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Geologival settiog of the Tverrtjell copperfeine deposit, Contral Norway

L+
Krupp, K. & Krupp, 6.

Abstract

The Tverrfjeil mine in Central Norway, a volcanopenic exhalative
Cu/Zn deposit, ocears within the cupcosynelinal voloanic sedimentary
Farly Ordovician Stéren Croup. This scquence was obducted amd s
fated o the southeast into its preseat position by Coledonian nappe
movements. As oa result, two major detormational phases and low to
mediom prade metamorphic conditions are recopnized in the Tverrs jell
arca, boothe working area, the Stdren Group is composed of prodomninant 1y
matic submarine meta-volcanies with intercalated metamorphosed peo-
synelinal pelitic sediments, turbidites and voleanic Breceias.

The basalts are predominantly thoteritic, but alkaline types oo,

too. Extensive fractionation of olivine and plagioclase ju carly, and

Ty

clinopyroxene in tater mapmatic stapes produced hipghly evolved asal t
Eypes ol evens andesites. High abundances of cortaon wajor amd race
clements are comparable to thase ot Pvpe i1 wcown 1 loar hasalts.

Base metal=1yee oxhalatvive hori soms e commm i the aren,
but the copper=zine ores ot the Tverri (el deposit are strietly conl ied
to an adesitic elrusive hody. :

On the base or cdimentological and peochemical ovidence 10 s
supspested that the Tverrt jell deposit was tormed a0 oan titraplate voleanie
centre ar back=ave spreading centre ia a4 position not toa Tar rom | he
Baltie Shicld. Hased oo petrolopical consideration, a shallow=se.ted
but cxteosive wagma chamber is postulated 1o explain the observed ox
Lensive magma froctionation.samd as a bheatl source that peneratod o ocon

vective hydrothermal system conductive to the Tverrljel | duepanit.,

Lustrtur by Ceowissenschalten, Universi il Martnz, Saarstralie 2

1

DHUO Maing, West Germany



Introduct ion

The Tverrfjel]l mine, one ot Norway's major Cu/Zn deposits,is situated
in the Dovrefjell area 1n Central Norway, near the village of Hjerkinn
(about 250 km NNW o Oslo and 200 km SSW of Trondheim). Geologically, it
lies on the southwestern apex of the Trondheim recion which is bhuilt up
ot Caledonian nappes, especially the Trondheim Nappe Complex {(Mig. 1). The
nappes were thrusted from a noerth-westerly direction over the autochlonous
Precambrian basement of western Norway.

The Tverrljell Cu/Zn deposit belongs to the family of voleanopenic
exhalative base metal deposits and was [ormed in conjunction with ubmarine
voleanie activites in Late Cambrian to Ordovician times. Stratipraphically,
it is hosted within the volcanic-scdimentary Stdren Group (Tremadocian,
Arenigian) of the Trondheim Supergroap defined by Gale & Roberts (1974).

Table 1 gives their stratigraphic correlation scheme and it will be noted

that the Stdren Croup, which is interpreted as the lower member of an cu—
peosynelinal sequence 1s correlated with part of the Gula Group (Focambrian,
Ordovician), which is thought to have formed in a wiogeosynelinal environ-

ment.

Major and trace-element dala of Stgren—greenstones revealed eharacte-
ristics of ocean—tloor tholeiites (Gale & Roberts, 19743 Furnes et al.,
1980), wud an ophiolitic suite with pabbros, sheeted dikes and pillow lavas
wits recopnized near the Lékken Cu//Zn=deposit {(Creone etr al., 1980). A
back-are basin environment was postulated for the ophiolitic Stdren unit
by Gale & Roberts (1974) and this was turther corroborated by Furaes et atl.,
(1950).

Tn pre-Middle Ordovictan times (Furnes ob al., 1980), the eupcosynelinal

voleanice=sedimentary pile (Stdrea Croup) was obducted,thereby being jusxta-
posed with the wmiogeosynelinal Gula Group rocks. The major nappe unit lormed
by thesc processes is the Trondheim Noppe Complex which consists ol i
Tower tila Nappe and the upper Stdren Nappe (Gale & Roberts,

1974). The latter includes rocks of the Stédren, lHovin and lory Groups

{table 1), During a later event, renewed movemenls (ranslated the Stdren—
Gulazcouple  turther towards the cast into its present position. Conscqguent |y,
and In agreement with observations made by Cuezoa (1978), (he basal thrust
plane ol che “Irendbeim Nappe cuts olt the older Lectonic conrtacl belween the
Stédren and Cula Nappe. In the southwesiorn part of the Trondheim repion (in-
cluding the area around the Tverrtjell wine) the Trondheim Nappe is underlain
by the Andbergshgi Complex (Guewan, [978) which is intercalated between Che

Trondheim Nappe and the Precambrian basement in the west.



During nappe emp laccment the obducted rocks were lolded into larpe
1soclinal recumbent Lolds (["l)Jr with axial directions varyiog | rom
NW=5L over E-W to NE-SW (Wolff & Roberts, 1983). A sccond fold phase
(F2), which overprinted the previously formed structures, is character-
Lzed by open to tight, slightly inclined lolds with wavelenghts ot
several Kkilometers and axial dircctions butween E=W and NE-SW. A third,
only locally important (i.e¢. not penctrative) delormation phase (F3)
produced tight, strongly inclined lolds ol mesoscopic scale, which lLow-
ever have no marked effect on geolopical gross struciure. In correspondence
with these tectonic events, several metamorphic episodes are recopnized
within the Trondheim Nappe Complex {(Cuczou, 1978).

Although an e¢xtensive literature exists on the many Scandinavian
exhalative massive sulfide deposits, including excellent gencral deserip-
tions (c. g. Bugge, 19785 Vokes, 19%0; Vokes & Gale, 1976) as well as
detarled work on particular deposils, not much has been written about he
peology ol the Tverrd jell deposit so lar. ilowever, a short article abeut
the mine was published In Miniog Mapazine in 1978.

The present study is an attempl te unravel the geoalogy ol the area
around the Tverrt jell mine and to pive an ionterpretation of the condilions
under which the ore deposit originally tormed. The arca was mapped in
detall and tor mappreparation additional geaphysical data (weomapnet ie
clectromagnetic) as well as drill cores (conrtesy ol Folldal Verk A/S)
were aviatlable. Geochemical studies on metavoleanics (major and 1race
clemenls) were carried oul in order to determine the geochemical characler
ol the wagmas, and henee to obtain some constraints for the veotegtan o

position during their eruption.

+ s 2 . .
Qur told phase classification corresponds ta that most widely used in the
literature {e. . Wollf & Roberts, [O80, pace 1240), which 15 Jdiflerent

lrom that ot Guezou.



structural geolopy

The geolopical structure (1ig. 3) ol the arca around the Tverret joll
wine Is larpely determined by the two major teld phases mentioned abave
(KL aed F2), as well as by the thrits hetween Gula oand Stdren nappe, and
at the base of the Frondhe tm Nappe Complex. A F3 phase s only Tocal 1y
recopnizable. 1o addition, an important N=% striking normal ol

("main Taule™) which is paralleled by some minor faults of the same
system, disscots the avea and also cats of O the Tverrt jell arebody an

its castern side (Uig, 2),

I'2={ald phase:

The most obvious structural leature in the working area is o 102
syncline with i1 core in the ljerkinnhoi=area, east of the Tvervt joll
mine. The fold axis strikes N8OE and is roughly horizontal, the axial
plane dips toward the south with approximate |y 70", On the southern |imb
ol this syncline the S1 toliation and transposed S4 structures dip almost
vertically, whereas in the northern 1 lank, the same struciures dip to
wards the south gt angies of 39 1o 457, A §) gebistosity Is woll dove-
Foped only in phyltlitic lithologies, whereas i1 is usually absent in
quartaites and amphibelites. Particolarly o the chlorite=sericite-
schists of the Hjerkinnboi=syncline, biotite crystallized on §7 schisto

sy planes.

Fl=Told phase:s

A large dsoclinal Fl=iold is recosnized in the block cast ol the
main NoS fanlt. This fold is believed ta oviginally represent an anti
cline that Is now diving into a southward direetion, but as o result of
the above deserithed Fr2=syneline ceappears on the southern [lank ol the
F2=syncline where it Torms an upright Fl=antitorm (1ig. 3). The axial
plane o this Fl-Told Torms o symmetry axis for the litholopies north
and south of the hroad zone of voleanic breceias in the noriheastern
part ol the map avca. The breccias Tarm the cove ol this interred oot -
cline and thus ave thought te represeat the oldest rocks in the tectoni
block cast of the main lault. West ol e main Tault, essentially the
same Fioand F2ostruetures arve vecopnized, but tithostratigraphie corre-
lation across this Yault is virtually fmpossible because the westorn

block is exposed in a signiticant Iy deeper stractural Jevel with i 1lerent



Lirholopies due to rapid lateral tacices changes (see U'ig. 2). The
Tl=tald phase produced a regionally penetrative schistosi £y by parallel
allgnuent and recrystallization ol metamorphic minerals, which is well

developed In most lithologies CXCepl some quartzites.,

Basal thrust of the Trondheim Nappe:

Alony the norithwestern marpgin ot (he working arca, the Trondheim
Nappe is bounded by a thrust plane, bevond which a series of appareuntly
bigher weramorphic rocks 1ollaws. This unit can be correlated with he
Bottheim Uroup of the Andergshdi Complex {(Guezou, 1978). The thrust zone
represents the basal thrust of the Trondhein Nappe and consists ot a several
meters thick mylonitic shear zone rhat dips at about 40 towards SE.

Fi and F2 - structures of the Troadheim Nappe are cat ol by this thrust

and thercliore must have been Formed prior to final nappe emplacement .

Thrust between Stédren and Cuia Nappe:

The boundary between the Stdeen and Cula units is found at the southern
maryio ol the working area. The nature ol this boundary is somewhat ob-
scure because it was overprinted by vounger delormation and metanorphiism.
oo is, however, generally accepted 1o be ol tectonice nature, 1. o, Lo
represent an impol“l:lnt shear zone.

The Gula Group rocks at the soull end ol the map (fig., 2) constitute
the margin of the central antilormal zone of the trondheim region (Tig, 1).
Becanse the $2-schistosity is developed continuosly aeross and strikes
parallel 1o the hypothetical thrust Plane between the Gula and Stdren
Nappes, and because this Lhrust plane was brought inte its Steep, slightly
overturned position by the F2 osyueline mentioned, 1t appears Lhiat e
Gula Croup rocks in the south were brought upward during thig Fr=1old
pliase. Thus LU secms likely that t(he central antilormal zone of fhe

Trondheim region is a F2=siructure rather than 191,

North=South=1aults:

The wain Tault is well exposed underground in the Tverrljel] mine
where it cats oft the orebody towards the east. lis dip is 4571 and the
fault zonce is more than 50 metors widle, 1Tilled with v tamor phosed
gouche. Slickensides jndicate almos! vertical movements (Mo Motvs, per—
sonal comminication). The precise qmount of vertical downward displace—
ment of the castern block is not known but we estimate iU to be well

L exeess ol 1100w, prebably twice that much. No sipniticant horizontal

movenents aecurred. The main tault and its minor parallet Vaults are
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The miogeosynelinal Cula Group rocks that occur south of the
worling area are composed o} monoatonous praphite hearing calcearcous
phyllites and schists, hut 10 other areas may alsa cantain quartzitic
roclks, preenstonces and voleanopenic exhalative ores (Nilsen, 1978,
Guezou, 1978) .,

The Andtrgslloi Complex northwest ol the working area 14 nade up ol
Leldopatic gnelsses, garnel-mica=schists and amphibalites, with winor
ocenrences of marbles and quartzites. These rocks can be corrclated with
the Bortheim Group of Cuezou (1978) Tor which a Cambro=-Ordovician ave
is interred.

e voleanie sedimentary rocks of the Stéren Group will be desceribed
here in some detail because this i the host scequence for the Tverr=
flell orebody.

Lstablishing a detailed stratipraphy in this area is not an casy
tash, due to complex folding, extensive primary tacies changes and lacking
mrrker horizons. The proposcd stratipraphy (fig. 4) therelore depends

Lo sane ddepree on structural interpretation, dand vicee versa.

Metasedimentary rock types:

hesides cthe volcaniclastic and pyroclastic rocks, there is only
a smatb ) ovaricty of metasediwents which, however, constitute a signilicant
percentape of the sequence. Meost widespread are phyllitic varieties, that
prade 1nto one another, o most cazses due 1o primary facies develaopaents .
On our peological map (tig. 2), we have ditterenciated between parnct
mica-schists, chlorite=sericite=seinsts, quartz-rich chlorite= serieite-

schisis, dolomite-chlorite-sericite~schists and hiotite schists.

The biotite-schists in (he porthern part ol the working arca are

cssentially composed of biotite, muscovite, plagioclase, quariz, zoisile

’
epidote and carbonates, They are hivher metamerphic equivalents ol the
chlovriie=sehists and represent o tpinally siwilar Lithologices, Thus,

Chedr southern boundary with the chilorite sericite sehists is due Lo the
reaction of chlorite with muscovite to Torm biotite amd minor staurolite.
e various chlorite beaving sehists and phyllites arce made up ol
chiloritie, sericite, quartz, plagioclase, variablie amounts of carbonates,
il miaor epidate, zoisite and auphiboles. The chilorite and Diotite-sehiscs



arc the most common rock types o the apper part ol the stratigraphic
sequence. They arve intimately associated with voleanle breceilas anc

are Thought to owe their relatively hish contents in lerromagnesian
minerals to a tineprained volean clastic component, 1. e. from cerosional
basaltic debris.

Chemically and stratiyraphivally intermediate hetween the chlory te=
sericite=schists and the garnet-mica=-schists, are the quartz-rich
chlorite-sericite-schists, These are ol particular interest because they
cantain some intratormational polymict conplomerate lenses, tn part
associaled with gquartzites.

The conglomerate pebbles are ap to 10 cm in diameter and are em—
bedded ina Fineprained matrix, apparently with a lack of intermediare
praiu sizes, Most Irequent arve veinquartz pehbles, but quartzites, lime-
stones, granitolds and probably also keratophyres may oecur, too, whereas
nat i volecanices are not represcated. Althoupgh most pebbles are severely
stratned {(flactening up to 20:10:1), some resisted delormation and dis-
play well rounded shapes. The mode of oecurvence williln an essentially
pelitie sequence, the well ronnded pebble shapes, and the polymict watuare
suppesl o similarcit tes with the "pebbly mudstone deposits™ from continental
margio environments desceribed by Relneck & Singh (1975).

(e garnet=mica-schists are essentiatly composced of muscovite, minor
biatite, quartz, plagioclase, and almandine =vich cavoerTheir chemical
composition {table 2} corresponds Lo that ol typical peosynelinal shales.,
Garnct=mica—schists oceur predominantly in the lower parts ol the
stratipraphic scquencedin the working area). They also often accompany
quartzites,

uartzites ocear as laterally extensive interealations within the
petitic metasedimentary sequences desceribed so (ar. They Torm horizons
Ivom ode meler up (o several tens al meters thickness and generally dis—
plav sharp contacts towards the pliyllitie rocks. However, thicknesses in
vxoenn ob a few meters are probably due (o repetition by isoclival
Folding. The quartzites are 1aivly pure quart -roclks that range rom
massive Lo banded. Sometimes very conspicuous parallel bedded rhythmie
alternations ol my to cm thick pare quartzitie layvers with thinner peli-
Lic Javers are tound., The quartzite varietices are pradational into one
another and should have been deposited under essentially Identical condi-
tions. Although the rhivthmieally layered types sometimes may rescoblo
varyi Lie sediments, such an origin is net very ke ly because individual

rhiyths may reach thicknesses of several cm (8 emoand nore) . An alters



native explanation tor the quartzites 13 that they were deposited by
turbidity currents which brought relatively coarse quartz saunds into

an coviroment yencrally devaid of sandy sediments. The rhythmie
varictices then conld be regarded as formed during episodes of repeatedly
trivpered turbidity currents. Because the quartzites ocoeur as interca=
lations into quite variable sediments or even voleanics and show
nelther any gradations into these rocks nor any other recognizable
genetic relationships, a distant and differcent source and different de-
positional mechanism {like turbldity currents) appears very plausible.

Carbounates arve widespread as a minor component in many metapelitic
rocks, but oceur only rarely and locally restricted as thin marble lenses.
Abscnce ot the latter is probably evidence tor continuous, though not
necessarily very rvapid clastic sedimentation.,

L sommery , the bulk of the sediments are thick pelitie sequences
with intercalated voleanies. Stratigraphically upward, the amount of
lerromaignesian minerals appears to incerease and probably correlates with
the amount of reworked mafic voleanic materials. Episodic turbidites

andd pebbly madstones suggest the proximity ol a continental margin.

Voleaniec and voleanielastie rock types:

This chapter tacludes all types of voicanies and fragmental volceanie
rocls, particalarly tulls and voleanice breceias. Mallic and minor felsic
voleaniecs are Lhe dominant !itholopgies of the Stdren Group. In this
paper we will also report about an andesite whiclhh is a rather uncommon
rocktiype in this cenvirenment.

Pillow structures within the basalts, olthouph rarely prescerved,
prove their origin as submarine flows. Alteration by scawater is common
and sometimes atteeted complete lava | lows such as those termed "calea-
reous grecnschisis™ in the geological wap (Fip. 2). The now amphibolitic
rocles are trequently banded with carbonates, albite and quartz as a
conseduence ol prometamorphie alteration and redeposition.

Basaltic tulls ave represented as cm-thick amphibolictic layers,
alternating with magnetite=rich and magnetilerous cherts,pyritic exhal i=
tes amd thin marble bands, which demonstrate the contemporaneily ol tall
cruptions and submarine exhalative processes.

Very rarely, also 1elsic tulls (keratophyre) oceur, as meter=thick
mtercalations, matnly wichin chlorite=sericite=schists, but also

interealated between matic lavas.
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A extrusion ol andesitic composition was recopnized west of the
Tverrijell wine (see fig. 2). lts volume can be estimated to be olose
to abont (O kn;i. Although the bulk composition (sece below, table 2)
ol this rock, which Ls now a parneliferous, quartz and fieldspar=rich
biotite=chlorite =sericite~schist, is similar to that of typical shales
or clays, such an orligin is wost untikely because (1) a felsie, pene=
tically related voleanic brecein occurs ot irs basce, (2) there is
evidence lor hydrothermal alieration within this rockbody, (3) becausc
the rock with its typical appearance is unique in the area and clearly
ditterent trom that of true pelitic metasediments, (4) because the
rock is pertectly homogeneous (besides effcers of alteration) and (H)
because there 1s an almost comptete series in magma compositions rom
normal basalts 1o this andesite. It forms a well defined body in the
core ol an Fl=antiform and is overlain by a mineralized sequence which
is laterally equivalent to the Tverrtjell orebody (see below). The basal
brecela consists ol Telsic fragments embedded in a carbonaterich, {(al-
tered) sehistose matrix of an originally perhaps more mafie material.

Another type of voleanic breceia is found in several places cast
of the maitn Yault (see map, fig. 2), which consists of matnly basaltic
Pragments. However, in some stratipraphic levels, lelsic fragments can
dominate. Beeause the breecia is o mixture of various rock types, and
the cowponents are tairly equally sized (i. ¢. Lo some degree sorted)
the breceia is thoupht to represent epiclastic volcanic debris that

acceumulated 1o deposits of quite variable thickness.



Exbalative wineralization

Fxhinlative straviform mineralizations are falrly common in the
warking arca, most trequently as mapnetite and/or pyrite bearing cherts
as well as massive to disseminated pyrite and/or pyrrhotite beariag
horizons. They invariably occur withino or at the boundary of amphibolites.
llowever, these exhalative ores penerally do not contaln any base metals.

The copper and zine bearing exhalative mineral izatlions appear Lo
be strictly contined to the andesite extrusion. Hydrothermal alteration,
which can be recopnized in the now metamorphosed andesite by the scar-
cely or complete absence of lerromaynesian minerals, particularly garnet,
and by the prescinee of carbonates and/or excessive silica, has aftfected
large parts ol the body. In a number of drillholes, exhalative Cu/Zn
ores were cncountered in the hanging wall of the andesite. The ores are
cmbedded i a highly variable scries of sulfide impregnated, often
carbonate-rich sericite-biotite and chlorite-scricite~biotite schists,
with locally recopnizable telsic tults, thin marble layers and pyrite
and pyrrhotite bearing cherts. Abundance of carbonates and impregnation
with sullbides suppests that these rocks were subject to alteration. The
original nature of these schists is not obvious, but they could renresent
hyaloclastie debris tormed from the extruded andesite. The massive ex-
Lhalative sultides show ore-prade base metal couteuts, but are only rarely
thicker than o tew centimeters.  The entire ore bearing series appears to
be several meters to several tens of meters thick and is overlain by
metabasal ts.

The mineralized series is a lateral cquivalent of the Tverrfjell
orebody which is situated about 4 km further io the ecast. Unfortunately the
tootwall ot the Tverr! jell orebody is peologically complieated and not
well documented. 11 consists mainly of phyllitic and mafie Jitholowies,
The andesite 1tsell is not known trom immediately betow the orebody, but
a telsie hreceia which corresponds to that at the base of the andesite
wias recopnized bocally. Tt appears that the Tverrijell orebody tormed at
4 osite stightly o1 the andesitic extrusion, probably in a local basin.

The orebody displays vertical zoning in copper and zine contents,
amd essentially three distinet ore types can be ditferentiated. From
footwai! to hangiogy wall (1. ¢. tfrom seuth to north) these are:

F.oo Stringer ore. Teelonized matrix rich in chlorite and amphiboie with
abundant quartz veinlets. Chaleopyrite, pyrrhotite and quartz are nweta-
morphical Iy vemohilized; minor idioblastic pyrite, 72.80 7 Cu, 0.1% % “n

and 14 7S,



2. Banded pyrite—magnetite-ore. Alternating magnetite=rich and pyrite-
rich parallel layers of a few nm to several em thickness in a quart z-
rich, caleite=bearing matrix. Chalcopyrite preferentially in pyrite
layers, 180 2 Cu, 0.35% Z Zna, 24 7 8.

3. Massive pyritic ore. Almost wassive pyrite with disseminated chal=
copyrite and sphalerite, subordinate quartz and caleite. Upward increasc
i Zn (0.70-1.60 %) and decrease in Cu (1.60-0.40 ), 40 7 S.

b summary, o general upward increase in Zn and total sulfur and a
decrease an Cu occurs (compare Mining Mapazine, 1978). The upward transi-
tion frow pyrrhotite over pyrite-magnetite to pyrite appears to be
paralleled by a relative and absolute decrease in quartz and a relative

increase in calcelte.



Studics on the major and trace element pgeochemistry of the metavolcanic
rocks have heen carried out by means of X=ray tluorescence analysis
(XRF). Major elements were determined from lithiummetaborate plasses,
FeO was measured photometrically, €O and H,0 pravimetrically. Nb, Zr,

Y, Rb, Si, Zn, Cu, Ni, Co, Cr and V were determined from powder tablets
by XRE'. Results are listed in table 2 and major oxides and trace elements
vs. Si10, plots are shown In fig. 5.

Al though most of our analyzed rocks show high CO, contents (>0.5 1),
and heonce were subjected to alteration, still some significant features
can be recopnized. The majority of the analyzed rocks are either olivine
oy quartznormitive tholelltres. Two basalts contain nepheline in their
norms, and a tendency towards critical silica undersaturation is also
observed with some other transitional ol=tholeiites., The rocks display
a tholeiitic trend in the AFM triangle (fig. 6), and show an carly
Ti0, enrichment trend (1.23-3.71 Z) and simultancously increasing,
1Fe 0% /M0 ratio (0.95-3.45) with increasing §i0, contents. Tio,, K,0 and
FeO®/MpO values are higher than those ol normal ocean {loor basalts. The

olivine=tholceiites are higher in MpQ and Al,0, and lower FeO¥, Ti0, aond

3
1’2()5 than the quarts—tholeiites.

When the basaltic rocks are plotted into the Ol1-Plag-Cpx—diagranm
ob tiyg. 7 (aceording to Cox et al., 1979 ,one finds that the data follow
the olivine=plagioclase cotectic minimam and, therefore, these Lwo
minerals were the ecarliest formed and separated phenocrysts in the melt.
Lt can be suspected that the MO ad Alzoj-rirh Ol=tholeiites represent
more primitive melts, whereas the quartz=tholeiites are more cvolved and
enriched in FeOx, TEOE and PZOS but depleted in Mp0O and Alzoq, due to
olivine and plapioclase fractionation. The same fractionation processes
are redlected in trace element chemistry. The compatible ¢lements Ni

and Croare highly correlated with MpO and Al_O. hecause Ni Is strongl
) nly

3
Tncorporated into olivine, and Cr tends to be simultaneously precipitated
as Cr=spinel in early magmatic stapes. Vanadiom parallels the behaviour

ol FeOr , MaO and T10,. These elements accumlate in the melt phase until
magnetite (Gill, 1981) and/or clinopyroxene (Frey ot al., 1974) hegin to
precipitate. Clinopyroxene is more likely in our case because Ca and My

become simultaneously depleted.

Compared to normal ocean tloor basalts, the matic voleanics ol the

Tverrfjell arca are siynificantly enriched in a number of elements, in-
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cluding Ti, P, K, Rb, Sr, Zr, Y and Nb. When plotted into diserimina-
tlon diagrams (e tig, S and Y) the basalrs tall predominant ly into Lields
for "within=plate basalts'" and "mid=ocean ridpe basalts". However, other
diagrams (e.p. fig. 10, Zr=Ti=Y, Pearce & Cann, 1973) yield ditterent
results. The reasons Tor this behaviour are thought to lie in the
evalved nature of most studied rocks, particularly in their Ti=treads
which become reversed as soon as clinopyroxene bepins to crystallize.
Therefore, the uselullness of such diagrams, especially those using
titanium as a discerininant, is not elear in the case of evolved basaltic
sultes.

The abundanves of the anomalously high elements are similar to

those Tound lTor socalled ™

ype |1 ocean—=Tloor=basalts' (Bryan et al.,
. 1976) or "e=MORB (cnriched Mid Ocean Ridge Basalt) ( Sun & Nesbicte,
1978) . This Lype ol tholeiitie basalts is found associated with alkali
olivine basalts on voleanic plattorms ascride mid ogean ridges (e.g. Toe—
land) and at intraplate voleante centres like ocean islands and sea-
mounts (e.g. Hawaiian Islands, Mauritius ote.). Basalts of this kind
occur above mantle plumes or "hot spots" where deeper undepleted mantle
15 thought to form the source ltor these particular basaltic melts.
Often tholelitic and alkaline basalts occur side by side in this Lype
of voleanic environment, and the uwepheline-normative and transitional
basalts ol the Tverr!jell area can probably be interpreted in this scnsec.

Peculiar types of amphibolites oceur near the Tverrfjell mine and
are separated inoour map (Vig. 2) as "Pverrfjcell amphibolites" (TV 13
and TV 15, table 2). Macroscopically, these metabasalts can be distin-

. guished by their conspicously hiph biotite content and their lighter,
mare greyish colour. Chemically, They are characterized by high Si()?,
K,0, Nb, Zr, Y and Rb values and are interpreted as very hipghly evolved
basalts which are derived from common basaltic magmas by extensive
removal ol olivine, plagioclase and additional by clinopyroxene (low V,
low normative di). The extrusive andesite TV E8) west of the mine is
probably the result ol continued Iractionation ol this kind.

There s a more arv less continuous series of magma compositions
which Teads 1rom alivine=tholeiites to the andesite. lowever, between
the Tatter and the keratophyre tal s mentioned above, no intermediate
members are kaown and 0 is doubtiul whether there is any elose cenet ic
relationship between Lhese two rock groups, although keratophyres are
commonly thoupght to form trom tholeiitic source rocks. The keratophyre
tull (TV 16) bears features characleristic lor trondihvjemi tes (Barieer,

1979). Especially the low K,)OIN;L,O ratio is in contrast to the higher



cvolved basalts and the andesitoe.
lu summary, the voleanic rocks surrounding and hosting the
Tverrtjell deposit are tholeiites and minor alkali olivine basalts, that
range lrom more primitive ol=-normative to highly evolved quartz-norma-
tive rocks. Farly olivine and plapioclase and later clinopyroxene
Practionation are respousible tor the observed variability and evolutio-
nary trends. High abundances of certain major and trace

elements indi-

cate primary magmas similar to those of ocean islands ad seamounts,

or Lo voleanie platiorms on oceanic ridges,



1ty

Discussion

As a result of several strong deformational and metamorphic epi-
sodes during the Caledonian oropeny, attempts for a geological recon-
struction ol pre-orogenic conditions must largely rely on geochemieal
data and on comparison with modern environment s,

In the Tverrt jell area, the close association of submarine mafic
Lavas, pelitie geosyneltinal sediments and terrigencous turbiditic
sediments put some constraints on the former geotectonic position and
indicate that the Tverrtfjell arca formed in a geosynclinal basin, but
not too tar trom a continental margin, 1. e. the Baltic Shield. Loca-
lized accumulation of voleanic debris indicates morphological pradients,
and the rapid lateral Tacies changes of the sediments also suppest a
nonuntlform and unsteady depositional environment which can be attributed
to a submarine volcanic landscape,

The cerupted basalts show typical features of ocean island suites
or of magmatic associations from voleanie platforms on mid-ocean
ridges. Both are localized above uprising mantle plumes. Because of the
intercalated terrigencous sediments, one must conclude that the voleanic
cruptions were intermittent awd oceurred off a major spreading axis.
However, a relation to a back-are spreading centre is also conceivable.

The extensive magma fractionation which is observed in the Tverr-
Fjebl arca requires a shal low=scated magma chamber to allow for the
separation ol signilicant volumes of highly evolved liquids 1ike that
conductive Lo the andesitic extrusion west of the Tverrfjell mine. The
hiph degree of fractionation accessary to form an andesitic Liquid
from a primary basaltic magma will lead to an amount of residual melt
comparable to or larger than that of the andesite itself.

Such a wmagma chamber on the other hand provides a potent heat
source which should be able to induce a targe and longlived convective
Lhydrothermal system in the upper tew kilometers of the predeminant ly
basaltic crust. Obviously, such . system should be capable of forming
cxhalative ore bodies like those ol the Tverrfjell mine (and the ad-
Jacent coeval mineralizations) which Formed only very shortly atter and
tomediately above the extrusion of the andesite.

The Tverrfjell ores contain 1.0 2 Cu and 1.2 2 Zn with minor contents
ol Au (0.08 g/t and Ag (8 p/t), and in this respect they rescmble socal=
Led "Cyprus=type" deposits that Torm on mid—ocenn ridpes. The reason tor

this similarity is the cquivalent composition of the underlying c¢rust



which provides the metals for the deposits and which controls the
compasition ol the hydrothermal sofutions. A genetic Tinkage ol

exhalative ore depositswith ocean island type volcanism appears Lo
be uncommon; at least no example is known to the authors. However,
from the case of the Tverrfjell deposit 1t is evident that highly
evolved basalts or even further evolved volcanies may serve as an
exploration guide, as they are spacially restricted to the epicen-

tres of wagmachambers as are potential exhalative ore deposits.
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Figure Captions

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

:Major and trace elements plotted against Si0

:Location of the Tverrfjell mine and other massive sulfide deposits

in the Trondheim region (after Bugge, 1978).

:Geological map of the area around the Tverrfjell mine.

:Two north-south sections illustrating the structural interpretation

for the Tverrfjell area.

:Schematic representation of the stratigraphic sucecession and inferred

facies relationships.

2 for the analyzed meta=
volcanic rocks of the Tverrfjell area.(Major oxides in percent values,
trace elements in parts per million.) Squares = quartz—tholeiites,

circles = olivine-tholelites, triangles = nepheline-normative basalts,

:A-F-M—-diagram (Na20 + K,0 , FeQ + 0.9xFe, 0, , Mg0).Line separates

2 273
tholeiitie (above) from calc-alkaline (below) rock suites (according

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

:0livine - plagioclase - clinopyroxene diagram (according to Cox et.al.,

1979), displaying low pressure phase relationships for tholeiitic melts.
The data scatter around the plagioclase — olivine cotectic line and

he ternary eutectic minimum.

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

Symbols as in fig. 5, TAT = island are tholeiites, MORB =

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

:Discrimination diagram (Pearce,1930) using chromium and yttrium.

Symbols as in tig. 5, IAT = island arc tholeiites, MORB =

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

:Zr — Ti - Y discrimination diagram (Pearce & Cann, 1973).5ymbols as in

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

calc-alkaline basalts, D = intraplate basalts.



Captions for the tables

Table 1. :Stratiyraphic correlation scheme as proposed by Gale & Roberts, 1874.

Table 2. :Major and trace element data for metavolcanic and metasedimentary
rocks ol the Tverrtjell arca,and CIPW norms. Sample numbers correspomd to
numbers in lip. 2.
Samples tvl to tyvl2,tvld and tvl7 are basalts,tvl3 and tvi5 are highly
evalved basales, tvié is a keratophyre tuff, tv!8 is a "fresh" and
tv19 a "hydrothermally altered” andesite sample. tv20 is a meta-

pelitic sedimentd (garnet-mica-schist).
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