, is
almost always assoclated witn peridotite, and Lo a degree may extend into
adjacent pyroxelnite (Fig. 5a).

. A Furtner, possibly related, mecnanism is suggested by: 1) the comm-
only nonidiomorphic nature of olivine crystals in the peridotites( except
against sulfides) and 2) the prominence of orthopyroxene in the perid-
otites and of orthopyroxeaite in asscciation witn them - both factors (rex)
pointing to a period in whichn olivine was being resorbed by the magma as
a result of the olivine-enstatite reaction reliaticaship. The part.tion
coefficient OlNl/HyNl (Hakli 1971) is such tnat this process, though
affecting only a portion of the original volume of ©livine crytallized,
because it would be active more or less throuchcut tane magma chnamber,
would release substantial quantitlies of nickel to the magma to be
preferentially absorbed by availlable sulride liquid.

A number of mineralogical and field geological indices suggest that
part of the sulfur in the Rana mineralization was derived from black(=zzki}
schist lenses within and around tne intrusion. The sulfur isotope results
seem to indicate that this procecss mdy have been active, but only locally
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and apparently not at a stage at wnich the major mineralization at
Bruvann could be affected. This tends Lo suggest that the tectonic
juxtaposition of black schist and mineralized rock seen in the Bruvann
area gecurred too late to have nad any influence, even on the massive
sulfide. Conversely, to have had more than local influence, such con-
taminatiop processes would seem to require the incorporation of (ske)
country rock into tne magma very early 1n 1ts crystallization anistory.
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TABLE 1 WICROPROSE ANALYSES

Olivine
llo.
% 3102 Lig0 FeO [Hi0 Fo anal. f$otel

(% ]

1) 41.2 49.3 13.9 0.19 86.3 3 104.6
2) 40,1 46.6 12.9 0.15 &6.6 3 99.8
3) 40.2 50.1 1l4.1 0.16 86.4 3 104.6

Pentlandite roins

4

Weicsht 5 Atonic % lo. .
& TFe Ni Co S totel Te i Co S anzl.
1) 28.3 36.8 1.1 34.0 100.2 22.9 28.3 0.9 47.9 2
2y 268" 4.1 81.5.32.1 97.5 J24.4 26.7 1.1 V45L8 W3
3) 29,0 34.4 2.3 32.5 98.2 24.,1 27.2 1.8 46.9 2
Peatlondite flames in pyrrhotite
1) 33.7. 31.4 0.2 34.2 99.5 27.3 24.2 0.2 48.3 2
8)  36.1:29.0" 0.30 310 9674 30,6 23.4 04F 458 3
Pyrrhotite
1) 58.4 1.33 = 40.0 99.7 4%.2 1.0 = 53.8
3) 59.5 0.59 ~ 37.7 97.8 47.3 0.04 = 52,2 2

The analyses were performed using an ARL-I2'X-3M electron
microprobe at the Inst. for lysilkk, lorges ieniske lidrskole,

Trondheim.



TABTLEZE 2 .

Sumnary of sulfur isotope data

T Ave »

Ile. of 34 i
[Iinerzlization tynpe gamples §L i) Range of d~'0
Peridotite dissemination 13 4+0. 3 ~2.5 %o +1;6

Pyroxenite dissenin~tion 1 +2.7 -

Norite dissenimction 6 +0.7 ~0.1 to +1.6
Norite diss. with srophite 4 -5.9 =3¢7 to =7.6
lMassive sulfide 10 +2, +044 to +4.2
Mascsiye sulf. with oraphite 3 -12, -3.2 to -17.6
culfide from blaclrechist
within the intrusion

Sulfide from blicksehist - ’
= e i) - : 4- o -C +1.0 0= -r
outuide the intrucsion 9 t 13.5

4 ~ 74 ~3.6 to -13.6

.he analyses wvere periormed by ceachron Laboratories Inec.,
Laaten. S 245 i measured relative to 2°3/7°5 for Cnhon Jiablo

vy
srotlite.
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