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IrTRODUCTION

During the Summer of 1972 a party of studentafrom Imperial

College, under the supervisionof Dr. C. ifalis,visited the

SkorovasPyrite Mine at the invitationof Flkem SkorovasGruber

A/S. Whereas the previousyear's party had concentratedon the

area around the mountain of Skorovasklumpen,to the north of

the mine, this garty was to carry out detailedgeological

mapping of the area to the southand west of the mine.

1 Geo ran an sio ra

The SkorovasPyrite Mine is situatedsome 30 km. from the

Swedish border in the upper NamdalenValley in CentralYorway,

.justsouthwestof the lake known as Tunnsjöen,and about 260 km.

north of Trondheim.

The mining village itseIf is sitmated450 m. above sea

level, in the floar of a narrowvalley runningapproximately

east—west,bounded to the north by Skorovasklumpen(900 m.),

and to the south by Grubefjell(880 m.). At its western end the

valley curves northwardaround the foot of Sdndre GrOndalsfjell

(950.m.), which is separatedfrom Grubefjellby a wide pass.

EXposure is ar the whole excellent.Below about 500 m it

is reducedby the presenceof large areas of drift, birch scrub

and moss, but above this height exgosurerapidlyincreasesuntil,

on the top af SOndre GrdndalsfjelI,it is almost total,with

the relationshipsbetween differentlithologiesoften made

otearer by weathering.

The !Tao n .rea

The area mapped by the Author centredon the northeastern



flank af a large basic intrusion,which comprisesmoat of the

mountain known as GrOndaIsfjell.Thia area is only a small part

Of a large intrusivebody some 8 km. across.Hence the term

"GråndalsfjellGabbro"will refer only to that portion of the

Gabbro actuallymapped, and lyingwithin the marginal fault.

The intrusivehiatoryof thia body is complex,and its

understandingis renderedall the more difficultby deformation

and tectonicdialocationupon which are superimposedthe effects

of /ow—graderegionalmetamorphism.
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REGIONAL GEOLOGY•

The Lower Palaeozoicrocks of the TrondheimSynclinorium

terminateagainstan arcuate ridge of Pre—Cambriangranitic

gneisses known as the "GrongCulmination".This feature runs

from west to east and then southeastacross the trend of the

main Caledonianfold belt, and separatesthe main outcropof

Cambro—Silurianrocks into two parts (Figs. 1 and 2). To the

south the rocks form a pair of narrow synclinesknown as the

Snåsa and Verdal Synclines.These two structuresare separated

by the TrnmeråsAnticlinetbut merge southwestwards

to form the TrondheimSynclinorium(Fig. 2).To the north the

rocks continueas a series of thrustnappes. The area was

rirst mapped by SteinarFoslie in the years 1922to 1943.

AB a result of Foslie'swork, Oftedahl(1956)divided the area

into two principaltectonicunits: the Olden Nappet sutcropning

in the centre of the Grong Culmination,and the overlying

Seve Nappe.

1 The Iden Na e

The Olden Nappe consistsof Pre—Cambriangneissicrocks

overlain by small remnantsof a Cambro—Silurianseries.Over

this series are thrust the rocks of the Seve Nappe.

2.2 The Seve Nappe


The Seve Nappe comprisesboth fine and coarse—grained

granitic rocks overlainboth in the northeastand the south—

west by a series of Cambro—Silurianmetamorphosedvolcanic

and sedimentaryrocks.The southwesternseries form the 3n,Js.
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and Verdal Synclinesmentionedabove.Northeastof the Grong

pulmination the Seve Nappe has been dividedinto two parts:

theWestern Nappe and the Eastern Nappes.

TheWeatern Nao

TheillesternNappe was first discoveredto the north of the

Grong region by Strand (1953).It consistsof a series of

high—grademetamorphicrocks developedover more than 100 km..

The southerlycontinuationof thiw Nappe is uncertaindue to

the boundaryhaving been obliteratedby metamorphism.

.2. The Eastern Na nes

The Eastern Nappes consist of severalunits of low—grade

metamo-plicrocks (greenschistfacies).The best—definedunit

is the GjeravikNappe, which consistsof greenschistsintruded

by gabbreicand graniticbodies. The GrandalsfjellGabbrowith

its envelopeof metavolcanicrocka forms a major nart of the

lithologiescompisingthe GjersvikNapoe in the SkorovasRegion.

There is also a furthergroup of gabbroicand granitic 17Ocks

which may either be part of the GjersvikNappe or the Western

Nappe. On the easternflank of the GjersvikNappe a seriesof

supracrustalrocks occurrwhichseemstorepresentat least two

local nappes.

Strat ra

Foslie mapped the rocks at Skorovasas lying within the

at*en Group (LowerOrdovician).Definitestratigraphical

correlationis rendereddifficult,however,by the lack of

fossil evidence,the scarcityof reliablemarker horizons,the



structuralcomplexityof the area, and metamorphism.

• Tectonic .isor of the Area

According to Oftedahl (1956),at least thro major tectonic

phases may be distinguiehed:the thruatingof the nappes

probablyoccured during the first phase,whilst the second

phase consistedof folding, thrusting,metasomatismand doming

of the anticlinalareas. The reIativechronologyof these

tectonic,metamorphicand metasomaticevents is, however,open

to discussion(Gale and Roberts 1972)„and must be critically

evaluatedin the light of revisedteotonicconceptsand detailed

work on a local scale.



• LOCAL OFOLOGY

The GrOndalsfjellGabbro is bounded to the northeastby

a thick sequenceof greenstonee,which was mapped by the 1971

party as belongingto the "UpperUnit". To the east, the Gabbro

is bounded by an area of trondhjemite(for definitionsee 3.5),

meta—gabbrortalc schistsand greenstones.This ares has been

broadly termed the "IntrusiveZone" and is discussedin greater

detail by R. Horsley (FieldReport 1972, in preparation).Only

a brief descriptionof the lithologiesis given here.

1 U ner Irnt Greenstones

The Upper Unit Greenstonesconsistof a series of basic

meta—volcanios,and are characterisedby their more massive

appearencecotup red to the other more schistocerfls in the

area (Hirsinger1971).

Several types of rock occur, the most common being a

fairly massiverfine—grainedgreenstonecontainingabundant

knotsr veins and lenses of epidote.The lenses may be up to

60 cm. in length and up to 10 cm. thick; they have frequently

been stretchedand boudinedto a marked degree and are consequ—

ently traversedby small fractures(Fig 3).

Short, discontinuousfeldspathicbands alao occur. These

may be primaryigneousconcentrationsof phenocrysts,or they

may be porphyroblastsproducedby metamorphism.Since the area

haw undergoneat least two major periods of deformation,the

Author favours the latterview, particularlysince the abundance

of epidoteindicatesthat exteasivemass trancferhas taken place.
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Well-definedamygdales,up to 0.2 cm. across,are common

in these rocks, and occur in bands up to a metre or so thick.

They are frequentlyinfilledby radialgrowths of quartz,

epidoteor calcite,which has often been either partly or

wholly removedby weathering.

The rocks are often heavilychargedwith pyrite,which

occurs as small cubes in pyritio bands up to a centimetre

across.

Greenstonesof the ntrusiveZone

The greenstonesof the IntrusiveZone consist of a thick

series of basic lavas with small amounts of keratophyric

material (mappedas felsite)occuringas separateintercalated

flows, or as minor intrusions• The rocks may either be massive,

cr else displayan Sl schistosity(see 7.1).Agglomeratic

bands are also occasionallypresent.The lavas may be

porphyritic„with plagioclasephenocrysts,or amygdaloidal,

with the amygdalesinfilledby quartz or calcite,or, more

rarely, chloriteor epidote.These amygdalesmay be slightly

deformed in some areas.

Mineralogically,these greenstonesconsistof fine-grained

quartz„ chlorite,albite and epidote,with occasionalplagioclase

phenocrysts.Unlike the feldsparsin the Upper Unit Greenstones,

which have the porphyroblasticappearencedescribedabove, the

feldspars in the greenstonesof the IntrusiveZone may be

zoned, rangingfrom An.11% in the cores to An.32% on the rir2.

Meta-Gabbro

The meta-gabbrois a dark green,medium to coarse-grained

iL



rock consistingof epidoteand plagioclasein a matrix of

chloriteand amphibole.An Si schistosityis sometimespresent.

No originalmineralogyremains:the typicalmeta—gahhroconsists,

in order of decreasingabundance,of epidote,chlorite,quartz

and iron oxide; leucoxeneis occasionallypresent as an

alterationproduct of ilmenite.The quartz is present in varying

amountspand has been praduced either by metamarphism,or where

it is spaciallyrelated to the trondhjemite,by introducflon.

The most distinctivefeature of the meta—gahbrois the net—

velning by acid material.Pegmatiticpetchesare common in the

meta—gabbroto the north of the DausjOen.Elongatepatehes of

amphibolitepusually net—veinedpare sometimespresentin the

meta—gabbro.

alc Schists

Where shearingof the meta—gabbrohas taken place, long

linear features,containingsmall amountaof tale schistpmay

occur. These featuresmay be up to severalhundredsof metres

long. The attitudeof the talc schist bands varies from a steep

northerlydip to almost horizontal.

Tronft emite

The word "trondhjemite"is used here accordingto the

deflnitiongiven by Goldschmidt(1916),1.e. a granodioritein

which alkali—feldsparis completelypar almost completely,

auppressed.

The trondhjemiteis a whitishp schistoserock consisting

of roughlyequal amounts of felsic and mafic minerals.Although

usually coarse—grained,a fine—grained,highly crushedvariety



also occurs.Microscopicexaminationof the quartz indicatesthat

•this rock has been heavily internallydeformed.The outstanding

texturalfeature of the rock is a planarflatteningof these

quartzes,probably due to Fl folding (see 7.1). The outstanding

mineralogicalfeature is the high degreeof alterationauffered

by the feldspar;this consistsof albite showingverious stages

of breakdownto clinozoisite,sericite,calciteand epidote.

Calcite also occurs as small grains within recrystallisedquartz,

and as smallveinlets.Fine—grainedchloritealso occurs,and

appears to pseudomorphprimaryamohibole.The trondhjemite

frequentlycontainsxenolithsof meta—gabbro.



	 GRGNDALSEJELLGABERO

All the evidencesuggeststhat the intrusionof Iayered

gabbro was the earliestplutonicevent in the evolutionaf the

GrdndalsfjellGabbro—Dioritecomplex.Essentially,this complex

consistsof large,xenolith—likebodies of layeredgabbro in

a later dioriticmatrix. Intrusiveacross tbese two principal

phases are a set of basic "blackdykes"and a set of trond—

hjemite dykes (Fig.4).A likely chronologyof intrusiveevents

in the Gabbro is as follows:

intrusionof the layeredgabbro,

productionof the dioritematrix by aIterationof the gabbro

and/or intrusion,

b) intrusionaf the black dykes,

d) intrusionof the trondhjemitedykes.

• La ered Gabbro

The Iayeredgabbro is a coarse—grainedrock accuringas

distinct bodies up to 50 m. across.Weatheringproducesa dark

brown rack with a very rough,pitted surface,the olivines

having weatheredout from in betweenthe more resistantfeldspars.

The rock exhibitsa well—developedrhythmdclayeringresulting

from a variationin the proportionof feldsparsto ferro—

magnesian minerals.Individuallayeredunits may be up to

several metres thick, but are usually not more than 30 cm.

thick (Fig.5).Flowage or "fluxion"phenomemaare common,and

vary in size from a few centimetresto featuresmore than a

metre across (Figs.6and 6a). These may possiblyreoresent
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Figs.6 and 6a: Fluxion phsnomena in layered gabbro at.

(71,400;8.550)and (71,540;9,175)respectiveiy. 6. shows a

pegmatite vein.
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slump structurea(Wadsworth1973).The attitudeof the layering

is always either verticalor sub—vertical,indicatinga gost—

cumulusdisplacement(Fig.7),as suggestedby Mason (1971)in

the case of the SulitjelmaGabbro in NorthernNorway.

The gabbro varies in compositionfrom a troctolitc,through

a troctoliticgabbro, to a hypersthenegabbro.Each of these

principallithologiesis describedbelow, though there is a

gradationalchange betweeneach one. The plagioclasein the thin

sectionsexaminedwas bytownite,varyingfrom An.79% to An.835e

A liat Of thin sectionsand their correspondinggrid referencer,

is:given in Appendix 2.

.1.1 Troctalite

The troctolitecasista almost entirelyaf clivineand

gs/agioclase.The olivineaccursas anhedralgrainE and has

been partly serpentinised.The sergentineocaursaa "veins"

along cracks in the olivines,with separationof magnetite

at the centresof the veins.Expansionresuitingfrom

compositionalchangesduring serpentinisationhaa caused

extensive shatteringof the surroundingintercumuluaplagioclase,

with fracturesradiatingoutwardsfrom the olivinenuclei.

Many of the olivinesare rimmed by magnetiteand one or more

generationsof orthopyroxene,with an outer rim af hornblende—

spinel aimglectiteresultingfrom reactionbetweenolivine

and plagioclaseduring crystallisation(Fig.8).

1.2 TroctoliticGebbro

The olivinesin the troctoliticgabbro are much more

serpentinisedthan thoze in the troctolite.The serpentine



Fig.8: Olivine in troctoliterimmed by orthopyroxeneand
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veins are wider and more numeroustwith much more separation

of magnetite;there is also much mare of the latter around the

grain boundariesof the olivines.The reaction rims of ortho—

pyroxeneand hornblende—spinelare also wider. amall remnants

af olivinegrains and their reactionrims are presentwithin

Bome of the larger plagioclases.Orthopyroxene(hypersthene)

and clinopyroxene(augite)are presentin increasedamounts

as large subhedralcrystalsand begin to encloseplagioclase

in subophiticintergrowth.Augite is the more abundant

pyroxeneand frequentlyrims the olivinesinstead of hypersthene.

.1. F nerstheneGabbro

The hypersthenegabbro conaistsof subhedralaugitet

hyperstheneand secondaryhornblendein a matrix of plagioclase.

The augite is often twieredand occasionallyschillerised.It

may also containStillwater—typeexsolutionlamellaacf

hypersthene.

Hypersthenemay enclosea little plagioclasein ophitic

intergrowth.Many of the crystalshave rims and inclusioneof

hornblende,with iron axide growing outwardsfrom the

hyperstheneinto the hornblende(Fig.9).In places hypersthene

also containswhat apnear to be exsolution"bleba"of iron oxide.

The latter may also occur as interatitialgrains,but is more

often presentas small grains associatedwith hornblende,which

occurs as an alterationproduct of pyroxene.

A few of the larger plagioclasesexhibita vague zoning.

.1 Fine—zrainedGabbro

A few of the larger bodies of layeredgabbro contain



patches of a distinctivedark, finer—grainedrock which weathers

to an ochreousyellow or rusty brown colour; this was observed

at (72,480;9,600), (72,320;9,650), (72,150;9,900) and

(72,500;9,980).This colour is due to a relative],yhigh

content of oxide and sulphideminerals (see section5).

The rock consistsof a few largerheavilyaltered olivines

in a matrix of plagioclase,alteredpyroxeneand opaque

minerals. The olivineshave sufferedextensiveserpentinisation,

with the separationof a large emount of magnetite.Wide rims

of the latter,orthopyroxeneand hornblende—spinelsymplectite

also OCCUT.A few small plagioclasesnear olivinegrsins are

also surroundedby such rims, and probably representcorpletely

altered olivines.As with the troctoliticgabbro, serpentinia—

ption has caused extensiveshatteringof the surrounding

plagioclase.

PIagioclaseoccurs as small anhedreagrains,with e few

large subhedralcrystals,some of which show a vague zoning.

The orthopyroxeneis hypersthene,and is extensively

altered to hornblende;it is mainly presentas small subhedral

crystals in the matrix.A few large crystalsdo occurr,however,

and these are surroundedby large areas of hornblende;some

cf these crystalsenclose laths of plagioclase.

Magnetite occurs principallyas veins growingoutvards

from the serpentinisedolivinesto become largearess enclosed

by hyperstheneor hornblende.The interstitialopaquemineral

(probably titaniferrousmagnetiteor ilmenite)is extensively

altered to sphene.

2



4.1.5 Alterationof the Gabbro

The layeredgabbro may be altered in severalways: by the

diorite matrix, by pegmatites,by black dykes and by trondhjemite

dykes. The alterationproductsdiffer in chemistryend in the

degree af hydrationsufferedby the gabbro.

Where the layeredgabbro is in contactwith the diorite

a zone of hydrationis producedwhich is commonlymore than a

metre across in the larger bodies.The rock is often hydrated

in a spheroidalmanner (Fig.10).The contactis fairly sharp

between gabbro and diorite,but gradationalbetweenalteredand

unalteredgabbro.The textureof the latter is perfectly

preserved in the hydratedphase: the rock still retaic!sits

rough, weatheredsurfacebut insteadaf the originaldark

brown colour is altered to a dark green.A relict cumulate

texture can be seen in thin section,and the layeringand

fluxion phenomenacontinueundisturbedbetween the unaltered

end hydratedphases (Fig.11).All this suggeststhat alteration

and metasomatismof the gabbro in situ has taken place. This

could have occuredbefore,during ar after the tiltingof the

primary layeringof the early gabbromagma chamber.

The gabbro has also sufferedhydrationin the vicinityof

pegmatite veins (Fig.12).Around the smallerveins the zone of

bydration is thin,and consistsmostly of light green flakey

amphibole;at (71,400;8,550),for example,arounda pegmatite

15 cm. wide, the zone of bydrationwas about 5 cm. wide. Around

larger pegmatitesor pegmatiticzones the zone of hydrationmay

be up to a metre or so across,and here the hydrationis similar

to that producedby the dioritematrix.The hydratedolivine—

bearing gabbro around the wider pegmatiticzones has a reddish—

2
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Fig.10: Spheroidal hydration of layered gabbro at (71,430; 8,570).

Fig.11: In—situ metasomatism of layered gabbro (G) to give

hydrated gubbro (H) at (71,220; 9,350); the lines of fluxion

continue undisturbed between the two fac4es.
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Fig.12: Hydration of layeredgabbro (G) by pegmatite (P) to


give hydrated, iron—atainedgabbro (H), at (71,430;8,670).
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Fig.13: Ferro—actinolite,iron axide (dark) and saussuritised

paagioclase (top right) in hydratedgabbro.X 2.5, C.N.



brown colourtpresumablydue to iron oxide derivedfrom the

olivine.

Wineralogically,the main alterationproduct in the

hydrated gabbro is saussuritisedplagioclaserconsistingof

dense, fine—grainedmasses of epidote,clinozoisiteand chlorite;

relict albite twinningis present in places.Fpidote mostly

occurs as fine—grainedmasses rimmed by chlorite,though some

small grains are present. The degree of saussuritisation

increasessharplyacross the zone of hydration.Pyroxene is

converted to ferro—actinolite,which occurs as large prismatic

erystals, sometimestwinned (Plg.13);more rarelypyroxene is

altered to small fibrous patches of.uralite.

The diorite matrix sometimescontainspatches of a coaree,

even—grainedrockt somewhat darker than the normal diorite.

This was found in several places, the best example being at

(71,900; 8,700).In thin sectionthis rock is seen to consist

of irregularareas of subhedralferro—actinoliteroften showing

twinning,in a plagloclasematrix showingvarying degrees of

saussuritisation.Many of the plagioclasesare zoned, and where

this occurs saussuritisationhas proceededoutwardsfrcm tte

more caleic core. Large amounts of iron oxide are present,

mostly occuringat the grain boundariesof the ferro—actinolite,

but also as inclusionswithin the latter.Laths of plagioclase

may be enclosedby ferro—actinolite,euggestinga relict ophitic

texture.A few areas of finer—grainedferro—actinolite,

plagioclaseand iron oxide are also present. It is possible

that this rock type representslayeredgabbro which has been

almost completelymetasomatised.

In a less altered variety of this rock, as, for examplet



at (70,200; 8,750), large pyroxenesare present. The clino—

pyroxene has been almost completelyconverted to uralite. The

orthopyroxenehas suffered less alterationand well—defined

subhedralcryctalsare present; it is always at least partly

uralitised,but the originalinterferencecolours,extinction

angle and pale green to pink pleochroism,characteristicof

hypersthene,can still be seen.

•2 The ioritcMatrix

The diorite matrix consists essentiallyof a hornblende—

plagioclaserock comprisingfour distinctphases: a pegmatitic,

a coarse—grained,a medium—grainedand a fine—grainedphase.

Of these the coarse—grainedphase is by far the most abundant.

In describingthese grain sizes the differentterms have been

used in a comparativesense only, in order to distinguish

between the differentphases. Strictly speaking,the medium—

grained phase, with minerals identifiablewith the naked eye,

would normally be describedas coarse—grained,whilst the fine—

grained phase, with separategrains, but not minerals,

discernablewith the naked eye, would normally be describedas

medium—grained.

The relationshipsbetween the differentphases of the

diorite vary: coarse—graineddiorite may pass into pegmatitic

diorite, and this in turn may pase into pegmatiteveins.

Gradational changes betweencoarse,medium and fine—grained

diorite also occur.Medium—graineddiorite, however,may contain

xenoliths of coarse—grainedmaterial,whilst fine—grained

diorite freguentlyoccurs as veins cr small dykes cross—cutting
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Fine—graineddiorite (F) cuttingxenoliths of coarse—

grained material (C) in a medium—grainedmatrix (M), at (72,780;

8,680).

• 1111)1 ;

Flg.15: Medium—graineddiorite (M) containingxenoliths of

coarse—grainedmaterial (C) showing "Iayering",at (72,500; 9,030
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Fig.16: "Layering"in pegmatiticdioriteat (72,850; 8,600).

Fig.17: Diorite containingstreaks of feldspathicmaterial at

(71,220; 9,350).



the other phases (Fig.14).A few patches of flaser diorite

occur in the coarse—grainedphase, especiallyin the area

south—southwestof Snauskallen.

Layeringoccurs both in the coarse—greinedand in the

pegmatiticphases of the diorite.In the coarse—grained

material thiswas observedat (72,500;9,030), in xenoliths

within medium—graineddiorite (Fig.15).In the pegmatitic

diorite layeringwas observedat (72,850;8,600),and dipping

15 degreesin the direction127 degrees.In both cases the

layeringconsistedof alternatingbands of amphiboliticand

feldspathicmaterial.In the pegmatiticdioritethe effect is

similar to graded bedding,with the amphibolesshowinga well—

developed igneouslamination(Fig.16).In view of the shallow

dip the layeringobservedin the pegmatiticphase is unlikely

to be a featureinheritedfrom the layeredgabbro,but rather

due to fluxing.

A more feldspathicvarietyof the dioriteoccursin the

vicinity of some of the trondhjemitedykes„ and may intrude,

and to some degree alter the normal dicrite.It is pcssible

that this material has resultedfrom contaminationand

mobilisationof the normaldioriteby trondhjemiticmaterial.

A similarphenomenonmay also occur, however,where no

trondhjemitedykes are present in the area. Here the feldspathic

diorite occursas long streaks(Fig.17).The boundariesof these

streaks are vague, the surroundingdioritebeing partlyaltered;

where the streakscross one another,larger amountsof

feldspathicmaterialare present.This materialmay have resulted

from deutericactivityat a late stage,when the dioritehad



almost solidified.If such is the case, then the deuteric

material might be expectedto form veins,and since the diorite

would not quite have solidifiedthese veins would have vague

houndaries,givinga "streaky"appearance.

• .1 ioritePe stite

The pegmatiticphase of the dioriteoccurs in several

differentways: as discreteveins, as small patchesa few tens

of centimetresacross, and as pegmatitezones up to several

metres acrossiin addition to these,much of the normal diorite

matrix is sufficientlycoarse—grainedto be termed pegmatitic,

especialjyin the northernpart of the mappingarea. The smcller

veins are rarelymore than 30 cm. across,and are discontin—

uous featuresextendingonly over a few metres of strike

length. The wider veins, however,may he tracedfor several

tena of metres,or even further in same cases,as, for example,

around (71,400;8,550).

aets of veins, sub—parallelto one and other,are common.

The general trend is approximstelynortheast—southwest,with

northwesterlydips-of between40 degreesand vertical (Fig.18).

The veins are characterisedby the growth of large prismatic

amphibolesperpendicularto the vein margins,suggesting

dilationalopening.Zoning is present in some of the veins

and consistsof alternatingbands of amphibole—richand more

feldspathic:material (Fig.19).

The pegmatitezones consistof patches af parallel

pegmatiticbands,and exhibitfeaturessimilarto those found

in the veins, though the amphibolesare not so well—developed.
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Fig.19:Zoning in pegmatite cutting coarse—graineddiorite at

(73,950; 9,980).
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nuxing in pegmatitic diorite at (71,425;8,670).



Fig.21: Appinitic facies of the diorite at (71,400; 8,550).

Fig.22: Hornblende (H) in diorite rirnmed by iron oxide (dark);
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the plagioclase has been completely converted to saussurite (s).

X 2.5, P.P.L.



Fluxion phenomena,similarto those observedin the layered

gabbro, also occur (Fig020).

The small pegmatitepatchesere characterisedby the

growth of large euhedralamphibolesof about the same size as

those occuringin the pegmatiteveins; here however,botk

prisms and cross—sectionsare present (Fig.21).A typical

feature of these amphibolesis the partialcorrosionof the

cores.Thisphenomenonhas been recognisedby severalauthors

(e.g.Wells and Bishop 1955),the facies being termed "appinitic"

hy Bailey (1916).The origin of this facies„ and of the

pegmatiticdiorite is discussedin 4.2.3.

• flneralo

In thin sectionthe diorite is aeen to consist of dark

green hornblendeand varying amountsof iron oxide in a matrix

of completelysaussuritisedplagloclase,with reliatalbite

twinningand subophiticintergrowthoccasionallyvisible.

In the coarse—grainedphase,unlike the pegmatiticnhase,

the hornblendeis only subhedral,hecomingmore anhedralin the

medium and fine—grainedphases. This mineral is commonlytwinned

and schillerised;a few crystalsshow zoning„and these consist

of a pale green core and margin with a thin zone of darker

green, presumablymore iron—rich,in between.

Many of the hornblendecrystalsare altered to chlorite

and iron oxide, the latter being depositedalong cleaVage

cracks and fractures,and around the peripheriesof the crystals

(Fig.22). The chloriticmaterialpenetratesthe hornblendein

a mabner suggestinghydrationand replacement,the junctions

between the originalmineraland the chloritebeing irregular
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and serrated;where this occurs the hornblendemay show a

"bleached"appearence.Where chloritisationhas taken place to

a greater degree,those parts of the crystalbetween the larger

cracks have been filled with an almost isotropicaggregateof

pale green chloriteflakes.A few grains of epidote occur

associatedwith the chlorite.

Iron oxide occursin two ways: as a partly resorbedinter—

ommulus phase consistingof corrodedpatchesor cubes, or as

rims around the hornblende;it is commonlyaltered to sphene.

At (71,500;9,275), on the northeastmargin of the Gabbro

near Snauskallen,the dioritepegmatitepasses into a rock

consistingof subhedralhornblende,a pinkishorange feldspar,

pcssibly orthoclase,and accessoryguartz.The guartz and

feldspar may form a graphic intergrowth.

Also in this area, but nearer to the marginalfault,

there occursa hybrid rock, apparentlyderivedfrom boh dioritio

material and country roak. It consistsof Iarge, orimary,

subhedralhornblendesand secondaryactinolitein a dense,fine—

greined matrix of epidoteand clinozoisite.Epidote also

cceurs as veinletsalong the amphibolecleavage,and as small,

dispersedgrains. Small grains of iron oxide also occur,mostly

associatedwith amphibole.

ri n f the i r te

The occurenceo2 ophiticand subophiticintergrowthsof

aaussuritisedplagioclaseand hornblendein both metasomatised

gabbro and diorite indicatesthat the latterwas produced,at

least in part, by metasomatismof the gabbro,and is not wholly

an intrusivebody. This is also borne out by the geochemistry



of the rocks, particularlyby the trace elementdistribution

(see section6).

Ta account for the differentphases observedin the diorite

is more difficult.Certainly,the pegmatitieand the appinitic

ptases appear to be due to deutericactivityat a late stage

in the evolutionof the diorite.The medium and fine-grained

phases, however,are clearly later than the coarse-grainedand

pegmatiticphases. They may either representmetasomatismof

a differentrock type, or perhapsmore likely,a finer-grained,

more mobile stage in the crystallisationof the diorite.

In consideringthe change from gabbro to diorite,it is

clear that the mobilityof water was the most importantfactor

influencingthis process.This is reflectedby the abundance

at fluxionphenomenaand pegmatiteveins,and by the fact that

the principalchange invelvedin the transformationis the

saussuritisationof plagioclaseand the hydrationof pyroxenes

to form amphiboles.

Black kes

The black dykes consist of a dark, fine to medium-grained

rockwith an amphibolitic"sparkle"on freshly broken surfaces.

They are short, discontinuouafeatures,the strike length

dependingon the width af the dyke. The largestare about

15 cm. wide and are usuallypinched out over distancesgreater

than about 20 m.. Small sinistraldisplacementsare common on

either side, and are of the same order as-the width of the

dyke. The dykes followa generalnortheast-southwesttrend,

with varying dips to the northwest,thougha few dip to the

southeast (Fig.23).Some of the dykes displaya fine foliation
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F1g.24: Plagioclase (white) and schillerisedhornblendein black

dyke. X 2.5, P.P.L.
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Fig.25: Black dyke with porphyriticmargin cutting hydrated

layered gabbro at (71,430;8,670).



perpendicularto the margins. They are frequentlyoffset by

joints of varying size. Thin sub—parallel"stringers"may

accompany the Iarger dykes. Chilledmarginsand inclusionsof

country rock (usuallydiorite)are rare.At least two

generationscf black dykes can be distinguishedin the field

on the basla of cross—cuttingrelationships,with the earlier

set showing the characteristicsinistraldisplacement.

• 1 Miners o

The black dykes consist of subhedralplagioclasewith

interstitialhornblendeand iron axide,and are distinguished

by their primaryapnearencecomparedwith other rock types in

the area. The plagioclaseis unalteredbytowniteor labradoritc,

varying betweenAn.62% and An.79%, and averaglngabout An.70%.

A few of the crystalsare alightlyclouded.The rock also

contains a few plagioclasephenocrystsup to 3 mm. long. These

have been completelysaussuritisedto clinozoisiteand a few

small grains of epidote.

The hornblendeis sometimewsubhedral,thoughmore often

interstitial.Twinningand schillerisationare common (Fig.24).

Iron oxide is abundant,and mostly occursat the grain

boundariesof the hornblende.

The black dykes also exhibita porphyriticfacies,which

occurs as lenseswithin the dykes, and at the margins (Fig.25).

The contactsbetweenthe porphyriticand the aphyricfacies are

sharp and unchilled,neither seemingto have beenalteredby

the other.The phenocrystsconsistof large plagioclasesup to

7 mm. long;these have been almost completelyaltered to

clinozoisite,thoughsome relictpericlineand albite twinning



is still visible.The hornblendeorystalsare slightlylarger

and better-formedthan those in the aphyricfacies.No iron

oxide is present.The porphyriticfacies is confined only to

those dykes on top of the main gabbro mass„ and is not found

on the lower slopes.

Taking into account the compositionof the plagioclase,

and the presenceof hornblendeas the only ferromagnesian

mineral, the black dykes may be tentativelyclassifledas

hornblende-dolerite.Due to the rarity of hornblendein

doleritesgenerally,it is possiblethat this mineral is

secondaryafter a pvimary pyroxene;there is no textural

evidence, however,to suggest that the hornblendeis anything

but pvimary.

Micronorite kes

In the field, the micronoritedykes were mapped as

"amphibolitionblack dykes, on account of their dark green

colour. They were only observedin one place, however, this

being in the face af a small cliff on the northeasternflank

of the Gabbro,at (71,740;8,860).They are featureswith

moderate dips and follow the same trend as the black dykes.

Most of the physicalfeaturesdlsplayedby the /atterare

p-resent:the rock may or may not be porphyritic,a few

inclusionsof country rock are present,and a well-developed

foliation is visible.

1 Mineral

The micronoritedykes consist of small,corroded,sub-

hedralcrystalsof hypersthene,often twinned,in a dense,

4C,



fine—grainedmatrix of chloriteand clinozoisitepwith a few

small grains of epidotealso present.The clinozoisitepres—

umably representscompletelysaussuritisedplagioclasepand

pseudomorphsthe latter in the porphyriticfacies. The

hyperstheneis extensivelyreplacedand pseudomorphedby

chlorite.Iron oxide occurs eitheras rims around the

hyperstheneor associatedwith the replacingchlorite.

• Trondh emite kes

The trondhjemitedykes vary in appearancefrom greyish

white in the more felsic rock to creamrwhite or pink in the

more mafic varieties.

The latter materialis confinedto the marginalfractures

Of the Gebbro,where it occurs as sheet—likemasses up to

several kundredmetres long. The more felsic material occurå

as dykes up to 2 m. across.Unlike the black dykes and pegmat—

ites, the trondhjemitedykes are much more persistantfeatures,

the widest ones continuingfor distancesof up to km.. The


general trend is northeast—southwest,thougha few trend more

to a north—eouthdirection.The dips are generallysteep

(between 50 and 75 degrees),and to the northwest,thougha few

dip to the southeast(Fig.26).In generalthe trondhjeudte

dykes show roughly the aame attitudeas vnfilledfractures,and

indeed most are merelypartial infillingsof the latter by

trondhjemite.Displacementsare rare,and where these occur they

are dextralpand of the same order as the width of the dyke

(Fig.27).

A few of the smallerdykes have been tectonised:they may
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Fig.27: Trondhjemitedyke (T) cuttingfine—grained(F) and

cvarse—graineddiorite (C) at (73,280;8,570).
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Fig.28: Rotated trondhjemitedyke cutting coarse—graineddorite

et (72,900; 8,500).
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Fig.29: Tectonisedtrondhjemitedyke cuttingdiorite;pencil

points in directiocof amphibolelineation,at (70,730;9,150).
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Fig.30: Trondhjernite dyke with quartz margins at (72,850; 8,600).
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Fig.31: Possible two generations of trondhjendte in dyke at

(70,620; 8,630).
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Fig.32: Xenoliths of coarse—graineddioritein trondhjemite

at (71,450; 9,000).
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Fig.33: Xenoliths of amohiboliticUpper Unit greenstonesin

trondhjemiteat (70,690;8,000).
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be rotated (Fig.28),or displacedby small joints.Wherever

teatoniamhas occured,or the dykes have caused displacement,

a noticeablefoliatioaof the country rock is developedin the

immediatevicinity of the dyke. In one case a amall dyke showed

a boudined appearance (Fig.29);the boudinswere rather angular

in shape, however, ånd no deflectionof the foliation in the

eurroundingdiorite cpuld be observed.It is possible, therefore,

that this dyke was merely displacedby a sub—paralleljoint.

Thin quartz veins may occur et the margins Of, or run

sub—parallelto, the dykes (Fig.30).

In one case, two generationsof trondhjemiticmaterial

seem to have been intruded (Fig.31).The finer—grainedmaterial

is unlikely to be merely a chilledmargin, since the trondhj—

pmite is not chilledaround the dioritexenolith;also, the

contact between coarse and finer—graineddiorite is fairly sharp.

The larger dykes may containxenoliths of diorite or

greenstone.Xenoliths of diorite have behaved in a fairly

competent manner (Fig.32),whilst those of greenstoneappear to

have undergone a more plastic deformation,togetherwith

partial melting (Fig.33).

. .1 Mineralo

The typical trondhjemiteis a foliatedquartz—feldspar

rock, with the feldsparoceuringas porphyroclasts.These are

welI—developedand may be subhedral.Almost all the feldspar

le plagioclase;the compositionis difficultto determinebut

the small extinctionangle (0-10 degrees)suggestsoligoclase.

Soae of the plagloclasesare heavflysericitised,with

sericitisationproceedingmost often from the cores outwards



Fig.34: Corroded plagioclasesin a matrix of sericite,biotite (:

end fine—grainedrecrystallisedquartz; the centre plagioclase

crystal shows Carlsbad twinning.X 6.3, C.H.

Fig.34a: Mylonite at (72,380;8,800).



(Fig.34);a vague zoningmay be present.The matrix is

principallycomposedof fine—grainedquartz,with fibrous

shreds and masses of biotiteand sericite,the latter mostlY

occuringaround the plagioclasephenoclasts.

/n the more tectoniaedvarietiesof trondhjemitethe

feldsparsare much more heavilycorodedand the matrix has a

finer—grained,more "ground—up"appearance,with biotite proxied

by brown iron oxide.

The more mafic trondhjemiteoccuringin the marginalfault

gystem varies from creamywhite to pink in colour, the Iatter

being possibly due to the abundanceof iron in the feldspars

of this facies. The rock consisteof quartz,subhedralplag—

ioclase and a little microcline,with interstitialferro—

magnesianminerals.The plagiociaseis unaltered,but in the

rock examinedno crystaleeotionswere found which enabledit

to be determinedconclusively;however,the characteristically

low extinctionangIes suggestoligoclase,as in the more

felaic trondhjemite.The principalferromagnesianmineralis

hornblende,which is often rimmed by iron oxide.A few large,

heavilyuralitisedsubhedralcrystalsof hyperstheneare also

present; these crystalscommonlyhave rims of hornblende,

biotite,uralite or iron oxide.

• . lonite

Mylonitisationof the trondhjemitemay occur, principal1y

within the marginalfault system, thoughone small patch of

mylonite was found in a trondhjemitedyke on the northern

flank of the Gabbro, at (72t150;8,850).The type of mylonite

produced obviouslydependson the compositionof the original

4S



trondhjemite.At the locelitycited above, the trondhjemiteis

the typicalgreyishwhite material,end the myloniteconsists

of irregalarbands of grey and brownmaterial.The pink

trondhjemitein the marginalfault systemhas been altered to

a pinkishmylonite,whilst the mylonitederivedfrom the creamy

white trondhjemitecensistsof irregularbands of white and

green material.In this case the green bands are chloriteand

epidote—rich„consistingof fibrousmasses of chloritewith

large shatteredgrains of epidote;a little fine—grainedquartz

and heavilysericitisedfeldspar is present.The white bands

consist of slightlycoarser—grainedquartzand completely

Bericitisedfeldspar,with a few smallgrains of epidote.The

feldepar exhibitsa well—developedaugen texture,and a few

schlierenof coarse—grainedquartzare present.Opaque minerals

have been altered to sphene.

6 Xen liths

Xenolithsof countryrock, up to severalmetres across,

are abundantin the dioritematrix,and consistfor the most

part of uaterial closelyresemblingthe Upper Unit greenstones,

though nathermore amphiboliticin places.The typicalxeno—

lithic materialis composedof fine—grainedquartz, sodicplag—

ioclase and epidote,with interstitialbiotite.Texturally,

there is a close resemblanceto the black dykes.Veins of

cearse—grainedepidoteare abundant,togetherwith long streaks

of fibrous chloriteand associatediron oxide.Larger areas of

iron oxide also accur at the centresof epidoteveins,as small

soatteredgrains ar in associationwith biotite (Fig.35).

50
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Fig.35: Greenstone xenolith consistingof hornblende(centre,

light grey), epidote (dark grey), iron oxide (dark) and quartz/

plagioclase (white).x 2,5, P.P.L.

Elongated greenstonexenolithsin matrix of coarse—graine

diorite; pencil lies along directionof amphibole lineation,at

(72,780;8,680).



The smaller xenolithsare often elongatedin the same

directionas the foliationin the diorite (Fig.36).

Around Snauskallen,near the marginalfaultp.theinter—

action between diorite and xenoliithicmaterial has produced a

migmatitic effect.Near the margins af the xenoliths,large

porphyroblastsof subhedralplagioclaseup to several

millimetreslong begin to appear in and around dark amphibolitic

veina. These veins become more feldspathictowards the diorite

matrix, until they grade into the latter.Around some of the

smaller xenolithsthe diorite becomes richer in quartz and

feldspar.

One xenolith examined,about 300 m. weat of the marginal

fault, at (72,780; 8,680),corsistedof a coarse—grained,

mottled, pinkish—greyrock composed of heavily altered olig—

a-clase,with some microclineand hornblende,in a matrix of

finer—grainedquartz. The rock has a foliated,ground—up

appearance in thin secflon,and may possibly representan

inclusion af granodiorite,though where this material could

have come from is difficult to say, since the nearestknown

outcrop of granodioriteis several kilometresaway.



• MII;FRALISATION

a e e Gabbro 


Mineralisationin the layeredgabbro is sparse,and

appreciableamounts are principallyconfined to a few isolated

patches which weather to a rusty brown cr ochreousyellow

colour (for grid referencessee

Pyrrhotite is the principelore mineral, and occure as

thin pyrrhotite—richpods up to I cm. long, or as elongate

grains disseminatedthroughoutthe rock. Both pods and grains

are orlentatedparallel to the layering.In polished section

the pyrrhotiteis seen to form large, irregulargrains with

cuspate boundaries.The largergrains may consist of an

aggregate af smaller grains with straightboundaries(Fig.37).

Lamellar twinningis common.Cracks traversesome if the grains,

whilst shearingis also evident, indicatinga post—depositional

deformation.In weatheredgabbro pyrrhotiteis rimmed by

ruccessivegenerationsof limonite,which also occurs along

cracks and cleavageplanes.

Pyrrhotitemay be reolacedat the rima by a few smmll areas

of chalcopyrite,.the junctionbetween the two minerals being

curved and having low relief.Small laths of secondarymarcasite

also occur at or near the rims.

Magnetite, like pyrrhotite,is an intercumulusohase, and

accurs as interstitialgrains in the same way. It also occurs

as rimm around some of the pyrrhotitegrains, and as a separ

ation product resultingfrom serpentinisationof the olivines.

A well—developedoctahedralcleavage is present.

Ilmenite is present in small amounts as rims around grains
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Fig.37: Composite pyrrhotitegrain in layered gabbro.X 6.3, C.B.

e.'

Fig.38: Bornite (B)„ exsolved chalcocite(C) and replacing

limonite (L) in alightlyweathered pegmatiticdiorite.X 60, P.P.



of magnetite,or as exsolutionlamellaealong the (111)

cleavage of the latter.

9.2Diorite


Like the layeredgabbro, the dioriteis poorly mineralised,

and what mineralisationthere is is largelyrestrictedto the

coarse—grainedar pegmatiticphases.Small, scatteredgrains of

magnetiteare common in all phases,however.

Mineralisationin the pegmatiticdioriteconsists of a few

small areas, up to 2 mm. across,of magnetite,pyrite, chalco—

pyrite, borniteand chalcocite,in order of decreasing

abundanne.Magnetiteand pyrite occuras largeirregulargrains

rimmed by limonite.Chalcopyriteusually occurs in association

with pyrite. Bornite occurs in a aimilarmanner,and frequently

contains exsolvedblebs of chalcocite(Fig.38);the latteralso

forms bleba along the cleavageof the bornite.All the above

minerals are replacedto a certainextent by limonite.

ack kes

Only one black dyke, at (71,400;8,550), showedany

noticcableamount of mineralisation,and this consistedof small,

scatteredcubes of pyrite.Magnetiteis commonas an inter—

stitial phase, however.



6 GEOCHEMISTRY

6 1 Ma r E ement

The behaviourof the major elementsis ratherirregular.

Unfortunately,time did not permit a large number of analyses

to be made; had this been possible,a more regularpattern

might have emerged.

Ratios of the oxides of geochemicallyrelatedmajor elements

have often proved usefull in understandingthe evolutionof

various igneousrocks.When some of these ratios,such as

Na20: Ca0 and (rn20+ KIO ) : (Ca0 + Mg0)„ were determined,

however, they proved to be unhelpfull,and rather to confuse

the issue.For this reason they have not been included.

1 1 So ium Potassium

The amount of sodiumand potassiumin the layeredgabbro

is characteristicallylow. Since these elementsare highly

mobile, however, the amount of total alkalis (Na10 + icp) is

noticeablygreaterin the later rocks.Petrologically,this

trend is reflectedby the increasingsaussuritisationof the

plagioclase,and, in the case of aodium,by the abundanceot

hornblendein the diorite,particularlyin the pegmatitic

phase. The highest totalalkali contentof 3.63% occurs in the

greenstonexenolithW8. This is severalpercent below the

average for spiliticgreenatones,however;as has been observed

in 4.7, there is a marked increasein feldsparcontent towards

the margins of xenoliths,and thia may reflectthe diffusion

of sodiumand potassiumaway from the xenolithstowardathe more
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Pig.59: Analyses of principal rock types in the Grbindalsfjell

Gabbro.
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feldspathicdiorite.

Although it has been statedabove that alkalis are

concentratedin the later rocks, the black dykes are an

exception,since they representa laterintrusionof more

basic material.

When the principalrock types in the GröndalsfjellGabbro

are comparedwith correspondingunmetamorphosedrocks from other

parts of the world (Fig.40) it is found that they are notice—

ably depletedin alkalis.Since metamorphismin the Gabbro is-

fairly limitedwhen comparedto other rocks in the area, it is

possible that, to a certainextent,diffusionof alkalia away

from the Gabbro into rocks of highermetamorphicgrade occured

as a result of metamorphism.

6.1.2 Calcium

The behaviourof calcium is much more erraticthan that of

sodium or potassium.This is manifestedboth in magmaticdiff—

erentiationand in metamorphism.In very early differentiates

sueh as dunitesand peridotites,the calciumcontentis very

low; as the contentof calcicplagioclaseincreases,however,

so does the calciumcontent,and a maximumis reachedduring

the initial steps of the main stage of differentiation,as, for

example, in gabbrosand anorthosites.In later differentiates,

however, such as diorites-and granodiorites,the calcium

content progressivelydecreases;calciumcontentincreases,

however, in rocks of higher grade, such as amphibolites(Hyndman

1972).

One of the most importantaspectsof the behaviourof
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cf calcium in the GrOndalsfjellGabbro is its possiblemobility

during saussuritisationof the plagioclase.In the layered

gabbro the plagioclaseis almostunaltered;in the hydratedand

metasomatisedvarletiea,however,it is completelyreplacedby

clinozoisiteand epidote.The alterationof pyroxene to

amphibole has proceedeconcurrentlywith saussuritisation.

A featurecommon to all the rocks analysed,apart from the

unaltered troctolite,is their greatercalciumcontent

comparedwith the correspondingunalteredrocks:

W1 (troctolite)11.39% Wla (troctolite,Belhelvie)11.41%Ca0

W4 (diorite)10.42% W4a (epidiorite,Argyll) 9.30%

W4h (meladiorite,New York) 9.57%

W4c (diorite,Daly's average)6.63%

W7'(blackdyke) 12.35% W7a (hornblendedolerite)7.53%

It is possible,therefore,that correspondingto tke

alkali depletionzuggestedabove, an introductionof calcium

has taken place. CertainlY,extensivemass transferhas occured

in the rocks of the area, as demonstratedby the ahundanceof

epidote knota and veins. It would seem, therefore,that calcium

has been a veTy moblle element duringmetamorphism.

6 1. Ma nes um

In the earlierphases of the Gabbro there is a progressive

decTease in magnesiumcontentwith increasingmetasomatismof

the gabbro proper,and this is reflectedby the disappearance

of early—formedminerals such as olivineand pyroxene.The

lowest magnesiumcontentoccurs in the normal coarse—grained

diorite,



Higher values, however,occur in the dioritepegmatiteand

the greenstonexenolithW8. In the case of the pegmatite,this

is perhaps contraryto what might be expected.Eskola (1914),

pointed out that magnesiummay be highlymobile in metasomatic

processes.If, as has been suggested,the dioriteand its

pegmatiticpilasesresultedfrom metasomatismof the gabbro, then

it is conceivablethat magnesiumoriginallyderivedfrom layered

gabbro was locallyincorporatedby the pegmatiteinto the

hornblendelattice.Such an idea might also explain the high

magnesiumcontentin the greenstonexenolith,with mRgnesium

entering the chlorlteand biotitelatticee.Alternatively,the

ferromagnesianmineralain the originallava from which the

greenstoneewere probablyderivedmay have providedthe

magnesium;this is unlikely,however,since this elementwould

have been lost at a very early stage in metamorphiim.

Magnesiumis also ratherhigh in the more basic black

dykes, presumablydue to a more magnesium—richhornblende.

Overell, the principelrock typesanalysedcontainmore

magnesium than the unalteredcomparisone(Fig.40).It is

possible,however,that this is more a reflectionof the

compositioncf the originalmagma than due to metasomatic

processes.

8,1,4 Iron


Since iron oxide is ubiquitousin all the rocks of the

Gabbro, interpretationof the analysesis difficult.In thin

section, however,much of the iron oxide seems to be associated

with the cnnversioncf primary pyroxenein the layeredgabbro,

to actinolitein the metasomatisedgabbro,and to hornblendein



the diorite;the formationof chloriteand epidotealso requires

iron.Hence, apart from the seeminglyanomalousvalue for W3,

the iron content appears to be greaterin the later rock types,

which is what might be expected.This phenomenbnis well—

displayedin the pegmatiticphases of the diorite,where iron

has presumablyenteredinto the hornblendelattice in greater

amounts; chloriteand epidoteare also more abundant here.

6.2 Min r Elements

Whereas considerableinformationis availableconcerning

minor elementdistributionin igneousrocks, comparatively

littIe work has been done on metamorphicrocks.Shaw (1954),

however, showed that a rock may retainthe primary distribution

patterm of mincr elementseven after intensemetamorphism.At

low grades of metamorphism,no detectablechange in minor

elementconcentrationis produced,unlessmovementof colutions

has occuredduring the metamorphicprocesses.At higher grades

of metamorphismthere may be some redistributionof minor

elementsamong newly—formedminerals,but here again the

cverall concentrationis not affectedunless solutionshsve

been active.

The principalsoutlinedabove help to confirm the mode of

origin for the dioritealready suggested.If the dioritehad

been intrudedas a separatemagma, one would expect a

considerablylower concentrationof such elementsas nickel,

chromium,cobalt and copper than ie found in the layeredgabbro.

Broadly speaking,however,this ia not the case. The highest

value for chromium,for instance,is found in gabbro which has



been almost completelymetasomatised.Irregularitiesin the

analysesmay be partly explainedby local variationsin the

compositionof the originalgabbropwhilst the presence of

diorite pegmatiteindicatesthat at least some mobility of

minor elements (1.e. heavy metals with low site preferencein

the cemmon ailicates)was associatedwith deutericactivity ie

the late stages of consolidation.

6. • Man ne e

The principalfeature displayedby manganeseia its

increasingconcentrationas the gabbro is metasomatisedto ferm

diorite.Rankame and Sehaue (1968) have abserved that the dark

silicatemineralswhich centainhydroxylgroups in their

structuresare the highestin manganese;hornblende,for

iestance,may containup to 0.3% MnO. This increasein

manganese,thereforepmay be due to the increasingabundance

of hornblendeas the gabbra is metasomatised.

Daly (1933) quotesan average of 0.13% Mn0 for intrusive

dioriteepexcludingguartz diorites,whilstif the latter are

included this value falls to 0.09%. The values obtainedin the

Gröndalsfjelldiorite,however,are considerablylarger,and

this again indicatesa metasomaticratherthan intrusiveorigin

for the diorite.

6. ricke oba t

Nickel and cobalt may be convenientlyconsideredtogether

on account of their geochemicalaffinity.The analysesshow that

nickel is enrichedin the more basic rockspwhile cobalt is



more evenly distributed.

In iEneousrocks the nickeland cobalt contents,and the

Co : 171.ratios are highest in the ferromagnesianminerals

pryoxenoand oliv3ne,especialtythe latter. Yiekel tends to

increasewith increasingmagnesiumcontent,and decreasewith

increasingiron content.This is due to the similarityin ionic

radius between nickeland magnesium,and the disimilarity

betweennickel and ferrous iron:(Rankamsand Sahaus 1968):

Mg : 0.78Å; Ni : 0.78Å;Co : 0.82X;Fe : 0.83Å.

Rock ppm Ni ppm Co Co : Ni

I.troctolite 303 194 0.64

metasomatisedgabbro 129 190 1.47

•tit 81 195 2.41

diorite 75: 180 2.40

pegmatiticdiorite 140 166 1.34

pogmatitevein 152 152 1.00

black dyke 115 193 1.68

greenstonexenolith 75 180 2.40

Taking the Co : Ni ratios, it is evident that, anart from

the dioritepeEmatite,cobalt greatlyincreasesat the expense

af nickel in the less basic rocks.Farly researchersattributed

this to the similarityin ionie radiusbetween the divalent

cobalt ion and the ferrousion. Later work, however (e.g.Rankams

and Sahama),indicatedthat it is very unlikely that ionic

radii controllthe Co : Ni ratiosand the introductionof these

elements into the structureof ferromagnesianminerals.It is

probable that cobalt and nickel will enter any ferromagnesian

6



structureformed at a certainmoment in crystallisation,and

that other factors,not yet understood,are responsiblefor

the variationin Co : Ni ratiosin igneousrocks (Landergren1948)

Whatever the reason,however,nickel has been progressively

depleted,and the Co : Ni ratio increasedas metasomatismof

the gabbro has proceeded,with the lowestnickel and highest

Co : Ni values occuring in the diorite.Presumably,the reason

for the decreasein nickel contentis that as olivineand

pyroxene disappear,nickel can still substitutefor magnesium

(and less so for iron) in the hornblendelattice,but not for

calcium.

As with the other minor elementsdetermined,nickel and

cobalt are presentin much greateramountsin the Gr6ndalsfjall

diorite than in intrusivediorites,the averages in the latter

being 40 and 32 parts per million respectivelY.

6. Chro.1

Chromium is characterisedby a high crystalfieId site

preference,and in a normal differentiationsequenceis

concentratedin the early—formedrocks;besidesforming chromite

and chrome—spinel,chromiumis also concentratedin the early—

formed pfloxenes.Apart from a high value in the metasanatised

gabbro W2 however, the behavlourof chromiumin the Gröndalsfjell

Gabbro is rather erratic.If one assumesa metasomaticorigin

for tte diorite, then this can be explainedby the fact that

hornblendecan quite easily inheritlargeamounts of chromium

from earIier—formedminerals,since this metal can substitute

for ferric iron and aluminiumin the hornblendelattice;any

excess chromiumcould be taken up by magnetiteor ilmeno—



magnetite(Rankama and Sahama).Goldschmidtquotes an average

chromiumeonteht in dioriteof 68 parts per

considerablyless than that found in the Gröndalsfjelldiorite.

6. • C er

Copper shows a rather irregulardistributionin the

analyses. The metal is chiefiypresentin igneous rocks as the

cuprous ion, which has an ionic radiusclose to that of sodium

and calcium.It would seem at first, therefore,that aopper

should substitutefor these two elements.This is not the case,

however, since the cuprousion forms bonds of low ionic character.

Thitchelpsto explainthe irregulardistributionof copperin

igneous rocks generally.Another factoris the chalcophile

nature of copper, so that it is concentratedin the suphide

rather than in the silicatephases.

It is also possiblefor the cupricion to substituteto a

very limiteddegree for ferrous iron where there is incufficient

sulphurpresent for the formationof a discrete sulphidephase.

In discuasingthe mineralisationof the area it has already

been noted that small amounts of chalcopyriteare presentin the

layeredgabbro. Larger amounts of coppersulphidesare oresent

in the dioritepegmatite,and this may he due to remobilisation

and concentrationof earlier sulphidesduringmetasomatismof

the gabbro.

The black dyke analysedalso showeda high copper content,

and this is possibly due to the fact that a few of the black

dykes containpyrite,with which the copper could be associated.



6 . Co clu

Abnornallyhighamountsof thetransitionmetalschromium,

nickel,cobalt,copperand manganesein thedioriticfacies

pointsto a directlymetasomaticorigin,at leastin part,for

the dioriteby metasomatismof theoriginalgabbro.
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• STRUCTURALGEOLOGY

The work of the 1971 field party indicatesa polyphase

history of deformationin the region.The earliestrecognisable

period of deformationhas produceda penetrativerecrystallisation

and schiatosityin the supracrustalrocks acd associated

intruslves,and has been given the notationF1 for convenience.

Fleld evidenceand petrographicstudieshave shown that later

folding and a limiteddegree of recrystallisationare super—

imposed on this earliestdeformatiom,so that three distinctly

separateperiods of deformationcan be recognised1.e. Fl, P2

and F3 (see also Nicholson1971).

7.1 Foiding

Although folds are abundantin the aurroundingrocks, they

are almost absent in the Gabbro.Here, only a few instancesof

folding were observed,two being in greenstonexenoliths(Fig.41)

on the northernmargin of the Gabbro. These were Fl—type featurec,

with the axial plane cleavageinfilledby epidote.If these

features really representP1 folds, then this would mean that

the Gabbro was intrudedafter the F1 folding.In the north of the

area, nesr the marginalfault, some of the dioritepegmatite

veine exhibitwhat appear to be F2—type folds (Fig.42).That

considerablestrainwas involvedin the productionof these folds

is indicatedby the well—developedhinge—thickeningand limb—

thinning of thesefeatures.Some folds show a slightrotationof

the amphibolestowards the axial plane.

In the greenstonesaround the northeastmargin of the Gabbro,

the only structuralfeature to show any significanttrend from
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Fig.41: Greenstome xenolith (G) in coarse-p:raineddiorite (D) at

(72,780;8,680); xenolith shows a possibleFl fold, the left-taani

limb having been shearedoff.

Flg.42: P2-style fold in dioritevein in "nybridrock" (4.2.2)

at (73,280;8,570).
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the measurementsmade is Sl, which has an east—northeast—

south—southwesttrend (Fig.43).

• M neral Lineation

The amphibolesin the diorite sometimesexhibita lineation,

the trend of which varies irregularly.This featureis best—

developedin the areas mapped as "flaserdiorite".Small green—

stone xenolithsmay also be elongatedin the same direction.The

lineationmay be displacedby small amountsalong jointsor

fractures.

Fracterin

Fracturingin the Gabbro finds expressionas Jointsor

fractures,with little evidenceof displacement.Whereas other

more incompetantrocks in the area have undergonea more plastic

deformation,such as the greenstones,the Gabbro has behavedin

a much more competantmanner.The extensivedevelopmentof fractu-

fractures and trondhjemitedykes is thereforenot found in the

wurroundingrocks, thougha few large fractureswith a similar

trend do exist.

The generalattitude and distributionof the fractures

wuggests a conjugatefracturesystem. The principaldevelopment

of fractures,however,is in a northeast—southwestdirection(Fig_

indicatingthat there was a greatercomponentof tensilestress

at right angles to this direction.

The fact that the dioritepegmatites,black dykes, trond—

hjemite dykes and fracturesall have the same generalattitude,

and that many of the trondhjemitedykes are merely partial in—

fillings of fractures,suggeststhat the same system of earth—



movementswas responsiblefor all thesefeatures.

Small jointsare common in the Gabbro,partiaulerlyon the

northernflankw, and are frequentlyinfilledby epidote.These

generallyfollow the same trend as the fractures,though they

do offset a few of the latter.

It is clear that fracturingand infillingby dyke material

took place at a late stage in the structuralhistory of the

Gabbrot whilst jointingand associatedepidoteveining were even

Tater.

he Mar na Fau t ste

The nature of the marginalfault systemvaries: in the north

cf the mappingarea one large, singlefractureis present;

turther south, howevertthis developesinto a complexfault zonet

and is an imbricatefeature.The dip is betweenZtOand 60 degrees

to the west. To the south, however,in the area mapped by R. D.

Scott, this featureeither has an almost horizontalattitude,or

else dips very gently to the west. Hence it is possible that the

main marginalfault is not a fault at all, but a folded thrust

plane, with the Gabbro having originallybeen thrustfrom a

westerly direction.

oncl si ns

The essentiallymassive and undeformedcharacterof large

areas of the main Gabbro InasscontrastsstrongIywith the highty

deformed,and schistosecharacterof the wurroundingrocks to the

east and northeast.Fracture cleavageaffects the major part of

the fresh layeredgabbro,and despitealterationassociatedwith

this, penetrativedeformationand recrystallisationunder the

7:



influenceof tensilestress has not occured.The gabbro—diorite

mass can thereforebe regardedtectonicallyas a body which

contrastsstronglywith its more yielding envelope.
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8. ThE ORIGINAND ErT/ACErENTOF THE GABBRO

8.1 Su estedrodel

Greenstonebelts of the Central NorwegianCaledonides,to—

gether with theirassociatedgabbrosand sulphideorebodiesr

have been identifiedas an ophialitesequencerepresentingthe

locationof a suture developedduring the Caledoniancollision

orogeny (Dewey 1969).

This simple approach has been modifiedby Nicholson(1971),

who demonstratesthe essentiallyScandinavianrather than

American character,and the coherenceof,thePre—Cambrianbase—

ment underlyingthe ScandinavianPeninsula.Nicholsonalso

auggests that the originalsite of any suturemust have lain

some distance off the present—dayKorwegiancoastline.The

volcanic—intrusiverocks of the former Caledonianoceaniclitho—

sphere, togetherwith their associatedsedimentsrwould have been

thrust eastwardsover the basementprovided by the Scandinavian

continent,during the later phases of the orogeny.

Wilson (1966),Dewey (1969)and Gale and Roberts (1972)

suggest that the extensivedevelopmentof lowerPalaeozoicgreen—

stones in SouthernNorway is relatedto the evolutionof an

island arc systemfollowing the closingof the proto—Atlantic

ocean in late Cambrian/earlyOrdoviciantimes.Analyses quoted

by Gale and Robertsare said to show a lateralvariationfrom

calc—alkalinevolcanismin the east to tholeiiticvolcanismin the

weat (Fig.48).Recentwork indicatesa change from tholeiitic,

through calc—alkalinerto alkalinevolcanismin moving across

island ares towardscontinents,accordingto the depth of magma

7 ,
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generationalong a subductionzone (Kuno 1966).

The above model for the evolutionof the Scandenarian—

Caledonianorogec involves the consumpsionof oceanic lithosphere

along a southeasterly—dippingsubductionzone during the closing

of the proto—Atlanticocean. Partialmelting of subductedlitho—

sphere gave rise to the developmentof an island arc system,with

the formationof a back—aremarginal ocean basin. The bulk of

the Cambro—Siluriansedimentary/volcanicsequencemay therefore

have accumulatedin a basin of this type.

If, from the comparisonspresentedin the followingpages,

the GröndalsfjellGabbro is consideredas layer3 oceaniccrust

in an ophioliticsuiter and if the above model is accepted, then

it is possible that the Gabbro was emplacedin its present

positionas part of an ophiolitecomplexgeneratedin a back—arc

basin by the mechanismot.tlinedin 8.3.

8.2 General Peatur of 0 hi lites

Ancient sites of plate consumptionare believedto be marked

by linear belts of ophioliteslyingalong boundariesof litho—

spheric plates.A strikingfeature of the geologicalmap of Nord

TrAndelag(Pig.1) is the linearitydisplayedby many of the

outcropsr especiallythe gabbroicrocks.

Well—developedophiolitesequencesgenerallyconsistsof a

number of distinctivelithologicalunits. Ideally,three layers

of oceanic crust pass downwardsthrougha transitionzone into an

ultramafIcassemblageprobablyrepresentingupper mantle material

(Pig.46).

Layer 1 of the oceaniccrust consistsof thin sequencesof

chert, shale and limestoneroften with a metal—richbase. The
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haenstiteor magnetite—bearingchert cr "jaspis"found at

Skorovasmay possiblybe a partial equivalentof these ferrug—

inous layer I sediments.

Beneath layer 1 are the dominantlyextrusivebasaltsof laye

2. These are essentiallytholeiiticin composition,with some

hyaloclastiteand alkali basalt. These rocks are commonlynillowet

and spilitised.Pillow structuresare difficultto identifyat

Skorovas due to the deformationsufferedby the rocka.Spilitis—

ation is apparent,however.

The rocks of layer 2 pass downwardsinto Iayer 3. The Iatter

consists of cumulate,and sometimesfoliated,gabbroic rocks.

Diorites and trondhjemitesmay occur as discreteintrusivebodies

in, or aw diffusefacies of, the gabbro.The relatioshipbetween

gabbro and the overlyinglayer 2 basaltsvaries from intruziveto

unconformable.The relationshipbetweengabbro ancl.dioriteon

GrOndalafjellhas already been discussedin 4.2.3.

There is frequently.though not necessarily,a transitional

sheeted cornplexbetween layers 2 and 3, consistingof swarms of

dolerite dykes.These dykes intrude both the lower parts of

layer 2 and the upper parts of layer 3, whilst the centralportion

of the sheetedcomplexmay consistentirelyof dykes. It is

thought that these features representthe feeders to the layer 2

basalts. This dyke complexmay be representedon Gröndalsfjellby

the extensivedevelopmentof black dykes.

Beneath layer 3 are the ultramaficrocks af the upper mantle.

These consist of varyingproportionsof dunite,harzburgiteand

lherzolite.When tectonicallyemplaced,thesemay be strongly

banded, foliatedand tightlyfolded.

The complextransitionzone betweenthe upper mantle and



layer 3 is known as the Mohorovi9icDiscontinuityor "Moho".This

is characterisedby cumulateand interlayeringand intrusive

relationshipsbetween the basic and ultrabasicrocks (Reinhardt

1969, Dewey and Bird 1971).

Ultramaficrocks of ophioliticaffinityare absent in the

Skorovas region,but to the east of the marginalfault system the

meta—gabbrocontainspatches of talc schist and amphibolitewhich

may possiblyrepresentmetamorphosedperidotiteincorparatedin

gabbro as a subductionmelange (see below).

In additionto,the featuresdescribedabover it is interestin

to note, in connectionwith the marginal fault system of the

Gabbro, that faulted or thrustcontactsbetweenmajor units are

common in ophiolites(PenroseField Conference1972).

Metamorphiceffectsin and around ophiolitecomplexesare

many and varied,and are probablydue to processestaking place

during both genesisand tectonicemplacement.Many of the complex

internal igneous,structuraland metamorphicrelationships,ho71e7e

are ppobably reIatedto genesis,and not to processesoperating

in the orogenicbelts in which ophiolitesare finallyemplaced

(Dewey and Bird). These effectsmay include thermaland hydro—

thermal alterationat the site of origin,amphiboliteto blueschis

facies metamorphismdue to subduction,and regionalthermal

metamorphism(liashiro1972).The latter may resultfrom high

heatflow at the mid—oceanridge before the oceaniccrust moves

down the coolerflanks, or else may be due to high—temperature

metamorphismin an island arc environment.As mentionedabove,

spilitisationof layer 2 basaltsis another featureof ridge

metamorphismrand is possibly due either to reactionbetween

tholeiiticlava and sea water, or to pest—coolinghydrothermal
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alteration.According to some authors, epilitesmay be crystallis—

ation productsof primary magmaticdifferentiation(e.g. Battey

1956); the unlikelyhoodof a spiliticmagma has been confirmed

experimentalIy,however,by Yoder and Tilley (1962)and Yoder

(1967),

8 ri 'n n Frinaceren o On I.tes

From work on known ophiolitecorolexesthroughoutthe world,

from drillingand dredgingon mid—oceanridges,and from geo—

physical data, it is now generallybelievedthat ophiolitesare

fragments of oceaniccrust and upper mantle tectonicallyemplaced

in orogenicbelts.

Kay and others (1970) envisagethe partialmelting of

primitive upper mantle material (Iherzoliteor garnet neridotite)

beneath the ridge axis. Tnis meltingyields a tholeiiticliouid

at a depth of between 25 and 30 km.. This leaves a depletedresidu

consistingessentiallyof olivineand orthopyroxene(duniteand

harzburgite).The tholeiiticliquidascends to form a magma

chamber, with the resultingcrystallisationof gabbro and the

formation of a cumulus texture.This magma gives rise to a dolerit

dyke swarm which feeds the overlyinglayer 2 basalts.

The oceaniclithosphereis then transportedaway from the

ridge by sea—floorspreading,until it is thrustbeneatkisland

arcs or continentalmarginsalong subductionzones (Fig.47).1n

this connection,it ia difficult,accordingto Dewey and Eird, to

account for sheeteddyke complexesexcept by a sea—floorspreading

mechanism.During subduction,materialmay be torn from the

descendingplate and tectonicallyemplacedbehind or beneath

trenches, giving rise to ophiolites.It is possiblethat ophiolite



may also be emplacedby overthrustingor "obduction''of sliees

of oceanic lithosphereonto the edges of island ares or

continents.This might be due to the collisionof a continent

with a subductionzone dippingaway from it. If the above model

is accepted,however,this could not have occured, since the

proposed subductionzone would have dipped to the southeasti.e.

towards the Scandinaviancontinent.

Ophiolitesmay also be generatedin marginal ocean basins.

Here, slowr diffuse spreadinginvolvesthe movement of island ares

away from continentalmargics.Diapirs of mantle materialare

generated in a zone of mantle instabilityabove a descending

plate, and undergopartialmelting to yield a basalticliguid

which is alkalineat depth and tholeiiticat shallowerlevels

(KUno).

8. "!eta1 en nh te

Metallogenyin ophiolitesis manifestedin three principal

wafl:

alpine—typepodiformchromitedepositsassociatedwith basic

and ultrabasicrocks,

magmatic copper—nickelsulphidedepositsassociatedwith basic

rocks,

massive copnerand zinc—bearingpyrite orebodiesassociated

with hydrothermalactivity.

These types are numberedin chronologicalorder,with pE20

increasingfrom (1) to (3).

The originalgeometryof these bodiesmay be strongly

modified by structuralmechanismsoperatingduring tectonic

emplacement.
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With regard to the mode of formationof the massive pyrite

orebodies,Sillitoe (1972) suggeststhat metal—bearinghydro—

thermal fluids are releasedduring the final stages of crystall—

isation in the magnm chambersunderlyingthe layer 2 basalts;

these magma chambersare representedin ophioliteshy gabbro

complexes.The massive sulphideorebodyat Skorovas,therefore,

may cwe its origin to hydrothermalfluids derivedfrom the

GrOndalsfjellGabbro. Sillitoealso states that metals could be

releasedfrom layers 2 and 3 during metamorphismbeneaththe

ocean floor, or during Ieachingby hydrothermalfluids or heated

sea water. The Gr6ndalsfjellGabbro is certainlypoor ia copper

when comparedwith similarrocks, so that it is possible that

a certain amount of leachinghas taken place.

These depositsare subseguentlytransportedaway from their

site of originat or near the mid—oceanridge by u3a—floor

spreading.Slllitoe suggeststhat only a minorityare incorporated

into island arcs or continentalmargins,but that most are sub—

ducted. During subduction,some of these depositsmay be incorp—

arated into continentalcrust as parts of slices of oceanic

Iithbsphere(ophiolites).

Massive sulphidedepositsmay also be associatedwith calc—

alkaline volcanismalong island arcs OT continentalmarginswhich

have beenr and may still be, underlainby subductionzones.Such

deposits appear to be richer in lead, zinc, silverand barium

than those associatedwith ophiolites.In this connection,silver

an-clbarium mineralshave not been found at norovas, whilst lead

(present as galena)is oniy present in subordinateamounts

(Gjelsvik 1960).



CONCLUDINGSTATEMENT

As stated in the introduction,the mountain of Gröndalsfjell

comprisesa large gabbroicmass about 8 km. across.Purther to

the southwest,and probablypart of the same mass (the two out—

crops are separatedby drift) is a much larger gabbroicbody

severaltens of kilometresacross,and centred on the imposing

mountain known as Heimdalshaugen.Thereare also numeroussmall

gabbroic and dioriticbodies in the immediatevicinityof

florovas, one of which„ on Lillefjellklumpen,containsthe

massive pyrrhotitebody examinedby Q..G. Palmer in 1971.Small

areas of disseminatedpyrrhotitemineralisationalso occur on

Gr6nda1sfje11.

These basic intrusiveshave still to be examinedin detail.

Guch examination,in addition to yieldingmuch information

concerningthe intrusiveand metamorphichistory,and the

geologicalevolutionof, the areal might also prove rewarding

from an economicpoint of view. The Author hopes, therefore,that

this preliminaryinvestigationwill stimulatefurther researchin

the area, and prove helpfullto thosewho undertakesuch work.
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PPENDIX 1: ANALYTICALPROCEDURE

4) The bulk sampleis hand crushed to -20 mesh (710 microns),and

then erushedfurther to -100 mesh (142 microns),a represent-

ative sample being obtainedby the ”guartering"method.

2) A sample of 400 milligramsis weighed out and placed in a

polythenebeaker.

3) 5 mdllilitresof deionisedwater is added to wet the sample.

4) The followingacids are then added to reduce the sample:

2 ml. of concentratednitric acid (HKO

3 ml. of perchloricacid (E010 ),

7-10 m1. of hydroflmrieacid,(HF).

5) The samplesare then evaporatedto drynessby leavingover-

night on a thermostatical1y-controlledhotplate.

6) The residueis disso1vedin 10 ml. of 2M hydrochloricseid,

a roughly egual amount of deionisedwater added, and warmed.

7) The solutionsare then transferedto 100 ml. flasks and mmde

up to volume with deionisedwater.

For soda and potash a preventativeinterferenceagent is

added, consistingof a mixture of ammonium carbonate((NH4),CO3)

and ammonium hydroxide(NH4OH).A few millilitresof this is added

to a suitablealiguotand the sampleis diluted to a second stock

eolution.

For the oxides of calcium,magnesiumand iron (totalFeL03),

the interferenceaddativeis a lanthanidereagent (La10,).

The sampleswere analysedusing the Pye-UnicamSP90 atomic

abaorption spectrophotometer.Accuracy was checkedby the intro-

duction of known standarda;discrepanciesproved negligibIe,

however.
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