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Abstract.

At Sulitjelma, Norway, there iz a major inversion of metamorphic
1sograds beneath an 1nverted put undisrupted ophiolite. The flysch-like
Furulung scnist in waich the inverted isograds occur is also inverted and
the early folds in it are downward facing. 'The 1sograds cut across the
axial surfaces of early folds and across the schistosity. These
relationships are explained as the consequence of metamorphism during the
proaressive development of a large overfold. The inverted limb of the
overfold ie regarded as a madjor, thiek, gently-dipnina shear-zone,
separating the lower-arade, lower part of the Caledonian allochthon below
from the hicher- rade uoper part of the allochthon above. The association
betwoen stratigraphica’ inverszion, downward-facine of syn-schistosity
folds and metanorphic  inversion  1s  explained by the procrassive
develoment of the shear-zone. It is suggestad that the presence of such
Shear—zones 15 a casion feature o©f orogenlc belts formed by continerntal

COLlii=100.,

Sulitjelma is a copper mining district in the Caleqonlan oragenldc
belt in Norway at 67o N, 15° E, close to the international border with
Sweder. The area has been the site of geclogical research for mere thar
175 years, the early work being described in a Mancir of the Norwegian
Genlnaizal  Burvev by Voot (1927). Thie waes a bpioneerina piece of
petrolocical research, inclding a remarkable account of a seguence of
procrescive  ragional  metamerohic  zones  in relativelv homogeneous
caloarenus pelites, the Furulund  schists. Vogt recoanised that the
metanorphic  zones ars  a metanorphic facies series, wnich he describec
using ACE triangular diagrams. He described another facieeg egeries in the

baslc igneous rocks whiicn overlie the Furuluna schists, the Sulitielma



amphibolites. This classic account of progressive regional metamorphism
is deservedly cited in textbooks (Miyashiro 1973, Mason 1978, Turner
1981). bSubsequent work (Henley 1870) has improved the location of the
garnet isograd, and shown that the biotite anc xyanite isograds mapped by
Vogt are due to changes in rock campositlon rather than metamorphic grade.
Fi1g.1l. shows the position or the garnet isograd in the part of the
Sulitjelma area where it has been accurately mapped. It cuts across the
lithostratigraphical units, as Mason (1978) emphasised.

Voot not only described the metamorphic facies sequence at
Sulitjelmz, he also put forward a petrological model to explain it. He
suagested that heat had been supplied to the Furulund schist from above,
beina oondacted down from the Sulitielma amphimnlites which were part of a
larce phacolithic intrusien. The heat was altimately derived from the
consolidation and cocling of the bhasic magma of the phacolith, whick had

fomed oy many pulses of intrusion. The metamorphic facies sequence in

the Sulitzelme ampoizolites wiemselves had fornad by tie odling and
n/Aratlon. oI A€ earsy intruded base of tie phacolitn during  the
PIOJressive Metalorpolam of the sulsts below., Voyl's mossl ties anplied

that tne metamorphic zones at Sulitjelna are laverted.

Bayle (19%0) nas shown that the Sulitjelma amphibolites and the
other basic rocks of Vogt's phacolith are the upper manbers of a deformesd
but undisrupted ophiclite. Pillow structures in tae amphibolites and the
arrangement of the different units of the ophiclite show that it is
pradaminantly  upside—down (Boyle et al. 1979). Geis (1978), who
discussat  Bovle's work with him in 1977, mointed out that if the contact
betwaen the Sulitielma amphibolites and the Furulund schist were alas
inverted, the occarrence of the ccoper ore could be explained as volcanic
exhalation on an ocean floor, givinag rise to ore-bodies of the Cyprus

type. Kirk & Mason (1984) have since shown that the whole of the Furulund



schist is inverted, and that the earliest folds are downward-facing., It
seams likely that the stratiaraphical inversion, presence of the ophiol ite
and inversion of the metamorchic isograds are genetically linked in some

way .

Proot that the 1soJracs are inverted.

Between 1976 and 1978 a tunnel was cut frar tne western end of
Lanivann north—westwards through the Furulund schist, the Sulitjelma
amphibolites, the Vaknahelleren schist and the varied rocks over the
overlying Skaiti Supergroup. The tunnel cuts through the garnet isograd
surface, vproviding a control on the three-dimensional attitude of the
curface. The ienarad is marked by the anpearance of almandine-rich carnet
porpvroblasts in schists with the assemblage guartz + muscovite + biotite
4+ olinoclase + enidota + chlorite,  Almandine amparently formed by the
reaction muscovite + chlorite = almandins + hiotite + Hzp. The
porohvroblasts  ars  clearly  wvisikle  in hani-spacimen, angd the isograd
position can be iocatec to within about  20r, both above ground and in the
rannel (Mason 1578,119). Fig.2. 1s & Crosg-3ect:on aiong i@ tunnel near
i1ts S= enu, toe part shown as a neavy line in Fig.a. e Lels
relatlonsniyzs 50w uneguivocaily that  the garnet 1303raa surface is
invertea, witn garnet-bearing schiists lyin3 above garpet-iree schists.
Along the line of tne tunnel, as shown in Fig.2., the isograd surface dips
less steeply than the amphibolite/schist contact, and does not correspond
with any structural feature, such as a thrust or fold-hinge. It is
thoucht that the lower apparent dip of the isograd surface along the line
of the tunnel is Gue to the direction of the cross-section, and that the
trie din of the isograd is steeper than that »f the contact.

The Vaknahelleren schist, shown at the Nd  end cf the cross-section

irn Fi2.?., is cut by the tunnel and lies in the hinge-zone of a major



syncline (Boyle et al. 1979), In the tunnel this schist contains
oorphvroblasts of kvanite, which are also found at the surface above the
line of the tunnel. Because the kyanite porphyroblasts are less common
than the corresponding carnet porphyroblazts near the garnet isograd, it
is not possible to locate the position of a kyanite isograd as accurately
as tnat of the garnet i1sograd. However, in the surface outcrop of the
Vaknahelleren schist, kyanite porphyroblasts are not found east of the
line of tne tunnel, although the field-relationsnips are camplicated by
the presence of post-metamorphic faults. The kyanite isograd in Fig.2.
nas  obeen constructed on the assumption that the tunnel cuts the
Vaknahelleren schist Jjust above the isograd, which is reasonable in view
of the field relationships. If the aarne% isocrad is orojected M along
the sectinn, the distance betwsen the garnet and kyanite isoorads becomes
unaccentablv narrow, and the bend shown in the carnet isonrad has been put
in to make the spacing more reazsonahle. It has the merit of reflecting

the curve in the surface outcror of the isacras se=n wect of the tunmnal ir
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Thus Vocoi's suzgestion that tne mewanorphic gradient at Selitjelm:

13 1nvercea 12 confimmed. It 2

{1}

not  certain wai2ther the imversieon 1z
iocal, as he thought, or whewler 1t 1s regional. Ihe garnet isocgrag has
Deen mappea north ol tae  Sulltjelma  mountains by Cooper ot al. (1879),
in a position wnich implies that 1t bulges eastwards round the ophicilte,
Andresasson & Lagerblad hava reported metamorpnic inversion further sout
in the Scandinavian Caledonides, and regional syntheses emphasise that the
higher nappe units of the Scandinavian allochthon are of higher
metamorphic grade than those below (Gee & Zachrisson 1979, Kulling 1982).
In the present state of knowledas, therefore, it seems preferable to
assume that the inversion is regional, and therefore a product of a

larce-scale tectonic and thermal process rather than of a local process



such as heating bv intrusion of the aabbro.

It has also been suagested that Barrow's metamorphic zones in the
Grampian Highlands of Scotland are inverted (Chinner 1966). Large-scale
reginpal inversions of metamorphic  isoorad  surfaces have also been
recorded widely in the Himalayas (e.q. Arita 1983, Bhattacharyya & Dac
1983). Such inversions are genarally explained by models of the type
Geveloped quantitatively by Oxburgh & Turcotte (1974), 1involving the
tnrusting o1 large slabs of notter rocks above cooler, tollowed Dy
inconplete thenmal relaxation (Fig.3). Such mogels, inclualng versions
modifiled to allow for the input ot heat by friction on the tarust surface
(e.g. Graiham & England 1976) require a major thrust horizon near or above
the inverted isograds, and at Sulitjelma there is no such horizon (Boyle

et al. 1984).

2 shear-zone mxdel to account for the inversion.

pe a- altarnative, a tectonic and thermal myint 1= prome=ed  in
wich  the Furulind  echiet actad as a sentlv-dippine rejor shear-zone in
Whick the oorimlite and  Purulund schist wers  ipverted (Fiz.é). It he=

beon  araued elseshers (Boyle et al, 10£:1) that the maijor structare of

the Sulit-aelina region is an eastwar:-closlng radjor anticline, of which the
shear-zone discussed here would be the inverted lower limb. EviGance in
suppert oL this interpretation  1s  tae frequent mineral lineation and
wigespread boudinage developeu in the Furuiond schist, andé the ansence of
any major folds, although minor folds are cammon (Kirk & Mason 1984).
There is also evidence that the overturning was progressive and reiatively
slow campared with the development of the metanorphic fabric, because the
early forlds are downward facing relative to the penetrative schistosity
and the lineation 1is partly syn-kinematic with the arowth of garnet and

hornblende porphyroblasts (Henley 1970).



The shear-zone was initiated in the thick Furulund sediments by the
propagation upwards of a thrust in the crystalline basement (Fig.4a). As
crusta) shortening proceeded, the isograds —were rotated (Fia.4b),
Eventually, as translation on the shear-zone increased, the isograds
hecame inverted (Fio.4c). The model suagests that  there shoul? be a
chanae in the dip of the isoqrads acrose the poandarv  of the shear-zone,
and perhaps the bend shown on tae map (Fig.l) and in the cross-section
(Fig.2) reflects this. There was more shearino in  the relatively
incarpetent Furulund schist than in tne Suitjelma amphibolites. Tne model
wmplies that during deformation the rate of migration of the isograds was
slow campared with the rate of shearing.

The Sulitjelma area does represeal a  zone of change 1n tectonic
style fraom brittle tarusting in the east of tne Caladeonian orogenic belt
to plastic folding in the west (Nichclson & Rutland 1969). This change is
explicable if there is a major nlastic shear-zone present. The shear-zone
moce) alen exnlaine whv thers is no asrasrent on the prasence or abhsence

%

of thrusre in the litheetratioran~ical successinn at galitdelma, and amono

thnee whe  tRink there is thrustino, litti=s aaregnent abart the pos:Lionsg
of the thrusts.

A eimilar chanoe 1in style and matamorphin grade oCcurs widaly in
the Scandinavian Caledonidas at about this level. 1t is theresfcre
sugyested that ter Scandinavia, the sihear-zone moGel  provides a more
piausible explanation for metamorpilc inversion than a themal relaxatiorn

model, and that 1t may be applicaple to orogenic peits formec by

overthrusting during continental coilision in general.
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Figure Captions.

Fi1g.l. Geological sketch-map of the northeastern part of the Sulitjelma
minlng alstrict, MorwWay, snowlng the position of the garnet 1sograd after
Henley (1970) and the line of the tunnel mentioned tn the text. The heavy

line indicates the part of the tunnel shown in the cross-section Fig.2.

Fig.2. Nw-SE cross-section along the tunnel, showing the position of the
garnet isocrad surface, and of an inferred kyanite isograd. The tunnel is
the heavy horizontal line above the 700m level. Vertical scale =

horizontal scale,

Fig.3. Thermal relaxation modal to account for the metamorphic inversion.
T, <y <Iy isothermis 1n  segunent pile above crystalline basement. (a)

Inrust propagates upwaris fran crystalline basement through overlying

Sealtents. (8) Rann Drings hot rocks in overtarust block  above cocier
=@GLNANtE. (¢} Isstnerns relax after tirgsting to yislé a local thermal

inversion. MoTe that tree throst lies 1n or anove wie thernra, 1lnverslion.

Fig.4. Shear-zone model  to account for the matamorphic  inversion.
Isctherns labelled as  in Fig.3. (a) Thrust 1in crystailine basament
proraates  uwwards  through sedimente as a shear-zone. (b) Incraasing
Geformation in shear-zone rotates sediments and isograds. (¢) Continuing

deformation in shear-zone overturns sediments and isograds.
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