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Geolo,icalsettingof the Tverrfjellcopper/zincdeposit,Central Norway

Krupp, R. & Krupp,

Abstract

The Tverrfjellmine in Central Norway, a volcanogenicexhalative

Cu/Zn deposit,oceurs within the eugeosynclinalvolcanie-sedimentary
Early OrdovicianStSrenGroup. This sequencewas obductedand trans-
lated to the southeastinto its present positionby Caledoniannappe
movements.As a result,two major deformationalphases and low to
medium grade metamorphicconditionsare recognizedin the Tverrfjell

area. In the working area, the StSrenCroup is composedof predominantly
mafie submarinemeta-volcanicswith intercalatedmetamorphosedgeo-
synclinalpelitie sediments,turbiditesand voleanicbreccias.

The basaltsare predominantlytholeiitic,but alkaline types occur,
too. Extensivefractionationof olivine and plagioclasein early, and
clinopyroxenein later nmgmatic stages produced highly evolved hasalt

types and even andesites.High abundancesof certainmajor and trace
elenentsare comparableto thoseof Type II ocean floor hasalts.

Base metal- free exhidative knrizons are common in the area,

but the copper-zincores of the Tverrfjelldeposit are strictlyconfined
to an andesiticextrusivebody.

On the base of sedinentologicaland geochemicalevidence it is
suggestedthat the Tverrfjet1depositwas formedat an intraplatevolcanic
centre or back-arespreadingcentre in a positionnot too far from the
Baltic Shield.Based on petrologicalconsideration,a shallow-seated
but extensivemagma chamber is postulatedto explain the observedex-

tensivemagma fraetionation,andas a heat source that generateda cou-
vective hydrothermalsystem conductiveto the Tverrfielldeposit.
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Introduction


The Tverrfjellmine, one of Norway'smajor Cu/Zn deposits,is$ituated
in the Dovrefjellarea in Central Norway, near the villageof Iljerkinn

(about 250 km NNW øl Oslo and 200 km SSW of Trondheim).Geologically,it
lies on the southwesternapex of the Trondheimregionwhich is built up
of Caledoniannappes, especiallythe TrondheimNappe Complex (fig. I). The

nappes were thrustedfrom a north-westerlydirectionover the autochtonous
Precambrianbasementof western Norway.

The TverrfjellCu/Zn deposit belongs to the familyof volcanogenic
exhalativebase mutal depositsand was formed in conjunctionwith submarine
volcanic activitesin Late Cambrian to Ordoviciantimes. Stratigraphically,
it is hosted within the volcanic-sedimentaryStthen Group (Tremadocian,
Arenigian)of the TrondheimSupergroupdefined by Gale & Roberts (1974).

Table I gives their stratigraphiccorrelationscheme and it will be noted
that the St‘ren Croup, which is interpretedas the løwer member of an eu-
geosynclinalsequenceis correlatedwith part of the Cula Croup (Eocambrian,

Ordovician),which is thought to have formed in a miogeosynclinalenviron-
ment.

Major and trace-elementdata of St‘fren-greenstonesrevealedcharacte-

ristics of ocean-floortholeiites(Cale& Roberts, 1974;Furnes et al.,

1980),and an ophioliticsuite with gabbros,sheeteddikes and pillow lavas
was recognizednear the lattlkkenCu/Zn-deposit(Grenneet al., 198o).A

back-arcbasin environmentwas postulatedfor the ophiolitieStulrenunit
by Cale & Roberts (1974)and this was furthercorroboratedby Furnes et

(1980).

In pre-MiddleOrdovician times (Furneset al., 1980),the eugeosynclinal

volcanie-sedimentarypile (StulrenCroup) was obducted,therebybeing juxta-
posed with the miogeosynclinalCula Croup rocks. The major nappe unit formed
by these processesis the TrondheimNappe Complexwhich consistsof the
lowerCula Nappe and the upper SLttlrenNappe (Gale & Roberts,

1974).The latter includesrocks of the Sttken,Movin and IlorgCroups

(table I). During a later event, renewedmovements translatedthe Sttilren-
Cula-couple further towards the east into its present position.Consequently,
and in agreementwith observationsmade by Cuezou (1978),the basal thrust

plaue of the TrondheimNappe cuts off the older tectoniecontact between the
Shilrenand Cula Nappe. ln the southwesternpart of the Trondheimregion (in-
cluding the area around the Tverrfjellmine) the TrondheimNappe is underlain
by the AndbergslitiliComplex (Cuezou, 1978)which is intercalatedbetween the
TrondheimNappe and the Precambrianbasement in the west.
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During nappe emplacementthe obducted rocks were folded into large

isoclinalrecumbentfolds (F1)+with axial directionsvarying from

NW-SE over E-W to NE-SW (Wolff& Roberts, 1980).A second fold phase

(F2),which overprintedthe previouslyformedstructures,is character-

ized by open to tight, slightlyinclinedfoldswith wavelenghtsof

several kilometersand axial directionsbetween E-W and NE-SW. A third,

only locallyimportant (i.e.not penetrative)deformationphase (F3)

produced tight,stronglyinclinedfolds of mesoscopicscale,which how-

ever have no marked effect on geologicalgross structure.In correspondence

with these tectonicevents, severalmetamorphicepisodes are recognized

within the TrondheimNappe Complex (Cuezou, 1978).

Although an extensive literatureexists on the many Scandinavian• exhalativemassive sulfidedeposits, includingexcellentgeneral deserip-




tions (e. g. Bugge, 1978;Vokes, 1980;Vokes & Cale, 1976)as well as

detailedwork on particulardeposits,not much has been written about the

geology of the Tverrfjelldeposit so far. Mowever,a short article about

the mine was publishedin Mining Magazinein 19787

The presentstudy is an attempt to unravel the geologyof the area

around the Tverrfjellmine and to give an interpretationof the conditions

under which the ore deposit originally formed.The area was mapped in

detail and for mappreparationadditionalgeophysicaldata (geomagnetic,

electromagnetic)as well as drill cores (courtesyof FolldalVerk A/S)

were available.Ceochemicalstudies on metavolcanics(majorand trace

elements)were carriedout in order to determine the geochemicalcharacter

of the magmas, and heace to obtain some constraintsfor the geotectonic

positionduring their eruption.

+
Our fold phase classificationcorrespondsto that most widely used in the

literature(e. g. Wolff & Roberts, 1980,r;age1240, which is different

from that of Cuezou.



4

Structural eology

geologicalstructure (fig.3) of the area around the Tverrfjell

mine is largelydeterminedby the two major fold phases mentionedabove

(FI and F2), as well as by the thrustsbetween Cula and Sthen nappe, and

at the hase of the TrondheimNappe Complex.A F3 phase is only locally

recognizable.In addition,an importantN-S strikingnormal fault

("main fault")which is paralleledby some minor faults of the sanw

system, dissects the area and also cuts off the Tverrfjellorebody on

its eastern side (fig.2).

F2-fold phase:

The most obvious structuralfeature in the working area is a F2

synclinewith its core in the Hjerkinnhoi-area,east of the Tverrfjell

mine. The fold axis strikes N80°F and is roughlyhorizontal,the axial

plane dips toward the south with approximately700. On the southernlimb

of this synclinethe SI foliationand transposedSt6structuresdip almost

vertically,whereas in the northern flank, the same structuresdip to-

wards the south at angles of 35 to 450• A 52 schistosityis well deve-

loped only in phylliticlithologies,whereas it is usually absent in

quartzitesand amphibolites.Particularlyin the chlorite-sericite-

schistsof the Hjerkinnhoi-syncline,biotite crystallizedon 52 schisto-

sity planes.

FI-fold phase:

A large isoclinalFl-fold is recognizedin the block east of the

main N-S fault.This fold is believed to originallyrepresentan anti-

cline that is now diving into a southwarddirection,but as a result of

the above describedF2-synclinereappearson the southernflank ot the

F2-synclinewhere it forms an Upright Fl-antiform(fig.3). The axial

plane of this Fl-fold forms a syfflmetryaxis for the lithologiesnorth

and south of the broad zone of volcanicbreccias in the northeastern

part of the map area. The breccias form the core of this inferredanti-

cline and thus are thought to representthe oldest rocks in the tectonic

block cast of the main fautt.West of the main fault,essentiallythe

same FI and F2 structuresare recognized,but lithostratigraphiccorre-

lationacross this fault is virtually impossiblebecause the western

block is exposed in a significanllydeeper structurallevel with different
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lithologiesdue to rapid lateral facieschanges (see fig. 2). The

YI-foldphase produceda regioaallypenetrativeschistosityby parallel

alignmentand recrystallizationof metamorphicminerals,which is well

developedin most lithologiesexcept some quartzites.

Basal theuStof the TrondheimNappe:

Along the northwesternuwrgin of the working area, the Trondheim

Nappe is bounded by a thrustplane, beyond which a series of apparently

highermetamorphicrocks follows.This unit can be correlatedwith the

BottheimCroup of the AndergsluliComplex (Guezou,1978).The thrustzone

representsthe basal thrustof the TrondheimNappe and consistsof a several

meters thick myloniticshear zone that dips at about 400 towards SE.

Fl and F2 - structuresof the TrondheimNappe are cut off by this thrust

and thereforemust have been formed prior to final nappe emplacement.

Thrust between Sthen aad Cula Nappe:

The boundarybetween the St(frenand Gula units is found at the southern

margin of the working area. The nature of this boundaryis somewhatob-

seure because it was overprintedby younger deformationand metamorphism.

It is, however,generallyaccepted to be of tectonicnature, i. e. to

representan importantshear zone.

The Cula Croup rocks at the south end of the map (fig.2) constitute

the margin of the central antiformalzone of the Trondheimregion (fig. 1).

Because the S2-schistosityis developedcontinuoslyacross and strikes

parallel to the hypotheticalthrustplane between the Gula and St‘ren

Nappes,and because this thrustplane was brought into its steep, slightly

overturnedpositionby the F2 synclinementioned,it appears that the

Gula Group rocks in the south were brought upward during this F2-fold

phase. Thus it seems likely that the central antiformalzone of the

Trondheim regionis a F2-strueturerather than Fl.

North-South-faults:

The main fault is well exposed undergroundin the Tverrfjellmine

where it cuts off the orebody towardsthe east. Its dip is 45°E and the

fault zone is more than 50 meters wide, filledwith unmetamorphosed

gouche. SLickensidesindicatealmost verticalmovements (M. Motys, per-

sonal coumunication).The precise amount 0I verticaldownwarddisplace-

ment of the eastern block is not known but we estimate it to be well

in excess of 1100m, probably twice that much. Nu significanthorizontal

movementsoccurred.The main fauttand its minor parallel faultsare
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consideredto be related to the Oslo rift zone which is of Permian
age. However,earlier movementscan not be ruled out.
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Stratigraphy


The miogeosynclinalCula Croup rocks that occur south of the

workingarea are composedof monotonousgraphitebearing calcareous

phyllitesand schists,but in other areas may also containquartzitic

rocks,greenstonesand volcanogenicexhalativeores (Nilsen,1978,

Cuezou, 1978).

The AndergshoiComplex northwestof the working area is made up of

feldspaticgneisses,garnet-mica-schistsand amphibolites,with minor

occurencesof marbles and quartzites.These rocks can be correlatedwith

the BottheimGroup of Guezou (1978) for which a Cambro-Ordovicianage

is inferred.

The volcanicsedimentaryrocks of the St‘ren Group will be described

here in some detail because this is the host sequence for the Tverr-

fjellorebody.

Establishinga detailedstratigraphyin this area is not an easy

task,due to complex folding,extensiveprimary.facieschanges and lacking

marker horizons.The proposedstratigraphy(fig.4) thereforedepends

to some degree on structuralinterpretation,and vice versa.

Metasedimentaryrock types:

Resides the volcaniclasticand pyroclasticrocks, there is only

a small variety of metasedimentswhich, however,constitutea significant

percentageof the sequence.Most widespreadare phylliticvarieties,that

grade into one another, in most cases due to primary faciesdevelopments.

On our geologicalmap (fig.2), we have differenciatedbetween garnet-

mica-schists,chlorite-sericite-schists,quartz-richchlorite-sericite-

schists,dolomite-chlorite-sericite-schistsand biotite schists.

The biotite-schistsin the northernpart of the working area are

essentiallycomposedof biotite,muscovite,plagioclase,quartz, zoisite,

epidote and carbonates.They are higher metamorphicequivalentsof the

chlorite-schistsand representoriginallysimilar lithologies.Thus,

their southernboundarywith the chloritesericiteschists is due to the

reactionof chloritewith muscoviteto form biotiteand minor staurolite.

The various chloritebeariag schists and phyllitesare made up of

chlorite,sericite,quartz, plagioclaseivarjableamountsof carbonates,

and mioor epidote, zoisiteand amphiboles. The chlorite and biotite-schists



are the most common rock types in the upper part of the stratigraphic

sequence.They are intimatelyassociatedwith volcanic brecciasand

are thoughtto owe their relativelyhigh contentsin ferromagnesian

mineralsto a finegrainedvolcan clastic component,i. e. from erosional

basalticdebris.

Chemicallyand stratigraphicallyintermediatebetween the chlorite-

sericite-schistsand the garnet-mica-schists,are the quartz-rich

chlorite-sericite-schists.These are of particularinterestbecause they

containsome intraformationalpolymictconglomeratelenses, in part

associatedwith quartzites.

The conglomeratepebbles are up to 10 cm in diameterand are em-

bedded in a finegrainedmatrix, apparentlywith a lack of intermediate

graia sizes. Most frequentare veinquartzpebbles,but quartzites,lime-

stones,granitoidsand probablyalso keratophyresmay occur, too, whereas

mafie volcanicsare not represented.Althoughmost pebbles are severely

strained (flatleningup to 20:10:1),some resisteddeformationand dis

play weLl rounded shapes.The mode of occurrencewithin an essentially

peliticsequence,the well rounded pebble shapes,and the polymictnature

suggestsimilaritieswith the "pebbly mudstonedeposits"from continental

marginenvironmentsdescribedby Reineck & Singh (1975).

111egarnet-mica-schistsare essentiallycomposedof muscovite,minor

biotite,quartz, plagioclase,and almandine-richgarnet.Theirchemical

composition(table2) correspondsto that of typicalgeosynclinalshales.

Carnet-mica-schistsoccur predominantlyin the lower parts of the

stratigraphicsequence(inthe working area). They also often accompany

quartzites.

Quartzitesoccur as laterallyextensiveintercalationswithin the

pelitiemetasedinentarysequencesdescribedso far. They form horizons

from one meter up to several tens of meters thicknessand generallydis-

play sharp contacts towards the phylliticrocks. However, thicknessesin

excess of a few meters are probablydue to repetitionby isoclinal

folding.The quartzitesare fairly pure quartz-rocksthat range from

massive to banded. Sometimesvery conspicuousparallelbedded rhythmic

alternationsof nunto cm thick pure quartziticlayerswith thinnerpeli-

tic layersare found.The quartzitevarietiesare gradationalinto one

anotherand should have been depositedunder essentiallyidenticalcondi-

tions.Although the rhythmicallylayered"typessometimesmay resemble

varvitiesediments,such an origin is not very likelybecause individual

rhythmsmay reach thicknessesof several cm (8 cm and more). An alter-
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nativeexplanationfor the quartzitesis that they were depositedby

turbiditycurrentswhich brought relativelycoarse quartz sands into

an environmentgenerallydevoid of sandy sediments.The rhythmic

varietiesthen could be regardedas formedduring episodesof repeatedly

triggered turbiditycurrents.Because the quartzitesoccur as interca-

lationsiato quite variablesedimentsor even volcanicsand show

neitherany gradationsinto these rocks nor any other recognizable

genetic relationships,a distant and differentsource and differentde-

positionalmechanism (liketurbiditycurrents)appearsvery plausible.

Carbonatesare widespreadas a minor componentin many metapelitic

rocks, but occur only rarelyand locallyrestrictedas thin marble lenses.

Abseace of the latter is probablyevidence for continuous,thoughnot

necessarilyvery rapid clasticsedimentation.

LI1,iiimmary,the bulk of the sedimentsare thick pelitic sequences

with intercalatedvolcanics.Stratigraphicallyupward, the amount of

ferromagnesianmineralsappears to increaseand probablycorrelateswith

the amount of reworkedmafic volcanicmaterials.,Episodicturbidites

and pebblymudstonessuggest the proximityof a continentalmargin.

Volcanicand volcaniclasticrock types:

This chapter includesall typesof volcanicsand fragmentalvolcanic

rocks,particularlytuffsand volcanic breccias.Mafic and minor felsic

volcanicsare the dominant lithologiesof the Sthen Croup. In this

paperwe will also report about an andesitewhich is a rather uncommon

rocktypein this euvironment.

Pillow structureswithin the basalts,althoughrarely preserved,

prove theirorigin as submarineflows.Alterationby seawater is common

aad sometimesaffectedcompletelava flows such as those termed "calca-

reousgreenschists"in the geologicalmap (fig.2). The now amphibolitic

rocksare frequentlybanded with carbonates,albite and quartz as a

consequenceof premetamorphicalterationand redeposition.

Sasaltictuffs are representedas cm-thickamphiboliticlayers,

alternatingwith magnetite-richand magnetiferous cherts,pyritic exhali-

tes and thin marble bands, which demonstratethe contemporaneityof tuff

eruplionsand submarineexhalativeprocesses.

Very rarely, also felsic tuffs (keratophyre)øccur, as meter-thick

interealations,mainly within chlorite-sAricite-schists,but also

interealatedbetweenmafic lavas.
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An extrusionof andesiticcompositionwas recognizedwest of the
TverrfjeLlmine (see fig. 2). Its volune can be estimated to be close
to about 10 km3. Although the bulk composition(see below, table 2)
of this rock,which is now a garnetiferous,quartz and fieldspar-rich
biotite-chlorite-sericite-schist,is similar to that of typicalshales
or clays,such an origin is most unlikelybecause (1) a felsic,gene-
ticallyrelatedvolcanicbrecciaoccurs at its base, (2) there is
evidencefor hydrothermalalterationwithin this rockbody, (3) because
the rock with its typical appearanceis unique in the area and clearly
differentfrom that of true peliticmetasediments,(4) because the
rock is perfectlyhomogeneous(besideseffects of alteration)and (5)
becausethere is an almost completeseries in magma compositionsfrom
normalbasalts to this andesite.It forms a well definedbody in the
coreof an Fl-antiformand is overlainby a mineralizedsequencewhich
is laterallyequivalentto the Tverrfjellorebody (see below). The basal
brecciaconsistsof felsic fragmentsembedded in a carbonaterich,(al-
tered)schistosematrix of an originallyperhaps more mafic material.

Another type of volcanicbreccia is found in severalplaces east
of the main fault (seemap, fig. 2), which consistsof mainly basaltic
fragments.However,in some stratigraphiclevels, felsic fragmentscan
dominate.Because the breccia is a mixture of various rock types,and
the componentsare fairlyequally sized (i. e. to somw degree sorted)
the breccia is thoughtto representepiclasticvolcanicdebris that
accumulatedto depositsof quite variable thickness.



Exhalativemineralization

Exhalativestratitormmineralizationsare fairly common in the

workingarea, most frequentlyas magnetiteand/or pyrite bearing cherts

as well as massive to disseminatedpyrite and/or pyrrhotitebearing

horizons.They invariablyoccur within or at the boundaryof amphibolites.

however,theseexhalativeores generallydo not containany base metals.

The copper and zinc bearing exhalativemineralizationsappear to

be strictlyconfined to the andesiteextrusion.Hydrothermalalteration,

whichcan be recognizedin the now metamorphosedandesiteby the scar-

cetyor completeabsence of ferromagnesianminerals,particularlygarnet,

and by the presenceof carbonatesand/or excessivesilica, has affected

largeparts of the body. In a number of drillholes,exhalativeCu/Zn

oreswere encounteredin the hangingwall of the andesite.The ores are

embeddedin a highly variableseries of sulfide impregnated,often

carbonate-richsericite-biotiteand chlorite-sericite-biotiteschists,

with locallyrecognizablefelsic tuffs, thin marble layersand pyrite

and pyrrhotitebearing cherts.Abundanceof carbonatesand impregnation

with sulfidessuggests that these rockswere subject to alteration.The

originalnature of these schists is not obvious, but they could represent

hyaloclasticdebris formed from the extrudedandesite.The massive ex-

halativesulfidesshow ore-gradebase metal contents,but are only rarely

thickerthan a few centimeters. The entire ore bearing series appears to

be severalmeters to several tens of meters thick and is overlainby

metabasalts.

The mineralizedseries is a lateralequivalentof the Tverrfjell

orebodywhich is situatedabout 4 km further in the east. Unfortunatelythe

footwallof the Tverrfjellorebody is geologicallycomplicatedand not

well documented.lt consistsmainlyof phylliticand mafic lithologies.

The andesiteitself is not knowå from immediatelybelow the orebody,but

a felsicbrecciawhich correspondsto that at the base of the andesite

was recognizedlocally.It appears that the Tverrfjellorebody formed at

a site slightlyoff the andesiticextrusion,probably in a local basin.

The orebody displaysvertical zoning in copper and zinc contents,

and essentiallythreedistinetore types can be differentiated.From

footwallto hangingwall (i. e. from south to north) these are:

I. Stringerore. Tectonizedmatrix rich ih chloriteand amphibolewith

abundantquartz veinlets.Chalcopyrite,pyrrhotiteand quartz are meta-

morphicallyremobilized;minor idioblasticpyrite. 2.80 % Cu, 0.15 % Zn

and 14 % S.
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2. Bandedpyrite-magnetite-ore.Alternatingmagnetite-richand pyrite-

richparallellayersof a few mm to several cm thicknessin a quartz-

rich,calcite-bearingmatrix. Chalcopyritepreferentiallyin pyrite

layers.1.80 % Cu, 0.35 % Zn, 24 % S.

3, Massivepyritic ore. Almost massive pyrite with disseminatedchal-

copyriteahd sphalerite,subordinatequartz and calcite.Upward increase

in Zn (0.70-1.60%) and decrease in Cu (1.60-0.40%), 40 % S.

In summary,a general upward increasein Zn and total sulfur and a

decreasein Cu occurs (compareMining Magazine, 1978).The upward transi-

tionfrom pyrrhotiteover pyrite-magnetiteto pyrite appears to be

paralleledby a relativeand absolutedecrease in quartz and a relative

increasein calcite.
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Ceochemistryof the volcanicrocks

• Studieson the major and trace element geochemistryof the metavolcanic

rockshave been carriedout by means of X-ray fluorescenceanalysis

(XRF).Major elementswere determinedfrom lithiumnetaborateglasses,

Fe0was measuredphotometrically,CO2 and 1120gravimetrically.Nb, Zr,

y,Rb,Sr, Zn, Cu, Ni, Co, Cr and V were determinedfrom powder tablets

byXRF.Resultsare listedin table 2 and major oxides and trace elements

vs.SiO2plots are shown in flg. 5.

Althoughmost of our artalyzedrocks show high CO2 contents (>0.5 %),

andhencewere subjectedto alteration,still some significantfeatures

canbe recognized.The majorityof the analyzedrocks are either olivine

urquartznormativetholeiites.Two basalts containnephelinein their

norms,and a tendencytowardscriticalsilica undersaturationis also

observedwith some other transitionalol-tholeiites.The rocks display

a tholeiitictrend in the AFM triangle (fig.6), and show an early

TiO2enrichmenttrend (1.23-3.71%) and simultaneouslyincreasing

Fe0r/Mg0ratio+ (0.95-3.45)with increasingSi02 contents.Ti02' 1(20and

Fealt/Mg0values are higher than thoseof normal ocean floorbasalts.The

olivine-tholeiitesare higher in Mg0 and Al203 and lower Fe(M, Ti02 and

P205 than the quartz-tholeiites.

When the basaltic rocks are plotted into the 01-Plag-Cpx-diagram

of fig.7 (accordingto Cox et al., I979),onefinds that the data follow

theolivine-plagioclasecotecticminimum and, therefore,these two

mineralswere the earliest formed and separatedphenocrystsin the melt.

Itcanbe suspectedthat the Mg0 and Al203-rich01-tholeiitesrepresent

moreprimitivemelts, whereas the quartz-tholeiitesare more evolved and

enrichedin Fe0W, Ti02 and P205 but depleted in Mg0 and Al203' due to

olivineand plagioclasefractionation.The same fractionationprocesses

arereflectedin trace element chenistry.The compatibleelementsNi

andCr are highly correlatedwith Mg0 and Al203 becauseNi is strongly

incorporatedinto olivine,and Cr tends to be simultaneouslyprecipitated

as Cr-spinelin early magmaticstages.Vanadiumparallelsthe behaviour

of Fe0w,Mn0 and Ti02. These elementsaccumulatein the melt phase until

magnetite(Cill, 1981)and/or clinopyroxene(Freyet al., 1974)begin to

precipitate.Clinopyroxeneis more likely in our case becauseCa and Mg

becomesimultaneouslydepleted.

Comparedto nornal ocean floor basalts, the mafic volcanicsof the

Tverrfjellarea are significantlyenriched in a number of elements,in-

Fe0k = Fe0t-U.9xFe203
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cludingTi, P, K, Rb, Sr, Zr, Y and Nb. When plotted into discrimina-

tiondiagrams(e.g. fig. 3 and 9) the basalts fall predominantlyinto fields

for"within-platebasalts"and "mid-oceanridge basalts".However,other

diagrams(e.g.fig. 10, Zr-Ti-Y,Pearce & Cann, 1973)yield different

results.The reasons for this behaviourare thought to lie in the

evolvednatureof most studiedrocks, particularlyin their Ti-trends

whichbecome reversedas soon as clinopyroxenebegins to crystallize.

Therefore,the usefullnessof such diagrams,especiallythose usiag

titaniumas a discriminant,is not clear in the case of evolved basaltic

suites.

TIie abundancesof the anonulouslyhigh elementsare similar to

thosefound for socalled"Type II ocean-floor-basalts"(Bryanet al.,

1976)or "e-MORB (enrichedMid Ocean Ridge Basalt) ( Sun & Nesbitt,

1978).This type of tholeiiticbasalts is found associatedwith alkali

olivinebasaltson volcanicplatformsastride mid ocean ridges (e.g. Ice-

land)and at intraplatevolcaniccentres like ocean islandsand sea-

mounts(e.g.Hawaiian Islands,Mauritiusetc.). Basaltsof this kind

occurabovemantle plumes or "hot spots"where deeper undepletedmantle

is thoughtto form the source for these particularbasalticmelts.

Oftentholeiiticaud alkalinebasalts occur side by side in this type

of volcanicenvironment,and the nepheline-normativeand transitional

basaltsof the Tverrfjellarea can probablybe interpretedin this sense.

Peculiartypes of amphibolitesoccur near the Tverrfjellmine and

areseparatedin our map (fig.2) as "Tverrfjellamphibolites"(TV 13

andTV 15, table 2). Macroscopically,thesemetabasaltscan be distin-

guishedby lheir conspicouslyhigh biotitecontent and their lighter,

moregreyishcolour. Chemically,they are characterizedby high Si02,

1(20,Nb, Zr, Y and Rb values and are interpretedas very highly evolved

basaltswhich are derived from common basalticmagmas by extensive

removalof olivine,plagioclaseand additionallyclinopyroxene(lowV,

lownormativedi). The extrusiveandesite (TV 18)west of the mine is

probablythe resultof continuedfractionationof this kind.

There is a more or less continuousseries of magma compositions

whichleads from olivine-tholeiitesto the andesite.However,between

thelatterand the keratophyretuffs mentionedabove, no intermediate

membersare known and it is doubtfulwhether there is any close genetic

relationshipbetween these two rock group, althoughkeratophyresare

commonlythoughtto form from tholeiiticsource rocks. The keratophyre

tuff(TV 16) bears featurescharacteristicfor trondhjemites(Barker,

1979).Especiallythe low K20/Na20ratio is in contrast to the higher
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evolvedbasalts and the andesite.
In summary,the volcanic rocks surroundingand hosting the

Tverrfjelldeposit are tholeiitesand minor alkali olivinebasalts, that
rangefrom more primitiveol-nonnativeto highly evolved.quartz-norma-
tiverocks.Early olivine and plagioclaseand later clinopyroxene
fractidnationare responsiblefor the observedvariabilityand evolutio-
narytrends.High abundancesof certainmajor and trace elements indi-
cateprimarymagmas similar to those of ocean islandsand seamounts,
or to volcanicplatformson oceanic ridges.

•

•
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Discussion

As a resultof several strong deformationaland metamorphicepi-
sodesduring the Caledonianorogeny,attemptsfor a geologicalrecon-
structionof pre-orogenicconditionsmust largelyrely on geochemical
dataand on comparisonwith modern environments.

In the Tverrfjellarea, the close associationof submarinemafic
lavas,peliticgeosynclinalsedimentsand terrigeneousturbiditic
sedimentsput some constraintson the formergeotectonicpositionand
indicatethat the Tverrfjellarea formed in a geosynclinalbasin, but
nottoo far from a continentalmargin, i. e. the Baltic Shield.Loca-
lizedaccumulationof volcanicdebris indicatesmorphologicalgradients,
andthe rapid lateral facieschanges of the sedimentsalso suggest a
nonuniformand unsteadydepositionalenvironmentwhich can be attributed
toa submarinevolcanic landscape.

The erupted basalts show typical featuresof ocean island suites
or of magmaticassociationsfrom volcanicplatformson mid-ocean
ridges.Both are localizedabove uprisingmantle plumes. Because of the
intercalatedterrigeneoussediments,one must concludethat the volcanic
eruptionswere intermittentand occurredoff a major spreadingaxis.
Nowever,a relationto a back-arc spreadingcentre is also conceivable.

The extensivemagma fractionationwhich is observed in the Tverr-
fjellarea requiresa shallow-seatedmagma chamber to allow for the
separationof significantvolumes of highly evolved liquidslike that
conductiveto the andesiticextrusionwest of the Tverrfjellmine. The
highdegreeof fractionationnecessaryto form an andesiticliquid
froma primarybasalticmagnw will lead to an amount of residualmelt
comparableto or larger than that of the andesite itself.

Such a magma chamberon the other hand providesa potent heat
sourcewhich should be able to induce a large and longlivedconvective
hydrothermalsystem in the upper few kilometersof the predominantly
basalticcrust.Obviously,such a system should be capable of forming
exhalativeore bodies like those of the Tverrfjellmine (and the ad-
jacentcoeval mineralizations)which formedonly very shortly after and
imediatelyabove the extrusionof the andesite.

The Tverrfjellores contain 1.0 % Cu and 1.2 % Zn with minor contents
of Au (0.08g/t and Ag (8 g/t), and in thiS respect they resemblesocal-
led"Cyprus-type"deposits that form on mid-oceanridges.The reason for
thissimilarityis the equivalentcompositionof the underlyingcrust
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which provides the metals for the deposits and which controls the

compositionof the hydrothermal solutions. A genetic linkage of

exhalative ore depositswith ocean island type volcanism appears to

be uncommon; at least no example is known to the authors. flowever,

from the case of the Tverrfjell deposit it is evident that highly

evolved basalts or even further evolved volcanics may serve as an

exploration guide, as they are spacially restricted to the epicen-

tres of magmachamhers as are potential exhalative ore deposits.
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figureCaptions

Fig,I :Location of the Tverrfjell mine and other massive sulfide deposits

in the Trondheim region (after Bugge, 1978).

g, 2 :Geological map of the area around the Tverrfjell mine.

Fig,3 :Two north-south sections illustrating the structural interpretation

for the Nerrfjell area.

Fig.4:Schematic representation of the stratigraphic succession and inferred

facies relationships.

hg. 5:Major and trace elements plotted against SiO, for the analyzed meta-

volcanic rocks of Ihe Tverrfjell area.(Major oxides in percent values,

trace elements in parts per million.) Squares = quartz-tholeiites,

circles = olivine-tholeiites, triangles = nepheline-normative basalts.

b:A-F-M-dlagram (Na2 K200 + , Fe0 + 0.9xFe203 , Mg0).Line separates

tholeiitic (above) from calc-alkaline (below) rock suites (according

to irvine & Barragar,1971). Symbols as in fig. 5.

Fig.7:01ivine - plagioclase - clinopyroxene diagram (according to Cox et.al.,

1979), displayiug low pressure phase relationships for tholeiitic melts.

The.data scatter around the plagioclase - olivine cotectic line and

he ternary eutectic minimum.

Fig.B:Discrimination diagram (Pearce,1980) using zirconium and yttrium.


Symbols as in fig. 5, LAT = island arc tholefites, MORB =

mfd ocean ridge basalts, WPB = within-plate basalts.

Fig.9:Discrimivation diagram (Pearce,1980) using chromfitmand yttrium.


Symbols as in fig. 5, 1AT = island arc tholeiites, MORB =

mid ocean ridge basalts,WPB = within-plate basalts.

Fig.10:Zr- Ti - Y discrimination dingram (Pearce & Cann, 1973).8ymbols as in

fig. 5. A = low-K-tholeiites, B = ocean floor basalts, C =

calc-alkaline basalts, D = intraplate basalts.



Ca tions for the tables

Table I. :Stratigraphiccorrelationscheme as proposedby Gale & Roberts,I874.

Table2. :Majorand trace element data for metavolcanicand metasedimentary
rocks of the TVerrfjellarea,andCIPW norms. Samplenumbers correspondto
numbers in fig. 2.

Samples tvl to tv12,tv14and tv17 are basalts,tv13and tv15 are highly
evolved basalts, tvI6 is a keratophyretuff, tv18 is a "fresh" and
tv19 a "hydrothermallyaltered"andesite sample. tv20 is a meta-
pelitic sedimentd (garnet-mica-schist).
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tvl tv2 tv3 tv4 cv5 tvh cv7 cv8 tv9 tv10 tv11 tvI2 tv13 tv14 tv15 tv16 Cv17 tv18 cv19 cv20

5i02 48.50 46.29 47.91 49.09 46.19 47.26 47.68 44.47 47.43 45.62 46.13 47.25 51.72 48.29 50.28 69.08 47.17 57.66 62.38 59.42

Ti02 2.47 1.43 3.46 3.15 2.20 2.16 2.22 1.88 1.58 2.69 1.58 1.23 2.26 3.71 .2.45 0.23 1.43 0.90 0.77 0.92

Al20 14.69 16.31 11.83 11.17 11.73 14.46 11.40 13.26 14.81 15.42 14.96 17.25 14.42 12.68 15.26 15.30 16.05 17.51 11.26 16.70

1
Fe202 5.71 3.06 5.60 3.11 3.36 4.28 1.22 4.02 2.89 3.13 3.02 2.25 4.27 4.72 4.47 0.95 2.85 1.63 1.11 1.39

Fe0 8.18 6.52 11.90 10.15 8.44 7.95 8.55 7.61 7.57 6.45 7.09 6.98 9.62 9.74 7.09 0.51 7.74 6.55 4.69 6.84

Mn0 0.23 0.14 0.25 0.22 0.22 0.16 0.18 0.19 0.16 0.16 0.14 0.16 0.13 0.23 0.18 0.03 0.15 0.08 0.09 0.10

MR0 5.21 9.75 5.41 4.9, 5.81 5.19 5.97 6.48 9.46 6.16 6.55 7.02 3.90 4.65 3.09 0.81 7.01 3.66 3.37 4.48

Ca0 8.08 8.76 8.97 7.02 10.57 9.27 10.19 11.81 10.61 12.28 11.59 8.90 5.81 7.58 5.96 1.54 9.44 2.13 4.40 2.14

14120
4.37 2.44 2.02 1.13 2.19 2.30 2.70 2.03 2.38 2.47 3.04 2.80 4.47 3.00 4.11 6.92 4.10 2.10 2.57 2.40

1(20
0.21 0.15 0.20 0.32 0.23 0.55 0.23 0.21 0.20 0.61 0.18 0.92 0.19 0.26 1.45 1.00 0.58 2.67 1.26 2.80

P0 0.20 0.09 0.30 0.68 0.24 0.16 0.25 0.16 0.14 0.42 0.14 0.18 0.96 0.55 0.82 0.06 0.28 0.37 0.40 0.10

25
co 0.14 0.24 0.06 0.94 1.78 1.04 2.14 2.74 0.48 2.38 1.80 0.94 0.12 0.74 1.20 1.50 1.65 2.20 6.00 0.4.

Z
11,0- 0.04 0.05 0.03 0.03 0.04 0.05 0.04 0.04 0.04 0.02 0.03 0.09 0.03 0.04 0.08 0.04 0.09 - - 0.4.




11
4
0+ 1.28 1.62 1.77 3.00 3.66 2.72 1.26 4.25 2.20 3.66 2.95 3.22 1.79 2.56 2.74 2.16 3.40 2.31 1.31 n.d.

SUM 99.89 98.85 99.71 99.53 98.84 911.55 100.21 99.15 99.95 101.47 99.20 99.19 99.69 98.75 97.88 100.13 101.94 100.00 99.70 ---

Nb n.f. n.f. n.f. 34 11 14 10 4 4 38 ----- 5 45 30 68 3 n.d. n.d. 0.4. n.d.

Zr 110 83 189 400 165 196 154 111 94 217 96 70 611 350 445 93 0.4. n.4. n.d. n.d.

Y 19 32 72 89 41 14 42 36 30 29 . 37 ' 20 120 85 53 6 n.d. n.d. n.d. n.d.

Rb n.f. n.f. n.f. 4 n.f. 8 n.f. 3 n.f. 10 ft.f. 16 a.f. 2 18 32 n.d. 0.4. n.d. 0.4.

Sr 130 268 276 280 156 253 1113 266 153 508 186 255 267 337 357 140 n.d. a.d. n.d. 0.4.

Zn 107 68 156 142 101 96 99 93 83 87 78 72 170 138 137 14 n.d. n.d. 0.4. 0.4.

Ca 16 107 n.f. n.f. 29 45 Ro 105 34 36 19 a.f. a.f. a.f. n.f. n.f. n.d. n.d. 0.4. 0.4.

Ni 16 157 18 il 44 38 42 ' 57 62 81 116 68 n.f. n.f. a.f. n.f. n.d. 0.4. n.d. 0.4.

Ca 51 46 66 46 52 51 53 48 58 46 48 55 27 45 33 30 n.d. n.4. ft.d. 0.4.

Cr 31 409 n.f. 12 62 SR 50 98 159 162 247 314 n.f. n.f. ri.f. 15 n.d. 0.4. n.d. 0.4.

V 397 265 696 255 351 298 270 327 353 270 327 353 11 345 114 29 n.d. a.d. 0.4. n.d.

Or 1.50 0.94 1.21 1.98 1.56 1.44 1.44 1.35 1.23 1.80 1.13 5.74 1.15 1.62 9.04 6.13 3.55 16.57 8.06




Ab 17.28 21.79 17.54 27.74 21.70 20.62 24.21 18.71 20.90 22.01 24.56 25.00 38.83 26.71 36.67 60.73 25.88 18.66 23.55




Asi 20.10 34.93 23.22 22.11 27.96 29.14 21.19 28.81 30.24 30.73 28.28 33.53 19.22 21.43 19.94 7.92 24.52 8.56 16.75




Mt 2.18 2.18 2.18 2.18 2.18 2.18 2.14 2.18 2.18 2.18 2.18 2.18 2.18 2.1.8 2.18




2.18 2.18 2.18




Il 4.81 2.86 6.74 6.86 4.48 5.15 4.47 3.89 3.11 5.38 3.19 2.47 4.41 7.41 4.91 0.21 2.81 1.80 1.58




Ap 0.49 0.21 0.73 1.69 0.61 0.75 0.50 0.26 0.25 1.00 0.25 0.25 2.19 1.25 1.00 ----- 0.49 0.92 1.03




Di 16.28 8.33 17.20 7.77 22.02 14.49 22.11 28.28 19.28 25.00 26.27 10.09 3.70 12.35 4.83 ----- .18.55 ----- 3.12




Ny




16.03 27.97 24.95 18.35 22.63 19.64 8.68 12.64 1.35




8.25 26.16 23.29 19.55 2.09




19.91 13.87 - -

01 16.92 12.73




1.25




0.08 7.84 9.97 8.58 12.67 12.52





16.60 -





- -




Ne 0.36








1.48




-- -----




5.44






Q -----




3.22 4.37 --- 1.61 -






2.21 3.79 0.94 21.26 ----- 22.86 29.68





Ru





----- ----- ----- ----- ----- -----





0.13







n.f. • not found




CTPW-norn calculaced for Fe203 fixed at 1.50 Z









n.d. not deterndned
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