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ABSTRACT

NordreGruvein the Folldaldistrict,is locatedat approx-
imately6209'N.latitudeand 102E.longitudein theHedmarkPylke.
Theminingof copper,zinc,and sulfurfrompyriticoresbegan205
years ago in the areaand alonefromNordreGruvehas yeildedup

7 until 1957,1.1metrictonsof raw ore. Sincethenit has produced
about65 thousandtonsof raw oreper year. Theminehas beende-
velopedfor about420 metersalonga strikeN.42°E.andto a depth
of 510 meters. Theore bodydips 380N.in thewesternpart andbe-
tween45-50°N.in the easternpart;the zoneplunges450N.E. The
averagethicknessof theore is 1.66meters.

The district,geologically,is locatedin the southwestern
part of the Trondheimregionnear the Sparagmiteboundarywhile
NordreGruvecanbe consideredto rest in the southwestlimbof a
northeasterlyplungingsynclinecomposedof schistsmetamorphosed
to quartz-albite-epidote-almandinesubfaciesto thegreenschist
facieswhichhavebeententativelyassignedto a stratigraphysim-
ilar to that of theH0londa-HorgDistrict. The rockunitswhich
were mappedare;undifferentiatedschists(composedof an assemb-
lage of sixdominantminerals;quartz,chlorite,cflcite,biotite,
epidote,andhornblende),quartziticschists,hornblende-quartz
schists,trondhjemite(albite-quartz-garnetgneiss),anddebris
coveringoutcrops.The trendof therocksis N.50E.dipping40-
80°N.W.containingtwo trendsof minorfolding.

The gangueconsistsof individualmineralgrainsand aggre-
fates of quartz,feldspar,andchloritelensesidisturbedand fold-
ed undifferentiatedand quartziticschistpartings;and angular
fragmentsof calcite. Theganguemineralshaveexactlythe same
characteristicsas theydo in the countryrocks.

The oremineralsarepyrite,pyrrhotite,sphalerita,chalco-
pyrite,galena,cubanite,molybdenite,arsenopyrite,anofahlerts.

Thereare threetypesof bandingpresentin the ore mag-




netitebanding,(2)one causedby a changein pyritegrainsize,
and (3)bandingdue to a changein ore to gangueratio. Pyrite
in some casescontains"inclusions"of otherore andganguemin-
eralsand alsoexhibitsa cataclasticseriesof texturesranging
from fracturedcrystalsto thosewithpiecesof crystals"floating"
in matrixsulfides.It is alsoelongated,probablyparallelto
the foliation.At somelocalitiesa veryfine-grained,non-recry-
stallizedpyritewas observed.

Trendsin oremineralvariationacrossthe thicknessof ore
were observed. Pyritein percentagedecreasesfromhangingwall
to footwallwhilepyrrhotiteis concentratedon thefootwall

and chalcopyriteon thehangingwall. Bothsphaleriteandgalena
are more concentratedtowardthewalls. Contouredverticalpro-
filesof assaydata showtrendsin high areasof Cu,Zn,andS
hich correspondto thedirectionsof minorfolding.

The originaloriginof the oredepositis uncertain,but if
it is epigeneticrelatedto the trondhjemiteor if it is sedimen-
tary,the structuraland texturalcharacteristicsof the ore.must
have been inheritedfromprocessesof regionalmetamorphism.Var-
ious sulfidegeothermometersSivetemperaturesof crystallization
which are consistentwith thehighestpossibletemperatureof meta-
morphism.
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In the Folldalregion there are five mines; the old mine

or Folldal HovedgruvelNordre Gjettryggen,Sirindregruve,Ny-

gruve, and Grimsdalsgruve. Nygruve and Grimsdalsgruveare on

the west side of the village of Folldal,while the othersare

to the east. This mining region has been in operationfor

205 years. The mining which began in 1748 at FolldalHoved-

gruve for copper lasted until 1878. The total productionin

this period was 250,000metric tons of ore, yielding3500

metric tons of copper. In 1907, the mining of pyrite for

sulfur recoverywas begun after the English company,The

Folldal Copper and Sulphur Co. Ltd, who had become ownersin

1904, had establisheda cable car to the Alvdal railroad

station. In 1938, FolldalsverkA/S took over the concession

and in 1959 joinedwith A/S Borregård. More detailedhistory

of the old mine can be found in FolldalVerk gjennom200 år.

Nordre Gruve was discoveredin 1917 and was put into

production by 1935. In the same period, a flotationplant

was built in Folldal. From this plant come three concen-

trates; pyrite, copper,and zinc. Up until 1957,Nordre Gruve

had produced 1.1 millionmetric tons of raw ore yieldingapprox-

imately 11,000metric tons of copper,33,000metrictons of

zinc, and 330,000metric tons of sulfur. Since then, the

mine has been producing65 thousandmetric tons of raw ore per
if l; •/,

year. All of the ore has been mined by shrinkagestoping. Levels

1-3 were served in the past by the old shaftwhich is now part of

the ventilationsystem. Levels 6-13 are accessibleby the

karie Louise Shaft as well as the 250 Shaft (SeeFlates 1 and 2).

a,p4tr,
1-13 are servicedby the main haulage shaft or 250 Shaft. tevels
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The ore is crushedon Level 6 by a sranecrusherbefore being

hoisted to the surfaceand taken by cate cars to the flota-

tion plant in Folldal. More infarmationon the mining en-

gineering can be found in Hjelseth (1957).

n&GIOIL ',JEOLOGY

The Folldal ore deposits are locatedin the southwest-

ern part of the Trondheimregion (Trondheimsfelt),very near

the Sparagmiteboundary and within the garnet zone of meta-

morphism as delineatedby Goldschmidt (1915). The strat-

igraphy and structureof this region are very poorly known.

Some of the earliestwork done in the area is that of K.O.

Bjørlykke (1905)who, in a series of maps includingthe

Folldal area, indicatesthe contactsof granulite,mica

schists, and phyllitetrendingnortheastin alternating

bands ("granulit,glimmerskifer,"and "graalig-fyllit").,

Carstens (1919)who mapped the area to the north and northeast

of the Folldal quadrangle,showedwhat he called eruptiverocks,

probably similarto Bj$rlykkets"granulit",passing throughthe

Fol1dal area. G.Holmsen (1918),in mapping the ore belt in the

Trondheimsfelt,includedthe Folldal area on his map. He shows

(1918, p.171) an anticlinewith a core made up of the RSros

Group and limbs of St$ren-Hovinand Gula Groups plungingnorth-

eastward as the main structureof the FolldalQuadrangle,but

neglected the existenceof the "granulit"that was mapped pre-

viously (See Fig.2). No structuralinterpretationwas made

by Marlow (1935)when he mapped the FolldalcQ,uadrangle,since

he only indicatedareas of outcrop,differentiatedbetween
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of Folldal, one can make a tentativestructuraland question-

able stratigraphicalinterpretationof Marlow's (1935)geo-

logical mapping. This has been done in a cross-sectionpass-

ing through NordreGruve trendingapproximatelynorthwestto

southeast (SeeFig. 3). Certainrock units as indicatedare

taken directly from Marlow'swork, while those in the vicinity

of Nordre Gruve are from the author,ssurfacemapping. Marlow's

phyllite which he tentatively(Marlow,1935,p.14) assignedto

the Rbros Group appearsto be the same unit as Nolmsen (1950)

mapped as the R4ros Group in the TynsetQuadrangle. According

to the stratigraphicalsectionin the HSlonda-HorgDistrict,

(Vogt, 1945,p.459)the StSrenGroup of meta-basaltsinterlayed

with sedimentarybeds is about 2500 meters thick. The series

of undifferentiatedschistsincludechlorite-epidoteschists

with quartz-richlayers,while the other rocks indicatedon

the cross-sectionare quartziticschists,hornblende-quartz

schists, and trondhjemite. This group is approximately2500-

3000 meters thick excludingthe trondhjemite. This suggests

that this series could be assignedto the StSrenGroup, while

Marlow's large area of quartz-micaschistsmight possiblyre-

present part of the Hovin Group in this area of the Trondheims-

felt. The structureof anticlinesand synclinesis taken from

Marlow's map as interpretedby the author from attitudesin-

dicated, except for diP Values near Nordre Gruve which come

from the author'swork. This locatesNordreGruve on the south-

west limb of a syncline,probablyplunging to the northeast,

as part of a broad synclinorium. The extensionof the trond-

hjemite to the northeastis not entirelynecessary.
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Other interpretationsare possible for this structural

arrangement. One could interpretthe trondhjemiteas having

discordant contacts,an uncommon phenomenafor this partic-

ular type of rock in the Caledonides,which mtght add another

anticline to the picture (SeeFig. 4). The authorprefers

the first interpretation.

PETROLCGYAND SURFACEGEOLOGY OF
NORDRE GRUVE

An area of approximately4 kilometersby 3 kilometers

around Nordre Gruve was mapped on a topographicalbase map,

prepared by the mine, having an originalscale of 1;l0,000.

At the time no aerialphotographswere availablebut have

since been obtained. The map (Fig.5)is basicallythe one

mapped on the topographicbase with slight adjustmentsfor

locationmade from the photographs. Aerial photographic

covera5e (scale:1:20,000)of the region from slightlywest

of Folldalsverkto the easternend of Gjettryggenbetween

the Folla River and Gr/Snkowas also studiedfor major struc-

tural trends. Five differentrock units were differentiated

in the field. From south to north they are: undifferentiated

schiots, quartziticschists,hornblende-quartzschists,

trondhjemite,and Pleistoceneand Recent cover.

In generallmegascopically,tbe undifferentiated

schists are dark greenich-grayto flack, fine-RTained,

foliated schicts,often characterizedby a phylliticappear-

ance. In the southernportionof the map area, the phyl-

litic type is eSpeciallyprevalant,while in the middle to

northern part of the map area, one finds the same schist

type with carbonateor hornblende-richlayers,areaswith
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rlassyquartz lenses,and sornetimesthin beds of dirty quartzite.

Also there are certainhorizonswhich containabundantgarnets,

with or without much hornblende. Nowherewere pillow structures

or anything ressemblingfilledvesicles observed. The major

minerals composingthe schistare quartz,members of the epidote

group, chlorite,and hornblende. Albite, orthoclase,biotite,

sphene, moscovite,and disseminatedpyrite are the minor consti-

tuents. One modal analysisof the undifferentiatedschistsis

presented in Table 1 to show the variationin compositionof the

rock. For more analyses,the reader is refered to Table 8, p.29.

Table 1: ioda1Analysis of UndifferentiatedSchists.
1

:i.uartz 35.5
Albite 4.6
Chlorite 14.3
Biotite 3.4
Hornblende 15.5
Epidote 25.9
Apatite 0.1
Sphene 0.3
OE'eminerals 0.0

1) Quartz-epidote-hornblendeschist,Svenasbekk,
Nordre Gruve.

Microscopically,the schist t composedof larger subhedral

to anhedral crystalsof quartz;sometimesfeldspar,full of

small dusty inclusions;and chloritizedhornblendeset in a

ground mass of micas, quartz, and members of the epidote

In many specimens,there are closelyspaced shear

planes as evidencedby trains of chlorite,biotite,and

probably clinozoisitestretchedout concordantwith the fol-

iation, and by broken or shearedand stretckledfeldspar

crystalswith quartz tails surroundedby micas. These look

like clots and bumps on a hand specimen. In other thin

sections, one notices a bandingof quartz-richlayers alter-
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nating with more mafic layers.

The rock unit, designatedas quartziticschist, is a fol-

iated white to light gray rock composedmainly of subhedral

quartz grainswith minor muscovite,chlorite,epidote,cal-

citet albite,and ore minerals. A modal analysisis presented

in Table 2 along,,theestimatedrange of mineral variation.

Table 2: Modal Analysis of the :„uartziticSchists

1 Range of Composition(vol.%)
Zuartz 79.1 60 - 97
Albite 0.4 0 - 5
Muscovite 2.2 0 - 20
Chlorite tr. 0 - 30
Calcite 14.9 1 - 20
Epidote 1.4 0.5 - 10
Ore minerals 2.0 0 - 3
Accessories




0 - 0.5

1) Zuartz-calcite-muscoviteschist,Svenasbekk,Nordre Gruve.

In some localities,the quartziticschist is entirelygiven over

to glassy quartzbands or lenses,occasionallycontainingdissem-

inated magnetitein bands concordantwith the foliation. The

rock marked Ts on the map is a good example of this (SeeFig.5).

Microscopically,the rock, in some sections,has a banded appear-

ance due to the alternationof layers of quartz grains of differ-

ent sizes. Quartz grains in most sectionsshow some strainedor

wavy extinction.

The hornblendeschists are an easilymapped unit in the

field because of the contrastof dark hornblendeneedles at-

taining, in some cases, 1 centimeterin length,againstthe

light gray groundmassof quartz,chlorite,epidote,and

occasionallygarnet of the almandine-pyropesolid solution

series. Other minor minerals in the rock are muscovite,ortho-

clase, albite,sphene,and in one case probably a spinel. The

reftactive index of the garnetwas 1.802±.002,which probably

puts it into the almandinepyrope series. The hornblendehas
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1.1

The major minerals in the rock are quartz,alhite (An5-9),

hornblendel chlorite,biotite,garnet, and sphene. The refractive

index of this garnet is 1.796t.0021which also puts it into

the pyrope-almandinesolid solutionseries. Each subhedral

to euhedral plagioclaseis full of mica, quartz,and epidote

inclusionsgiving it a sieve texture. The inclusionsare sub-

hedral and unlikemost feldsparalterationphenomenahave

clear, sharp edges under a high power objectivelens. Å few

quartz grains also have similartypes of inclusions. Kone

of the inclusionsare on the edges of the crystals. One pos-

tulated explanationis that the inclusionsrepresentmaterial

from an earlierperiod of seritizationwhich has recrystallized.

Some plagioclasesseem to be composedof patch perthitesand

normal perthites. The quartz shows a granulatedtexturewhich

has been recrystallizedin part as evidencedby the lack of wavy

extinction in the quartzgrains. The members of the epidote

family are crushed and broken;possibly slightlyalteratedto

sericite. Accordingto Johannpsen'sclassificationthe rock is

a sodaclase tonalite (218?)or a sodaclasedacite (218E). This

terminologyimpliesan igneousoriginwhich at this time is

impossibleto prove or disprove. Table 4 presents some mineral

mddal analyses of the rock (Seep.12) .

There are a few references(Lar1ow11935,p.16;Geophysical

Malmleting, 1941;Rjelseth,1961, personal communicatian)to

graphitic schistsin the Folldal area hut none were observed

by the author.
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chlorite on hornblendecrystalsthere is also a suggestionof

retrogressivemetamorphismwhich is also impliedin the amount

of chlorite in the variousmodal analyses. Letamorphismand

shearing movementduring foldinghave destroyedmost of the

structures,textures,and probablyminerals of the original

rocks which makes it difficultto postulateon the premata-

morphic stratigraphy. Still it is possibleto compare aver-

age mineral modal analyseswith those of some from well-

known areas of the Trondhjemsfeitand with variousrock types

from other localities.

In Table 5, the averagemodal mineral analysisof the un-

differentiatedschist and the hornblendeschist is compared

with one given by Vogt for a basalticSttrengreenstonefrom

Lake Benna and with averagemodal analysesof graywackes

calculatedfrom mineralpercentagesgiven by Pettijohn.

Table 5: Comparisonof VariousModal Analysesof
Greenstonesand Graywackeswith Folldal
UndifferentiatedSchists.

1 2 3 4 5 6
'Zuartz 10.90 52.6 35.5 33.1 46.7* tr.
Albite 11.99 tr. 4.6 5.4 16.7u 29.9u
Hornblende 37.20 29.9 15.5 8.6 0.0 10.5
Epidote 22.42 7.7 25.9 8.1 0.0 0.0
Chlorite 14.82 6.2 14.3 25.6 25.0# 46.2#
Piotite 0.00 tr. 3.4 8.5 0.0 0.0
Muscovite 0.00 0.0 0.0 1.0 0.0 0.0
Garnet 0.00 2.3 0.0 0.2 0.0 0.0
Titanite 2.25 0.0 0.0 0.0 0.0 0.0
Pyrite 0.04 1.3 0.3 3.8 0.0 0.0
Apatite 0.26 0.0 0.0 tr. 0.0 0.0
Calcite 0.48 0.0 0.0 9.2 4.6 0.0
Rock fragments 0.00 0.0 0.0 0.0 6.7 13.4

1) PasalticStorenGreenstonel(Vogt,1945, p.446).
2)uartz-hornb1ende-ch1orite schist,Svenasbekk,Folldal.

Zuartz-epidote-hornIgglendeschist,Svenasbekk,Folldal.
Average mode of undifferentiatedschists,17 analyses,
Folldal.
Average of 6 mineral analysesof graywackes,(Fettijohn,
19571 p.304, Table 50, No.A).
Averame of 2 graygackes,(Pettijhhn,1957,p.304,Table50,
No.E.)
*Zuartz includeschert.0Feldspar.#Includessericite.
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It is evident that the schistsaroundWordreGruve do not

contain a very larg'eamount of albite as do normal greenstones

and graywackes. Their mineralogicalcompositionis more like

that expected from calcareousclays metamorphosedto this degree.

Table 6 comparesthe modal mineral analysesof the quartzitic

schist with Vogt's analysisof a StÅren quartz-keratophyrefrom

Sagelva and a silicifiedquartz-keratophyrfrom Lake GiSrtvatn

and an averagemodal analysisof quartzite. It is evident that

the compositionof the quartziticschistsin no way approach

Table 6: Comparisonof Modal Analyses of ¢uartz-
keratophyresand cduartziticSchists.

1 2 3 4 5
,;:duartz 31.55 67.92 79.1 77.3 86.8
Albite 48.75 15.21 0.4 2.6 3.0
Muscovite 15.76 10.99 2.2 8.5 2.3
Diotite 0.45 0.00 tr. 1.9 5.3
Chlorite 1.97 4.63 tr. 0.2 2.3 '
Epidote 0.49 0.00 7.4 3.5




Calcite 0.30 0.41 14.9 4.0




Magnetite 0.51 0.74 0.0 0.0




Titanite 0.45 0.21 0.0 0.0




Fyrite 0.04 0.04 2.0 0.7 tr.
Rutile 0.00 0.04 0.0




Zircon 0.00 0.06 0.0 0.2




Apatite 0.07 0.03 0.0




Hornblende 0100 0.00 0.0 1. 1




Tduartz-keratophyre,(Vogt,1945, p.469).
Silicifiedquartz-keratophyre,(Vogt,1945, p.469).
Quartziticschist,Folldal.
Averagemode of 6 quartziticschists,Folldal.
Averagemode of 4 quartzitesfrom various areas as
determinedby associatesat Mineralogisk-GeologiskMuseum.

that of the quartz-keratophyreor an acid pyroclasticas has

been postulated,but the plagioclase-quartz-garnetgneiss

(trondhjemite)more closely approachesthis composition(See

Table 4, p.12).

All of the foliationof the rocks in the area mapped

strikes aboutN.50°E. and dips between400 and 850 northwest

making fairly constanttrendingbands of schist as indicated

by Bjorlykke (1905) (See Fig.5). There are also two trends
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There are five prospectsbesidesNordre Gruve within the

region mapped, all locatedon the western side of Storhovdet.

These are usually shows of pyrite disseminatedin schists,

sometimeswith magnetite,and occasionallysome chalcopyrite.

They lie on the electromagneticindicationsof the geophysical

survey (1941) and all are nothingmore than pits in the ground.

From the surfaceshowingsone would believe that they are small

local concentrationsof sulfides.

The overallpicturepresentedby the series of schists

seems to indicatethat one has an interfingeringfacies of

sedimentaryrocks, both water-laidtuffs and non volcanicde-

bris mixed in with effusivebasic volcanics. The quartzites

represent periods of relative stability,while the undifferent-

iated schists are manifestationsof more rapid sedimentation

and igneous activity. This mass was depositedin a broad syn-

clinal down-warp,which was later thrust southwestout over

the Sparagmites,at the same time being isoclinallyfolded

with the main fold axes trendingnortheast-southwest.At the

same time the compressiveforces,resultingfrom differential

thrusting on differentblocks, caused the second axes of minor

folding to be at approximAely right anglesto the main ore Dur-

ing fhis time the mass was regionallymetamorphosed. The

time of emplacementor depositionof the trondhjemiteis not

known.

ORS RODY DESCRIPTIONAND STRUCTURE

Although YordreGruve is composed of severaldifferent

ore lenses, the generalizedore zone has a strike lengthof

420 meters and has been developedto a depth of 510 meters

below the surface. The averagethicknessof the ore is 1.66
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meters. The zone strikesN.420E. and dips 380N. in the western

part and closer to 45-500N.in the easternpart. The general-

ized ore zone plunzes about 450 to the northeatt. The ore

body, as thus far exploredby Folldalsverk,is in agreement

with the electromagneticanomalyfound in 1941 (Geophysical

Malmleting, 1941), except that the geophysicalsurvey indic-

ates more ore to the east of where it appearsto pinch out

underground. This extentionof the anomalycould be caused

by zones of pyritic impregnations.

The 30° projectionof Nordre Gruve (SeeFig.6) better il-

lustrates this informationin three dimensions. The pro-

jection is a simplifiedrepresentationof a series of vert-

ical cross-sectionsevery 20 meters along the x-coordinate

which were preparedby the mine. This has removedmany of

the complexitiesof branchingand detailed foldingfrom the

diagram. Also, any structuresbehind the plane of the fore-

most ore lenses are obscured. The geologicmap prasentsa

detailed picture (SeePlates 1 and 2). But neitherthe geo-

logic map nor the projectionshows the zones of disseminated

pyrite and chalcopyritein the/chloriticschistswhich have been

proven in places by diamonddrilling. The schematicdrawing

shows that the ore body is not one continuousmanto or lens

(See Fig. 6) but is insteadcomposed of five separateore

lenses or possiblyonly four, if one considerslenses1 and7

to be interconnected (thenumbers of lensesused here appear

in the figure). To the main and largest lens, in tbe eastern

part of the mine, number 1, are attachedas verticalupward

branching lenses,numbers 2,3, and 5, and poseibly lens 7.

Lens 4 appearsto be unconnectedto lens 1 and lies in

front of the main plane of the ore zone or to the north of
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lens 1. Lens 6 is connectedto lens 7 by a similartype of

branching, and to lens is attach:dthe mnallerone, number

9. The most westerly and first mined lens,number 10 appearsto
and

be separate from the otler lenses,ispiercedby a hole which

is a parting or an area of quartz-micaschists.

Plates 1 and 2 present the geology of the mine of all the

presently exploredLevels (1961)except the easternpart of Level

3 and Levels 4 and 5. This map is compiledfrom the work of

Sandvik (1937)who indicatedore, wall rocks, and faults,

when mapping the western parts of Levels 11 2, and 3; from the

work of Geis (1958,1961)who mapped Levels 7,879,10,and the

eastern part of Level 11; from the up-to-daterecard of located

ore by Folldalsverk;and from the author'smapping of Levels

13,12,6, and the western part of Level 11 and his observations

in the rest of the mine over a three month period. The pre-

vious workers did not map the attitudesof foliation,lineation,

and minor folding and are not responsiblefor the interpretations

of structuresindicatedby the form lines of the map. In the

field to simplifythe problem of the compiliation,the same

three main rock units were used in mapping as were used by the

previous two workers.

Preliminaryto a considerationof folding,a discussion

of ore thicknesseswould be useful. The thicknessof the

massive sulfideore varies, as measured in the mine 664 times,

and has a range of 0.1 to 10.4 meters. Thesevalueswere plot-

ted on a frequencydiagram and gave a mode of 1.0 meter. The cal-

culated averagethicknessis 1.66meters. On accountof the

irregulardistributionof measured thicknesses,they were put

into 19 differentclasses and the percentageof thicknesses

within each 0.5 meter class was calculated(See Table 7, p.19).
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Table


Class

7: Thicknessesof Ore

Range of Thickness

Class (meters)

Percentageof Cumulative
Measured ThicknessesPercentage

1 0.1- 0.5 23.9 23.9
2 0.6- 1.0 20.5 44.4
3 1.1- 1.5 14.8 59.2
4 1.6- 2.0 13.4 72.6
5 2.1- 2.5 7.8 80.4
6 2.6- 3.0 7.2 87.6
7 3.1- 3.5 2.6 90.2
8 3.6- 4.0 4.1 94.3
9 4.1- 4.5 1.7 96.0
10 4.6- 5.0 1.1 97.1
11 5.1- 5.5 0.8 97.9
12 5.6- 6.0 0.5 98.4
13 6.1- 6.6 0.1 98.5
14 6.6- 7.0 0.6 99.1
15 7.1- 7.5 0.1 99.2
16 7.6- 9.0 0.3 99.5
17 8.1- 8.5 0.1 99.6
18 8.6- 9.0 0.3 99.9
19 9.1-10.5 0.1 100.0

Yote that 44.4 percent of valuesmeasured fall below 1.0 meter,

while 87.6 percent of the valuesmeasured fall below 3.0 meters.

Since all of the thicknessdata were locatedon mine maps, it

was possible to prepare a profile (See Fig.7) of NordreGruve

on which the thicknessof ore, irrespectiveof the lens in

which the ore is located2was contouredwith an intervalof

1.0 meter. From this profile there appear to be two lineations,

one trending northeastand the other northwest. The northeast

trend is marked by the plunge of the ore body, while the north-

west trend is delineatedby the individualhigh areas of

thickness. In the followingdiscussion,thicknessof ore is

demonstratedto be controledpartiallyby intensityof folding.

The largeststructureswhich can be observedon the pro-

jection, map, and cross-sections(See Fig.8) are flexures

down the dip of the ore body and warps along the strike of the

ore as emphasizedby the curvingdrifts on the map. As
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can be seen in the cross-sections1121 and 3 (See Fig.8),these

are not tight folds,nor are they structuresone would expect

to offer structurecontrol. The present locationof thich and

thin ore, appearsthough to be controlledby this gentlewarp—

ing and a tightertype of foldingwhich is responsiblefor the

branching and lensingshown on the map and cross-section..This

is not in accordancewith Geis' (1958)suggestionthat the

branching is entirelydue to originalsedimentaryinterfinger-

ing of ore beds and rock beds. Nowhere undergroundwere any

interfinweringtype of relationsobservedbetween ore and rock.

Undergroundand on the surfacewhere there are exposures,

there are many minor folds. These, both in the undifferentiat-

ed schists and the quartziticschists,plunge in one of three

directions, either approximate1yN.15-200W.,N.800E., and N.45-

550E. at anglesbetween 100 and 90°. The directionN.800h.has

a minor number of folds,while the other two trends are about

equal in frequency. Where it is possible to measure the attitude

of a mineral alignment,mainly in the hornblendeschists,the

same is found to be true. Althoughnot evidencein itself,this

suggests VNO periods of foldingif the N.2004. and N.500E.

trends are assumedto belong to the same period, since they are

almost perpendicularto each other. Since the Folldal area is

supposed to be a sheet thrustout over the Sparagmitesto the

south, it is plausibleto connect one set of lineationswith

the thrusting and the other to an earlierperiod of folding.

Others studyingthe ScandinavianCaledonideshave postulated

more than one period of folding (Kvale,1953). Lindstr$m

(1955, 19571 1958a, 1958b) is an ardent proponentof more than
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have been joints or other surfacephenomena,especiallythose

which show no horizontalor verticaldisplacement. At a depth

below Level 6,post-orefaults are much more persistentand can

generally be tracedfrom level to level. The maximum apparent

strike-slipd4splacementon any one fault is about 18 meters.

The post-orefaults are sometimeswithout a brecciaor

crush zone, and at other times they have one. For example,

the fault zone on Level 11, (coordinates500x and 640y) was

studied in detail. The fault strikesN600W. and dips 77°W.

It has a breccia zone of about 0.3 meters composedof crushed

and fractured fragmentsof massive pyrite ore in a carbonate

matrix containingground up chloriticschists. The massive

sulfide fragmentswere fracturedand later filledwith crystal-

line calcite. The ore fragment-freepart of the fault zone

contains small quartz lenses and fragments. A specimenof the

brecciated ore shows that therewere no strongmetallicmineral-

ization solutionsat this time (SeeFlate 3, Fig./) in this

location, as the ore is still composed of primarypyrite and

sphalerite. All of the mineral constituentsare the same and

in the same associationas samples of ore taken away from the

fault zone. A fault zone on Level 5 (coordinates180x and 280y)

contains calcite,limonite,and geothite (?) plus massive ore

fragments. The secondry iron mineralsmay be much later than

the faulting and associatedwith secondarydescendingoxiaizing

solutions.

Another reason for localizationof ore appears at first


glance from the map to be the thicknessof the quartziticschist,


but upon furtherstudy, the thicknessof ore is not necessarily

related to the thicknessof the quartziticschist in the foot
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wall nor is the locationof the ore related to it. For example

on Level 10, there is a bed of quartziticschist approximately

0.75 meter thick which has been affectedby post-orefaulting.

On either side of the fault where one would expect to find ore,

as it is normallyassociatedwith the schist,one does not. In

another case on Level 2 west, where the ore is b meters thick

for a strikedistanceof about 75 metets one does not find any

quartziticschist intimatelyadjacentto the ore. On the lower

levels, sometimesit is noticed that ore pinches out as the

drift approachesmore quartz-richrocks-. The occurrenceof

quartzite or quartz-micaschistsof the foot walls of massive

sulfide bodies in the NorwegianCaledonidesis quite common,

but just hecausethe relationshipexists does not necessarily

imply that the ore and the quartz-richrocks were formed at the

same time. It must be rememberedthat a quartziteis a compe-

tent rock, while chlorite-hornblende-epidoteschistsare incom-

petent and that at the contactof competentzindinc4etent rocks

during folding,a shear zone can develop. This could later be

a locus of depositionfor hydrothermalfluids.

The irregularlenses or plates of ore are essentiallycon-

cordant with the enclosingwall rocks, at the first ob3ervation.

On the map (SeeFlates 1 and 2) one can observemany places

where fhe attitudeof foliationappearsto be discordantwith

the ore zone, for exampleLevels 12 and 13. This is usually

due to both the ore and wall rocks having a concordantroll or

flexure at this place. Typicalof this apparentdiscordancyis

the minor anticlineon Level 6 (coordinates300x and 325y). here

the ore is flexed over the anticlinein the chloriticschists
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ing an apophysisinto the quartziticschistswhere massive

sulfide could replace all of the schist except for the oriented

folded partings. One could explainthe partingsof ch:loritic

schists as an alterationproduct accompanyingepigeneticore -

deposition,but then one would have to hydrothermallyalter all

of the chloriticschistsfor 4.0meters in the hangingwall, plus

the rest of the chloriticrocks of the area. The mass of glassy

quartz in the crest of the fold, also suggeststhat this was an

area of tensionor low pressurewhere quartz could recryatallize

from the quartziticschists. An exampleof schists•foldedinto

the rocks is Fig.9(c). At this location,the massive sulfides

appear to have corrodedthe wall rock and pulled pieces of it

out into a sulfidematrix. Fig.9(d),(e),(f)are furtherexamples

of the cross-cuttingeffectsshown undergroundon different

scales. At one locationundergrounda definite and impressive

cutting relationof the are was observed. On Level (See Fig.9(e)

a series of folds plungingN.400S. at 15-25ohad a well preserved

foliationwhich could be traced to the contactof the quartzitic

schists and the ore and was found to make an angle of slightly

less than gDo with the ore. In the majority of cases, the con-

cordancy of the contact is observed.

The study of discordancycan be approachedat a smaller

scale and in more detail throughhand specimensand polished

sections. On this scale there is no true concordancyof the

wall rocks with the massive ore lens. At every contact,there

are sulfides and silicateminerals transgressingthe imaginary

contact boundary. In some specimens,the ore is folded into

the schists but eXhibitscross-cuttingrelationsto the folia-

tion of the schists (See Plate 5,Fig.1). In other cases,the

schists are folded into the ore, generallychloriticschists
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(See Plate 5,Fig.2). At other contactsof ore and schists,there

is an apparentsharp contact,but moving less than a centimeter

away from it into the schists,there are impregnationsof pyrite,

chalcopyrite,and pyrrhotite(Lee Plate 6,Fig.1). In some places

especiallywhere an actinolite-richchloriticschist is in con-

tact with the ore, there is a zone of transitionbetweenschists

and ore. Actinolitebeing the the main remnant of the schists in

the gangue of the ore (SeePlate 6,Fig.2)and pyrrhotiteand

chalcopyritemost frequentin the schists. In general at the

contact there is a trans:ressionof either silicateminerals or

sulfides by zones of impregnation,folding,or remnants.

The structuresat the ends the massivepyrite body along


strike vary from a gradual transitionbetween the ore lens and

pyrite-impregnatedwall rock to an abruptcontactbetweenmas-

sive ore and quartz-richwall rocks. On Level 12, at the west

end, the ore zone within a strikedistanceof 20 meters narrows

from a thicknessof 1.0 meter to a zone of disseminatedpyrite

cubes (maximUmsize is 1 centimeter)and chalcopyriteveinlets

in loose chloriticschistsof about 0.25 meter thick. This

narrowing of ore is accompanied,in some places (forexample

Level 5 west), by the main ore splittingup into branchesand

fingers from a half a meter thick down to microscopicalsize.

On Level 13 at the western end, the massive ore has a tail-like

form which looks as if it had been stretchedand boudinagedoff

in quartz-richschists. Immediatelyadjacentto the pinched off

lenses are loose chloriticschists' An effect such as this

probably originstedduring the movements at some period parallel

tn the strike lengthof the ore body. Contraryto what one would

expect, had the Folldaldeposit been formedby the injectionof
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a fairly homogeneouspyriticmagma as suggestedby Vogt (198o,

1948), the wall rocks at the ends of the ofe body are not bent

nor moulded aroundthe ends of tbe ore lenses. This would have

been expectedhad the "magma"been injectedand forced the wall

rocks apart to make room for itself to crystallize.

PETROLOGYOF TEE WALL ROCKS

The va11 rocks are similar to those found in the area map-

ped around NordreGruve, but because of their importancein

theoreticalconsideratinnsconcerningthe origin of the ore,

they werr studiedin more detail. In general,the hangingwall

rocks are of the undifferentiatedschist series,exceptupon

occasion when there are lenses of quartziticschists. The im-

mediate foot wall of the ore is generallycomposSd of quartzitic

schists which as one goes south from the ore, change to the un-

differentiatedschists. Unfortunately,there is only one local-

ity where a large section of the hangingwall rocks is exposed.

It is in the drillingcross-cuton Level 10 at coordinates450x

and 580y. Foot wall rocks are well exposedby the cross-cutsfrom

both shafts below Level 6; above that level they are exposed only

in ors cross-cutand in footwalldrifts. At some localities,

a quartz-albitegneiss-to-schistis also exposedunderground.

The undifferentiatsdschists both in the hanging and foot

walls consist of various assemblagesof six minerals;quartz,

chlorite, calcite,epidote,biotite, and hornblende. The ac-

cessory minerals are muscovite,garnet, albite,rutile, apa-

tite, sphene, zircon,allanite,and ore minerals. Table8

contains modal analysesof the variousmineral assemblages

(See p.29) A very thin layer of loose chlorite-calcite

schist appearson the immediatehanging and foot walls of the

ore body in most cases.
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The textureof therocksof theundifferentiatedschist

seriesvariesfromfine-grainedand foliatedwith a homogeneous

assemblageof mineralsto schistone,withdistinctinterlayering

of the quartz-richbandswith thoserichin maficminerals.

Sometimesintensefoldingand shearinghas disruptedthelayering

Table8: ModalAnalysesof UndifferentiatedSchists.

1 2 3 4 5
nuartz 40.7 29.0 29.4 18:3 50.6
Albite 0.0 0.0 0.0 tr. 0.0
Hornblende 0.9 tr. 53.7 1.5 1.6
Chlorite 16.5 29.2 11.8 67.5 13.6
Biotite 9.4 0.0 0.0 0.0 19.4
Muscovite 0.0 0.0 0.0 1.9 0.0
Epidote 11.3 35.8 3:5 5.3 4•5
Calcite 19.5 1.3 0:3 0.0 9.5
Garnet tr. 0.0 0.0 0.0 0,.0
Rutile 0.7 0.5 1.0 1.2 0.0
Apatite tr. tr. tr. tr. 0.0
Srhene 0.0 0:0 0.0 0.0 0.3
Zircon 0.0 0:0 0.0 0.0 0.1
Ore minerals 1.0 0.6 0.5 3.6 0.5

quartz-calcite-chloriteschist,footwall,Level10NordreGruve.
Epidote-chlorite-quartzschist,footwall,Level10
NordreGruve.
Rornblendequartz-epidote schist,footwall,Level10
NordreGruve.
Chlorite-quartz-epidoteschist,hangingwall,Level11
NordreGruve.
Quartz-biotite-chloriteschist,hangingwall,Level11NordreGruve.

and lensing. At variouslocalities,quartzandcalciteare in
lensesrangingfrommicroscopicto 0.3metersor largerin

thickness..Zuartzoftenappearsas the onlyconstituentof a

lensas doescalcite. Figures10 and 11 exhibittypicalexamples

of zonesenrichedin calciteandquartzin the footandhanging
walls. Zonesof carbonate'andquartzenrichedschistswerenoted

on the originalmap but becauseof theirsizecouldnot be re-

producedon themap in thispaper.
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prisms with a maximum length of 0.5 milimeterand a width of 0.1

milimeter. Accordingto TrOger (1959),it is a pistacitecon-

taining about 15 mol percent of the moleculeHea2Fe36i3013. At

other places, tabularprisms of a greenishgray mineralwere

found associatedwith glassy quartz lenses. By a-ray methods,

the mineral was determinedto be zoisite. It is evident that

compositionof the epidoteminerals in the schistsvariesde-

pending paetly upon the originalchemicalcompositionof the

schists. In some thin sections,especiallyrich in ore minerals,

the epidote containedcentersor inclusionsof a pleochroic

brown, very high positiverelief,high birefringentmineral

which is tentativelyidentifiedas allanite. Garnet,where it

occurs as an accessorymineral, is euhedralwith numerousin-

clusions of quartz. The ore minerals are usually alignedalong

toliation planes in the schiszs.

In the foot wall cross-cutsare exposedzones of loose

chloritic schists,includedin the undifferentiatedschists,

which ranse in thicknessfrom 0.7 meter to 2 meters or more.

These zones have the appearanceof having been highly sheared

and perhaps a locus for the flow of solutions,eitherhydro-

therma1 ascendingor secondarydescendingones. The dominant

mineral in the zone is chlorite,usually in amountsof mor

than 85 percentby volume. It has a ny=1.6151.002,is

opticallypositiveand shows green pleoclroiccolors. Ac-

cording to Winchell (1951),it would be a prochloriteor rip-

idolite. Pyrite cubes,having an elongatedaxis parallel to

the foliation,are sometirrespresent. They attain a size of

1 to 2 centimeters. In other zones,discretecrystalsof a

carbonatemineralwith a n0=1.695 to 1.70C is found. It was
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Normally,the quartziticschistscomposethe immediate

footwall of the orewhereverthethinselvagesof chloritic

schistsarenot present. Thequartziticschistsare also

presentas lensesandboudins"floating"withintheundiffer-

entiatedschists. Theyrangein compositionfrommica-(mus-

coviteand sericite)quartzschiststo recrystallized,some-

timesglassy,quartzitecontaininglessthan5 percentac-

ceesoryminefals. Themajorityof the schistscontain60 to

90 percentquartz,up to 10 percentmuscoviteand sericite,

up to 20 percentcalciteand otherminormineralssuchas

hornblendelepidote,chlorite,albite,sphene,andore

minerals. In crestsof foldsthe schistcontainsa higher

percentageof albitethanelsewhere.Therock is foliated

by the alignmentof thephyllosilicatesandtrainsof ore

mineralsat somelocalities.The main oremineralis fine-

grainedcrystalsof cubicpyrite,withminoramountsof

of chalcopyriteandpyrrhotite.The quartzgenerallyshows

strainedextinctionin the largergrains. Theselargegraine

can be surroundedby many finergrainswhichmake it appear

as if the quartzhas beengranulatedandlaterrecrystallized.

A normalmicroscopictextureis a lenaof largerecrystallized

quartzgrains,sometimesglassyquartz,stretchedoutparallel

to the foliation.The averagegrainsizeof the quartzis

0.5 millimeter,whilethe largergrainshave an averagesize

of 0.8 millimeters.Table9 presentsseveralmodalanalyses

of the quartziticschists,whilein thediagramrepresenting

rockswith morethan60 percentquartzplusfeldspar,their

compositionsarecomparedwith thoseof the quartz-plagioclase
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gneisses (SeeFig.12 ).

Table9: ModalAnalysesof QuartziticSchists.

1 2 3 4 5
Quartz 79.1 85.5 75.9 76.2 66.3
Albite 0.4 3.1 8.2 0.9 1.8
Muscovite 2.2 11.1 0.0 12.7 7.3
Biotite 0.0 tr. 6.6 tr. 4.6
Chlorite tr. tr. 0.0 0.1 0.0
Calcite 14.9 1.1 0.0 7.4 0.1
Hornblende 0.0 0.0 0.5 0.0 6.4
Epidote 1.4 0.4 2.8 2.2 13.5
Sphene 0.0 0.0 tr. 0.0 6.4
Zircon 0.0 tr. 0.0 tr. tr.
Ore minerals 2.0 0.9 0.0 0.4 0.0

Quartz-calciteschist,Level10, footwall,Nordre
Gruve.
Quartz-muscoviteschist,Level12, footwall,Nordre
Gruve.
Quartz-albiteschist,Level11,near250Shaft,Nordre
Gruve.
Quartz-muscoviteschist,Level13, footwall,Nordre
Gruve.
Quartz-epidote-muscoviteschist,Level10, footwall,
NordreGruve.

Sincethe quartziticschistsshowmarkedlackof feIdspars,

the authorbelievesthattheyrepresentmetamorphosedequival-

ents of dirtysandstones,depositedduringa periodof relative

stabilityandnot the equivalentsof metamorphosedquartz-kera-

tophyresor acidtuff accumulations,althoughno relicsedi-

mentarytextureswere observed.The strainedextinction,

granulatedtextures,and foliationareevidenceof tectonic

movementafterdeposition.

Undergroundthe quartz-albitegneiss(occasionallywith

a schistosetexturYwasmappedas undifferentiatedschistsun-

less it exhibitedclearcontactswith the otherrocks. Whereit

did show a definitecontactandnot a gradiationintoschistose

rocks,it was separated,mapped,and indicatedon themap(See

Plates1 and 2) expeciallyon Level6. Thegneissoccursas
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distinctbandswhichcontinuefor shortdistancesalongstrike

as lensesandboudinsand as an indistinguishablegradational

rock. As canbe seenon thediagram(SeeFig,12),it closely

approachesthe compositionof trondhjemitemappedon the sur-

face and not thatof the quartziticschists. To explainits

occurrenceundergroundin thedistortedandfoldedlenseswithin

undifferentiatedschietsie difficult.One suggestion,though

a poor one,is thatit formedmore continuousbeda or lenses

than it does at thepresentandthatdue to thecompetencyof

the gneissrelativeto theundifferentiatedschists,underfold-

ing and thrustingof the region,thegneisswas boudinedand

brokenup,whilethe otherechistsflowedin aroundit. Only

one problemwith thisis thatthe foliationis generallypara-

llel to thatof the surroundingschists,and not differentas

would be expectedif thegneisswent throughsuchan intense

tectonicmovement. Sincetheydo not occurin any onedefinite

stratigraphiczone,theydo not seemto representlavaor tuffs

thatwere oncein a moltenetate,but aremore likelyreworked

materialor waterlaidtuffswhichcouldhave a more irregular

type of distribution.

The quartz-plagioclasegneisshas an inequigkeanular,allo-

triomorphictexture.Microscopically,it is composedmainly

of quartz,albite,and epidote. Minormineralsarecalcite,

muscovite,chlorite,biotite,orthoclase,garnet,rutile,

ephene,andoreminerals. Table10 presentssomemodalana-

lyses (Seep.36). The quartztendsto ahveawavy extinction

under crossednicols. Albite(An5-An9)occursas crystoblasts

as well as in thegroundmass.The crystoblastssometimesshow
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Table10: ModalAnalysesof Quartz-albiteGneisees.

1 2
Quartz 47.2 57.7
Albite 40.0 26.2
Orthoclase 0.4 tr.
Muscovite 0.0 tr.
Biotite 0.0 1.7
Chlorite 2,1 3.6
Calcite 9•3 0.4
Epidote 0.4 8.1
Garnet 0.1 0.1
Rutike 0.0 tr.
Sphene 0.1 1.8

Quartz-albitegneiss,occursas a lens,Level10,
NordreGruve.
Quartz-albiteschist,occursas a continuousband,
Level6, NordreGruve.

a perthitictextureand alwayshave a sievetexturecausedby

numeroussubhedralinclusionsof quartz,muscovite,andepi-

dote. Albitein therock is frequentlytwinned. Inftequently

the albiteis sericitizedor kaolinifzedgivingit a dustyap-

pearance. Garnets,when theyoccur,areof thepyrope-alman-

dinegroup and are occasionallyrimmedwith biotite,andcon-

tainmany inclusionsof epidote. Calciteseemsto be a secon-

darymineralin mostcases,fillingin aroundgrainsalong

cleavageplanesand expandingin aggregatesfromthattypeof

originalposition. It generallyhas a dustytextureto it,

exceptwhen it formsclearveinsin fractures.

On Level5 west at aboutcoordinates200xand280y,an

odd occurrencefor NordreGruveand the surroundingareawas

observed. A largecarbonatemass,2.5metersthick,was

foundexposedat variouslocalitiesalong100metersstrike

distancein the footwall. Theexposuresarelimitedby the

areaswhichhavebeenstopedoutprobablyremovingpart of the

body and by unstopedareaswherethe rockdisappearsintothe

walls. In thinsection$it consistsof 95 percentcarbonate



37

with tracesof quartz,Micas,and oreminerals.Magnetiteis

occasionallyfoundalignedin planesin the carbonate.The

contactof the carbonatewith the ore is of a gradationaltype.
Severalsamplesof the carbonatewas separatedandidentified

by an x-raypowderpatternas belongingto thedolomite-ankerite
group. The no refractiveindexwas determinedfor thesesamples
and foundto rangefrom1.692to 1.711. Accordingto Trdgerls

chart (1959,p.26),thismakesit a dolomitewith about25 per-
centCaFe(CO3)2in it. No dolomitesor limestoneshave been
reportedin the Folldaldistrictpreviously,but thiscouldbe

due to the limitedamountof geologydone in the area. The

authorbelievesthatthisdolomiticmassrepresentsa thinbed
of carbonatedepositedin the originalsynclinorium.Besides
its occurrence$otherevidencefor its sedimentaryorigin,is

the large amountof calciumin theother schistsas shownby

calcitein themodalanalyses.Thinbandsof limestonein a
similarseriesof rocks,althoughlessmetamorphosed,are

commonin the 9eologiccolumn.

In Fig. 13 areplottedtherecalculatedmodal analysesof
all schistscontaininglessthan60 percentquartzplusfeldspar.
The apicesof thiscompositionaldiagramwerechosento be

calcite;themicas,chloriteplusbiotiteplusmuscovite;and

epidoteplushornblende.Each analysisis distinguishedas a
hangingwall,footwall,or surfacerockdependinguponits

occurrence.Thoseschistsandgneisseswithmore than60 per-
cent quartzplusfeldspararerepresentedin Fig.12 in a tri-
angulardiagramwith quartz,feldspar,andmaficmineralsat
the apices. Fig.13 representsthemorebasicandmagnesium

rich schists$whileFig. 12 illustratesthecompositional
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variancein themore acidrocks. The acidrocksareclustered

intotwo groups,one aroundthe analysisof trondhjemiteand

the other alongthe quartz-maficminerals'compositionline

near 70 to 80 percentquartz.

The trinagulardiAgramof themore basicrockscombined
with the generalgeologyof theregionconsideredin thisstudy

suggestsinteresting,but so farunproven,cluesconcerning

the depositionalenvironmentof the originalrocksformingthe

schistsaroundNordreGruve. Assumingthatthe schistseries

is not overturned,therewas a changefromargillaceoussed-

imentation,as illustratedby themodal analysesof thefoot

wallwhich arenear themica apexto a morecaLcareoustypeof

depositionas shownby the modalanalysesof hangingwall schists.

Followingthe argillaceoussedimentation,a dolomiticlimestone

was deposited,succeededby a quartz-richsandstonebeforethe

hangingwall calcareousdediments.Thissequenceis suggestive

of conditionssimilarto a borderfaciesof a basin. Geia

(1981)statesthatsomemassivesulfidedepositsin the Folldal

districtoccuron the flanksof a trough. Theproblemof sed-

imentaryenvoronmentof the schistshas onlybeenopenddup

by the work so fardone andhas by no meansbeen solved.

An attemptwas madeto distinguishwhetheran alteration

halo or zoneexistedaroundthe orebody. Thiswas doneby

making a detailedmineralogicalstudyof a hangingwall and

footwall sectionof theundifferentiatedschists. The re-

sultsof thisdetailedstudywere thencomparedwithwallrock

samplescollectedin variousotherlocationsnearthe ore zone.

Figures10 and 11 summarizetheresultsof thedetailedstudy.

In eachdiagram,a graphof themodalanalysesversuslocation

with respectto the ore body is exhibitedandremarkson the
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variousothersamplesaremade. One can seethatimmediately

there is no simpletrendor variationin mineralpercentages

with respectto distancefromthe ore zone, 1n part,this

againreflectsthe originalheterogeneityof the undifferentiated

schists,and in part,reflectsprobableresultsof varyingmeta-

morphicprocesses,but it doesnot give evidencefor an alter-

ationhalo aroundthe orebody. As shownin pages8 through12

chloriteas a secondaryalterationproductis presentallover

the areamapped,and therefore,can not be used as evidenceof

hydrothermalalterationaccompanyingthe ore. Otherrock

seamplesstudiedthroughouttheminegiveno evidencefor an

alterationhalo.

TRE ORE

Therearereallytwodifferenttypesof ore. One is the

massivesulfideore consistingmainlyof pyrite,pyrrhotite,

magnetite,sphalerite,chalcopyrite,andgangue. Theotheris

dissemanatedorewhichoccursin thewallrocksand alongthe

continuationof the strikeof themassiveore in somelocalities,

which is composedof euhedralcrystalsof pyriteandveinsand

aggregatesof pyrrhotite,chalcopyrite,andoccasionallysphaler-

ite. The abundanceof thedisseminatedtypein relativevolume

percentageis exceedinglysmallncrtt\is generallyminedor

exposedin many localit s. It seemsto occurmostlyin sheared

zoneseitherrelatedto themain ore or separateftomit. Th4*

typerangesfromverysparsedisseminationsof singlecrystals

of pyriteto themore concentratedoccurrencesapproachingin

theirconcentrationof sulfidesto thatof themassivesulfide.
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In the massivsore threetypesof ore can be distinguished;

magnetitebandedore,a bandedore causde-bychangesin the

gangueto oreminerals'ratio,and a bandedoredue to changes

in pyritegrainsize. Onlythe firsttypeof bandingcan be

follawedformorethan a meterundergroundbecauseof the

difficultiesin recognizingthe characteristicsof tke other

types of banding. Themassivesulfidetypeof orehas in the

past been assumedto be a veryhomogeneoustypeof mineralization

and by roughapproximationappearsas such. The following

discussionshoulddemonstratethatthisis by no meanstrue.

Beforecontinuingon this,oneneedsto knowthedetailedore

mineralogy.

The silicatesandghaguemineralshavebeeneitherde-

rivedmechanicallyor chemicallyfromthewallrocks,although

it is possiblethatsomeare of hydrothermaloriginand are

thereforediscussedunderGangueMinerals(Seep.G2).

The onlyprimaryoxidemineralobservedis magnetite,

Fe304,which is a relativelyabundantconstituentof themas-

sive ore. In distinguishingdifferentsub-typesof massive

ore, one varietyis the magnetitebandedorewherethemag-

netiteoccursmkongthe sulfidesas euhedralto subhedral

crystalsof an averagegrainsizeof 0.5millimetersand as

aggregatesin lens-likeformsor bedsconcordantto the fol-

iationof thewallrocks (SeePlate3,Fig.l). Thiscouldbe

describedas a typeof discontinuousbanding,each lensor

band of solidmagnetiteextendsalongstrikefor a fewcenti-

meters,but the zoneof lensesextendsalongstrikeforgreat

distances. Thereareseveralexamplesof a conformablere-
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relationwherethewall rockshavebeenfoldedcontrollingthe

thicknessof the ore. In thesecasesthemagnetitebandsare

alsofoldedin a similarfashion. Also in somelocalities,the

magnetitebandsweretoundto bend aroundglassyquartzlenses.

This sub-typeis mixedwith the bandedmassivetypecausedby

a variationin the oreto gangueratio. A suggestedpossibility

for the originof themagnetitebandingis thatthe orecould

have been foldedafterdepositionif one considersthemagnetite

to be of the samedepositionalphaseas the sulfides.If one

assumesmagnetiteto be of anyearliermineralizingphaseon

texturalrelations,thenit andthewall rockscouldhavebeen

foldedwith a favorablehorizonwhichwas laterreplacedby

sulfideminerals.Magnetitaalsooccursas subhedralandeu-

hedralgrains,sometimestracturedandcrushed,concentrated

aroundcarbonatefragmentsin themassivesulfideore. In either

mode of occurrence,the sulfidemineralsaremouldedaroundand

occasionallyreplacethemagnetitegrainsthereforesuggesting

that the magnetiteis of an earlierage of crystallizationthan

the sulfides. Smallblebsof pyrrhotitearefoundwithinthe

magnetitein somecases. An exempleof magnetitebandedore is

illustratedin Plate7,Fig.1. The lenseeor bandsof magnetåte

bandedore can attaina thicknessof 2 centimeters.In a couple

of cases,magnetitewas replacedalongits crystallographic

growthboundariesby a carbonatemineral(SeePlate4,Fig.2).

This is an uncommonphenomenain NordreGruve.

The sulfideandEulfosaltmineralsidentifiedin themas-

sivesulfideore of NordreGruve arethe follming(Seep.42):
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Pyrite,FeS2
Pyrrhotite,Fel-xS
Chalcopyrite,CuFeS2
Sphalerite,ZnS

Accessoryminerals

Galena,PbS
Cubanite,CuFeSR
Molybdenite,MoS2
Arsenopyrite,FeAsS
Fahlerts
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The accessorymineralswmounttolessthanonepercentof a

modal analysisof 1000pointsin anyone specimen.Cubanite

never appearsin a mpdalanalysisof the orebecauseof its

scarcity.

Pyriteis an ubiquitousmineraland alsoby far themost

abundantmineralof the ore.For thisreason,a detailedstudy

of pyritegrainsizewas done. Grainsize,in thiscase,is

the size in lengthandwidthof rectangularsectionsof pyrite

with a cubichabitas shownin a polishedsection. Some200

rectangularsectionsweremeasuredandplottedon a graphof

lengthversuswidth. The mode of themaximumdimensionsthatthe

pyritecubeshave is 0.67millimeterssquaredand thatof

minimumdimensionsof the cubesis 0.58millimeterssquared

basedon 200measurements(SeeFigure14). TherangeU from

smallestmeasurablesizeto about3 millimeterssquarid,(this

includesmacroscopicmeasurements),althoughthereareexamples

of eUhedralpyritein thedisseminatedtypeof a maximumsize

of 2.5 centimetersandplacesin themassiveorewherethe

pyrite attainsa much largersize.

If onetakesa largenumberof randomlyorientedcubes

and passesa randomlyorientedplanethroughthe cubes,in

practicea polishedsectionof oremineralswith cubichabit,

it is possibleto calculatethe longesttheoreticaledgeof

a rectanglemadeby therandomcut. Of coursesucha plane

will give othersectionsbesidesrectangles,i.e.,triangles,



43

rhombs,and five sidedpolygons,but one is interestedin only

thosesectionsthataredefinitelyrectangles.The longest

side of a rectaRglemadeby a randomcut in a cubeis, simply$

thediagonalof a square. A linerepresentingthediagonal

as an edge of a rectangleand a linerepresentinga perfect

cubecan be plottedon a graphof lengthversuswidthas is

done in Figure14. Any measurementof rectangleswhichfall

in the regionbelowthe linerepresentingthe diagonalas an

edge line on the figure,indicatesa theoreticalimpossibility

if one assumesthehabitis cubic. Suchpointsas thesein

Figure14 canbe explainedin severalways; (1)a subjective

errorexistsin choosingonlyrectanglesto measure,(2)the

actualhabitof pyritedepartsfrom a cubicformandtendsto-

watd an octahedralhabit,or (3)thepyritecubeshave been

elongatedin onedirectiondue to stresseseitherduringor

afterdepositionof theminerals. About20 percentof the

rectanglesmeasuredfallintothe regionof elongation,which

suggestscase (1)not to be entirelyadequate.Thereareno

visualreasonsforbelievingin case (2)frommacroscopic

specimens. Therefore,to the authorthe elongationof the

pyritecubesoffersthe bestexplanation.

The variationin grainsizeof pyritegivesriseto a

thirdmajorsub-typeof massivesulfideorewhichis character-

izedby a teNturalbandingandlensingdue to more or less

abruptchangesin grainsize,which is generallyconformableto

the foliationof the immediatewall rocks. Thistypeof banding

is impossibleto followundergroundfor largedistances and

so it is difficultto determineits extent. Thissub-type

is complicatedby occalTringnot onlyby itself$but in the same

specimenwithmagnetitebandedand/organgueto orebanded

types. Pyritealsoformsa massiveorewithoutconspicuous
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banding,

An example of pyrite texturebanding is presentedin Plale

7,Fig.2. On the right side of the specimen,there is a band

6 millimeterswide of euhedralto subhedralpyrite crystals

0.25 millimeters in size. There is about 10 percentgangue in

this band. Follming this, comes a zone of 5 to 6 millimeters

wide of pyrite crystals 1 to 2 millimetersin size with about

30 percent gangue. Newt is a band 8 to 10 millimetersthick

of pyrite crystalswith a maximum size of 0.5 millimeterbut

containingmore than 25 percentgangue minerals. The next zone

is similar to the first band of 0.25 millimetercrystals

but is 5 millimetersthick. The followingzone ressemblesthe

fourth band of 0.5 millimetercrystalswith 25 percentgangue.

The first band type is again repeated for a thicknessof 25

millimeters or more. In this specimentthe pyrite grain size

banding is evident as is also the relationof the gangue to

ore mineral ratio banding. Although the grain sizes and

zones above are typicalof this type of banding,they are

not of any use in determininga successionof grain size bands

throughout the mine because of the great variationfrom one

location to the next which is illustratedby Plate 8,Fig.1 and

2. In Plate 8,Fig.1 the specimenhas one band of coarse

crystals while the specimensin Plate 9,Fig.2and Plate 10,Fig.1

show a more lensingand irregulararrangementof different

grain sizes set off more or less by concentrationsof gangue

minerals. The subhedraland euhedralcrystalsof pyrite in

polished sectionsit in a matrix of chalcopyrite,pyrrhotite,

and sphalerite. Often the edges of the pyrite crystalshave

been corroded by chalcopyriteand pyrrhDtiteand exhibit

irregularboundariesagainstthese two matrix minerals.
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Generally,pyriteshowsdistinctcrystaledgeswhen against

sphalerite,In many cases,what appearto be inclusionsof

sphalerite,chalcopyrite,galenaand silicatesareseenin

the middleof eUhedralpyritecrystals.Interestingly,

pyrrhotiteis scarceas "inclusion"material. If thesere-

presenttrueinclusionsin threedimensionsandnot embayments

in the pyrite, theycouldthereforebe explainedby thepyrite

crystalgrowingaroundthe othermineralsduringmetamorphic

processes. A threedimensionalinvestigationwas carriedout

in the followingmanner. Specimenswhichshowed"inclusions"

in polishedspecimensimilarto thoseseenin NordreGruve

sectionswere chosenfromfriableorematerialfromBleikvassli

andwere leechedån nitricacidto removeall othersulfides

which may havemade cariesin thepyriteandthereforeappear

as "inclusions"in twodimensions.Afterthis,polishedspecimens

were preparedof the leechedpyritegrainsand observedunder

the microscope.In Plate4,Fig.21theresultis shownby the

gray areasof plastic,used as a mountingmedium,wherethe

inclusionswouldhavebeen in a polishedsectionsuchas Plate

12,Fig.2. One or two inclusionswere observedafterthis

process,but themajorityof "inclusions"did not exist. From

this, it can be assumedthatmostof the "inclusions"really

representa threedimensionalcontinuationof the cariestructure.

It is stillpossiblefor someof suchtexturesto be inclusions.

Plate 11,Fig.2showsa pyritecrystalpenetratedby a silicate

grain,probablyan amphibole,whichcouldbe interpretedas

pyritegrowingarounda silicateor as a silicatereplacing

pyrite. The authorprefersthe sulfidegrowththeory.
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In manyplaces,thepyritecrystalshavebeenfractured

alongcleavageplane,crushed,or granulatedand therefore

exhibita cataclastictexture. The tntensityof thistes-

tureveriesftompyritecrystalswhichshowonlyslight

tracesof fracturingto crystalswherethefractureparts

of the pyritegrainshave "floated"awayfromthe crystal

andhave laterbeenfilledaroundby thematrixminerals.

Each fragmentcouldbe joinedbacktogetherto formthe

originalcrystalsbecauseof the slightamountof corrosion

of the pieces(SeePlatell,Fig.2).At stagesin betweenthe

extremes,one findsthe pyritecrystalstillas an entitybut

with cleavagefracturesnot filledwith oremineralsas in

Plate 11,Fikg.1.Thereis a continuousseriesof texturesfrom

thosecrystalswhichareeuhedralandunfracturedto thosewhich

are brokenintopieces"floating"in matrixminerals. Fromthe

given examplesit can notbe assumedthattherehas not also

been somereplacementalongthe fracturesand at theedgesof

pyritecrystalsby the matrixminerals. Plate14$Fig.1showsa

latestageof thisty;eof replacementof pyriteby sphalerite.

The greatestconcentrationof euhedral,non-cataclastic

pyritecrystals,entirelyfreefrom "inclusions"appearin

the crestsof foIdswhichhave gone off fromthemainore into

thewall rocks. Plate13,Fig 2 illustratesthistextureand

alsoshowseachof thematrixmineralsat suchlocations.Also,

underreflectedlight,pyritegrainsnearglassyquartzand

quartz-carbonateinclusionsseemto be relativelyfreefrom

"inclusionsu

Besidesthe abovenormaltypesof pyritetexturesfor

the massiveore of NordreGruve,thereis at certainlocalities

quite a differentappearingpyrite(SeePlate13,Fig.1).
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This type is very fim -grained,less than 0.015 millimeterin

diameter and dusty because of the abundanceof fine flecks of

silicates in the pyrite. It is similar in grain size for

Løkken pyrite depositwhich varies in grain size from 0.01

millimeter to 0.10 millimeter (Vokes,1960). The main matrix

mineral is sphaleritewhile pyrrhotiteand chalcopyriteare

rare in this type of ore. The pyrite of fine grain sizel in

some cases, seems to be a result of intenseshearingand gran-

ulation. In other cases, it could be remnantsof originally

deposited pyritewhich has not recrystallizedto the same

degree as the rest of the ore body. This explanationonly

holds if one acceptsthe theorythat the ore body was deposited

earlier and then later involvedin the regionalmetamorphism.

Where this fine-grainedpyrite occurs as a brecciain a post

ore fault, as illustratedin Plate 3, Fig.2, it is reasonable

to postulate that it originatedfrom shearingmovements. This

is also true of its occurrencewithin a couple of centimeters

of the wall of the ore body, as associatedwith slickensides

caused by the parallel shear coulples.When it occurs at loca-

tions where there are no visible evidencesof post-oremovement,

the origin of the fim -grainedpyrite may be explainedby local

areas of unmetamorphosedore. An example of this occurs on
Level 10 at coordinates540x and 690y. The hangingwall and

foot wall areas are medium-grainedmassive pyrite ore with

normal amountsof matrix minerals. The pyrite crystalsare well
developed, generallyeuhedral,with few inclusions,while the

middle ore is composedof the fine-grained,dusty type of

pyrite with sphaleriteas the main matrix mineral. This zone

does not appear to continuealong strikemore than a few meters,

nor does it at any point becomehanging or foot wall ore.
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Sphaleriteoccursas one of thematrixmineralsfor the

pyritecrystals. In somecaseswherethereis orerelatively

rich in magnetite,sphaleriteis sparceor lacking, otherwise

it is an almosteverpresentmineralof the are. It occursas

irregularmassesor aggragatesmouldingaroundandreplacing

pyrite,as cariesin pyrite,replacingchalcopyrite,and

aloneassociatedwith silicateandcarbonateminerals. It

is extremelyrare to findsphaleriteassociatedwithpyrrho-

tite. Sphaleriteis somecases,segregatesintolargemasses

which appearas bandsor zonesin pyriteorewithoutother

matrixminerals. Embayedandacallopedcontactsof sphaler-

itewith chalcopyriteare frequentlyobserved,whilethe op-

positeeffectalsohas beennoted. Thismakesthedetermin-

ationof a -seneralcrystallizationseriesimpossiblebetween

sphaleriteandchalcopyrite,but the overallevidencecan be

interpretedthatbothmineralsprobablyhave crystallized

simultaneously.

Occasionally,sphaleritecontainsbletsanddots of

chalcopyriteorientedalongparallelplanes. Thisseemsto

be an exsolutiontexturealthoughin manycases,it has been

completelydestroyed.Bueger(1934)givesas a temperature

range of chalcopyriteunmixingfromsphaleriteas 350 to 4000C.

Sometimesthe chalcopyritein the sphaleriteappearsin no

definiteorientationbut is more likean emulsiontesture.

The sphaleritein thinsectionhas a darkred-browncolor

causedby its ironcontent. Vokes (1962,personalcommunication)

has analyzedcleansphaleritefromthe zincconcentratesof

NordreGruve and obtainedthe followingresultsfor ironcontent:



FeS in

Wt. %


Analysis1 11.81

Analysis2 11.56

Sphalerite
Mol.%
12.93
12.66

Temperature

(uncorrected)


4250C

4200C

Temperatureat
1500=1000atms.
462=25°C
457250C
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The temperF,turesgivenare basedon therefinedinvestigations

of BartonandKullerud(1958)for the Fe-Zn-Ssystem. Ac-

cordingto Barton(1962,personalcommunication)the Fe-Zn-S

systemfor the sphalerite-p:rite-pyrrhogitecurveis still

not completelyestablishedbelowtemperaturesof 600°C,but

must be nearto KullerudIssolvus. Thismeansthatthe amount

of errorexpressedin Vokes'correctedtemperaturesmust be

greaterthanis shown.

Chalcopyriteis foundas a matrixsulfidein association

with both sphaleriteandpyrrhotiteas well as pyrite.

Thereis a tendencyfor it to be concentratedon the foot

wall of the ore,aroundinclusionsof carbonate,and in

chloriteschistpartings.Chalcopyritegenerallyhas mutual

boundarieswithbothothermatrixminerals,but it is seen

to replacepyriteandupon occasionsto formveinletsseemingly

cuttingacrosspyrrhotite.Sometimesit containsminuteblebs

of sphaleritewhichmay be remnantsof a formerexsolution

texture,but now can not be definitelyso classified.The

associationof chticopyritewithpyrrhotiteis typicalof

veinletsanddisseminationsin chloritichangingwall schists.

Pyriteinftequentlygetsintothe immediaterock of this

hangingwall zone. The chalcopyriteoccursas irregular

mouldingsor groupsthroughoutthe ore but in far lesser

amountthandoessphalerite.It oftenappearsto be replacing

silicateminerals,expeciallyamphiboles,alongcross-fractures

and cleavageplanes. As can be seen,it is difficultto inter-

-pret this as anythingotherthana replacementphenomenon.
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Pyrrhotiteis perhapsthe thirdmost abundantoremineral.

It has the tehdencyto be concentratedalongwall zones,in

the immediatechloriteschistsof thehangingwall,in chloritic

schistpartingsin the ore,and aroundinclusionsof glassy

quartz andcarbonate(SeePlate10.Fig.2). Rarelydoes it

occur as inclusionsin the pyriteas do the othermatrixminerals.

The textureof pyrrhotiteis allotriomorphicandnevershows

crystalboundariesundercrossednicolsin reflectedlightt

occurringas anhedralandroundedgrainsin aggregatesassoc-

iatedwith chalcopyritebut rarelywith sphalerite.Some-

times it showsstrainedextinctionand is furtherevidence

of tectonicmovementin the ore zone. Examplesof pyrrhotite

cross-cuttingandembayingthe othermatrixmineralshas been

observedas well as thereverserelationship.

Galena occursin amountsof lessthan0.5 percentby

volume in the ore as smallmassesin the othermatrixminerals

and in pyriteas inclusions.In ane specimenone euhedral

crystalwas observed.It is not abundantenoughto be able

to define anytexturalor time of crystallizationrelationships.

Cubaniteis a raremineralin themassiveore (observed

in only tvfopolishedsections)and occursonlyin copperrich

areaswhere thereare highconcentrationsof magnetiteand

pyrrhotite. Themagnetitein thesecasesis usuallypartly

replacedby chalcopyriteandpyrrhotite.It is foundonly

in chalcopyritewhereit formssinglelamellaeor groupsof

lamellaehavingvariabledimensionsprobablyorientedalong

(111)planesin chalcopyrite.Undercrossednicolsit shows

a stronganisotropismwhile in plainlightit dh4gibitsslight

pleochroism.Schwartz(1927)showedby experimentsthat

cubanitewas exsolvedout of chalcopyritesolid-solutionat
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temperaturesrangingfrom400 to 4500C. Ramdohr(1962)says

that thisexsolutiontakesplaceat lowertemperatures(about

250°C)withoutgivingevidencefor the statement.Any chalco-

pyritecontainingcubanitelamellaemusthavebeen abovethe

temperatureof 250°Cat least.

Arsenopyritewas observedin a few casesto occurin
1
euhedralgrainsin pyriterich ore fromsamplesonlynear the

' hangingwall of the orebody. In most cases,itwas not cor-

roded by othersulfideminerals,but in a fewcasesthe arsent-

pyritegrainswereroundedanhedralfragmentswhichhad the

appearanceof havingbeenrolled,breakingoff the crystal

corners. The Fe-As-Ssystemhas beenworkedout in somedetail

by Clark (1960).He statesthatthemaximumtemperatureof

pyrite-arsenopyriteassociationin naturemustbe 491±-12°C

(Clark,1960,p.1642)andthatthis applieswhetherpyrrhotite

is presentor not. Thereforeone of the twominerals,pyrite

or arsenopyrite,probablytrystallizedbelow491t12°Cin Nordre

Gruve. Thisonlyappliesto thosespecificlocalitiesin the

minewhere the associationis found.

Molybdenitewas observedin a coupleof polishedsections.

It alwaysoccursas smallbladeseitherin sphaleriteor more

normallyin pyrite. None of the bladesseenwas bentor twisted.

A mineraloccurringin smallamountsin a few specimens

was observed. It is isotropic,has a whiteto bluish-white

color,is harderthanchalcopyriteand is softerthanpyrrho-

tite. It was onlyobaervedin areasof the orerelatively

rich in galena. Its propertiesseemto indicatethatit is

a memberof the fahlertsgroup (tetrahedrite-tennatite)com-

prisingsulfosaltscontainingAs, Sb, Cu, Zn, Fe, Ag, and Bi.
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Nowherewas it presentin largeenoughgrainsto assignmore

than a tentativeidentification.

Earlierit was mentionedthatmassivesulfideoredeposits

similarto Folldalhavebeenconsideredto be fairlyhomogeneous

bodiesin mineralogicalandchemicalcomposition.In lightof

this, a studyof the compositionalvariationof the oreminerals

with respectto the locationof thesamplein the orebodywas

carriedout. Polishedsectionsof well locatedore sampleswere

point countedto obtainmodalanalyses.Thesewere thentab-

ulated andplottedon triangulardiagramsin allpossiblecom-

binationsin an attemtptofindtrendsin mineralogicalvaria-

tion.

The mineralogicalcompositionof the orein volumepercent

as summarizedin Table12. Theganguefreecompositionof a

Table 12: MineralogicalCompositionof Ore.

Mineral Average(%) Range (minimum% - maximum%)
pyrite 55.6




1.5-81.3
Sphalerite 7.5




0.0-44.9
Chalcopyrite 5.5




0.0-62.0
Pyrrhotite 5.3




0.0-29.5
Magnetite 1.8




0.0-12.9
Galena




0.0-0.5
Arsenopyrite 10.5




0.0-0.2
Fåhlerts




0.0-0.3
Gangue 23.8




1.2-72.7

limitednumberof sectionscan be observedin Table13while

Figures15,16,and 17 aretriangulardiagramsof ganguefree
massivesulfideore. In Figure15 the threecomponentsplotted

arepyritevolumepercent,pyrrhotitevolumepercent,andthe

volumepercentof matrixsulfideminerals(chalcopyrite,sphaler-

ite,galena,arsenopyrite,and fahlerts).Thissholmsthatthe

Folldalmassiveore is mainlya pyriticore andthatit is un-

likecertainothersof themassiveCaledonianorebodies,for
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exampleBleikvassli,whichshowsbotha pyrrhotiticandpyritic

ore type (Vokes,1961,personalcommunication).In Figure16,

the componentsof the ore are splitup in a differentfashion.

Sincepyriteis an ubiquitousmineraland its occurrenceis

generallyunrelateddirectlyto the occurrenceof otherore

minerals,it was chosenas one apex. In polishedsectionsand

hand specimens,pyrrhotiteandchalcopyriteareusuallyintim-

ately associatedandthereforeformthe secondapexof the

diagram,whilesphaleriteandgalenaforma commonassemblage

in the ore and arethe thirdapex. Thediagramillustrates

that the pyrrhotite-chalcopyriteassemblageis a moredominant

one in volumepercentageof the ore thanis the sphalerite-

galena assemblage.The thirdtriangulardiiagram(SeeFig.17)

is plottedwith the componentsbeingpyrite,sphalerite,and

chalcopyrite.Analysesof Folldalore arerepresentedby the

blackpoints. Theseindicatethatthe ore is not one of dom-

inantpyrite-chalcopyritecompositionbut tendsto have a

largeramountof the zincbearingconstituent,sphalerite.

Du Rietz (1951)gave63 modalanalysesof fourtypesof ore;

wet, dry, zinc,andpyrite,fromtheKristinebergdepositin

Sweden. Theseanalyseswere recalculatedto pyriteplus

sphaleritepluschalcopyritetotaling100percentandplotted

on Figure17 as blackcrosses. Exceptfor the zincore of

Kristineberg,whichcontains10 percentgalenaenclosedin a

dashed lineon thediagram,thereis a veryclosesimilarity

of Kristinebergbulkcompositionto thatof NordreGruve.

Table 13 (Seep.54)presentsthe resultsof 49 modalana-

lysesof samplescollectedat 13 differentlocationsas

sectionsacrossthewidth of the ore body. Sincethickness



Table 13: Analyses of Ore Locatedwith Respect to Wall 54
Rocks by Percentageof Thickness.(Pyrite
pyrrhotite-sphalerite-chalcopyrite-galena100%).

Pyrite, gangue free (volume%)

63 8A 9D 113 1111 123 12H 13A 13E
68.3 92.8 79.0 83.2 84.0 62.4 79.0 47.5 53.2

88.7 49.9 71.7 83.2 75.3 82.8 68.1 86.8

	

54.7 87.5 76.5 75.3 83.8 16.5 96.7

	

75.2 85.6 72.6 73.2 77.5 62.6 70.5
69.4 70.0 54.4 86.1 70.0 64.2 75.5 87.1 5‘,.4

Pyrrhotite,gangue ftee (volume%)

Loc. 2B 3A 4B 6C 63 85 9D 11F 11H 123 12H 13A 13E
11W. 0.5 0.1 0.1 3.8 19.5 2.4 9.2 2.9 4.2 3.7 1.5 24.9 13.4
0.25 2.7 14.4 2.8 5.4 3.7 1.2 14.5 1.5
0.50 2.5 12.6 4.8 18.9 1.9 6.5 12.4 0.8 7.6 0.4
0.75 4.9 7.5 0.1 22.1 5.0 0.9 12.1 29.4
FW. 5.8 0.9 0.8 2.4 6.4 10.6 37.4 0.5 5.2 0.0 10.3 8.8 46.4

Matrix sulfideminerals$gangue free (volume%)

Loc. 2B 35 4B 6C 63 8A 90 11F 1111 123 12H 135 13E
11W. 11.9 11.5 14.3 10.6 12.2 4.8 11.8 13.0 11.8 33.9 19.5 27.6 34.4
0.25 8.6 5.7 25.0 11.4 21.0 16.0 17.4 11.7
0.50 19.7 27.9 10.3 26.2 10.6 17.0 12.3 16.1 6.5 2.9
0.75 18.4 17.3 21.0 22.1 22.7 21.6 25.3 20.9
FW. 18.5 12.6 35.4 14.8 24.2 19.4 8.2 13.4 24.8 35.8 14.2 4.1 1.2

Pyrrhotiteplus chalcopyrite,gangue free (volume%)

Loc. 2B 35 4B 6C 6G 8A 90 113 1111 123 12H 135 13E
11W. 5.8 1.2 1.5 9.1 23.4 3.7 10.0 8.1 7.3 30.1 7.6 48.2 45.6
0.25 3.8 18.4 9.5 8.1 24.2 3.4 24.0 13.2
0.50 8.0 21.9 9.2 35.2 7.7 16.1 16.0 1.1 12.0 3.1
0.75 5.4 18.0 1.5 23.6 14.9 3.1 20.9 30.7
Fk. 9.6 4.3 5.0 8.2 11.4 16.3 42.0 3.4 13.0 0.2 12.9 10.1 47.4

Sphaleriteplus galena,gangue free (volume%)

Loc. 2B 3A 4B 6C
HW. 87.6 88.4 85.6 85.6
0.25




0.50 77.8




59.5 84.9
0.75 82.3




FW. 75.7 86.5 63.8 82.8

Loc. 2B 35 4B 6C 63
EW. 6.6 10.4 12.9 5.5 8

0.25
0.50 14.2 18.7 5.9 10
0.75 12.5
FW. 14.7 9.2 31.2 9.0 18

Locality 2B: 240x, 150y
Locality 35: 180x, 200y
Locality 4B: 330x, 250y
Locality 6C: 470x, 420y
Locality 63: 310x, 350y
Lbcality 8A: 260x, 440y
Locality 90: 300x, 490y
Locality 113: 490x, 640y
Locality liH: 460x, 640y
Locality 123: 500x, 680y
Locality 1211;540x, 690y
Locality 135: 500x$ 720y
Locality 13E: 470x, 680y

8A 90 11? 1111 123 12H 135 13E
.3 3.6 11.0 8.7 8.6 7.5. 13.9 4.4 1.1

7.4 1.7 18.8 8.7 0.5 18.8 7.9 0.0
.0 4.8 7.4 0.1 15.8 1.5 0.2

6.5 12.9 3.8 12.8 19.4 16.519.6
.3 14.5 3.4 10.4 17.0 35.6 11.6 2.8 0.k
; thickness$0.76meter, Level 2.
; thickness,O.803muter,Level 3.
; thickness10.70meter, Level 4.
; thickness$0.61meter, Level 6.
; thickness,1.22meters, Level 6.
thickness$0.72meter$ Level 8.

; thickness,1.52meters, Level 9.
; thickness,0.91meter, Level 11.
; thickness,1.22meters, Level 11.
; thickness,2.50meters, Level 12.
; thickness,0.61meter, Level 12.
; thicknesst2.00meters, Level 13.
; thickness,0.20meter, Level 13.
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variesfromlocationto location,the analysesare located

with respectto thehangingwall andfootwall by percentof

thickness. The thicknessof the sectionsanalyzedrangefrom

0.20meter (Locality13E)to 2.50metersat Locality123. The

tablepresentsdatafor the variationin pyrite,pyrrhotite,

matrixsulfideminerals,pyrrhotite,pluschalcopyrite,and

sphaleriteplusgalena,allcalculatedon a ganguefreebases.

The averagevolumepercentof pyritefor49 analysesis 75.8:

pyrrhotite,7.6;matrixsulfides,17.2;pyrrhotitepluschalco-

pyrite,14.0;and sphaleriteplusgalena,9.9. Histogramsof

each one of the fivecomponentstabulatedshmed thatfrom49

analyses,thematrixsulfideswerenormallydistributedwith a

mode around12 percentand thatpyritegave a normaldistri-

butionskewedtowardthehigherpercentsgeswith a mode about

80 percent,whilethe otherthreecomponentsgavedistribu-

tionsthat skewedtowardlowerpercentages.In thirteensec-

tions,eightcan be consideredto havepyritepercentdecreasing

fromhangingwall to footwall,twohavepyrrhotitedecreasing

and threehavematrixsulfidesdecreasing.In six sections,

matrixsulfidesincreaseftomhangingwall to footwall,while

in four,thesepercentagestendto fluctuate.In seven

sections,tz)rrrhotitefluctuateswhile in six sectionspyrrho-

titeplus chalcopyritefluctuate.Sevensectionshave sphaler-

ite plus galenatendingto increase.Each observedvariation

is for onlythe localitystatedand the specimenused.

Althoughit is possibleby usingsuch a methodto trace

variationsin mineralcompositionacrossthe orebodyfor

specificlocations,it doesnot tend to give an overallgen-

eralizedpicture. In orderto summarizethedata of the
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thirteensections,the analysesfor eachcomponentat all of

the five thicknesspositionsin the orewere averagedtogether

to give onevaluefor eaeh of the fivepositionsin the ore

for each component.The authormay not be justifiedin doing

this becauseof lackof manymore analysesandnot knowing

whetherthe samples,exceptthaseon thehangingandfootwalls,

correspondto each otherin location,but sucha summationas

presentedin Figure18 is usefUland alsothe frequencydiagrams

of each componentseemto representfairlywelldistributed

samplesin eachpopulation.In Figure18,the averagepercent-

age of eachcomponentat fivepositionsacrossthe ore is

plotted. Pyriteshowsa decreasefromhangingwall to foot

wall with a slightincreasein themiddleof the ore. Matrix

minerals,as a group,ared)outequalin bulkpercentageat the

wall but tendto fluctuatein themiddleof the orebody,being

more concentratedin the footwallhalf of the ore thickness.

Pyrrhotiteis moreconcentratedon the footwall thanon the

hangingwall andis at a minimumin themiddleof the ore body.

Thiscan be seenboth in polishedhand specimensandpolished

sections(SeePlate10,Fig.2). Theregenerallyseemsto be a

concentrationof pyrrhotitenearthe contactof the orewith

thewall rocks. In Figure15, thereare analyseswhichfall

closerto thepyrrhotiteapezthanthe majorityof analyses

and are accountedfor by thisvariationin pyrrhotitecomposition

acrosstheore body. Sphaleriteandgalenaareconcentrated

more towardthewalls as is pyrrhotitewith aminimumconcen-

trationin themiddleof the ore. Thus,sphaletite(thisis the

main componentof sphaleriteplusgalenawihcethegåLenaper-

centageneverrisesabove0.5 volumepercent)is moreconcantrated
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on the footwall. Chaloopyriteseemsto be concentratedmostly

on the hangingwall,but has a largeamountnearthe centerof

the ore body.

Du Rietz's(1951)studyof thepyriticore of Kristenberg,

Sweden,showeda decreasein Fe percentandpyriteacrossthe

orebodyfromthehangingwallto the footwall. Thisis exactly
analogouswithNordreGruve. The Cu decreasedas did the

chalcopyritefromhangingwall to tootwallwhichis alsosim-

ilar to NordreGruvemassiveore. Belowis an abstractof

his data forpyriticore (SeeTable14).

Table14: Analysesof PyriticOre$Kristimberg,Sweden,
fromDu Rietz(1951,p.51).

Footwall Middle Hangingwall
(wt.%)

8102 17.50 9.30 3.77TiO2 0.13 0.07 0.02
A1203 7.62 3.41 0.94
Mn 0.07 0.10 0.01
Mg0 6.71 5.13 1.13
Fe 30.99 36.08 42.10
Cu 2.44 3.40 3.53




29.07 38.14 46.61
Zn 0.0 tr. tr.
Pb

(vol.%)
0.o 0.0 0.0

Fyrite 49.0 64.9 81.0Cbalcopyrite7.o 9.8 10.2Chlorite 35.0 15.0 4.5

Vokes (1957)has foundthat,withinthe Birtavarredis-

trict,Troms,NorthernNorway,chalcopyritetendsto be con-

centratedaroundrockfragmentsin the ore andon thewalls.

Be suggeststhatthe chalcopyritewas influencedby the

physicalpresenceof thewallrocksand theirchemicalcom-

position. Vokes(1962,personalcommunication)has foundfor

Pleikvasslithattherearefåirlydefinitevariationsin modal

mineraloympositionfromfootwall to hangingwall for themas-
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sivepyriteore,besidesthereis a pyrrhotiticore on the foot

wall at somelocations.He studiedtwelvecross-sectionsof

varioustypesof ore andfoundthatin eightout of n:Dnesec-

tions therewas a moderateto markedincreasein pyriteper-

centagesfromfootwall to hangingwall,and thattherewas a

decreasein matrixsulfidesfromfootwall to hangingwall for

seven out of twelvesections.In generalthe individualmatrix

sulfidesshoweda decreasefromfootwall to hangingwall. This

is exactlyanalogousto NordreGruveexceptin NordreGruvethe

trend is not as pronounced.Thismay be due to the factthat

Bleikvassliorewas probablysubjectedto a higherdegreeof

regionalmatamorphismthanNordreGruveor it may be due to dif-

ferencesin the originalconditionsof depositionsof the

sulfidesat the twodifferentlocations.

Therehavebeenrelativelyfew studiesof thistypedone

on massivesulfideore bodiesand as canbe seenfromthe

probabletrendsfoundabove,similarstudieswouldbe very

helpfulto contributefactswhichmay aid in the solutionof

the problemsof origin. Fromthis,it can be seenthatmas-

sivesulfidedepositsareprobablynothomogeneous,butdo

indeedcontainmineralogicalvariationspossiblyuniqueto

them that can onlybe recognizedby a detailedstudy.

CHEMISTRYOF TRE ORE

Unfortunately,Folldalsverkhas no locatedassaydata

aboveLevel4, belowthisthereare 201usableassaysall

locatedwithrespectto themine coordinates.Copper,zinc,

sulfur,and occasionallyironwere analyzedin samplesacross

the thicknessof the orebody. Althoughin polishedsections,
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one finds tracesof galena,givingthe ore a leadcomponent.

Folldalsverkhas not analyzedfor thismetal. Table15 pre-

sents a summaryof modes,averbges,andrangesforcopper,

zinc, and sulfur.

Table15: StatisticalParametersof theAssays.

Metal Mode (,;) Average(%) Range (%)
Copper 1.25 1.25 0.32-4.2
Zinc 3.25 5.25 0.75-8.0
SulfUr 33 and43 35.64 21.50-48.2

Frequency-distributioncurvesweredrawnfromthedata

(SeeFig.19). All of the curvesareunimodalexceptthe one

of sulfurWhichtendsto be bimodal. The copperftequency

curve is skewedtowardthe lowerpercentagesof copper.

An attemptwas made of correlatingcopperversuszincby

usingthe productmomentcorrelationcoefficient(loroney,

1960)which in thiscaseis definedas

r 1 Cu - Zn - Zn $

Seu x SZfi
where r is the correlationcoefficient;N, thenumberof ana-

lyses;Cu andZn, the averagepercentageof copperand of zinc;

and Scu andSzn,the standarddeviationof copperand zinc. With

the valuesN equals201,SCu equals55.2,Szn equals219.6,

Cu equals1.25,ånd Zn equals5.25,uponsubstitutionr equals

-0.32. A perfectstraightlinecorrelationwouldhave a r equal

to 1.0 andno correlationis representedby r equals0.0. The

minus sighon -0.32meansthatas the copperpercentageincreases,

the zinc percentagedecreases.The number0.32representsa

fairlypoorcorrelationat a bigh levelof significance.From

this,onewouldsay thatthedistributionof zincis probably

not relatedto thatof copper.
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Valuesof theratioCu/CuZn were calculatedandplotted

in a frequencydistribution(SeeFigure19)whichgave a normal

distributionskewedtowardthe lowerratios. Thiscurvehas

a similarshapeto onepublishedby WilsonandAnderson(1959)

for the Gecomassivesulfideore in Canadawhichcontainsmore

zinc than copperas does theFolldaloredeposit.

In an attemptto betterunderstandthedistributionof

copper,zinc,and sulfurin NordreGruveor to spotanyzonal

relationships,the locatedassaydatawereplottedon a vertical

profilesandcontoured.Figure20 presentsthe sulfurdistri-

butionwith a contourintervalof 4 percent. Thereareno

readilyapparenttrendshere,exceptthatthe sulfurpercentage

seemshigherin theeasternpart of themine. Figure21 is a

similardiagramof the zincpercentages,interval1.0percent.

One trend is readilyapparent,plungingnortheasterlydue to

the trendof the ore. Anothertrendis discerniblein the

individualcontourlineswhichseem to plungenorthwesterly.

In Figure22 of the copperdistribution,one seesthe sametwo

trends,but theyaremore apparant.The areasof high zinc

percentagefallon a zoneplungingabout45°E.in theplaneof

the profile,whilethe individualcontouredhighsplunge400W.

in the planeof the profile. Projectingsucha profileinto

the true planeof the orebodygivesthetwo trendsof the

plunginglineations,one northeastandthe othernorthwest.

Thesetwo trendsarein accordancewiththedirectionsof

minor foldingand the broaderstructuralfeaturesof theNordre

Gruvemassiveore. In orderto checkon representingassay

data on verticalprofiles,an averagevalueof eaahmetalwas

calculatedfor an individuallevel. Wherethe levelpassed
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throughthe largestnumberof high contoursrelativeto the

adjacentlevels,the averagevaluefor the levelwas highre-

lativeto the otherlevels,thus supportingthemethodused.

Thedistributionof copperand zincis by no meansas regular

in NordreGruveas Gjelsvik(1960)foundfor the Skorovassore

body in theGrongarea,Norway,althoughtheybothseemto have

othersimilarcharacteristicssuch as thebandingdue to changes

in grain sizeof pyrite.

The ratioof copperto zincwas alsocontouredin a vertical

profile (SeeFig.23). All valuesof theratiogreaterthan0.6,

liewithintheheavyblackcontour. Thishas a flame-likeshape

upwardsalongthewesternedge of the orebody. Again,one

noticestwodifferenttrendsin the contours.Interestingly,the

very lowestvaluesof theratioare associatedwith the extreme

high values (atcoordinates240xand675y). The lowestvalueis

0.20 and thehighest,54.1.

There are otherelementsin the Folldalore as shownby a

few scatteredanalyses.Folldalsverkrecievesa rewardfromthe

smelterforgold and silverrecoveredin theirzincconcentrate.

Carstens(1941)presentsan analysisfor Folldalpyriteconcen-

tratewhichgivesin weightpercent;Cu, 0.32;S, 48; and Se,

43 gramsper metricton. Onemust rememberthatFolldal'spyrite

concentratedoesnot all originatefromthe samemine,although

the majorityof the ore comesfromNordreGruve. AlsoOftedal

(1940)givesan analysisof the zincconcentrate(SeeTable16).

The Pi reportedin the analysismay be associatedwith the traces

of fahlertsfoundin the ore. Arsenichas beenreportedin ana-

lysisof Hovedgruveore (blarlow,1935)and,if analyzedfor,

would probablyoccurin NordreGruve. Any arsenicfoundin
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Table16: Oftedal'sAnalysisof ZincConcentrate.

Element Weight(%) Element Weight(%)
cd 0.3




Mn 0.3




In 0.001




Co 0.005




Ga 0.001




Pb 0.1




Sn 0.001




Ag 0.003




Hg 0.001 (?) Bi 0.005




Fe 10.




NordreGruvecan probablybe attributedto theminoranountsof

arsenopyritefoundin the ore frompolishedsectionstudy. This

is the extentof the data on theminorelementsin theFolldalore.

THEGAIIGUE

The abundanceof ganguein themassivesulfideore varies

from 1.2 to 72.7volumepercentas foundfromthepolishedand

thin sectionsstudied. It averagesabout23.8volumepercent.

The variationof percentgangue,with percentthicknessof the

oredoes not seemto showaa trendfor thewholemine. Some

localitieshavemoreganguein the footwall ore andhangingwall

ore than in themiddle,but othersshowthereverserelation-

ship. In tbe cross-sectionsof volumepercentgangueplotted

versusthicknesspercentageof ore,no consistenttrendswere

found.

Gangue,in thisdiscussion,includesindividualmineral

grains and aggregates;quartz,feldspar,andchloriticlenses;

disturbedand foldedundifferentiatedandquartziticschist

partings;and angularfragmentsof carbonate.All arecomposed

of the samedominantminerals,quartz,calcite,and amphibole.

Minormineralsareplagioclase(albitein somecases,where

determinedby optics),epidote,garnet,biotite,chlorite,

muscovite,andthe commonaccessoriesfoundin thewallrocks.
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In some cases the amphibolewas determinedby opticalmethods

to be an actinolite. It had the followingopticaldata;

1.628-1.633,nycl.643-1.646,nyt-1.654-1.658;Zne=13-150,neg-

ative, 2V about 800, X is very pale yellow,Zis pale green,

and y is yellow green. quartz grains generallyshow strained

extinction and occasionallygranulatedand recrystalizedtex-

tures. This is exactly analygousto the quartz observedin thin

section from schistswithin the entireregion of study. The

amphibole occurs as euhedralto subhedralcrystalsand aggre-

gates which are fracturedperpendicularto their c crystallo-

graphic axes. These fracturesare filledwith sulfidematrix

minerals. Calcite exhibitstwo generationporphyroblasts,

occurs as late secondaryfillingsin cracks and shear planes,

and also is moulded around other silicateminerals. Plagioclase,

which occurs in greater abundanceas a ganguemineral than as a

constituentof the wall rocks, is broken along cleavagedirec-

tions. In polishedsectionsand thin sections,the micas were

observed as bladeswhich are bent around other gangueminerals

and in some cases aroundthe ore minerals. Very seldom-do mica

foliae project into a crystalor aggregateof an ore mineral.

The other gangue mineralshave exactly the same characteristics

as they did in the countryrocks.

Schist partingseither of the undifferentiatedschistsor

the quartziticschists are found in all sizes ranging from a

microscopic thicknessto greater than 0.75 meter in thickness.

They extend aling strike for distances from microscopicto more

than 5.0 meters. Generally,attitudesof foliationmeasured in

such partings are similarto those measured in the adjacentwall

rocks. In many cases such partings consist of discontinuous,
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highlydistortedandfoldedbandsin the ore. In allcases,they

appearto be remnantsof the originalwallrocks.

Glassyquartzlensesar masses,sometimessurroundedby rims

of chlorite,but moregenerallynot, areverycommonin the

massiveore. Theydo not seemto occuralonganyparticular

horizonor positionwithinthe ore bodyexceptthatin somecases

near the footwall,therewere trainsof glassyquartzlenses

encasedin chloritein a horizonparallelwith the quartzitic

schistsin the footwall. Sometimestherearedisseminations

of chalcopyriteandpyrrhotitewithinthe quartzlenses.

Anothertypeof gangueaccumulationin themassiveore is

angular,and someround,carbonatefragmentscomposedof ag-

gregatesof coarsecrystals.Thesefragmentsarespreadthrough-

out the massiveorewithinthe?entireore zone. Thegreatest

concentrationof theiroccurrenceseemsto be on the lowersix

levelswest of theMarieLouiseShaft. Theyareespecially

abundanton Levels4 and 5. A numberof thefragmentsftomloc-

alitiescoveringtheextentof the ore zonewere x-rayedand

shownto be calcite. Also the no refractiveindexesweredeter-

mined and fellwith therange1.653to 1.664±.002.The calcite

fragmentsusuallyat theiredgeshave a richconcentrationof

magnetiteor mineralsof the pyrrhotite-chalcopyriteassemblage.

Inftequentlytheyarecut by veinsof matrixminerals,usually

alongfracturesand crackswithinthe fragments.The general

appearanceof the fragmentsin the ore is thatof limestone

bfecciawhichcontainssomefragmentsthathavehad their

cornersandedgesroundeddue to tectonicmovements.In pos-

tulatingpossibleoriginsof thecalcitefragments,it should

be rememberedthaton Level5 thereis a largecarbonate
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mass which is ankeriticdolomiteandthatvariouscarbonate

porphyroblastsin the loosechloriticschistswere ankeritic

dolomite. One possibleoriginis thatthe fragmentsrepresent

hydrothermallyintroducedcarbonates.Eithertheorymakesit

possiblefor latermetamorphismto haveredistributedthecar-

bonate. Thereis no definiteevidencefor the laststatement,

but it remainsas a possiblity.

The ore containslensesand fragmentswhichconsistof

mixturesof glassyquartzandcalcitedistributedratherran-

domly in the ore zone.

At one or two locationswerenotedroundedlensesof

quartzand feldspar,wherewell-crystallizedalbiticfeldspar

was the dominantmineral. Thegroundmassor matrixof these

lensesconsistedalmostentirelyof oreminerals,mainlychalc0-

pyriteandpyrrhotite.Besidesthesevery localizedconcentra-

tions of plagioclase,therearethinbandsin the orewhich

consistdominantlyof albitewithminorquartz. Thesebands,

about0.5 centimetersthick,do not appearto be verycommonin

the ore,nordo theyhavegreataerialextent. All of thegan-

gur, exceptthe schistpartingswhichshowcharacteristicsdue

to tectonicmovementsof folding,exhibitevidencesof tectonic

activityin the ore zoneeitherdue to movementsduringfolding

andmetamorphismor much latertectonicactivityparallelto
the ore zone. Evidencefor latertectonicmovementas the

cause of roundedfragmentsseemsto be poorbecauseof theway

in which sulfideminerals,particularlythematrixsulfides,

aremouldedaroundtheganguefragments.This is verystriking

in a numberof caseswhereorecontaininga largenumberof the

variousganguefragmentswhichwereroundedand apparently

rolledwere found. Thisis similarto the "Durchbewgogg"
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structuresdescribedin German and other literature.
The authorbelieves that the majority of the gangueminerals,

if not all, have been derivedmechanicallyfrom the surrounding
schists and dolomiticbeds and that all of the structures
found in the gangue cante related to tectonicactivityduring
metamorphism and the foldingof the ore horizon.

CONCLUDINGREMARKS CONCERNINGORIGIN

The origin of ore deposits of the massive sulfidetype is
a much debated questionand highly confusing,since theory not
based on experiments,is liberallymixed with the interpretations
and presentationsof facts. The schoolsof thoughtmay be
basicallydivided into thosewho favor sedimentaryprocessesas
being responsiblefor the originaldepositionof the sulfides
and thosè who prefer depositionof the ore minerals by methods
related to UD fluids emanatingfrom a magma. Before entering
the realm of origin,one must be able to unravel the history
of the deposit from the present time back to its birth. This
includes, in this case, the effects of the metamorphicand
tectonic history,if there have been any.

Startingwith two possibilities,sedimentaryand epigenetic,
one may arrive at the conclusionthat Nordre Gruve, thoughnot
every other deposit of this type, has been metamorphosed. First
suppose that the originalorigin of the deposit is epigenetic,
then one must have an igneoussource at depth for the mineraliz-
ing fluids. The only rock which could be of magmaticorigin
within the area is the trondhjemite,whose contactwith the
schists at the suflace is less than a kilometeraway from the
ore deposit. The relation of trondhjemitesto nearby ore deposita
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is not a new ideabut has existedin Norwegianas well as

foreignliteraturefor manyyears. As has beenshown,therock

containsmetamorphicminerals,such as garnet,andhas been

stronglyfoliated;both of whichpointto the factthatit has

beenmetamorphosed.If onedoes not acceptthe trondhjemite

as being of magmaticoriginand as the sourceof orefluids

andpostulatessomemysterious,unknownsource,the epigenetic

thereforemetamorphosedargumentis invalidated.The conclu-

sions arrivedat if the originaloriginis sedimentaryare

obvious. This argumentis naturallylimitedto onedeposit

within the Folldaldistrictbecauseof thenatureof thisstudy,

but from the natureof theiroccurrence,probablycouldbe

appliedequallywell at leastto SSndreGruveandHovedgruve
if not alsoto the otherthreedepositsin thedistrict.On

the overallpictureof similardepositsin theNorwegian

Caledonides,the argumentis generallynot valid. Thisneces-

sitatesanotherapproachto theproblemwhichusesobservable

facts to builda theoreticalmodel.

Observedfactswhichmustbe explainedby sucha model

are: (1) thedifferenttypesof banding,especiallythemag-

netitebanding,which areconformablewith the foldedwall

rocks; (2)the non-esistenceof an alterationhalo; (3)the

ganguemineralsnot havingcharacteristicsof introduced

mineralsbut onessimilarto the samemineralsfoundin the

wall rocks; (4)the existenceof ganguelenseswhichhavethe

appearanceof havingbeenmovedor rolled;(5)the existence

of breccia-likestructuresformedby gangueand oreminerals

("Durchbewegung"structures);(6)thewallrockto orerelations

which arenon-conformableandthe crestsof foldsin thewall
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rocks brokenby themassivesulfideore; (7)the textureevi-

dence of thepyritecataclasticserieswhichsh(mArsthatthere

was continuoustectonicmovementduringor postdepositionand

continuingto a muchlatertime; (8)the "inclusions"in the

pyrite; (9)the contentrationof matrixminerals,i.e.chalco-

pyrite,sphaletite,andpyrrhotitenearthewallsof the ore

body; (10)the occurrenceof assayhigh areasof Cu andZn

correspondingwith the directionsof foldingfoundin thewall

rocks; (11)the elongationof tbe pyritecrystals;and (12)the

localunrecrystallized areasof pyrite. All of thesefacts

can and havebeenexplainedfor individualcasesin various

ways, but to use thesepastexplanationsrequiresthe con-

structionof a highlycomplesseriesof eventsto explain

simultaneouslyallof the observedfactsforNordreGruve.

The author'stheoreticmodelof originto explainthe

known factsaboutNordreGruveemphasizestheeffectsof regional

metamorphismwithinthe conditionsof thehighgreenschist

facies. The originaloriginof themainpart of the ore

mineralscouldbe eithersedimentary,hydrothermal,or a

contributionfrombothprocesses.Evidencepresentedby Shaw

(1954)andKuroda(1961)on traceelementsin metamorphicas-

semblagessuggeststhatthe amountof orematerialneededto

form an oredepositthe sizeof NordreGruvecouldnot come

from scatteredamountsof metalsin the originalrockswhich

were latercencentratedby metamorphicprocesses.If origifitally

of hydrothermalorigin,the orewas probåblyemplacedbeforeor

at the sametimeas metamorphismand folding. Duringregional

metamorphismandcontinuingto a laterdate,thereweretec-

tonicmovementsparallelto the ore zoneand in the latest

stagetransverseto it. The clastictextureof pyriteis
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accounted for, as are the rolled gangue lenses,the wall rock

to ore relationships,and the variationsin the compositions

in the ore body by the conditionsof temperatureand tectonics

imposed upon the area. Any hydrothermalalterationhalo would

have been destroyedby metamorphism. The "inclusions"in

pyrite and local areas of fine-grainedpyrite could be the

retults of differencesin local recrystallizationrates. Ad-

mittedly, little is known about such a complex systemexper-

imentally,but this model seems to best explainthe evidence

from Nbrdre Gruxe.

On a larger scale, samples of ore ftom otherNorwegian

Caledonianmassive sulfide ore deposits,show a definite in-

crease in grain size of pyrite as there is a correspondingin-

crease in the metamorphicgrade of the rocks in which the de-

posits occur. This can be seen in any representativeset of

examples of Caledonianores from the variousregionalmeta-

morphic grades. Other evidenceto support a metamorphismof

the ore is the close similaritybetween the assumedtempera-

tures for quartz-albite-epidote-almandinesubfaciesof the

greenschistfacies and the possible indicationsof the various

geothermometersas to the final temperaturesof formationor

recrystallizationof the ore. These are summarizedin Table 17.

Table 17: Summary of TemperatureData




Metamorphic temperaturemaxumum 550°C




Sphaleritegeothermometer,average 459 ± 250C
Arsenopyrtegeothermometermaxumum 491 ±.-120C
Sphalerite-chalcopyriteexsolution 300- 4000C
Cubanite-chalcopyriteexsolution 400- 4500C

All of these temperaturesfall within the same range.
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Othergeologistaare at the presenttimeadvocatingthe

theoryof metamorphosedoredepositsno matterwhat their

originaloriginwas. Also in the past literature,thereare

referencesanddiscussionsof similarcasesto NordreGruve.

Emmons (1910)discusseddepositsof themassivesulfidetype

locatedin HancockCounty,Maine,andtheMilanMine in New

Hampshirewhichhe thoughthad sufferedtheeffectsof regional

metamorphism.He stresses,in the caseof theMilanMine,that

the ore is foldedexactlyas arethewallrocksandthatthis

fold as well as the orehas beenbrokenand off setby a shear

faultin the fold'screst. Hel of course,emphasizedthe effects

of dynamicmetamorphism.Newhouseand Flåherty(1930)did

experimentsto explainthe originof texturesof somebanded

sulfideoresby applyingdeformingpressuresto varioussulfide

minerals. Pyritawasshearedintothinplatesand arrangednen

echelon"producingelongatedmasses,chalcopyriteflowedwith

the crystalsbecomingelongated2 to 3 timestheirwidthand

sphaleritewas fractured.Zavaritsky(1950)discussedeffects

of metasnmatismandmetamorphismof pyritedepositsin theUrals,

briefly. MarmoandMikkola(1951)studiedsulfiddsin black

schistsandtheirlocalconcentrationin thecrestsof folds

and explainedtheiroriginwas due to migrationof sulfides

undermetamorphismto areasof leastpressure. Theirevidende

consistedmainlyof texturalinterpretationsandwas backedby

no experimentalevidence.Williams(1960)alsodescribesand

theorizeson the cataclasticeftectspyritesufferedandthe

migrationof softersulfidesto crestsof drag foldsfromtheir

limbsin Rammelsberg,Germany,duringfolding. All of which

tookplace at temperaturesof about2250C. Schadlun(1958,
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1960)stronglysupportsthe theoriesemphasizingthedynamic

metamorphismof oredeposits. Thephotographsof massivesulfide

ore from RussiawhichSchadlunhas studied,are almostidentical

with similartexturefoundin polishedsectionsof the ore of

NordreGruve. BannoandKanehira(1961)attemptedto buildup

a sulfideand oxidemineralfaciesandstabilityfieldsto cor-

respondwith thoseworkedout formetamorphicsilicateassemb-

lages. Theirresultswere onlyschematicbutrepresenta notable

approachto theproblem. From thislistof workdone in the past

it can be notedthatthemetamorphismof an oredeposithas been

suggested,but the effectsof suchconditionsin the ore is

littleknownexperimentallyor in detailfromthe field. Textual

evidenceandcriteriaformineralreplacementE,suchas Bastin,

Graton,et.al.(1931)suggest,can not be used as evidencealone

for a pastmetamorphichistorybecauseof thegreatambiguity

involvedin distinguishingan epigeneticreplacementand a

metamorphicgrowthprocess. Probåblythe originaloriginof such

a depositcan neverbe understooduntilmuchmore is knownabout

the distributionof minorelementsin oremineralsundersed-

imentaryandhydrothermalconditions,sinceany structuresor

texturesdue to originaldepositionareprobablydestroyed

partiallyor completelyby metamorphism.
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Fig.18. Average variation of ore mineralogicalcomposition
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Fig.19. Frequencydistributioncurves of assaydata.
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Plate3, Fig.1. Magnetite(gray)bandedmassivepyrite
ore (white)withgangue(black).Reflectedlight.
X 65.

Plate3, Fig. 2. Brecciatedpyrite(ghite)with sphalerite
(gray)in gangue(black)from a post-orefault.
Reflectedlight. X 200.



•

å

C

"
4.s.rf"'

..•••



Plate4, Fig. 1. Etched pyrite crystal (white)mounted in
plastic (gray) sbowing an embaymentwhich in polished
section appears to be an inclusion.Reflectedlight.
X 200,

Plate41 Fig. 2. Ilagnetitecrystal (gray)being replaced
by carbonate (black)along octahedralpartings.
Pyrite crystal (white). Oil immersion,reflected
light. X 310.
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Flate 11, Fig. 1. Cataclasticpyrite (white)tractured
but ntitfilledwith matrix minerals suchas
sphalerite (darkgray) and chalcopyrite(light
gray). Gangue (black).Reflected light. X 200.

Flate 11, Fig. 2. Cataclasticpyrite (white)with fractures
filled with chalcopyrite(lightgray) and sphaler-
ite (darkgraY). Reflected light. X 200.
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Seterveien9,
Nordstrandh6gd-1
October20, 1961

Messers.Hjelseth and Klunderud
FolidalVerk A/S,
FolldalVerk, Folldal

Dear Messers.HjelsethardKlunderud:

Enclosed are copies of the assayCu/Zn ratio, contour
maps, as well as a geologicmap of the part of the mine that
I mapped this summer. Remarks on the probablevalue of the
items follow. There is stillmuch more work to be done before
any real interpretationsof the assembleddata can be made.

Remarksof the Cu/Zn ratio Profile.
The Cu/Zn ratio was arrived at, by using the precent

values of Cu and Zn given 011the mine analysis. å high
ratio indicstéshigher Cu percent,while a low ratio indi-
cates a lowerpercent of Cu. It also indicatesthe total
metal content of the ore.

Tre highestratios attainedare 25.0 and 54.0, both at
coordinatesx=240, z=675,while the lowestratio 0.03 ob-
tained, is at coordinatesx=270, z=660. The associationof
the low ratiowith that of the high ratio suggeststhe possi-
bility that the metals originallyat the locationof the
low rstio migratedup and westward to forn the rich concent-
ration.

Notice also that all of the ratiosabove .60 are in the
western part of the mine, as far as it has been explored and
assayed,except for two small local areas of Cu concentration
on the esrt part of level 11 and 12.

The exact contourpattern on the profilemay be an illusion
due to number and locationsof the assaysand the judgement
of the one who contouredthe ratios, or it may be real. In
either case it definitelyshows the tendencyof the highest
metal values to he locatedin the western part of the mine.

Remarkson the GeologicMap.
The map sent to you includesonly those parts of the mine

that I mapped in detail. The units mapped are similarto
those 5 Dr.Geis, as are the symhbls used, except for those
indicatingstrike and dip of foliationwhich is prohably
similar to bedding. Notice thit where the rock is highly
folded, so is the ore. (See especially,leve1,6coordinates
x=350, ye310). Later, s more interpretivegeologicmap will
be made includingGeis work and my own.

I will he interestedto know the reaultsfrom the explor-
ation west of the 250 shaft and also any at depth.

Thank you for an enjoyablesummer.
Sincerely,

n
"fiare

NormanJ Page
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