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Notat om den videre malmleting i Bidjovagge.


Av professor Arne Bjørlykke

Mulighetene for å finne nye dagnære malmlinser i Bidjovagge-antiklinalen begynner å bli uttømt.

Men det er ennå enkelte områder som må undersøkes videre (Se mitt tidligere notat fra juni 89).

Arbeidet til Oddleiv Olesen ved NGU med en regional to1kning av Kautokeinoområdet er nå

kommet godt i gang. Jeg regner med at vi kan dra nytte av resultatene fra dette prosjektet allerede

i feltsesongen 1991. Jeg vil derfor komme tilbake med et notat om den regionale

prospekteringen i april/mai.

Jeg vil i dette notatet ta opp mulighetene for malmlinser mot dypet i Bidjovagge. Jeg vil ikke gå i

detail angående lønnsomhet ved underjordsdrift, da det ikke er mitt fagområde. De dagnære

malmlinser som hittil er funnet varierer sterkt i gullgehalt, men de rikeste linsene, for eksempel

K-malmen og C-Au burde kunne tåle økte utgifter til oppfaring og undersøkelsesboring.

Våre undersøkelser hittil har vist at gullmalmen i Bidjovagge er knyttet til skjærsoner og at de

har mange likhetstrekk med de mer berømte arkeiske forekomstene i Australia og Canada ( se

vedlagte publikasjon av Bjørlykke et al 1991 ). Erfaringer fra disse malmenen viser at de ofte

har en stor vertikal utbredelse, ofte mer enn 2 000 meter ( Se vedlagte publikasjon av Sibson et

al. 1988). Malmdannelsen er knyttet til overgangen fra duktil til sprø deformasjon. I den duktile

sonen vil en ha konstant lithostatisk trykk mens det i den spro sonen vil være lavere trykk,

tilnærmet hydrostatisk fluid trykk. I overgangsonen vil det veksle mellom hydrostatisk og

lithostatisk trykk. Det er spesielt karbonatdannelsen som er trykkavhengig og karbonatisering er

som regel relatert til guIlmalmdannelsen. Hvorfor vet vi idag ikke eksakt.

GulImalmer kan også endre karakter mot dypet. Dette er kjent fra andre gullmalmer, foreksempel

Lac Shortt mine i Chibougamou hvor gullet i den øvre delen opptrer i en silifisert sone sammen

med pyritt. Mot dypet opptrer gull og pyritt i en syenitt, sannsynligvis av metasomatisk

opprinnelse. Dette har blitt tatt til inntekt for en magniatisk opprinnelse for gullet i området.
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Den sprø oppsprekningen som karakteriserer kopperrnalmen i Bidjovagge, men som også

finnes i partier av gullmalmen, indikere at det som hittil er produsert, er fra den øvre del av et

malmsystemet. Ut i fra en ren skjærsone-modell så er det derfor ingen grunn til at Bidjovagge

forekosten ikke skal fortsette mot dypet. Det er fortsatt usikkert om malmløsningene i

Bidjovagge var av magmatisk eller metamorf opprinnelse. Oppdeden av lyse porfyriske dioritter

som ganger nær malmlinsene kan indikere en magmatisk dannelse. En annen indikator for en

magmatisk opprinnelse er konsentrasjonen av tellurider i K-malmen. D- og 0-isotop

sammensetningen plotter i et området som er felles for magmadske og metamorfe løsninger. Vi

håper å kunne få et bedre svar på dette spørsmålet når fluid inclusion undersøkelsene er

avsluttet.

Et problem i Bidjovagge er at malmen er knyttet til separate linser. Avstanden mellom linsene

varierer fra noen få meter til flere hundre meter i horisontalplanet. En må forvente en tilsvarende

geometri i vertikal- som i horisontalplan. Det betyr at en ikke kan forvente seg en kontinuerlig

malm mot dypet og at en eventuel dyp malm kan bli vanskelig å finne. Den uregelmessige

optreden av skjærlinser ser ut til å være primær-altså relatert dl selv skjærsone dannelsen. Senere

bevegelser av kaledonsk alder er dominerende steile ‘ertikale NE-SW forkastninger langs. De er

dannet ved isostatiske bevegelser for å kompensere lasten av dekkene i NW. Større horisontale

forskyninger relatert til innskyning av de kaledonske dekkene er ikke observert i Bidjovagge.

Det andre problemet er den tilsynelatende relasjon mellom mineraliseringene i Bidjovagge og

grafittskiferen. Det er mulig at denne relasjonen fører til at mineraliseringene blir bundet til et

bearenset vert kalt nivå.

Nlinerabsermgene i Bidjovagge ligger i kulm nasjonen på en N-S antiform. De stratigrafisk

underste nivåene består av dolomitt og skifre med lagerganger av diabas (Se vedlagte figureri.

vet lite om berganene mellom dolomittene og det underliggende basement. S,,nnsynligvis

består sekvensen vesentlic av sandsteiner, men bedre kjennskap tti de underhgaende beraarter

vil være av s:or betvdnine for vmdering av matmpotensialet i Bidjovagee oa for den reaionale

malmieting.

Stste sommers kartleaaing oa boring i DæPljadas området gav en del ny infonnasjon. Området

ligger langs kanten av gronnsteinsbeltet og forkastningsonen representer en første orden

skjærsone. Sonen som er intruden av diabaser,anodioritter og granitter har gjennomgått

amfibolitt-fasies metamorfose. Det ble funnet relativt lave gehalter av kopperkis og amdbolittene

iste forhoyet radioaktivitet. Det er mulig at vii Dæl' ljadas har et dypere snitt i en tilsvarende
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skjærsone som i Bidjovaggeantiklinalen. Hvis dette er tilfelle så skulle vi forvente en hyppigere

frekvens av intrusjoner mot dypet i Bidjovagge-antiklinalen. På lignende måte som i Lac Short

kan mineraliseringen mot dypet ta andre former, for eksempel kan mineraliseringen opptre

innen sure eller mafiske intrusjoner.

Forslag til sidere undersøkelser

Muligheten for malm på et dypere nivå bør undersøkes nærmere i Bidjovagge. Det bør i første

omgang bore ett dypt hull gjennom ligg-diabasen og ned i de underliggende sedimenter. Hullet

bør settes på ved en av de viktige malmsonene. Jeg vil foreslå K / B området på grunn av

innholdet av tellurider i K-malmen. Lengden på hullet bør være ca 600 til 700 metcr. Det bør

settes på ved ca 850 N og ca 550 -570 E ( øst om kanten av dagbruddet ) med fall 80 grader mot

W.

Fluid inclusion undersokelsene viser lovende resultater, men det er ennå for tidlig å si om de

direkte kan være til nytte ved lokalisering av dypmalmer. Prøver fra et dyphull vil kunne gi oss

viktige data i dette arbeidet.

Ottawa den 8/1-1991

Arne Bjørlykke


Professor
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ABSTRACT

The Bidjoyagge gold- copper deposit is the only producing gold mine in Norway. The

annual production is approximately 350 000 tonnes of ore containing 4-5 git Au and 1 (11.

Cu. The deposit occurs in the Lower Proterozoic Kautokeino Greenstone Belt in

Finnmark and within the Baltic - Bothnian megashear zone.

The deposit consists of several ore bodies along a N-S trending anticline over a distance

of 2.5 km. They are all hosted by albitic fels, representing strongly tuffite and

carbonaceous shale.The albitization is related to the first generation of diabase sills that

were intruded during an early compression of the sedimentary sequence.The

Svecokarelian metamorphism, which increases from east to west in the area, approached

upper greenschist facies in the Bidjovagge mine. A N-S- to NNW-SSE-trending shear

zone was then developed, first with dextral strike- slip movements .The gold and copper

mineralization occurs in carbonate, actinolite and quartz veins, and these are related to

later sinistral strike - slip movements in the same shear zone .The carbonatization of the

diabase is related to the same eyent. The deformation terrninated with a late

cornpressional phase which also folded the mineralized veins.U-Pb isotopic analyses of

davidites from the ore assemblages give an age of approxirnately 1.85 Ga.

Gold deposits of similar geological setting and genesis are in production at Pahteyara near

Kiruna in Sweden and at Saattopora near Kittila in Finland.There are many similarities

between these Proterozoic deposits and the more famous and larger Archean gold kxle

deposits. The main differences are the more extensive Na -metasomatism and the higher

Cu-content .

ENTRODUCTION

During the last 10 years several gold deposits and zones of mineralization have been

found in Early Proterozoic rift-related volcanic belts in the northern part of the Baltic

Shield. Some of them were known as copper deposits and copper minerals are commonly

an important part of the paragenesis, but anomalous contents of uranium, scandium and

REE are also common in these deposits.

The Early Proterozoic Kautokeino greenstone belt rift in Finnmark, northern Norwav

Eig. I), contains the Bidjovagge gold-copper deposit which is the best example of this
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deposit type (Bjørlykkeet al., 1987).TheBidjovagge gold-copperdeposit is at present

the only important gold producingmine in Norway. The mine produced copper in the

first period of mining from 1970to 1975.Au-rich mineralizationwas then discovered

close to the Cu-richorebodies and in 1985the mine was reopened by Outokumpu Oy.

Annual production is about 350 000 tonnes of ore with approximately4 - 5 g/t Au and

1 % Cu. The known ore reserves are small.

Several other ore deposits and prospectsoccur in the Early Proterozoicgreenstonebelts

the northern parts of Norway, Sweden and Finland. Three gold-coppermines are now

in production , Bidjovagge, Sattoporain the Kittila area of northernFinland and

Pahtohavare near Kiruna in Northem Sweden.Gold mineralizationin Proterozoic

volcanic belts is also known to occur in Norway, at Ringvassøy near Tromsø and in the

Rombak area near Narvik, and in Finland, near Kuusamo in NortheasternFinland

(Pankka and Vanhanen, 1989)and at Pahtavaara in Finnish Lapland (Korkiakoski,

1989).

Several Cu deposits and Cu-U deposits occur in the same geological sequence (Gaal,

1990). Best known are the Viscaria Cu deposit (Godin, 1976) and Kopperåsen U-Cu

deposit (Adamak,1975)in Sweden , the Pahtavouma Cu-Zn-Udeposit in the Kittila area

of northern Finland (Inkinen, 1979)and the Repparfjord,Kåfjordand Raipas deposits in

northern Norway (Bjørlykke et al, 1985, Sandstad 1986).

The genesis of the Cu ± Au deposits on the northernpart of the Baltic Shield has been

controversial for a long time. Becauseof their strataboundcharacter these deposits have

been classified as exhalative sedimentary by Hollander (1979)and Inkinen (1979). Gaal

(1990) suggested that they belong to the Besshi-type.An epigenetic genesis of the

Bidjovagge deposit has been suggested by Gjelsvik (1958 ) , Padget (1959), Bjørlykke

et al. (1987), Bjørlykke et al. (1990) and Nilsen & Bjørlykke (1990). Most of the Cu

deposits are associatedwith strong sodiummetasomatism,but the style of mineralization

and the metal compositiondiffer among groups of deposits. This may also reflect

genetic differences.

The gold-copperdeposits , which all are hosted by a very fine-grainedalbitic rock

(albitic felsite), have been called Bidjovagge-typedeposits (Gaal 1990).This paper will

therefore give a short descriptionof the Bidjovaggedeposit and the geological setting for

similar deposits in the Baltic Shield.
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Regional geology

The gold-copperdeposits in the northernpart of the Svecokarelian/ Baltic Shield are

hosted by Early Proterozoic supracrustalrocks, mainly in the Kittela greenstonegroup,

the Kiruna greenstonegroup and the Cas'kejas greenstone group (Kautokeinovolcanic

belt). The Archean basement (Fig. 1) consistsmainly of tonaliticgneiss. Late Archean

volcanic rocks (greenstonebelts) are well developed in the Kittila area and occur also in

the Komagfjordarea.

The Early Proterozoic supracrustal rocks can be divided into four major units: 1.a basal

clastic unit withquartzite and arkose; 2 a mixed unit with sedimentaryrocks and mafic

volcanic rocks; 3. a unit with felsic volcanic rocks; 4. an upper clastic unit with quartzite

and arkose. The two first units were deposited in an extensionaltectonic regime and we

can distinguishbetweena platfomi and a rift environment.The time of deposition is

poorly constrained but the units are older than a large layered intrusiondated at 2.45 Ga

and younger than the Kiruna Porphyry Group at 1.93 Ga.

The basal clastic unit varies in thicknessfrom a few metres in the platform

environment to more than 1km in the rift. The best exposedrift environment is

represented by the SaltvannGroup in the Komagfjord window, which contains

sedimentary rocks deposited from alluvial fans and braided rivers (Pharaoh et al.,1983).

In the platform environment the sandstonesare pink , white or green (fuchsite stained).

They are thick bedded, medium- to fine-grainedand well sorted (Siedlecka, 1985).In

both environments the upper part consists of schist and locally dolomite.

The mixed unit (Kiruna Greenstone Group, Kittila Greenstone Group, Cas'kejas

Group and the Nussir Group) comprisesdolomite, black shale, tholeiitic basalt and

tuffite. The platform environmentis representedmainly by plateau basalts with a quiet

magnetic pattem. The rift environmentis characterizedby highly magnetic gabbroicsills

and dykes that are easily identifiableon magneticmaps. The magnetic interpretationmap

of the Nordkalottregion (Henkelet al., 1986)shows clearly that part of the volcanic

sequence in Kittela is related to the same complexrift structureas at Kautokeinoand

Kiruna. Both the sills and the volcanic rocks are tholeiitic in composition. (Pharaohand

Pearce, 1984;Pharaoh et al.,1987). The Kiruna Group was deposited from 2200 Ma to

1930 Ma (Skiöld, 1986,table 1 ) .

Felsic volcanic rocks occur locally above the mixed unit. The best example is at

Kiruna where a thick sequencecontaining syenitic and quartz-bearingporphyriticrocks
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has been deposited. They yield 1.91-1.86 Ga zircon U-Pb ages (Skiöld and Cliff, 1984;

Welin, 1987). The Raufjell Suite in the Kornagfjord window ( Pharaoh et al., 1983 ) are

probably of the same age.

4. The uppermost unit consists of a thick sequence of fluvial sandstone (Kumpu, Vakko

and Caravarri Formation).

The geological evolution of the northem part of the Baltic Shield has recently been

compiled by Pharaoh and Brewer (1990) They suggested that the Kola and Karelian

continents collided at 1900 Ma and that this led to the formation of the granulite belt (Fig.

1) , followed by an accretion of the "Skjellefte Arc" at 1880 Ma. They also suggested

that the accretion of the " Skjellefte Arc " resulted in the development of a large scale

dextral shear zone along the Raahe - Ladoga line. According to Skiold (1988), there

were two intrusive periods during the Svekokarelian orogeny. The first was between

1880 and 1900 Ma; the foliated " old " granites belong to this generation. The second

period resulted in monzonitic intrusions emplaced between 1860 and 1870 Ma. Padget

(1959) described the occurrences of leucodiabases in Svecokarelian rocks. He

interpreted them as metasomatic rocks formed late in the orogenic event. It is interesting

to see that the occurrences of leucodiabase correspond very well with the areas in which

tiold has later been discovered.

Berthelsen and Marker (1986) described a rather complex kinematic evolution of the

northern part of the Baltic Shield in four stages: 1. Collisional to early post collisional

stage with dextral movements on N-S megashears. 2. Dextral shear along NW-SE

structures ( Raahe-Ladoita ). 3. Sinistral movements along N-S megashears. 4 Sinistral

movements along NW-SE megashears.

GEOLOGY ()F THE BIDJOVAGGE DEPOSIT

The Bidjovagge deposit occurs in a north-south trending volcanic helt between domes

that contain older Archean gneiss and amphibolite. In the BidjovaL;uearea the lowest

stratigraphic unit consists of dolomite and black shale. This is followed by a sequence of

tuffite which grades into matic volcanic rocks to the south, and which is succeeded by

marine shale and carbonate. These, in turn, gradually pass upwards into fluvial

sandstone (Bjorlykke et al., 1987). The lower part of the sequence has been intruded by

gabbroic or diabase sills, and the sedimentary rocks on the upper side of the sills are
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stronglymetasomatizedto a "chertylooking" albitic felsite. This first generationof sills

is chemicallyvery similarto the overlyingmafic volcanic rocks and they are probably

related to the same volcanicepisode.Later non-foliatedporphyriticdiorite occurs locally

in structuresrelated to shear zones. In the Kautokeino area, south of Bidjovagge,

komatiite also occurs in the lower part of the sequence (01sen & Nilsen, 1985).

The main structureof the Bidjovaggearea is a north-southtrending antiform,which can

be followed along an axial length of 8.5 km (Figure 2). The lower parts of the Cas'kejas

Formation, containing the ore bearingunits, are exposed in this anticlinorium. The

general stratigraphyof the CasIejas Formation is shown in Figure 3. The lowermost

beds outcropping in the Bidjovaggearea consist mainly of dolomite, and were probably

deposited on tidal flats similar to the less deformed beds in Kvenangen , north of

Bidjovagge (Vik , 1985). These are followed by argillite, comrnonlycarbonaceous and

typically altered to albiticfelsite in the mining area. The uppermostbeds consist of tuffite

and amphibolite (Bjørlykkeet al., 1987).The Cas'kejas Formation has been intruded by

at least two generationsof diabase sills, mainly in its lower part. The thickest and the

most continuoussill occursat the boundarybetween the carbonateand the argillite. The

albitic felsite occurs mainlyin direct contact with, and lies above, this main sill and the

felsite alterationis interpretedto be related to the diabase intrusion.

The Bidjovagge area is intersectedby several north-south trendingfaults, probably

related to the N- S Baltic-Bothniamegashear (Berthelsenand Marker, 1986).Detailed

mapping has revealed a complex zone with dextral and sinistralstrike slip, as well as

reverse and normal faults. Slickensidesshow two directions of movement, one sinistral

strike-slip and one reverse. The ore lenses are related to this shear zone and lenses of

diorite occur together with the ore. Unaltered diorite has phenocrystsof albite and

biotite.The biotite is locallyaltered to chloriteand in contactwith the orebodythe diorite

becomes white, and contains albitephenocrystsin an albiticmatrix.

Ore geology

The Bidjovaggemine encompasses 10orebodies that are distributedfor a strike length of

2.5 km along the Bidjovaggeanticline.There are large variations in their gold content and

recent explorationhas resulted in the discovery of several high-grade gold zones. For

example, a 50 x 50 x 4 m zone along the hanging wall contact of the D ore bod3/,grading

26 g/t Au and 0.1 % Cu, has been described by Siklerholm& Nixon (1988). All

economic ore is hosted by albitic felsites, but graphiticfelsite is also commonly
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mineralizedclose to its contact with albitic felsiteand some gold mineralizationis also

found in albitizeddiabase sills.

The most prominentalterationis the first generationof albitization.It can be followed for

several kilometres stratigraphicallyabove the main footwalldiabase and its thickness is

usually between 5 and 50 metres.The contact betweenalbitic felsiteand graphitic schist

commonly crosscutsprimary bedding, and directly adjacent to the footwall diabase, the

graphitic schistsare both albitizedand oxidizedand a gradationalbleachingof the

graphitic felshe . This is interpretedas being the result of oxidationfronts, which are

related to hydrothermalalteration (Bjørlykkeet al., 1987).Further away from the

diabase, the graphitic schist becomes graduallyless albitized.The Na20 content in

schist increase from 3 - 4 % to 7 - 8 % in the most altered zones.

The albitic fels consists of very fine grainedpure albite (An 0-2) with grain size mainly

less than 0.01 mm. Small rutile and calcite grainsare commonlypresent. More schistose

varieriescontain biorite,sericiteor greenishmuscovitewith high Cr and V contents and

some quartz. Carbonate(calciteand/ordolomite) is common and is disseminatedor in

thin veins and bands. Scatteredgrains or blastic lenses less than 0.1 to 1 mm occur

frequently, and these contain one or more of the minerals calcite, albite (An 0-8),quartz,

pyrite, rutile, sphene, davidite, tourmaline,biotite, muscoviteor amphibole (Hagen 1982;

Mathiesen, 1970 ; Bjørlykke et aL, 1987;Nilsen & Bjørlykke, 1990).

In the hanging wall , whichcontains tuffite, carbonateand shale, the albitizationis

followed by scapolitization.Both albitizarionand scapolitizarionare quite common near

gabbroic intrusionsin greenstonebelts on the Baltic Shield and may be caused by highly

saline brines or evaporitesin the sedimentarysequence (Tuisku, 1983)

The footwalldiabase is commonlyaltered to a coarse-grainedalbite-amphiboliterock.

This occurred during the first albitizarion.Later, and related to the ore-formingevent ,

carbonarizarionand pyritizationof the diabase took place.Biotite alterationand fine-

grained albitite were developedalong shear zones. In the footwall fault between the main

diabase and the albitite is a zone containinggreensericite. In the ore zone actinoliteand

iron-rich amphibolehave commonlyreplacedearlieralbite.

Chlorite± hematiteseems to be late in the alteradonprocess and possibly related to

weatheringduring developmentof the Cambrianpeneplain.
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The ore mineralizationcan be dividedinto two main types, but the ore bodies are

usually a mixtureof these types :

- Copper-ore type( 2-5 % Cu and less than 1-2ppm Au) : This ore consists of coarse

grainedcarbonate(ankeriteand calcite)veins anddykes that contain albite,actinolite,

quartz; these also containmoderatelyabundant sulfides (chalcopyriteand pyrite), minor

telluridesand native gold.

- Gold-ore type (Au 5 - 20 ppm , Cu 0,1 - 0,5 %) : This consists of small fracture veins

in microbrecciatedalbitic felsite, that contain quartz , actinolite/Fe-amphibolite,pyrite,

pyrrhotite and minor chalcopyrite,apadte, green muscovite, tellurides,davidite and gold.

A telluride-richorebody (K-orebody)was recently discoverednear the B orebody. This

ore represents a subtype of the gold ore-type. The main part of the gold occurs as

calaveriteand as native gold associatedwith altaite.

The copper type occurs in late central and/oroblique shearveins that typically are

moderatelyundeformedbut which, in some places, are boudinaged or gently

folded.Theseveins are someplacesas much as 4 to 5 metres thick. The gold type occurs

mainly in the shear fabric and in earlier stnicturesthan the copper type indicating an age

relationship between this two ore-types.

Typically a good correlationexists betweengold content and radioactivity(Bjørlykkeet

al., 1987),the latter being mainly related to the occurrenceof davidite, and indicates that

the gold and davidite are cogenetic.Togetherwith davidite, uraniniteoccurs locally and

gold has been found within a grain of uraninite (H. Åsen, pers. com. 1990).Davidite

from Bidjovagge has been dated by U-Pb and Sm - Nd methods and ages of 1885± 18

Ma and 1886± 88 Ma respectively, have been obtained (Bjørlykkeet al., 1990).

Geological evolution of the Bidjovagge district

The main maficvolcanism of the Kautokeinogreenstone belt took place around 2.0-2.1

Ga (Krill et al., 1985;Olsen and Nilsen,1985).Thealbitic felsites at Bidjovagge were

preferentiallyformed by intrusion of diabase sills into the shallowmarine sequence,

which probablycontained highly saline water (early extensionalrift phase). Folding to

produce the N-S trending antiformal structuretook place during the peak of

metamorphism (approximately 1900Ma), whichreached lower to medium grade in the

amphibolitic tuff.
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The Bidjovagge antiformal structure is cut by shear zones trending N-S to NNW-SSE

(Fig 2). Several generations of displacements, consisting of both dextral and sinistral

movements and reverse faulting, are observed in the shear zones. The carly generation of

shear is represented by mylonite zones at the contacts of some albitite felsites and as

ductile shear bands in the amphibolitic tuffites. Dextral movements along NW-SE

trending shear zones indicate a possible tensional phase. Further movements, probably

sinistral, along the N-S trending shear zones led to local microbrecciation of the albitic

felses (early brittle stage of the deformation) hosting the Au-rich ore type. Porphyroblasts

of davidite, for,ned in an early stage of mineralization associated with gold, give an age

of 1885 ± 18 Ma (Bjørlykke et al., 1990). Intrusion of albite diorite dykes, further

brecciation, and formation of the Cu-rich ore type and coarse albite-carbonate veins, were

accompanied by sinistral shear movements and reversel block faulting (compressional

deformation phases).

The observed close age relationship between the gold and copper ores is supported by

lead isotope determinations from the copper ore. The Pb/Pb data are interpreted as a

two stage isochron with an initial age of 1876 ± 15 Ma (Bjørlykke et al., 1990). The

shear zone intersections were commonly favourable locations for the precipitation of the

ore-forming solutions. The main ore bodies are preferentially located at the ends of the

discontinous graphitic schist lenses where the shear cross-cuts the oxidation front

between the graphitie and albitic felses. The albitic felses are more intensely breeciated,

probably due to the great difference in rheological behavior relative to the graphitic

schists.

Smaller faults and N-S to NE-SW fracture zones have in part extensive chloritization

and associated hematite, carbonates and native copper. These features are probably

inherited from the surface alteration under the Caledonian peneplane.

REGIONAL CORRELATIONS

Gold deposits in similar geological settings as the Bidjovagge deposits occur also in the

Kiruna and Kittila distriets (Fig. 1).

Pahtohavare deposit

The Pahtohavare copper-gold deposit, which is located 9 km south of the Viscaria Cu

deposit in Kiruna, was found during an intensive exploration program from 1984 to 1988
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and production started in 1990(Carlson and Johansson, 1990). Viscaria AB

(Outokumpu) is planning to produce 150000 tonnes of ore per year at a grade of 1 g/t

Au and 2.9 % Cu from an open pit mine. Reservesat Pahtohavare are estimated to be

5.4 million tonnes of ore with 1.28g/t Au and 2.18 % Cu in 5 different lenses ( Carlson

and Johansson, 1990 ).

The area is geologicallycomplex.Archean basement rocks consistsof banded gneiss

and diorite. Above the basementfollows a supracrustalsequenceof Early Proterozoic

age starting with a basal metasandstoneand this is overlain by the Kiruna Group, which

includesmetasedimentaryrocks, in part graphiticschists, and mafic agglomerate, lapilli

tuff, banded tuff,, gabbro and gabbroic sills.The latter are probably related to the

volcanic rocks. The uppermostunits comprise the Kurravaara conglomerate and the

Kiruna porphyry group.

The Pahtohavare deposit is located within the Kiruna Greenstone Group and five

different types of ore and mineralization have been distinguished in the area

(Carlson and Johansson, 1990) :

In the Archean basement quartz diorite with skam zones carry disseminated

chalcopyrite and bornite as well as traces of gold.

Gabbroic stocks and sills contain veins carrying disseminated chalcopyrite and

pyrrhotite.

Hydrothermal alteration in gabbroic stocks consosits of zones of carbonatization,

scapolitization, silicification and biotite alteration that are accompanied by disseminated

chalcopyrite , gold and pyrite.

Exhalative chert and albitite. Veins of massive chalcopyrite and minor associated

native gold occur close to the intrusive centers of the gabbroic bodies. In some areas one

can observe oxidation of the graphitic schist similar to the front described by Bjørlykke et

al. (1987) from Bidjoyagge.

Layered and disseminated chalcopyrite mineralization in metatuffites and

metasedimentary rocks, similar to the mineralization at Viscaria (Godin, 1976), are also

observed at Pahtohavare.

Saattopora deposit

The Saattopora gold-copper deposit in the Kittila district, which was earlier known as a

copper deposit, is also similar to the Bidjovagge deposit. The geological reserves at

Saattopora are estimated at 1.2million tonnes grading 4.4 g/t Au and 0.3% Cu.
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Production started in 1989 at a mining rate of about 350 000 tonnes/year from an open pit

mine (Wyllie, 1989).

Saattopora is located along an east - west tectonic structure (Cirka line), together with

the Pahtavuoma Cu-Zn-U deposit (Inkinen, 1979)and the Sirka Cu deposit. An early

Proterozoic sequence with quartzite and schist in its basal part is located above the

Archean granitic gneiss basement. Stratigraphically above are amphibolite, greenstone

with hypabyssal albite diabase and a mixed sedimentary group that includes schist (partly

graphidc), tuffite and phyllite (Inkinen, 1979). Conglomerate and quartzite of the

Kumpu Formation occurs highest in the stratigraphic sequence. The supracrustal

sequence has been intruded by ultramafic rocks ( talc-carbonate chlorite schists ) in the

eastern part of the area, monzonite to the south and west,and syenite and granite to the

west.. The metamorphic grade increases from low in the center to medium and hidi

along the margin of the supracrustal synform

The Saattopora deposit occurs at the contact between micaschist to the south and

metavolcanic rocks to the north. The contact zone, comprising graphitic schist, tuffite

and dolomite, has been intruded by an ultrarnafic body and adjacent to this body the

sedimentary rocks have been altered to albitic fels. There are two ore bodies, one located

on the northern (A) and the other on the southern (B) side of the ultramafic body (Wyllie,

1989). Both ore bodies are within the albitic fels and the gold occurs in quartz-carbonate

veins , which probably are related to the Cirka line structure.

DI 5 C US SION

The Bidjovagge-type gold-copper deposit is a eomplex ore-type and it is too early in our

study of deposits of this type to suggest a detailed genetie model for their fonnation. We

will therefore discuss sorne observations that we think are significant , in the context of

present views of shear-zone-related deposits.

First of all , the tectonic style whereby greenstone belts surrounding domal areas of

basement rocks and later granitic intrusions, is very similar to that described for many

Archean areas, although these Early Proterozoic supracrustal sequences consist mainly

of sedimentary rocks and the amounts of volcanic and ultramafic rocks in the sequences

are less .
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In the northern part of the Baltic shieldwe can distinguishbetweena rift phase of

supracrustal rocks and a platformphase (Fig 4), as has been done for the Archean

Yilgarn block of Western Australia (Groves et al., 1987).For example, in Finnmark,

where the Casicejas greenstonerepresents the rift phase and the SuoluvuobmiFormation

represents the platformphase, within the rift there are thicker sequencesof fluvial

sedimentary rocks , which wedge out toward the platform environment.This early

seclimentationphase is poorly constrainedby age determinations,but it must have taken

place between 2.45 Ga and 2.1 Ga In the overlying volcanic sequence the rift

environment is reflected by highlymagneticdiabase (gabbroic)dikes and sills.

The main metamorphicevent is related to the continent-continentcollision to the east

which lead to the formationof the granulite belt at approximately 1.9Ga (Fig. 4). This

phase resulted in dextral movementalong north-south shear zones (Berthelsen& Marker,

1986).At approximately1.88Ga the Skjelleftearc collided with the Archean basement

to the east (Pharaoh& Brewer, 1990).This later event was probably the cause of dextral

movements along the Raahe-Ladogaline (Pharaoh & Brewer 1990)and the sinistral

movements along the north-southBothnia-Balticamegashear zonedescribed by

Berthelsen & Marker (1986).Theshear zones are probably a reactivationof older rift

structures, such as in the Kautokeinorift (Nilsen & Bjørlykke, 1990)

The ages of the davidites at 1885± 18Ma shows that the ore mineralizationwas formed

during or soon after peak metamorphismand at approximatelythe same time as the older

granites at 1.88- 1.9 Ga (Skiöld, 1987),and probably during the sinistral movements

along the Bothnia-Balticamegashearzone.The fluvial sedimentation in the Baltic Shield

occurred shortlyafter the main orogenic event and before the intrusionof post-orogenic

granites, and reflects rapid crustaluplift. The locations of the gold deposits near the

boundaryof amphibolitefaciesrocks supports the interpretationthat emplacementof the

gold occurred before or during the uplift.

As shown on Fig. 1,only minor parts of the greenstone belts of the Baltic Shield are

composed of low grade metamorphicrocks and major gold depositsmay have been

eroded away. This may be one importantfactor as to why the Proterozoicof the Baltic

Shield contains less known gold reserves than Archean greenstonebelts in Canada and

Australia.

The spatialrelationshipbetweengold depositsand magnetite-enrichedintrusionshas also

been described for Archean deposits (Groves et al., 1987),but in the Bidjovagge

type.mostof the gold is depositedin the more brittle albite alterationzone within the
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contact aureolesof the mafic intrusions.Adirect relationshipbetweenpyritizationof iron-

rich minerals and gold deposition is thereforenot obvious on a local scale. Gravimetric

data indicate that the Bidjovaggeand the Pahtohavaredepositsoccur near positive

anomalies, and therefore near the centers of the intrusions.

In a recent paper on fluids and shear zones, Newton (1990) pointed out that deep shear

zones are characterizedby the occurrenceof alkalinegranite,carbonatite- lamprophyre-

syenite complexes, and various types of metasomatismincludingregional

carbonatization,fenitization,granitizationand , probably, extremedepletionof large-ion

lithophile elements.Most of these features have also been describedfrom the shear zones

in the Baltic Shield.

The relationshipbetween large scale shear zones and these deposits was first pointed out

by Mikkola and Vuorela (1977)and more detailed work (Wardet al., 1988;Nilsen and

Bjørlykke, 1990)has supportedtheir view. The shear zones have participatedin several

movements, but structuresrelated to reverse faulting and sinistralstrike-slipmovements

were probably most importantfor the ore-forming process at Bidjovagge(Nilsen &

Bjørlykke, 1990) Also, in the Baltic Shield, the gold deposits occur on secondary

structuresrelated to the megashear zones in a similar settingas that descibed by Groves et

al.(1987) for the Yilgarn Craton.

The role of magmatismin the genesis of these gold-copperdeposits is still unclear.

Emplacementof small porphyriticdioritedykes was temporallyclose to the mineralization

event in the structuralhistoryof the area (Wardet al. 1988)and the age of the davidite at

Bidjovagge corresponds, within the error limits, to both of the two synorogenic intrusion

events dated by Skiöld (1988).TheBidjovagge-typehas some similaritiesto that of

Archean age in the Chibougamauarea, particulareto that at the Lac Shortt mine (Guha et

al., 1990 ; Quirion, 1990)where a magmatic source for the syenite alterationand the ore

has been suggested.

The mineralizationis, on regional and local scales, related to sodium-and carbonate-

metasomatism.This is demonstratedon a regional scale by the occurrencesof albitite

(albitic fels) and leucodiabase(Padget ,1959).The sodiummetasomatismis not related to

a single phase in the history of the Svecokarelianorogen, but occurs in almost every

stage in its evolution. This may indicate a sodium source within the supracrustal

sequence. The arkosic red bed sequence which grades into tidal dolomites in the lower

clastic unit may have containedevaporites.Another indicatorof a probableevaporitic



1 4

source of sodium is the widespreadoccurrence of scapolite (Serdyuchenko, 1975).Veins

with anhydrite and gypsum occur in the copper-rich C-orebody.

Another interestingfeature in these orebodies is the differendationbetweenCu and Au.

Copper mineralizationoccurs commonlyin the rift environment,in most cases without

significant associatedgold contents, both in medium and low grade rocks. Some of the

deposits may have been formed significantlyearlier than the gold ore. Examples of this

early ore-formingevent are provided by the red-bed type copper deposit at Repparfjord

and the Viscariadeposit in Sweden,which have many similaritiesto the Kupferschiefer-

type deposits.

Different sourcesmay thus be indicatedfor Cu-ore and Au-ore in the Bidjovagge

deposit, and they may have been deposited from different ore-formingsolutions. The Au-

ore has many similaritiesto other shear-zone-hosteddepositsand may have a deep crustal

or mantle source. The Cu-ore may representmetamorphicremobilizadonof copper from

red-bed mineralizationoriginallydepositedin an underlying evaporiticenvironment.
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Figure captions:

Figure 1.Geologic map of the north-westernpart of the Baltic Shield. Modified from

Krill et al. (1988). Major shear zones and the location of Bidjovagge (B),

Pahthavare (P) and Saattopora(S) are indicated. The numbers along the border of

the map are degrees of longitudeand latitude.

Figure 2. Geologic map of the Bidjovaggemine. The coordinatesare given in metres.

Figure 3. General stratigraphyof the Cas'kejas Formation in the Bidjovagge area.

Figure 4. Simplified tectonic synthesisof the early Proterozoicdevelopmentof the Baltic

Shield, modified from Pharaoh & Brewer (1990).Key to labels : BBZ: Bothnia-

Ba.lticzone; BF: BergslagenField; JC: Jormua ophiolitic complexes ; KB:

KarasjokkBelt; LGC: LaplandGranulite Complex, PG: PetchengaGroup; SD:

SvecofennianDomain; SF: SkjellefteField.
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High-angle reverse faults, fluid-pressure cycling,


and mesothermal gold-quartz deposits

Richard H.Sibson
Department of Geoiogical Sciences, University of California, Santa Barbara, California 93106

Francois Robert, K. Howard Poulsen
Gedlogical Survey of Canada, 601 Booth Street, Ottawa, Ontario KlA OES.Canada

ABSTRACT
Many mesothermal gold-quartz depositsare localized along high-

angle reverse or reverse-oblique shear zones within greenstone belt

terrains. Characteristically, these fault-hosted vein deposits exhibit a

mixed "brittle-ductile" style of deformation (discrete shears and vein

fractures as well as a schistose shear-zone fabric) developed under

greenschist facies metamorphic conditions. Many of the vein systems

are of considerable vertical extent (>2 km); they include steeply dip-

ping fault veins (lenticular veins subparallel to the shear-zoneschistos-

ity) and, in some cases, associatedflats (subhorizontal extensional

veins). Textures of both vein setsrecord histories of incremental depo-

sition. We infer that the vein sets developed near the roofs of active

metamorphic/magmatic systems and represent the roots of brittle,

high-angle reverse fault systems extending upward through the seis-

mogenic regime.
Friction theory and field relations suggest that the high-angle

reverse faults acted as valves, promoting cyclic fluctuations in fluid

pressure from supralithostatic to hydrostatic values. Becauseof their

unfavorable orientation in the prevailing stress field, reactivation of

the faults could only occur when fluid pressure exceeded the litho-

static Mad. Seismogenic fault failure then created fracture permeability

within the rupture zone, allowing sudden draining of the geopressured

reservoir at depth. Incremental opening of flats is attributed to the

prefailure stage of supralithostatic fluid pressures; deposition within

fault ‘eins is attributed to the immediate postfailure discharge phase.

Hydrothermal self-sealing leads to reaccumulation of flukl pressure

and a repetition of the cycle. Mutual crosscutting relations between

the twa ‘ein sets are a natural consequence of the cyclicity of the

orocess. Abrupt fluid-pressure fluctuations frons this fuull-valt e be-

havior of reverse faults seem likely to be integral to the mineralizing

process at this structural leNel.

1NTRODLCTION
Mesothermal gold-quartz vein systems accoun: fur significam trac-

tien of world gold production and form the nrincipal gold resource in

several countries. In Canadz. for example, thev account for over 50E of

current production. Most of the systems are associated with Archean

zreenstone belts in shield areas, but younger deposits are also known in

similar settings; e.g., the CretaceousMother Lode system of California

(Knopf, 1929).Thc lodestypicallyoccupysteeplydippingshearzonesand

appear to have developed syntectonicallyin horizontalcompressionalor

transpressional regimes.This is in distinct contrast to epithermal gold-

quartz mineralization,which tends to be associatedwith extensionalor

transtensionalfault systems.Furthermore.the prevalenceof steep veins in

reeions undergoinc horizontal contraction presents a profound structural

paradox.

In this paper we demonstratehow thisparadox may be resolvedby

consideringthe specialroleof high-anglereversefaults(and perhapsother

faults unfavorablyoriented for slip) as fluid-pressure-activatedvalves. In

the structural environmentof mesothermalgold-quartzdeposits,large cy-

che fluctuations in fluid pressure must accompany intermittent shear

failure on master faults that transect the seismogenicregime.The abrupt
drops in fluidpressureengenderedby faultingepisodesseemlikelyto play

an important role in gold-quartzdeposition.Previousworkers have con-

sidered the progressiveevolutionof fault-hostedlode depositsin terms of

quasi-staticstressfields(e.g.,Guha et al., 1983).Here we emphasizethat

understandingthe mineralizationprocessin this structuralsettingrequires

an appreciation of the dynamicstresschangeaccompanyingeach seismic

faultingepisode,and itseffecton the fluidregime.

MESOTHERMAL GOLD-QUARTZ VEIN SYSTEMS

Lode-gold vein systemsin Archean granite-greenstonebelts have

been intensivelystudied in Canada, and the followingsummary of their

characteristicsis based largelyon thisdata set.

Host Rocks
The veinsystemsare hosteddominantlyby mafIc-ultramaficvolcanic

sequences of tholeiitic affinity.with some intermediatecalc-alkalicvol-

canic and volcaniclastic rocks. Associated clastic sedirnentary rocks

(commonly turbidite sequences) and felsic intrusions are usually subordi-

nate. Generally, the host rocks have been regionally metamorphosed under

low- to mid-ereenschist facies conditions, but amphibolite facies assem-

blages occur in sorne areas. Intense carbonate alteration is common in the

vicinity of the deposits. Many of the deposits within the Abitibigreenstone

bdt of the Superior PrcHrice ocur in the vicinit; of major cast-

west-trendine tault zones, known locally as breaks, that hase complcx

eeformation histories. Two of the most prominent are the Porcupine-

Destor and Kirkland Lake- Cadillac breaks.Recent tectonicanalysessug-

gest that these structures began either as major normal -slip growth faults

(Dirnroth et al., 1983) ur aa part of a v,rench-faultsystem(Hubert et al.,

1984). However, in both interpretations the youngest deformation in-
olves north-southcrustalshorteningand thickeningwith the breaks pre-

dominantly reactivated as reverse faults, sometimes with a minor

strike-slipcomponent. The developmentof the goid-quartz vein systems

appears to be related to this last phaseof reactivation,postdatingmost of
the late alkalinemagmaticactivitywithintheorogenicbelt.On the basisof

isotopestudies,Kerrich(1986) suggestedthat the mineralizingfluidswere

likelyderived from late tectonicdevolatilizationaccompanyingmetamor-

phismat depth, with perhapssome magmaticcontribution.

Structural Characteristics of Lodes

The gold-quartz vein systemsare usuallyhosted by steeply dipping

shear zones exhibiting niixed brittle-ductile (discontinuous-continuous)



behavior (Ponlsen. 1966). These shear zones may coincide with. or form

subsidiary structures to. the major breaks referred to above. They are

characterized by an intense L-S tectonite fabric (schistosity with stretching

lineation), locally disrupted by discrete shears and vein fractures, and svere

mostly formed under greenschist metamorphic conditions. The shear zones

generally dip between 50: and 80c, w ith a stretch lineation raking at high

angles in the steeply inclined schistosity. Fabric orientation and kinematic

indicators associated with the shear zones in many of the larger deposits

invariably show them to result from high-angle reverse or reverse-ohlique

shearing (Roberts, 1987). Included in this category are the major lode-gold

deposits at Yellowknife (Ilenderson and Brown, 1965), Val d'Or (Robert

et al. 1983), Kirkland Lake (Wason and Kerrich. 1983). Hollinger-

McIntyre (Wood et al., I 986), and Red Lake (Sanborn-Barrie, 1987).

Where established. the total reverse separation across the hosting shear

zones is 1ow, typically about a few hundred metres.

In considering the structure of the vein systems, we refer extensively

to the Sigma Mine at Va1 d'Or in Quebec, where the relations between

different sein components and the vein textuns typify those exhibited by

many of the major deposis. Detailed structural studies in this mine

(Robert et al.. 1983) hase shown that motion across the steeply dipping

host shear zones involved nearly pure reverse dip-slip. A notable

feature at Sigma and elsewhere is the gren vertical extent of the mineral-

ized veins. which in several mines exceeds 2 km. •

The quartz-tourmaline vein system at Sigma Mine (schematically

represented in Fig. I) consists of two dominant vein sets: steepfauh veins

subparallel to the walls of the shear zones and fats (subhorizontal seins)

tRobert and Brown. 1986). Textures in both vein sets are locally diagnos-

fic of open-space filling and record episodic histories of deposition. The

fault-hosted seins include hsdrotherma1 wall-rock breccias and lenticular

stsins that are bounded or juxtaposed by slickenlined slip surfaces. Robert

and Bross n fl 986: showed tho flats to be extension veins that opened

serticalny and Kerc incrementaily filled. Flats have been mapped that

exlend lateralls for tens of metres from fault veins.but they may persist to

greater distances as harren fracturcs. Variable deformation of the fauit

seins Ifol dine. local boudinage, ete.) makes it clear that they developed

sshire rhe sheas-zone complex was active. Flat veins can locally be traced

bs continuelbs stsuczam- frabseins, but in other places membery of ihe

shygnifican:,hoseser. ha: :hate

rion 171<: \',ecr. :)a:y and irdoi' sebbs TGY

ere ye:y and c

ber. r

yheat zones and the bsorenee of sOnte

ostmina,:he .1sess field :o be

blen rt-einrespreted as lebnzuhr

asermtmg dunng shp rtmodes tn

iGdba , Sim:lar structurai con:Tgurationy hzes;

depordts te.g Kerrich and Allsca,

and Kesmh, 19b3r. though in some cases early-formed

hd, ta1.z: tr. z sigmoidal appearance from subsequent

The n:aserszt: n of flas in approximately their original form

:rgudc a: the Sigma M:ne resuls from the extremc strain localization
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rwc diHre hoing :he flatz renlain largely undetormed
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Figure 1. Schematic representation of vein structure within shear-zone-

hosted, mesrlhermal gold-quartz deposit (loosely based on Sigma
Mine, Quebec; affer Robert et al., 1983), shown in relation to interred

stress field (principal compressive stresses, ol o2 > c3) and fault

reactivation angle, 6,.

1987) agree well with those obtained from oxygen isdtope analyses of

wall-rock alteration (270-450 8C; Kerrieh, 19861, and are broadly con-

sistent with the general greenschist assemblages of the hostinn shear zones.

At Sigma Mine, alteration of metamorphic assemblages around the seins

suggess that hydrothermal aztivity svaseither coeval svith or slightly post-

dated the shear-zone metamorphism (Robert and Brown. 1986). Depths of

sann formation are not ssell constratned. but pressures in the range of 2 :o 4

kbar seem most probable for the zold-quarte lodes of the Abitibi greens

stone bett (Brown and Lamb. 1986: Kerrtch, 1986: Robert and Kel:v.

1987.) corresponding to c1epthsof perhaps 7-14 m.

Inferred Tectonic Setting

Background seismicity :tds:

to Ci.cp:hs corresponnr4 ty thd v.

phic consigions, typicahy amand lIT 13 km Sihvon. !6s3t Actisiis mo

hosseser. be restricted to shallosser in reg.ons particuIarls

ayrd peothesuial..2;:nh} edt-thquake sap:ores:hdr, brany

iggp:r Cr0E,; tenut. : ble bdrkg- -

) hersdo berd:

dossrsvutd beneath the gon: backgroand aens Deformabon arotb. ,

ihb bise of th: seismogendo cong i, thus hkeiy complex travel

cehas:dr, with rz.stisrozcshearing and my:onurbat..g. bunctuated .

brorthrteHy by loys centinaity during the pronagirabo:. of harge ruptat:s

i rom the greenschis: assemblages and the mixed contmuous-discontinuca-

character of the host shear zonas, sse infer that many masothemial gold-

quanz vein systems represent the exhumed roars df high - angle reverse fault

cdnes near the base of the continernal seismogenic regime (Fig. 2). Given

the teeionic history of regional shortening and crustal thickening and the

b. 4eica evidence on the origin of the mineralizing tluids. it also seema

prdbable that the shear zones lie within the roofs of actively prograding

metarnerphic piles. As cogently argued by Cox et al. (1986), this structural

les el wnhin the crust likely acts as an impermeable cap to the lithostatic

Pand-pressure regime associated with regidnal metamorphism. Any asso-

ciated magmatic activity will onls enhanee the eupacto ot the metamor-

phid ts srem fun poneraung high th.bt mussuses.

tat

-2 km

fault vein
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Figure 2. Synoptic diagram (not to scale of in e red tectonic setting for
mesothermal gold-quartz vein system in relation to continental seismo-
genic regime.
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ORIGIN AND REACTIVATION OF IIIGH-ANGLE
REVERSE FAULTS

High-angle reverse faults are anomalous structurcs with reference to
Anderson's (1905 classical theory for the inception of faults in intact

crust. In a stress field with prineipal compressive stresses o > a,> CF3,the
expectation fron, Coulomb failure theoa, 0 that faults should form alone
planes that cantain the a: axis and are oriented at 25--30- to the maxi-

:••.t:n• prinelpal compression. o. Thcs. on the reasonable premise that
,2.res< ocOegtorles nea• th2 »ir.f.2,1?0: the ea:':h ‘‘il! tend to be either

subito-o.,•:•• • bver- fechs abb cr eItuncer45shoutd
hroggentul :1-Dnir7csIon. I: seem likelv, therefore.

:rs: 'eve.obed by •he reac:Oation cf
abere•, curarc I

egien.dec P:Wn is shorg-
Ily vertral stolse-slip faul: when

,h respeet to the fault system, and
an 	 isafly thrust-sense shear zone that
il rocks absorb some of the reeional short-

be shear zones hosting the Canadian
involfe one ob these tectonic settings.

n eressure, F. failure is coverned by the

and Rabey. !959

The 1:::!:un.:1 ,h.er .irer.,2th '• rm.  flicn ^P mated

f• t" 1..11L1 hsar normal •,11";:1. 1111hefault

-1 0

Figure 3. Stress rallo (017o3') requIred for reactivation of cohesionless
fault plotted against angle of reactivation (0.) for static coefficient of
rock friction, = 0.75 (atter Sibson, 1985).

surface: C is the cohesive sorength of the fault that might arise from
hydrothermal eementation prece.ses: and a, is the static coefficient of rock
frietion. which is pically ha a`.:1Le ab abOU:0.75 Byerree, I97S). When

:he cohesive strength is rers. :he e,bression reduees ta the ege:,alen: of
ArnentorS Law:

tre::
attenas

where 0.is the angle of re.actisaOor. as defined in Figure (Sibson, 1985).

This plot illustrates the relative ease of frictional reactivation for cohesion-
less faults of different orientation. Sliding occurs under the minimum

positive stress ratio at the optimurn reactivation angle, = 0.5 tanT
(1/(2,), which is about 27' for a typical coefficient of rock friction, t, =

0.75. At other than the optimum angle, greater stress ratios are needed for
reactivation. Where existing faults are ver)' unfavorably oriented, abnor-
mal fluid pressures are needed to keep the differential stress level for

reactivation below that which would cause shear failure of the surrounding
intact rock.

Of particular relevanee to the discussion here is that for 0, > a

neressau condition for reacrvation is as• c. 0 or P> o. Thus, in a regime

1r



of horizontal maximum compressise stress cas in Fig. 1), reacusation of
high-angle faults  kiih Jlps greater than 20: rtypicaily —541 requires thc
fluid pressure to exceed the lithostatic load, as is demonstrated by the
presence of the flats at Sigma Nline and at other lode-gold deposits. When
the misaligned faults have a cohesive strength, the requirement of abnor-
malfluid pressures for reactivation bccomes even greater. 1n these circum-
stances, fault reactivation must occur at rather low values of shear stress,
probably less than about 100 bar, at most (Sibson, 1981, 1985).

FAULT-VALVE NIODEL
Fault reactivation under supralithostatic fluid pressures likely leads to

nearly total rellef of shear stress, and to a marked reduction in the compo-
nent of normal stress acting across the faults. Thus, in the low deviatoric
stress statc following failure, geopressured fluids will tend to draM rapidly
along the steep flu1d-pressure gradient coincident with the fracture-
perrneable rupture zone. In th:s rnanner, high-angle reverse faults may act
as fluid-activated valees promoting large cyclic fluctuations in iluid pres-
sure (cf. Sibson. 1981). Given the observed structural relations, the in-
ferred stress field, and the tectonic setting of mesothermal gold-quartz
lodes hosted in shear zones (Figs. I and 2), the follosving structural cycle 1s
envisaged in relation to major seismie failure episodes on a steep existing
fault system (see Fig. 4).

Prefailure. Fluid pressure below the seismogenic zone, which
forms the impermeable roof to a geopressured fluid reservoir at depth,
builds up to supralithostatic values, allowing flats to open up in the com-
pressive stress regime. The fault rernains sealed at this stage.

Seephogenie Fault Failure. Once fluid pressure exceeds the litho-
static load. accumulatate shear stress may trigger failure on the fault near
the base of the seismogenic zone in accordance with the reactivation
criterion (equation 2 or 3), nucleating an earthquake rupture that propa-
gates largely updip to the surface and creates extensive fracture permeabil-
its: (Fig. 2 Shear stress along the fault is substantially reduced. and so the
Jevtatoric stress state bacomes very low.

Postfailure Deteharge. Under this Iow deviatoric stress, drainage
of the geopressured Ralel reservoir at depth occurs along the rupture zone
and associated sabsediary fractures. The abrupt drop in fluid pressure
tossard hydrosmac salues triggers mineral deposidon in the fracture net-

the bas,eeh thesseismogenie acre and na Tareer, lemicular ride
Consbarbon svit massiern

suggestS that the dbeharee is ;o deerease progressively through th,
aftershoek phase, perhaps byer a period of several months.

Self-Sealine. Hydrothermal deposition durine discharge seals frae-
tures and destroys permeability along the rupture zone, perhaps preventam
a total pressure drop to hydrostatic salues.

Repetition of Cycle. Fluid pressure and shear stress rebuild, and the
cycl e repeat.s.

On the assumption that the slip increment accompanying each failure
episode is about 1 m sa reasonable value for an —5,47 rupture transecting
the upper crust), a total displacement of a fesv hundred metres across the
fault system would involve 102-103 episodes of fluid-pressure accumula-
tion and discharge.

Seismological Considerations
The existence of htgh burd pressures and low deviatorrc shressin the

area of rupture nudeabon has wide-ranging implications for seismic souree
theory and for potential precursory behavior before large ruptures in com-
parable tectonic settings. Recognition of rupture triggering after fluid-
pressure accumulation also ralses seseral important questions. What is the
degree of couphng betsveen the buadap of fluid pressuse and sheas stress at
the base of the seismogenic zone? How commonplace isjaulr-tulee behav-
ior? Is there any evidenee that it occurs today? One possible example is the
massive surface diseharge following the NI 7.6 Kern Coumy. California.
earthquake of 1952. This major event, involving lefreverse oblique slip
on a steeply (-652) dipping fault (Gutenberg, 1955), was followed by the
effusion of —107 m71of water in the vicinity of the rupture trace over a
pehod of two months (Briggs and Troxell, 1955: Sibson, 1981).

MINERAL DEPOSITION FROM FLUID-PRESSURE
FLUCTUATIONS

The difference betWeen lithoshatie and hydrostabe fluid bressures
increases downward at -170 bar/km. and so the polennal pressure bne-
tuations eaused by this mechanism at around 10 km depth are large, even
if the pressure drop is only partial. Abrup; reductions in fluid pressure mas
have a dramabc effee; en :he aqueous sokb;Imy ei quarhe (Wa!ther ara
Heigeson, 1977) and an.t Itkeb to May a major role :n mMeral precipna-
bon Melgeson ana Lichtner, 1987).

FluidanelusSon studius from the C•Cli-g11;:::17
be m:nerabeing faad ssas :02-heurma

Inducea e,siree er .ar
in finia bressure tish<seerns be ar: non emb;

eLSCrg SI ON

T;ME
Figure 4. Inferred fluid-pressure fluctuations induced by valve andpump mechan)sms in relation to successive earthquake rupturing epi-sodes (E0). Ph and P1 represent hydrostatic and lithostatic fluid pres-sures. respectively. Top curve relates to mesotherrnal environment ofgold-quartz lodes al base of seisrnogenic regime; bottom curve relatesto pressure regime in vicinity of dilational fault jog.

Hhosrea sneur essm,-
;gh-anele ret...TS2


Cal..i5h:2
;h:o. rrrtate non2Fill d2p0:110n. e

fluetuabons irs the L'enzi'SLSof bnesedep: —
its. b u; have eenerally found neeessary to msoske radical sssitehes in
stabc smess reg:mes assoun; for Me different sein sehs (Kerboh

sinson, 197;S:Riag ana hishmsmedt, 1981; Kerrich, 1"986). The fralfrafo,

model must be regarded hs prebminary; careful consideration of different
lode-gold deposits may makC i; possible to build a more comprehens:ve
pieture of thellnked fa,am.une systems ana the process of maneralizarion a;
differen; erustal evvh For examMe. ;he presenee er absenee of flats adja-
cen; to fault veins may depend arft.; pr:letnar sfruetiiral le‘el exposed by
erosion and minang.
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High-angle reverse faults eapping regions of active emstal shortening

and metamorphism provide the optimum setting lor latiU-vake behavior,

capable of giving rise to the largest fluctuations in fluid pressure. However,

other unfavorably oriented fault structures may also induce fluid-pressure

fluctuations ot lesser extent. A sertisal stoke-slip fauh at a high angle to GI

in a transpressive regime would he one example. 1n all such cIrcumstances,

ene would expect a combination of discharge fault veins and prefailure

extension veins in the oi /oL, plane.

One may compare the anticipmed effects of the fluth-vahe rnodel

(Fisc. 4) with the sucuon pump effect of earthquake ruptures within the

seismogenic regime (Sibson, 1987). In this latter situation, slip transfer

across dilational fault togs dunng rupture propahation eausesabrupt drops

ut fluid pressure below ambient (11,drostatie?1 values, trighering boiling

and rnineral deposition in the epitherntal environment. The important

point is that although the pump and valw mechanisms differ in detail, both

depend on dynamic effects associated with earthquake faulting. The ob-

sesved structutal relations are inconsistent tsith a staIRe stress state.
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GEOLOGIE DE LA MINE D'OR LAC SHOR1T

Domlnlque Ouirion

Minnova Inc.,


DMslon Exploratlon Chapais,

Ouebec

INTRODUC110N

La mlne Lac Shortt, une dMslon de MInnova
Inc., exploite un gisement d'or å Waswanipi (Ouåbec).
La mine est localisée å 120 km au sud-ouest de
Chibougarnau soit å 450 km au nord de Montråal. Une
route de gravier de 12 km de long relle la propriåtå å la
route provinclale 113.

La plupart des Indices aurIferes de la région
montrent une associatIon spatlale avec des failles
d'orientatIon E å NE (Brissonet Guha 1989b). A la mine
Lac Shortt, la zone mlnéralisåe principale est form6e
d'une mylontte situtie dans l'éponte Infårleured'une faille
rågionale orientée ENE appelée faille Lac Shortt.
Toutefois, le gisement constitue un cas particulierde par
sa filiation avec un complexe alcalin å carbonattte et
syéntte.

HISTORICUE ET PRODUCTION

L'histoire de la decouverte du gisement Lac
Shortt remonte å 1950cli McWattersGold MinesUrntted,

la recherche de nickel, a fore l'anornalie magnetique
situee dans l'eponte inferieuredu gisernent. Par la
±verses compagnies se sort succedees dans
3;:p13r3tjon, tie la structure pour son potentiel aunfare.

Ennovembre 934, La Corporation FalconbrldgeCapper
cabuta l'exploitation scuterraine du dépôt. La mine est
decuis 1966une division de Minnova Inc., le successeur
da Corporation FaloonbridgeCcpper et le production est
ee l'ordre da 1320 par jour

Le olsomen: est connu jusqu'au nivea 600 et
actuellement, 2 zones sont en exploitation. La Zone
Principale est constituée d'une mylonite å fragrnents de
syén[te dans une matrice carbonatåe et fåriltIsåeavec
pyrtte et hematite et la Veine Sud qui lui est subsidIaire,
comprend des veines de quartz injectées dans un
cisaillernent mineur. La méthode d'explottation dans les
niveat.wcsuperieurs est par chantiers longs trous tandis


que sous le nlveau 500, on utilise la méthode AVOCA.
Le gisement a fouml å ce jour 1,882,845t de minerai å
une teneur moyenne de 4,93 g/t Au. Les réserves au
ler janvier 1990 åtaient de 885,219 t å une teneur de
4.82 g/t Au et la production totale de la mlne Lac Shortt

ce moment åtait de 270,255 oz tr (9,266 kg) d'or
(Coulombe, 1990).

GEOLOGIE LOCALE

Cadre lithologique

La stratigraphie de la région du lac Shortt
comprend les Formationsd'Obatogamau et du Ruisseau
Dalime, lesquelles sont corrélåes avec les reches de la
base du Groupe de Roy reconnues dans le district de
Chibougamau (Sharrnaet Gobeil, 1987). Sur la propriete
Lac Shortt, les failles Lamarck, Lac Shortt (Mica Vert
Principal) et le Mica Vert du Sud marquent les frontibres
de 4 secteurs caracterisés par des ensembles
Itthologiques distincts (Pig. 53.1).

Se.cteur 1


Lesecteur czmprend oes rctnes
Oes Chutes de l'Estdrgeon (Lamothe, 1553). Lsa
pyrox6n[tes et les gabbros &.ft‘re:-..(-Ås sont sssoos
des niveaux mineurs de volcanociastites 1.)asalta.

Oette unite est tronquee au sud par la falle Lamarck quE
ast definie par une bandede schlste chlortts. calcIte el
3Ah2,iite

3crteur 2

Las.aduencede tut homogene oui
reposa au sud de la faille Lamarck constitue l'eponte
suptieure de la faille Lac Shortt. De compositIon
intemiedlaire, le tuf appartenant à la Formation du
RuisseauDalime, est å fragments ilthiques volcaniques
dans une matrice feldspathique et chlortteuse. On
observe une déformation progressivede la roche

6.

4

t.
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Figure 56.1. Géologie de la propriêté Lac Shortt. Les failles Lamarck, Lac Shortt et e Mica Vert du Sud
divisent le terrttolre en 4 secteurs distIncts.
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pyroclastlqueen s'approchantdes deux failleset dans
le cas de la failleLacShortt,la texturede la rochevarie
de protomylonitlqueå ultramylonitiqueau coeurdu MIca
Vert Principal.

Secteur3

Le secteur 3 est directernentassocib å la
minbralisatIonaurtfbre. Lessous-secteurs3A,38 et 30
constituentrespectivementles portionsouest,centreet
est du terrItolresitubentreles2 failleså micavert.

Sous-secteur 3A

Le sous-secteur3A est peu connupulsqu'ilest
en partle recouvert par les eaux du lac Shortt. Il
comprenddesrochesvolcaniquesrnafiquesincluantdes
gabbros,des basalteset des tufs.

Sous-secteur 3B

Le sous-secteur3B hate de la mlnérallsation
aurifbreet de l'intrusionde carbonatite,estforméd'ouest
en estde tuf intermbdialre,de gabbromagnétlqueet de
basalte. La massegabbrotquequiconstttuele protolite
du glsement,est grossiårementorientéenord-sudavec
un pendageverticalå fortversl'est.

Lesrochesdu sous-secteur38 sontinjectéesde
dykesde syéritteet de carbonatiteetellessontfbnttIsées
(altérationsodi-potasslque).On retrouvedes syénites
dans la masse principalede carbonatttedont elles
constituent prbs de 20%, sous la forme de dykes
satellttes,au seln de zones altérbesde facon intense
(ultrafénites)et sousl'aspectde clastesdanslamylonite
aurffbrede laZonePrincipale.Lessyénitesetultrafånftes
du Lac Shorttsont hématisées ce qui leur confbre une
couleur rouge.

Sous-secteur 3C

Le sous-secteur 30 est formb d'une sårie de
coulées basattiques coussinåes ou massives et de
gabbro associés. On y retrouve, en plus, des
intercalations mineures de volcanoclastfte. Les roches
de l'est du secteur 3 sont gånåralement peu altéråes et
elles présentent une polarfté vers l'est.

Becteur 4

Le secteur 4 est sSparédu domalne de la mine
(secteur 3) par une seconde faille å mica vert, le Mica

Vertdu Sud,quipossbdeuneorientationde 055•E avec
un pendagede prbsde 80* versle sud. La structureest
anastomosbeet matbriallsbeparun schlsteå sériciteet
dolomtteavec des traces de fuchsite. Au sud de la
proprIété,on observeuneunttbdetuf polygbniquede la
Formationdu RuIsseauDalimeparticulibrede par son
contenuenfragmentsaccessoiresde chertetde sulfure
(pyrite).LadImensiondes dbbrIsvarledes cendresaux
blocsmétriquesdetrltrbspauvre.Lemodblede genbse
proposåpour ce tuf tivoquela destructionde matbriel
volcaniquefelslquepar mécanismeexplosif (Brisson,
1989a). Des critbres sbdimentaireset la taille des
fragmentsIndlquentun milieude dbpositionproximalet
une polarttéversle sud.

Géochimie

Au total, 48 échantIllons de roches
représentatIvesdesdifférentssecteursde lapropriétéont
étb analyséspour les bibmentsmajeurs,le CO2 et le
zirconium(Tableau1). Legraphiquealcalisversussilice
Indlqueque les rochesanalysbessontsousalcalineså
l'exceptiondes lithologiesassociéeså la carbonatite
(sous-secteur38), lesquellesse sttuentdans le champ
alcalln(Fig.58.2a).

R hes ub-alcalines

Les tufs de la Formationdu RuisseauDalime
bchantillonnésdanslessecteurs2 et 4 sesttuentdansle
champ calco-alcalindu diagrarnmeAFM (Fig.513.2b).
Pour sa part, le Complexedes Chutesde l'Esturgeon
(secteur 1) présente une signature tholéfttique
particulibrement appatIvrie en alcalis. Les roches sub-
alcalines situåes entre les 2 failles å mica vert
(sous-secteurs 3A et 30) entrent ågalernent dans le
champ tholåirtique suggårant une filiation avec la
Formation d'Obatogarnau. La pråsence dans l'éponte
infårieure du gisement cB havea glornempristauxds
plagioclase typique de i'Obatogarnau appuie cette
zonclusion.

Roches ahcalines

Les tufs, les gabbros et les basaltes alcalins du
sous-secteur 3B sont caractårisås par un rapport
Na20/K20 > 1 (Fig. 58.3). Les syånites et ultraférittes
du lac Shorttont un contenuen alcahisde l'ordrede
12%avec un rapport K20/Na20 blevéde prbsde 13 ce
quI les dIstinguede la sybnitedu lac Opawlcadont le
contenumoyenen alcalisest d'envIron10% et le ratlo
K20/Na20 de 0.30 (Fig.5B.3). Lessyénttesassociées



Tabteau 1: Analyses géochlmlques des roches volcanigues provenant des différents secteurs de la propriété
Lac Shortt; analyses par spectrographie cd (élémentsmajeurs), par fluorescencex (Zr) et par colorimétrie
(002).
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moyenne selon Le Maitre, 1976; Syénte OpaPAikPad'apres une moyenne de 21 sy42n[testir de Averin pp1989.

'`.3a:PPE-Las Shortt sort geochimiquement anormales par
Troport å la rnoyenne des syånites qui selon Le Maltre
1976), pr4sente un contenu en alcaJis de 10% avec des

quantftås sensiblement ågales de Na20 et K,0 (ratio
SPC20/Na20_1). Sur la propriété lac Shortt, le-contenu
particulierernent ålevå en K20 des syénites est imputable
au phånomene de fånitisation qui a accompagnå la mise
en place de la carbonatte.

Mineralisationaurifere

Le coeur de la Zone Principale est constituå

d'une rnylonte å fragments de syånite boudinås et
cataclasésdans une matrice carbonate, hématis6e,
fénitis&eet pyrttise. Le gisernenta êté forrné par
remplacement dans une zone de déformatjon
tragile-ductile,du gabbroalcalinmagnétiqueinject6de
sykilte. Le minerairenfermedesquantftésvariablesde
microcline(35-75%),dolornite(10-50%)et pyrite(1-15%)
avecde laskicite, hernattteet fluoritemineures(Cormier
et at, 1984). La teneur en or du mineral est
proportionnelleâ la quantftéde sulfurepulsquele métal
précleuxest rnajoritairementsousformede grainsde la
taillede 8 micronsen moyenne,accolésä la pyrte ou
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locallses dans des mIcro-fractures å l'Intérleur de cette
dernibre. La pyrfte aurffere s'est développee au détriment
de la magnétite prlmalre contenue dans la roche
gabbrorque hete de la mlnerallsation (Morasse 1988,
page 87). Dans la Velne Sud, le quartz est sterfle et l'or
est assoclé å la pydte dans le halo d'altératIon.

Dans l'ensemble, le gisement a une forme
tabulalre continue avec une dimension verdcale
Indeterminée (Flg. 513.4). La zone minerallsee a une
epalsseur moyenne de 5.5 m dans les niveaux superieurs
avec une largeur de prås de 300 m tandis qu'en
profondeur, sa largeur dImInue et elle s'épalssIt par
anastomose. Vue en section, la mylonfte aunfåre tend å
se détacher graduellement du MIca Vert Princlpal sous
le niveau 500. En plan, le gisement est borde å l'ouest
par une unité de tuf tandls qu'å l'est, le contact avec le
basalte marque la limite de la zone mineralisée qui vient
se buter sur la faille Lac Shortt (Fig. 58.5). Au dessus
du nlveau 500, la largeur du gisement est contrdlee par
la présence, dans l'épante Inferieure, d'une Intrusion
gabbroique divisée en 2 branches princIpales (Fig.
513.5a). La branche ouest du gabbro se pince sous le
niveau 500 ce qul expllque la dimlnution de la largeur du
gisement en profondeur.

Atterations

Dans les tufs intermediaires qui constftuent les
secteurs 2 et 4 on observe, surimposée å l'assemblage
metamorphique å séricite calcfte epldote, une
augmentation progressive du contenu en sericfte et
carbonate en s'approchant des failles å mica vert. Dans
l'eponte inferieure de la faille Lac Shortt (sous- secteur
39) les structures aurfféres ont un halo d'altération visible
qui varie de 10 cm dans les structures secondaires å 40
rn d'epais dans la Zone Principale. Les types d'altération
associés å la mineralisation sont la carbonatisation, la
fenftisation et !a pyritisation. La silicification est une
E:CfraUcr. Veine Sud.

Det-ty 380tC.T..E e ro:h25 de l'écente inferiejm
I'alteration pctassique varie graduellement de ia

roche mafique fratche en apparence å la syenite
(uItrafenfte) ont ete ecnantillonnées et analysées (Tableau
t). L'altération est marquee par un enrichissement en
3102. A203 et K20 et par une diminution en T102, Mg0,
CaO, Na20 et Feo tot. Le graphique Na20 versus K20
permet de visualiser l'effet de la fénitisation du gabbro et
du tuf alcalin (Fig. 58.3). Avec l'augmentation de
l'alteration potassique, les roches mafiques sodiqUes
dont le rado Na20/K20 est InitIalement superieur å

1
Figure 58.4 Section transverse dans le gsernen: La:
Shortt. Zone Principale: section 5325E; Veine Sud:
section composite 5350 a 5400 E.

voient ce rapport diminuer jusqu'a ce que la quantite de
K20 devienne superieure å la quantite de Na20. A1 la
limfte, les ultrafénites atteignent une composition et un
aspect identiques å ceux des syénftes echantillonnees au
coeur de la masse principale de carbonatite ou dans les
dykes satellftes. L'etude de la fenitIsation des roches au
lac Shortt par ajout de potasslum est toutefols
Incomp4bte pulsqu'elle ne rend pas compte du transfert
du sodium qui accompagne generalement ce
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Gêccie des nrvaajx & 53 et 703 2 Lac Short...

Jabitisatbr das crstat..:x de plagbclase
sans la gabbro rnagntique hete de la min&alisat'.on
(Morasse, 1988) sugabre que l'affinite alcaline sodique
s'es maftes du sous -secteur 33 est imputable ä un
p.-ocessus måtascrnatique piutet que primaire.
Lalbitisation å grande åchelle est associ6e å un ajout
i'amphibde sodique, la rnagnésio-advedsonfte
(Morasse, 1988) en bordure de la carbonatfte. On
retrouve,surirnposéeså ce måtasomatismesodique,des
plages locales d'altération potasslque jumelees å une
håmatisationvlsible ayant amené la roche maflque vers
unecornpositionsyenftiqueanormalementåleveeenK20.

La restrhotion da a fk)fisat'.on a raist.c.,3
éponte inferieure du Mica Vert Principal, son associat:on

spatiale avec la mylonite aurifere et le fait que les
sy6nites ou fanites observees dans les épontes de la
Zone Principale sont aurfferes indiquent que l'intrusicn
alcaline est la source la plus probable des fluides
rninåralisants. Dans ce con texte, les zones de
cisaillement agissent å la faoon de soupapes en
favorisant la mIgration, par pulsations, des fluides
hydrothermaux (SibsonetaJ.,1975). La mylonfteaudfbre
constitue la zone de d&formation vers laquelle les
solutions hydrothermales réactives riches en H20, CO2
ot alcalis issusde la carbonatiteauraientåtå canallsks.
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Le protofithe gabbrorque de la mylonrtea servide pibge
structural de par sa compåtence, et de plese chlmique
par réductIon de la magnétrteet prådpitation de l'or avec
la pyrite.

Geologle structurale

La faille Lac Shortt, le Mica Vert du Sud et la
mylonjte de la Zone Principaleconstrtuent les accidents
structurala rnajeursassociéså la minéralisatIonaurrfbre.
Les deux failles å mIca vert résultent de la d8formatIon
ductIle des tufs de compositIon Intermédlairesitués de
part et d'autre des structures et leur slmilarrtåsuggbre
qu'elles font partie d'une merne dynarnIque globale.
Dans le cas de la Zone Principale, le protolithe est un
gabbro compétent injectå de syénitequi a plutet réagi å
la dåformation de facon fragile ductile en développant
une texture mylonitique.

Les éléments structuraux secondaires
comprennent la Veine Sud, les micro-fractures de
tension stårilesremplies d'albiteetde quartzconcentrées
dans la zone minåralisée et les failles subsidialres. Ces
demibres, orientåes N å NNE font un angle de 0 a 45*
avec la Zone Principale sur laquelle elles vlennent se
greffer (Fig. 5B.5).

La Zone Princlpale pråsenteune texture interne
irrågulibre et une nature anastomoséeautant å l'échelle
de la mine qu'en microscopie. Plusieurs familles de
foliations se sont développées dans la matrice de la
mylonite avec une orientation qui varie de ENE å
franchement EW avec un pendage de 63. å 80. vers le
sard.

c'es g...nrekamsst ced de cJartz USrs
L'esre uCoue la sUic ä ét tår21cmss'.

la formation des syerif;e::
L.ist;cduction ds sikso !s: '

'EY'EjbEILE:ErP.3M, posterieu.2 E:

en conter..-, Va:z..ys3 sT •
permet da ocsien:rner

"le re Principals. ne S.3",EicE12 • '

\ 2.±.E sinscrh cans "ErEn'-'"J

cisaWemsst cohuguåes disposes en khelon,
shentåes 5 045../85. et 225./85.. Lenveloppe
d'atération de la Veine Sud a une largeur moyenne do

m et eile est sub-verticale (ng. 5B 4). La partie Interne
dc Ia structure est Injectee de velnes de qucaz cisaillees
Egalemcni: chsposees en eche!on. Uno fcliatIcn 


sub-verticaleorientéeå 217. etdes lineatIonsd'etlrement
plongeant å environ 60• vers le SW suggerent un
mouvementoblIquelnverseavecunecornposantedextre
sous l'Influence d'une contrainte princlpale maxlmum
sub-horizontale orientåe NW-SE (307.). Cette
dynamlque, lorsqu'étendue å l'ensemble de la mlne,
Irnplique un mouvement du måme type au sein des
failles å mica vert. Dans le modble proposå å la figure
56.6, la Zone Principale est sub-parallble au champ
d'aplatIssement maximalde l'ellipsorde de la déformåe
ce qul est en accord avec le boudInage des dykes de
syånite et la présence de veinules de tenslon
subhortzontalesdans la myionite. Dans ce contexte, les
failles subsidiaires sont assimilées des Riedels
senestresde type antithétique.

La cinématique inverse dextre proposée est
compatible avec les mouvements les plus récents du
Mica Vert Principal dåduits des fabriques CS, des plis
d'entratnement et des gradins de stries (Boisvert, 1986

et Morasse, 1988). Cependant, des mouvements
secondairescontradictolres,de type normal-senestreont
ågalement étê reconnus (Boisvert, Ibid.) mettant en
åvidence la complexité de l'histoire de la déformation
dans la faille Lac Shortt.

CARBONATITE

La carbonatte est localisee dans l'aponte
inférieurede la faille Lac Shortt, ä environ 250 m au SW
de la mIne (Fig. 56 1). D'une superficie approximative
de 300 m x 500 m, la carbonailte, de type sovite, est
rnajoritairernent consatuee de caIcite ä laquene es; aff:Uée
environ 20% de synfts. Les rcches avoissantes ant
sudi une f&Itisaton des rochns asocciAes aLs:
oasbenatttes EHes senT de pen reccupes pa: -
nomoreLo: dykes de ca:Ocrate e s t`Ht..3 EfT,"" '

nsidtore tft.: ;rrkcii?rc;
SE...E5

„

jies dan s anta, tEEIE, texture rsylas.00ie
s i.\,seopp'ee cr1 b:reura ncEd 03 'rntru.son
aefomiatio.C.E.4-ye's ces dykes de
c 2 syérfrts dass myonfte aurjåre tr.iigrr;teena
m:se en place sytectonique du cornplexe aeaijs. Des
cre.res texturauy:tak prtsense de roches hyb(des et
dedykes brrodals e carbonaifte et syéntte indiquent cue
les 2 ktholactes sont cornagmatiques. Des prafils de
terres rares comparablso dans leur enrichissement
parficulier er terres rares intermédiaires Nd å Tb)
appuient cete..econcuseir (Osbleau2 et FiG.
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Figure 513.6.Analyse des elements structuraux å la mine L.acShortt.
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Agure 53.7 Patrons des terres rares moyens pour la sy6rirte (a), la carbonatite (b) et sol r6sIduel (c) du Lac

Shortt. Norrnalisations d'aprbs un composb de 9 chondrites (Haskin et Frey, 1968). Champs des carbonalltes

et des roches alcalines d'aprbs Moller et al., 1980.
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Palosurface

Figure 5B.8. Représentation schérnatique [d6,alistie d'une zone de cisalllement aunfbre. Velnes brechiques (A),
veine de cisaillernent (B), veines de tenslon (C), faifle Riedel (0), foliation (E), boudinage (F), anastomose (C),
veine de rempacernent (H), (modtflå de Slbson et ab, 1988).
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Tableau 2: Concentration en 61érnentstraces et terres rares de la syênite, de la carbonat;ceet du sol résiduel
du lac Shortt; analyses par actiyation neutronique.
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Dautres travaux sur ce probibme sont présentementen
COUrS.

La carbonaffte du Lac Shortt est constItu4e å
90% de calcite rose. Les mlnérauxaccessolressont les
micas, la magnétlte, le feldspath potasslque, l'apaffte,
l'aegyrIne et l'amphlbole bleue. Les mlnéraux traces
Identffith sont le zIrcon, la fluorlte, la baryffte,la cålestfte,
la magno-columbtte (Prud'homme, communIcation
personnelle) et les mInBralacde terres rares solent la
monaztte, un phosphate assoclå å et la
bastnaésIte,un carbonate exsuolvåpar la calcItelors de
son refroldtssement La teneur en lanthankles de la
carbonatfte est de l'ordre de 0.5% (Tableau2). Avec un
contenu en lanthane de prbs de 3000 x chondrIte et un
rapport La/Lu d'environ 1300, la carbonatite du Lac
Shortt pråsente le patron de terres raresfortement pentå
typique des roches alcalines (Fig. 513.7).

La rnåtéorlsatIonde la carbonatIteau Tertlairea
causé l'effondrement du complexe alcalln et la créatIon
d'une fosse de mort-terraln d'au moins 200 m de
profondeur sous le lac Shortt. Un trou de sondageforå
dans la fosse a Intersectå un sol résIduel de 13.7 m
d'épals å l'Interface entre le drift glacialre et une syérilte
karstlque (Cuirion, 1989). Le sol résiduelest une brbche
de phosphorite å francolite zonée avec un saprolite
(fenicrbte) å la base et une latårtte(silicrbte)au sommet.
Le paléosol renferme en moyenne 1.5%de terres rares
+ Y. Les rninåraux de terres rares dentifiés sont la
monaztte et la francolfte, une apatite secondaire. Le
paléosol a une teneur en lanthanecorrespondant å plus
de 10000 x chondrite et un rapport La/Lu de prbs de
1300. Le patron des terres rares normalisé du sol
råsiduel térnoigne de l'enrichissernent supergbne de la
roche-mere, lci la carbonatIte, par un facteur de l'ordre
de 3. Le sol résiduel du lac Shortt se caractårise par un
oonteriu avantageux en terres rares intermådiaires,


prInclpalementl'europlum, lesquellesconstituentprbs de
5% des terres rares en présence.

DISCUSSION

LadéposItIonde matérielpyroclastlqueproxlmal
au sud de la mlne Lac Shortt est llée å rådffication de
centres volcanlques calco-alcalins (FormatIon du
Rulsseau Dalime) au dessus de laves tholéittlques
(FormatIond'Obatogamau). Danscet environnement,la
faHleLac Shortt et le MicaVert du Sud ont pu constituer
des failles de crolssance comparables aux structures
anclennesdécrItes par Dirnrothet al. (1983)au sud de la
ceInture de Selon cette optique, les fallles
mica vert Inverseså fort pendage qui sont aujourd'hui le
slege d'une carbonatation et d'une foliation Intenses
tårnolgnent d'une évolution structurale plus complexe.
L'ultIme mouvement oblique inverse-dextre que l'on a
dédult des fabriques observéesdans la faille Lac Shortt
ne seraft que le reflet de la phase de compression finale
de l'orogenbse kénoråenne.

CONCLUSION

Le glsement Lac Shortt se sttue dans la portion
fragile ductile d'un cisaillement aurifbre typique dont le
mcdble a åtådéveloppåparSibson(1977)et Sibson etal.
(1988) (Fig. 58.8). La Zone Principalea åtå forrnée par
mylonitisation et remplacement du gabbro magnétique
compåtent localisådansl'éponte infårieurede la faille Lac
Shortt. La minåralisationestassociéeå la fånttisationqui
a accompagnå la mise en placede la carbonatIteau sein
d'un domaine volcanique tectoniquement actif contr91å
par les detz<failles å mica vert. L'augmentation des
effets de la déformation ductile liåe å la migration des
fluides minåralisants par dfffusion en profondeur est
responsable de l'épaississementet de la d,!ution de la
zone d'altåratbn na- anastomosesous le n.,eau 500.
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