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Introduction

This report represents an overview of progrees so far, on

various topics currently being considered, and on subjects advanced

upon during recent months in London. Most of this work is aimed at

understanding more about the processes governing trace element distrib-

ytions which have been found in preceeding studies. The trace element


patterns around the Giken deposit can soon be presented in their final

form as contour maps and profile diagrams, together-with interpretations

and guidelines as to the applicability of ezploration-viablemodels.

The techniques can now be applied to other areas like the South Mine

Area where interpretationsas to hidden ore bodies can be made, although

this cannot be completed until the end of the Summer. The data from


Sagmo is presently not sufficient to allow modelling of distributions,

but can provide valuable information on this petrogenetically differert

deposit and its genesis. Sampling is now planned to take place on two


fronts: Firstly, core material from the Mons Petter drilling programme,

and secondly, mine sampling of Palmberg and associated horizons. This


is to be carried out in conjunction with mineralogy and other studies

to consider further if it represents a feeder zone.

The work done in London has been useful in opening up new concepts

for appraisal and to clarify some misconceptions about genetic aspects

of massive sulphide deposit research. In many ways, the broad picture is

becoming more complicated rather than simpler. The nezt couple of

months work will mainly deal with the above sanyling. Further under-

groung work in Giken will be required, Some interpretive work also

needs to be carried out. Much of the work planned for the Summer


depends on the drilling programmes A regional orientation is being

considered. In the following review, selected topics are discussdd in the

light of recent observation• All of these topics are treated as of


intregal importance to the present pro:,ect, and none constitutes a

final asuesment. Mu.ch wurK rem;cns tc be done in the course ef thf.

nfry 1Z3



Boron (B)


Boron is a moderately mobile rare olonent whic, occur;

in trace quantities in most rocks. In netdnorpHe rocks,

floron occers as tounaline (Na-Al boro-silicute) and also
substitutinn into muscovite, which can be d major host for the
element. Boron can be introduced into a rock durinp meta-




somatic processes and hydrothermal waters frequently cofltui:.
hiEh concentrations of B. The ele-ent has been censidored

as potentially useful in exploration for mineral doposits,
although more suited to vein type doposits and Ou-perphor: Iype
sy5tems. However, the levels of B in the 15 rocks arnlysed
from :;ulitjelmaare very low ( C10 ppm.) This Mr[tflst:LUtthe

elenent is not enriched to be of suricient use in exnlaration.
No boron-bearing minerals have been seen in strata_relateS to
tbe sulphide deosits, althouTh to=aline haY 1:('flflrecortIed
fro- tHe i3aldoive granite which may have pIayod a rc]e ss s
hent source during ore rornation. dt in nossjble thaL a 8
halo might exist in the associated mica-schists. The Ponon

content of a rock is normally thouEht to docrease with incres-
ing metamorphism. Ref: 'edepohl.

Thallium Tl

Thallium is reneraMy present in most rocks in yo-y low
quantities. The elenent is generally enriched in rocks which

haye been affectedby metasomatic processes end those associathd
with K enrichment. Enrichment around hydrothermal nineral
deposits is comnonplace (e.g. Kuroko). Tl is incorporated
mainly in pyrite and sphalerite (although galena is the best
host of all). The element is also highly mobile during meta-
morphism due to its high volatility. Thus, Tl should be a

hirhly suiLable element in exploration for hydrothermal mineral
deposits. (See Ikramuddin et al (1983)) Tl correlates
with K and Rb and it is suer-ostedthat Tl was concentrated in
hydrothermal fluids end may haye been suinlied by ncid intru-
sions i-adov and THbinovitch)
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indicato t thev m-c .broemlly eaniched in that nioc.

lbee is Isa corr-lgfinn Hdtwecy 1 and the trif.a:i7d1

componentn cu, hb and S. flowever,tho hich zogiligy 51' 1


infern thal metamerphism has probably obliterdted the pricny

T1 halos about individual deposits and that the Tl enrichdart
is probably a recional foature of the :;ulitjalmaarea and fsit

T1 is probably not suitable for exploration on the local sga1e.
Furthen internretive work on the data is required to evaluate

the ele bnt proponly. Refs.: Tkramuddin et ji (1(W3),
DeAlbuquerque and Shaw (1972) and Voskronskaya and Eareova(lner).

Tellurium

The abundance of tl- element Te in the Sulitjelma eres
shows ennichmont (1-4 ppm) and the element correlmtes well with
both and Cu. Te occurs mostly as tellurides, with a vory

hich afrinity to forz rold tellcrides. There is no arna-ent

correlation between te and Au in the analysed samples. To has

been demonstrated to be an efficient exp]onation tool fer

porphory copebr deposits with larre (rroater than 5km halos).

It seems reasonable that Te halos should also exist around
massive sulphide deposits. The Te minerals are often present

within chalcopyrite crystals as inclusions or exsoIutions.

None were seen du-inr microscopy due to the very limited
occurence of the minerals. It is also suFgested that Te

substitutes for Se (and correspondinr1y S) particular in pyrite.
Te appLars to be a Food indicator element although the analy-

tical method used would have to be sufficiently accurate and

sensitive to make use of de as an exploration tool practical,
Refs.: Czamanske and.Hall (1975), Shcherbina and Ibbede(19Cfl,

)atterson (1997) and eftedahl (1959)

Purther interpretive work needs to be done especially

as concen2 the mobi]ity of the element and its role in meta-
somatic and hydrothermal procesnes.



Se aration and Anal sis of Individual Sul hides

A selection of sulphide minerals were prepared and analysed to

establish patterns of trace elemeit distribution among the main sulphide

minerals, and to view the variation in trace element content in minerals

from different occurences. Most were collected by differential magnetic

separation. Over 50 samples were eventually prepated for analysis.

Each was analysed for Ti,V,Cr,Mo,Mn,Co,Ni,Cu,Ag,Zn,Cdand Pb at I.C.

(Also some work on Sh,Bi and As, although the methodology needs to be

refined)

The resulting data has been inspected for trends. Below is a tanle

which shows the degrees of enrichment for trace elements in different

sulphide minerals:

As Py ›Cpy > Po> Sph Mo Cpy)Py)PoSph

Mn Sph>CpyPo ›Py Co Py ›Po ›Cpy) Sph

Ni Po» Py>Cpy> Sph Ag Cpy> GalSph, Po,Py

Cd Sph) Gal*Cpy) Po,Py Pb Sph,»Cpy,Py> Po

Bi,Sb Gal>>0thers

MEAN ABUNDANCES

Ti

(PPM(

Mo MnCo Ni Cu Ag Zn Cd Pb sVC

Pyrite 36 4 7 20 20 722 55 5427 4.6 2205 4 21 125

Pyrrhotite 68 18 26 18 70 297 198 2585 4.2 558 2 7




Chalcopyrite tr 21 19 36 152 98 34 - 26 7025 24 82 17

Sphalerite tr 1 1 20 445 62 17 7300 17 - 2000 1600 3

The presence of some of these elements in the sulphides (Cu,Zn,Pb)

indicates that there are impurities and inclusions present. Pyrites,

for example, may contain several per cent Cu. A numer of minor

phases were seen during microscopy of ore samples. There follows a


brief review of the main points in the above study.

Chalco rites from massive ores are richer in Zn,Sb,Bi and As than cpy

from disseminated ores, Otherwise, uniform trace element contents are


recorded.

Sphalerites High Cd,Mn and Pb. Often intergrown with chalcopyrite,

Pyrrhotites Generally, a poor hodt for trace elements. The Co, Ni and

Co/Ni ratiog are of interest. The pyrrhotites from the Sagmo "Quartz

Ores" are very high in Co and Co/Ni is greater than 2. These ores



•

might be interpreted as "remobilised" or "relocated" ores. The high

Co/Ni ratio may be attributed to the lack of re-equilibration between

pyrite and pyrrhotite. (There is no pyrite present in this occurence

with which to re-equilibrate) It has been established that, during


metamorphism, ores containing the two minerals will re-equilibrate,

causing Co to become concentrated in the pyrite, and Ni in the

pyrrhotite. (Co/Ni of pyrrhotites will decrease). In the Banded Ores,


where there are both minerals present Co,Ni and Co/Ni are 44,234 and

0.19 respectively, suggesting substantial re-equilibration.

Pyrit'esfrom massive ores are richer in As,Bi,Cu,Zn,Cd and Pb, whilst

those from disseminated ores are clerly enriched in Ti,Mn and Ni.

The low Ni content can be explained by lack of pyrrhotite in the

disseminated ores of Giken. The Mn and Ti are probably present in

included in silicates. Silicate inclusions are common in pyrites

from the disseminated ores. The following Co/Ni ratios are seen in


pyrites: 51.0 (Sagmo Ores), 23 (Giken massive ores) and 5.6 (Giken

disseminated ores. This is again attributable to relative ammounts


of Po-Py re-equilibration.

Sagmo pyrites are noticably richer in Mo, which cannot readily

be explained. The presence of As,Bi,Cu,Zn,Cd and Pb concentrated in the


massive ores could be due to the high mobility of these elements being

concentrated higher in the system.

Various workers have attempted to relate the Co and Ni contents

of sulphide minerals to the temperature of metamorphism and also the

environment of formation of the ore body. However, other workers, notably


Gavelin and Gabrielson (1947) suggest that the Co and Ni contents of

sulphides in metamorphosed deposits is far more dependant upon the

presence of other sulphide minerals, a concept which the present study

would tend to support.

Refs: Bjørlykke and Jarp (1950), Hegemann (1945) Temperature

dependance of Co/Ni.

Cambel and Jarkovsky (1967), Loftus-Hills and Solomon (1967)

Co/Ni and formational environment

Ryall (1977) and Roberts (1982) Trace elements in pyrite in

exploration



The 1-yrrhoLi in I.r -ul e:o

Jr] Unxtural sense, the p,yrrhohiteFron'cortain cf

the denosits in netsrorphic, yet it is birhly uncertain

Lbe purrLoti:o nni he prisary in n minnran,lci] flLnso.

ttn pyrio::otitein nris.ary(or metanritnary)can he an'ned

studies of the widesrread occurence of n=hotit,e in ac:Hve

h-drotherrnals:vstemsand un undersLandin of ph11.-efeltinflrLinS,

A !-entativeHodel cen bo put forward as tO the orin! eL

Rip:no d(Tpositwhich rrmuires further sLue: :ci mapsinL.

TeLamorpLe condions operatinn in ;;ulitjelmawould

su•"icient to havn produced purrhc,ti'e?ro- pyrite, but

siTnificant that, in deposits otn.ertn :;srmo,the occarnce nr

n:yrshotiteis not wi:lespreu.d. it is jnntc.: th.itdif


pLysico-cher:ics]conditions Yere oporatin[ for the Furnhotittnt-

rch dLposit durirL.forion. It is irrniiP that pyrrhotite


would be precipitted pre_rerentiallyto nyrite in a strinrcr

zone st o re]ativel: hi-her tesnerature and lower pH, f:O.n

and FS2compar«1 to the sulphides ojected onto the sea-ficor,

at substantia177 hicher F on and silflhtlylower temperatun.

An alternative snryestion is that different sulpher/metal

ratio is a function of the distance between thermal centre snd

place of deposition. This also offers a plausible explunaion


as does the concept of the occurence of pyrrhotite being con-

trolled by depth and sea-floor toporraphy.

Further work needs to be carried out on the textures of

the Sarmo ores, lool,ningfor evidence to sup:ort a pre-metamorrhic

oririn for the ryrrhotite. Geochemically, the Sagmo ores sre


poor in elenents like PblAslAulAglSb,and 31 conpared to the

Giken pyritic ores, as would be predicted for a feeder-zone.

However, this is mecrly a function of mineralogy (pyrrhotite is

a poor host for most trace elements) snd is not conclusive in

itself. Refs.: Sundblad (1981), Plimer and Finlow-Bates (197ED,

Sanrster and Scott (1976), Mailio and Gheth (1972), inrre (197Y)

and Flnlow-Baten (1(377)



Sphalerite Geobarometry

The concepts of, and the theoreticH1 b:icly-round Lo, 1,,tn
phalerite Ceobarometer have been investirated. The FeS


content of sphalerite varies as a function of pressure and is
completely independant of temperature over a Freat range 100-
700° C. Conditions for the successful application of the peo-




barometer are the presence of pyrite and hexaronal pyrrhotite
in equilibrium with the sphalerite. If this condition ir met,

then a reliable estimation of the saximum pressure durinp set-
asorphism can be attained. Key references are Scott (1?7(),

Wirfins and Craig (1980) and Tornroos (19B2).

A number of sphalerites fror Sulitelma •ere analysed
usinE the probe. The mean FeL3content of the sphalerites was

found to be 1351 there beinp little variation from this.
Application of the ueobarometer implies a pressure of about 6.5
to 7 kB, agreeing well with other estimates of pres5ure for the
repional rietamorphismof the Sulitjelma Amphibolites. Nore

sphalerites need to be analysed before the final conclusions can
be drawn, and additionally, a greater control of the phase
relationships within the Fe-Zn-S system needs to be gained.

The application of certain sulphide phase geothermometers
has been considered but none of these are entirely suitable
and can only offer a broad 450-700° C. estimation of temperature
during metamorphism, corresponding to lower amphibolite grade.



Tectonic HPvironoert

I.

the presen. stutiy n concr-rrHHwfth nai nila. Lic
onvironment of formation o thn Auliijo]ma onn hodiuu . 'o-
chomistry can be of considerable hnlp in thin firnent, althowrh
the relatively sioplistic concepts of a docade aoare now nuch
under review. Various rocks from t'e ".2:n1e1ma amphiholited,

wercianalysed for rriajorand trace olements, includinr the so
called "immobile" elements which have /)e.enrteTcr--

ntrated os beinr useful in the classificotion of rock nuis

into difflerenttectonic environments (island arc, mid-ocnan
ridre e.t.c.) Initial rrsults indicatc that thern is a stronr

possibility thnt the Sulitjelma rocks oririnated in a mid-ecean
ridre envinonrent. Ly recCnt liierature ntudios hive crnecir-




trated upon the followiny noints:

flowimrobile ane the above elemena? Dc they, under certoin
eircumstances behave more mobfle than prevoioslu thourht?

Are thr classifications too riH,(117do?ined? For oxiiile,
How does marrinal nea basult geochemistry compare with mial-
ocean ridye?

How would the synuenetic and meiamorphic procesres affect
concentrations of the "immobile" elements?

The origin of ophiolite suiues. Are they restricted to

the traditional HCl2,environmcnt?

How does the proposed tectonic environrdentfit in with that
sugrested for other mansive sulphide deposits in Scandinavia?

Various studies have be(n made to asness the mobilities
of the "itrobile" elements. •:bererenerally indicate thnt

the elements Y,Zr and i are immobile during hydrothermal
alteration (spilitization) and durinr me'amorphism Lo LTeen-
schist facies. It apT-earsthat apparant chanres may be -ore

related to volume chanEes durinr the alteration procesr.
Hence these elements may be considered suitable as indicators
of tectonic environment for rreenstone belts. Spilites which

have been dredged from the oceans renerally have sivilar
abundancer ef the ":»mner.bir"ele wIwn c=paro:: to r:•
-ocks ce f;:ni!»,••



or
elfluiPint mcns :i?-e •nt
1.11~d, many environments are now subdivided; ro:?Ecan he
N type (no=1) or P (p3umo Lype) anc::xmchomicallu, tLes( 1"('

Hur:nsed to he dotectablv distinct. Vuch work hPs heen

carried out to dene thesc ures usin trsce-clement Leo-
chemistry and st:ibleisotore data. R17 asalt:s tLouyht
to have oririnateL from an essertallv mynYle sonrc
and each e.rivei through varyinL :cmrees nf flr1n1 e01.-HLIe.
An widitional com:licatire fec or is tLJt the 'ar1le source
in ocean:c rLtione is itself locally che-ical y heteroy.nos.

}ack-aro basins are sikilar to 1J'HMueochemically
with the-irim,obHle element sbundaces ane -eJtieG, paternG
and isoLore :)1-in7*nncesfalline:within t.n bresd catflery.
r»e cureent thinkinm is that it is u[Ji;:01:!tha cocheri.c»1

criteria could he orected to uneouivoculfl.:-cer:cca'ie
from •'husit is possible that tLe
data which appears lo indicate a PB environment could eclud.y
be a marrinal sea-back-arc basin environment.

More data is required, onablirg:me to construct trace
element and REE spiderErams for comparison purposes, sincP the
aime of this part of the project is to be able to suusest a
possible tectonic environment and te try and assess the charv'es
which might have been induced by synEenetic niteration and
later metamorphism. The current data also requires more
detai]ea interpretation. It is envisared that the analvsis
of a small number of samp]es for REr;and poseibly some Sr isotope
determinations might be very useful in this respect.

Simi]ar studies at other massive Yulphide drposits in
the flowwegian gre•nstone belts have shown that the rocks have
been clasyified in nany different ways....as spreadine:centres,
island arcs, and also, some within plate settinrs, whilst
others, e.g. L99-kenis interpreta±ed ac n mare'ina]503



It has betn sur• mied tLat parts flf'Te (o• ninm) lap:Aus

ecean may tmdynheen raoidly suneadinr dnd fmThddedhy arc—hdm:

sysbems. Rocks from each of those environrents can be foudd


in the '.orwerianCaladonides and this is a suitahle workinr

model. It is further sur ested that rates of spread were


slower in the north and that immohile trace elements may be

able to duantify the snreadinr rates. Initial wnrk on thene


important concepts presented in a recent paper by Gale and

rearce indicates that my dta would suffb,c)rttLis thecry well,

alfLoudh tLis would need te he yerified before any concldninum

could be drawn.

Refnrences: Sun et al (10179) ::aundersand .arney (1flr)9)

Gale and Kearce (1922) numolirisand :homrson (1fld9)

Karir (1(478)jakes and While (1(372)

unnes et ai (10'0) Pinlow--Pa'Ps Jr1,.!;;Juumnfl(1••

Prarce and Cann (10Y5)



FeeLer' nes ane ioniz ns

hhe coreepL of fe'der eires is vene mueh nart nr the
inLreral renetic model for rassive sulphide derosits.
Iiterature has been reviewed on this •opic coverin; niner-




aloe'cal and physico-chemieal environrenL of 1 feeder zone.
(e.s. Frany.-liret al (19S1) 11:)11(1922.) Feeder-zone like

litholories ocour widely in the Lnlitje]ma ore nroa hut it
is often dif:icult to felate these to heinr the feeder zones
of distinct ore zones. The chemical mnnifertntion of feeder

zones demands further atudy with renpeot to the ap:licatior of
lithoreochemistry to feeder zone systems (e.E. 145kken)
Sampline of the "pa]mberr" horizon is required und.the anutical
data to 1)(put into perspective alonEside expected trenrs.
n structural ap-eroachmicht also be made as to the reocynition
of the link between deposits and corrospondinE feeder zones,
lineraloTical studies of samples collecLed fyom the supiosod
feeder zones can be ape]ied as to the physico-chemical
conditions operating. This can provide information which can
be conpared to other deposits. Bowever, a very major study

of the tectonics would be required before total comprehension
could be attained. This is well beyond the scope of the
present project.

The ore zones are also beinr consich'red,interms of thehr
genesis as tuffaceous exhalites. Their pre-metamorphic miner-




alogy and reochemistry is appraised with respect to certain
distinct exhalite facies, notably the more felsic "pseudo-ker-
atophyre" horizons. Interpretations shall eventually be drawn

as to the processesinvolved in the production of these horizons
and the subsequentdevelopmentof them as lithologicalunits.
Comparisonscan be made with equivalenthorizonsin other
types of massive sulphide deposits, notably the "tetsusekei"of
the Japanese Kuroko deposits. Attention can also be drawn to
the apparantlack of hematite-chert horizons at Sulitjelma.
The recent paper of Soott et al (1(-)) surrests several meochem-
ionl concep:s for posnble • ,Len i ulitjelmal althe-
'tto be rot-0 t!p : yr, ,(;•cr• -hout

H
'0 1.



Active Undrothermal ems

ho concepts cr active hydrothersal Cl':S ( 0 „

Facific as present-day analoLupA of massive

sulphide deposits durinr fornational processes has been

investirated usine the recent literature on this subject.

1

I.

1
1

Particular attention has been paid to the size and

scale of the-e systems and the phusico-chemical environnent
and processes attributed to them. Undprstandine of the role


of msmokers" (Hydrothermal vents) is of key impertance in t'r.e
derivision of a model for massive sulphide deposit foreation.

The production of different base metal sulpnides and other
minerals (includinE anhydrite) from different types of
smokers has 1)eennoted, as has the control placed on the

systems by factors such as the water deth and the local Sed-

floor te•oeraphy. A menetic model for the iu]itjelma depo-




sits should include references to active smoker svstems as the
analoeues of the systems wtich produced the bulitjelma massive

sulphide deosits and the majority of all the volcanic-
assisted exhalative-hydrothermal deposits.

Special note has been made of the temperatures and

pressures operating in hydrothermal vents nnd the chronolog-
ical pattern of vent evolution. Physical and chemical limits

can be placed upon the nature of the ejected fluids.

Key refereces are: Sloer et al (1982), Hekinian et al
(1920), Gpeiss et al (1920), Cudin et a].(1921), Finlow-Bates

and Large (1978), Haymon (1983), Haymon and Kastner (1981),

Edmond (1979) and Solomon and Walshe (1979).

The tectonic environment of the above smokers have

been considered alone with local sthuctural Features and

concepts of hydrothermal circulation argued from n theoretic&I

point of view. (Finlow-Sates (1979) and G!vens and Cann(1982,

Cther studien of :fllatedintenedt include the oricin



•

of the sulthur in 1~:erm ( kirsow and colet:h

	

7)) and in sulphaLes ( i (l 0))

	

Some features of tho deposits could be
attrihuted o nrimanu Frocesses of smoknr evoludon (e.s.
certain zonation natters chemica7 Lrddients) as well

as usins smoker nodels to define more accuraLely the pfssco-
chemical environments for nach deposit. (e.e. the temperause
control of Cu/Zn and primnry p:/rrhotiteformation).
hlack smefers may also he used to construct primary suiphise
narareneses. fany ilmortant revalations concerninc hydro-




thermal vents have yet to be published in the literature.



1TO P ;;OPY

P-01P. 10F1as Cero eb on the n r af 1) sincHt.

rInr,r2up7 of rocks of exhalihe and ntrinynr orinainin the

assnciahion of the Giker ore hody, and 2) sulnhde assec-lian-s

from dirhcrent types of nr,s.

Atotul of 10E-•satisfactory ar-1 -seshave han made, seao

findirys arn ,.otalledbelou, hrh the wor17is ohmcinr

reinvanL s Ljvr yet Ln Le ":nrkedon,

Fiarioclase reldsanar In :(11sam:les (from varft s t.upes),Inc

ccmrosit:on s Ab00An1, iTHicatinr ex!;ensivnalhitization.

Bictite GarCes fram G4hflnfr twall cortain lrrhe bHdrit(,s,ide e

haynhe.rn jnitijr;QH tO POrrLflnPr: tO tbe

an.1K1.2(NE,Fe), p(Fe,A1,U)0.s(si„,- ) 0H4

This is an Al poor bichite  (i.e.NOT a phlo,rpite) uith nn

Vc/Fe r:otio about 0.?.-)3and hmvil)can ap•seenh-le fi cort-rt.

(av. 1.5 Ti02)

Ch2lorite Fe/Mr is about 0.45 (pycnochlorite)

(NE6.5Al2.3Fe29•.)11.7(2i5.7Al2.3)g(OU)16

Serisites Generally low K with some Ti content

Anhydrites 1.55.Sr0

Amphiholes hornblende Mr/Fe 1.5

(NalK)0.?Cal.8(MG,Fe,A1)5(Sio.5A1 022) (OHIF)2

Pyrrhotite FepS9 by stoichiometry

Sphalerite about B FeS

Analyses of minerals in different samples arreed well with each

other.

Nicrnscope work has been carried out on the above silic3te

assemblares wth respect to minern1 relatiorships, metamorphic

recrysta]lizathon, sincate-sulphide relationships and the



textures oi'metalmorphiam,neformation na bresdiation nd

this has been exLansively investicated alonflwiLh tha calculat',

of yodal minerulorien.

Reflected ]_cht microscopy has been carried out to relch

an understandinc of sulphide nineral paraceneses Hith

respect for covernj_nrprocesses and the extent of metamornhism

and alteration of tfe assemblace. hinor phases haye.been


identified and micro-texfural features interpreted.

ork is on:oinr Lo xnlain the obscryed features relneive

to the phase rolationshirs in the aeleyant paraconeses. a

further selection of samples has been -rennred for futpre

ore micr0scopy, inclaainr a.selectiOn from Sacmo.



The Si tnificance of ;.inhvdri

1
1

1
I.
1

1
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The anhydrite occnrin in the Cnlitjelmh

mosLly in vein-like featupes dl the tep of thn iyer(;pdtjc,n

ores is typified by a violeL colour. Chemical analysef


indicate that the mincrul is rich in Sr (3r0 about 1.22.)

but with only trace Kn and Ba. It can be proposed that the


mineral anhydrite controls the distribution of Sr aroure the

ore bodies, and explains the apcarently random distribution

of Sr.

The occurence of 'ilhydritein volcanorTnic sulphide

deposits has been investirated, torether with the Phisical

condition2 of anh:ydriteformation. ?he only type of massive


sulphide deposit where anhyerite is comflenlyenconntered are

the Knroko deposits cf t)anan. Studies made upon the anhy-




drite of these deposits jndiedte that it wus formed by pre-

cipitation from heated seawater at 100-200° C. Sulpher iso-




tope data for Kuroko deposits show that the snlphates have

ratios very similar to miocene oceanic sulphate. The temp-




erature estimation is acieon the basis of exnerinental work

on anhydrite solubility in caline solutions. The solubility


of anhydrite is very low at temperatures above 1500 C.

Anhydrite has been recorded from most active hydrothermal

systems. At Reykjanes (Iceland), anhydrite is seen to pre-




cipitate when cold water invades the hot hydrothermal rser-

voir and that such invasions of cold seawater occur frequently

durinm tectonic disturbances, producinr anhydrite in frueture


Other studies indicate that as seawater is pro-

Eressively heated, as much as 672.of the sulphate, and 905:of

Ca in that seawater will precipitate to anhydrite between

150 and 200° C. Anhydrite can be reduced to sulphide but


experimental studies indicate that this is unlikely because

of the very larEe ammount of free Fe which ould be required

to halance the sulphate. The pr(sence of anhydrite in


preference to mypsnm aL Sulitjelma js interestinm. Certainly„

anhydriLe js easier Le form Lifhr temteraturen than



•

uypsum, but rypsum been forped, t;.erel;:a

I.

water could have tlyed a s,'e tbe ts:elni,ortatimn
of mobile constituents. ;:be111 tjelma anhydrite is

certainly metamorphic in a textura] sense, but it may
prososed that this secondary anhydrite recrystallized :'rom
primary anhydrite precipitatinr fro'tseawater durinu ore
renesis. It is anticipated that a short study can be mildoof

the sulpher isotope abundances in the arhydrite to determine
the oripin, and also to ansess the effects of equilibration
with the co-existinp;pyrite porphyroblasts. -possibly these

represent a limited ammount of roduced reaction product
and this will be indicated by distinct reochemical and isotopic

differences between the pyrite associated with the anhudrite
and rebular nyrite rorphyrob]asts in the mussive ore.

A further point of sionifiance is that anhyorite
is,very rare in other massive suJobide ore bodies in Scand-
inavia. This could be solated to metamorphic temperatures


or the speed of retroLru:.emetumorphic processes and demands
further investivation. Cer'ainly, the question of the

anhydrite in the Sulitjelma deposits is an interesting, yet

complex topic, and in addition to techniques outlined above,
a more detailed study of anhydrite occurences in situl ié
required to relate the sulphate bodies into the cenetic and
evolutionary models for the deposits.

Refs.: Bjninsson et al (1978) (Reykjanes)

Blount nnd Lickson (1900) So]ubility rtueies
Sakai et al (1970) Kuroko isotope studies

Mottl and Kolland (1978) Anhydrite from hydrothermal

alteration of oceanic basalt (also Bischoff et al (1075))
Bischoff and Seyfried (107P), Holser (1978),

Lambert and Sato (1975)and Sasaki (1970)



Metamorphism of sul hiden

Any interpretation of su]nhide pineralooy ana petrolony
should take account of the cLanye induced by metumonehinm.

:hese channes can bo divided into the follo-inn rroups:

Chanmes in mineralopy

ChanGen in the form of the minerals (fabric)
5. Defermation features

4, Mobilization of minerals and elements

Feature2 of retromrade metamornhism

Some or all of these can be seen in sulphido bearinm

rocks from Sulitjelma and it is neecessary to be able to ex-

plain featutes as resultinm from metamorphism. A study of the

literature concerninm tbe metamorphism of sulphides has baon

carried out in conjunction with macroscopic and microscopic
suudies of relevant samfles.

Many metamorphism-induced features are Seen. Notable are
the large rounded pyrit-ecrystals -ahichmay represent metablastic
L:rowthdurinp metamorphism. Theso are t(Tically structurally

deformed and contain larGe ammounts of included material.

Understandinm of phase equilibria must be used in conjunction
with data on metamorphic environment to summest chanres in

mineralomy which may have occured. In the Sulitjelma deposits$


the possible metamorillicrecrystalization of pyrrhotite is of
particular interest (see elsewhere) and the presence of

unmixingtextures are seen.between variouspairs of sulphide
minerals. Work has been done to interprate the simnificance

of such features and to infer condition. Application of


Geothermometers and Geobarometers can help in this aspect.

The metamorphically-influencedfabric of sulphidesis
noted in the Sulitjelmaores. Metacrystsof pyritef'predominating

over matrix sulphides.(sphtcpy,po)as is the orientationand
shape of inclusionswithn the pyrite metablasts. Recrystal-




izationtexturessuch as 1200 triple juctionsbetweenpyritns
have bern senn in thin Yection und tene aan be atributed to
netamorphiny, a2 can t'P apporent inerease in prain nizo tLe
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expense or silicates. Similarly, the com:on ,tuh of

purites fhom dissenirated ores (jrcator size) can he ;d:thi11ed

to nueleic nehrustalilzation. These ahe often .oll foroec

as they have hepn able to grow relativoly free of compoting

phrtes.

The deformation featuros (often calaclastic deformation)

can be studied with regard to the reIative plasticity of

difrerent sulphide minerals and the timing of defermational

rvents with respect to metamorphic recrystallization. The


fahric of the itilitjelmaores is veru complex du.eto possible

repitition of crystal]ization and defornational proceshes :jrid

it is very difficult to devise a chronolorical model of these

processes, especip:ly since much of the sulphide hus been

extensively brecciated.

Deformation features of pyrite are typified by elonation

of larre crystals in the less massive parts of the ore hoey

and mau be intensely rhysically distorted. ether sulphide


minerals may also show such features, pyrhhotite for exarrle

often occurs parallel to the schistosity of the rock.

The softest minerals (cpy,sph) show fewer deformation features

since they behave more plastic. It is a characteristic

of the Sulitjelma deposits that alonr with the hichly deformed

pyrite crystals, there occurs idiomorphic, undeformed pyrite

porphyroblasts, and these may be attributed to mineral Erowth

followinr the termination of the deformational stres2es.

Another feature of the Sulitjelma ores is the lack of

bandinc structures in some of the ores, the oririnal banded

structure havinE bePn completely destroued. Vany relict


fabrics have dissapeared durinc the metamorphism (e.e. fram-

boidal textures) but others such as mineral bundinE is still

larcely present, although it micht be questioned that mineral

bandinc is implicately primary in orrin, or not? It is


possibly a favoureh replucement of a handed or schistose rock

(Hrin os -fornJtinnal Frocesnes.



Mobflizatjon is seen in the Sulitjemd oros nnoni

to plastic :Tow withit the hody of the scinticha. he norhp-




sulphidee dre seen to migrate around HilicaLe "hindlen" nmc nne
clearly concentrated in the pressure shadows of porphyroblnatp.
ihickeninr dnd thinning due to foldinL is seen and mobilizhLiem
into crosn frucLures. Relative mobility increnqes in the

sequence: pyrite-sphalerite-pyrrhotite-chalcopyrite-ga1ena,and
it follows that struchurully induceC mobilization of chalco-
pyrite plays *significunt rple in the distribution of copner
on the local scale. ±he dishances over which certujn compon-nLs

of sulphid: bodies may be transported is however poorly quartl-
fied. Cenerully, these distances are considcree to he small,
occasionalTlynany metris. Certain rnre minerals can he selech-




ively remobilized (notably Pb,As1Sb and Au-Ag components) and
thesc may be found in veins, lenses and other masses, sometje.es
called sulphide "permatites" with much vein quartz, which nhannurs
to bp thn first of tie non-sulphide minerals to bn mobiljned.
A mcre dpLailed study of such structures in the nlitjelma
ores ts required. Certuinly, there is a quartz vein in Cihen

which contuins appreciable ralena und cerhaTn Bi minerals.
Other such occurences are recorded (e.g. Rumdohr 193)). Xlso

of significance in this respect are the occurences of zeolites
as vein fillinr (e.g. Vogt 1926). An understanding of the

physico-chemical conditions of emplacement of such bodies necds
to be reached, as does the mechanisms of these processes. A
genetic model for the-deposits sheuld uccourt for these late-
stnre features.

The possible mirrution of ore-forminr elements under
regional metamorphism must also be considered such that the
influence of metamorphism upon primary reochemical patterns be
understood.. Metamorphism may also induce certain trace
elements to migrhte relative to (host) ma;or elements. Of notP

and highly relevhnt to the present study, is the apparent
tendency for Ag to concentrnte relntive to Pb, and Cd relativn
ln Zn in zone of stress-reljef within .ireasof hirh intennity
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Chemical Exchan e

Assesment of data concerning chemical exchange during hydrothermal

alteration of the hodt rock has been carried out. This is a complex

topic and initial dta needed considerable rewårking. The aims of this


exersize is to establish patterns of geochemical exchanre during the

processes of hydrothermal convective flow through the spilite pile.

This involves comparison of geochemical analyses of altered rock with

published data ob unaltered rock of the same type nnd must

ksip great caution, involving models of "immobile" element conservation

and correspondingly implied volume changes. Initial work implies net


real gain of alkalis and the removal of Ca and base metals, although

actual figures have yet to be computed. This is an attempt to support


the concept that the sulphide deposits could have been formed by the

convective circulation of seawater through a basic rock pile.

Estimations can be made gs to the total volume of base metals leached,

snd correspondingly availiable for sulphide deposit formation from the

Sulitjelma amphibolites, and at a layer date, this may be linked into

a grand model.

It is further anticiapated that the same techniques could be

applied to element exchange in the feeder pipe, which is characteristi-

cally enriched in elements leached from from enclosing spilites and is

very highle enriched in the K family of elements. Information on

temperature conditions can be sought from this type of work. This topic


must be treated woth considerable care since there are so many un-

certainties involved, but it may help to explain certain observed trends.

It has also been attempted to show evidence of geochemical

zonation within the ore body. Extensive tectonic deformation has


destroyed much of the original zonation pattern, but there is a general

pattern of Cu/Zn from top to base which can be used to interpret way-up

criteria for an ore deposit. The Giken ore body appears the right way


up, whilst Sagmo indicates both invession and non-inversion (Could this

be related to folding features?) Techniques applied will require


further investigation to give a fuller understanding of operating

functions. The technique is of great use to apply way-up criteria


to ore profiles in exploration areas, where local tectonic influences

‘eisenot caused disruption or repitition of the definitive zg22/2; 


.;lenuletnu. 1111!tårluf,suchgeochemical patterns can be used to understand

•
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the natu'e of the tectonic disturbances in conjunction with the tectonic

mapping of the ore horizon.

Much work has been carried out to reproduce experimentally

basalt alteration by seawater at elevated temperatures.It has been demo


demonstrated that ions such as Na+ and Sr+ and SO42- are removed from

seawater.Ca,K and Ba are leached from basalt and that heavy

elements can be transported in saline solutions at higher temperatures.

Maximum concentrations of deposit-forming elements in the heated

solutions have been calculated.Additionally, the typical

alteration mineral assemblage observeed in nature is very similar to

that produced experimentally.Such experiments hold important

implications for genetic aspects Of massive sulphide deposit study,

Refs: Hajash (1975) Mottl and Holland (1977) Bischoff and Dickson (1975)

Bischoff and Seyfried (1978) Seyfried and Bischoff (1977)

Hart etal (1974)



Rare darth ElemnnLs as a tool in exp oratinn

I.

The application of RIh.reochemistry to exeloration has
been invostirated with respect to availiable information on
the behaviour of REE durinr hydrothermal processes in an
attempt to adaquately interpret the first batch of REE data
which seeminrly show interestinc patterns. •irk is recorded

in the literajune that uses REE to differentiate betweet
ore-bearing felsic volcanics of the Canadian archean belt and
those which are barren. SimilarlT; studies as to the effects

of spilitization and other sea floor hydro.hermal processes
on REE abundances have been madn by various workers. Lnele

are no refernnces in the availiable literature concerning the
application of RdE to local scale lithoreochemistry or REE
behaviour in exhalite horizons. It has been established that

REE in hydrothermally "formed" rocks will have a ver::similar
pattern to the solutions from which they were derived, and that
the PEI abundances will be substantially influenced by alter-
ation brocesses, principally involvinr licht REE (LREE) enrich-
ment, althou-h it is by no means certain that other types of
REE movement will not occur. Netamprphism can also cause

selective REE mobilization and will renerally occur systemat-
ically with other more immobile elements (Zr,Y,Ti).
The REE distribution may be controlled by minerals such as
zircon and sphene, althourh feldspar also plays a role.
Splitization is renerally associated with increasinr EREE/EREE
ratios (e.g. La/Yb)

The samples which have been analysed for RIC were collected
from the Giken Fontwall horizon, a SW-NE profile. Extreme

REE depletion is recorded at the centre of this profile with
high:EREE and very hightLREE at the margins, relative to
STREE (i.e. La/Yb increases outwards away from the centre.)
The model proposed surrests that there is extensive leach-nc
of LREE in the central area (the ar:a.with the highest hydro-
thermal activty) and thn distribution is controlled by the



racrystallization of RFP,hearing phases (spheno obviors1:.
:reat importance ie :u3itjelma) at a dirtadncefro- the
of bydrotermal activity. kuch aore work needs to be coho
to ciarify tLe picture. This should include:

Identification of what the sampled litholocies represent.
Mineralogical controls of RE: distrihution,.possibly
involvinE analysis of sphene.

Studies of t},erelative aobilities of REhj.
4, Rh:Fpatterns for nolated amp.hiholiterocks, rather tLan
purely exhalite horizons.

I.
Key references aro: Graf (1977), Robertson and Fleet (1976;),
Kay and Senechal (1976), Ludden and Thompson (1972.1979),
Floyd (1977), Hellman and Fenderson (1977), Humpbris et al
(1978), Campbell et al (1980), Hellman et al (1979), Cordie
and Earagar (1974) and Su—Sun and Neshitt(1978)


