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SUMMARY

The Molde Peninsula lies at approximately 64°N, in the Basal Gneiss
Complex of W Norway, which represents a large area of basement rocks,
mostly of Precambrian age and contains a large number of eclogites (i.e.
gnt + omph. cpx rocks). To the NE of the Molde Peninsula lie several
allochthonous units: the 'cover'. Previous mapping of the area had been of
a reconnaissance nature and no systematic geochemical work had been
done. Two major problems prevail in this area of Norway: the identifi-
cation of and discrimination between true basement and true ‘cover' rocks
and the mode of formation of the eclogites. This study has been based on
field mapping, petrography, geochemistry, mineral chemistry and some
Rb-Sr isotope dating. Four major lithological units have been discerned.
Basement rocks occur as two distinct types. The oldest is a calc-
alkaline suite formed at ~ 2000 m.y. ago in an Andean type collision
margin. These were subsequently intruded by the second type of basement
rock at 1477 * 21 m.y. ago (confirmed by Rb-Sr isotope dating) as a
granitic pluton, related to the emplacement of the anorthosite-rapakivi
suite, in a tensional crustal regime. A swarm of tholeiite dykes with a
layered basic intrusion, was intruded into both types of basement rock at
N 1200-850 m.y. ago in the waning stages of this crustal extension. The
subsequent Caledonian orogeny between the Baltic and Greenland 'plates'
involved considerable crustal thickening and nappe translation. One
thrust unit of postulated Palaeozoic-aged marginal basin rocks occurs on
the Peninsula. All four of these lithological units suffered eclogite
facies metamorphism at ~ 750°C and 18-20 kbar during orogenesis and the
dykes were disrupted into the pods of eclogite now seen. Subsequent rapid
uplift instigated partial melting in the pelitic rocks, shearing and a
variety of retrograde textures; eclogite facies assemblages are only
sporadically preserved. Tight folding in the S of the area assisted in the

extensive hydration of the rocks there.
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CHAPTER 1

INTRODUCTION

In this chapter a brief synopsis of the geology of southern Norway
will be given, including a relatively extended section on the North-West
Gneiss Region in which the area of study lies; followed by a history of

the previous work in the Moldefjord area.

1.1 GEOLOGICAL SETTING OF SOUTHERN NORWAY

South of latitude 64°N, Norway may be divided into five geological
units: the Oslo Graben; the Southern Gneiss Region; the Jotun and related
nappes; the Allochthonous Units of the Trondheim area and Sparagmites; and

the North-West Gneiss Region (see Fig. l1l.l).

1.1.1. The Oslo Graben -

This structure is a palaeo-rift, runs N-S, is approximately 200 km x
40 km and is a structural extension of the Rhine Graben. Much of the
following is taken from Holtedahl (1960) and Oftedahl (1980).

The lowest rocks are Cambro-Silurian sediments, a sequence of sand-
stones, limestones and shales (often alum-bearing or bituminous) passing
into cantinental sandstones (Ringerike Series) once thought to be camparable
to the 01d Red Sandstone of Great Britain. Only the northermmost part of
the graben was affected by subsequent Caledonian tectonism. The succeed-
ing Permian rocks are sediments (sandstones and shales) overlain by lavas
(trachy-andesites and minor ignimbrites), intruded in three rhases.

Igneous plutons were subsequently intruded, as both volcanic rocks
and batholiths (Barth, 1945). The former are up to 1 km across, lie on
tectonic lines and consist of gabbros and diorites; the latter make up a

large part of the region, contain monzodioritic to granitic rocks, and
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1 The main tectonostratigraphic units of southern Norway (after
Roberts et al., 1981).




are considered to be mantle derived (Barth, 1945; Heier & Compston, 1969),
they have contact-metamorphosed the Cambro-Silurian rocks to hornfels.
Many dykes occur in the graben, of various geochemical type and age, generally
cross-cutting: NNW-SSE and NNE-SSW.

The area is highly faulted, the large displacements on normal faults
(1000-2000 m vertically) and on strike slip faults (100's of metres
horizontally) has resulted in 2000-3000 m of subsidence of the south-central

part of the graben. The area is still one of strong seismic activity.

1.1.2. The Southern Gneiss Region

This is a complex area of gneisses and intrusive rocks characterised
by radiometric ages between A850 m.y. and 1600 m.y., much of the region is
of Sveconorwegian (Dalslandian) age (V1000 m.y.). The northern and western
parts were affected by the Caledonian orogenesis and several Proterozoic-
aged intrusions occur here (Versteeve, 1975). Traditionally the area has
been divided into three lithologically separate areas: Egersund Anorthosite
Province of Rogaland, Kongsberg-Bamble Complex and the Telemark Supra-
crustal Suite with basement gneisses (Oftedahl, 1980 - see Fig. 1l.1l). The
metamorphic grade increases outward from greenschist in central Telemark
to granulite at Egersund and Kongsberg-Bamble where cordierite and
sapphirine appear (Oftedahl, 1980).

The Egersund anorthosite is accompanied by smaller volumes of leuconorite,
norite, monzonite and mangerite, all believed to have been derived by
anatexis of lower crustal rocks (Michot, 1969; Smithson & Ramberg, 1979)
and intruded at 1000 m.y. (Pasteels & Michot, 1975).

. Kongsberg contains a variety of metamorphic rocks and intrusives.
Both meta-dacite and meta-andesite, with geochemical affinities to island
areas, have been identified here, also a possible eugeosynclinal sequence,

all cut by post-tectonic granites. Two metamorphic events have been



revealed: 1600-1500 m.y. ('Kongsbergian') related to the failed opening of

a supercontinent (Milne & Starmer, 1982) and n1060 m.y. (Jacobsen & Heier,
1978; PField & Rgheim, 1979): a reworking of older rocks. Bamble contains
mixed gneisses with a complex history, the rocks have been intruded by

many Proterozoic - aged intrusions which have been related to the anorthosite-
charnockite suite of rocks (Starmer, 1972; Ploquin, 1975) as orogenic
intrusions emplaced during the rifting of a supercontinent (Milne & Starmer,
1982).

The Telemark Supracrustals contain continental volcanics plus quartzitic
sandstones, subsequent metamorphism and tectonism makes the distinction
between these and the basement very difficult. The basement is dated
~1500 m.y. and the supracrustals v1300-1200 m.y., both overprinted by a
weak Sveconorwegian event. Porphyritic granites intruded both units A960-
850 m.y. On the very southern tip of Norway, the supracrustals are missing
and the intrusive rocks are in direct contact with the basement, dated as
900 m.y., these maybe related to the Egersund Anorthosite Complex (Wilson
et al., 1977).

Torske (1977) noted a regional pattern in the rock types with a central
continental area, surrounded by an andesitic belt, in turn surrounded by
continental crust. This he related to a Cordilleran-type margin, originally
situated off the present southern coastline, with subduction occurring
N1600-1500 m.y. ago, a rather different hypothesis to the failed tensional

tectonics deduced from the intrusive rocks here.

1.1.3. The Jotun and related nappes

It has long been considered that the Jotun nappe represents a far-
travelled body (>200 km), with a root off the present west coast of Norway,
whose trailing edges formed the smaller nappe-like sheets on that coast

(e.g. Dalsfjord-sSkjerlie, 1969; Hossack, 1982). This thrust motion tovthe



SE was deduced from structures on the NW (Roberts, 1977) and SE sides
(Valdres area - Hossack, 1978; Hossack et al., 198l1) of the body. However,
an alternative interpretation of the structures on the NW side suggests
motion in that direction (Battey & McRitchie, 1973; Banham et al., 1979).
From the presence of metasediments, metavolcanics, locally with pillow
lavas and serpentinites (Banham et al., 1979; Elliot & Cowan, 1966) and

a possible exotic olistostrome mélange there (Gibbs, 1982). The NW margin
of the nappe has been suggested as the site of a Caledonian suture zone
subsequent to the closure of a proto-Atlantic Ocean (Banham et al., 1979;
cf. Dewey, 1969). The nappe possesses a gravity anomaly of +58 mgals,
indicating a deep, dense root: V16 km (Smithson et al., 1974) and it has
been suggested that the body is an Ivea-type 'flake', of local origin,
detached from the lowe? crust and rapidly raised to the surface (Battey &
McRitchie, 1973; Smithson et al., 1974; Banham et al., 1979). 1Indeed,
from the mineral chemistries, Griffin (1971) suggested initial crystal-
lisation of the rocks at 25-30 km depth followed by rapid uplift.

To the SW lie the Hardanger-Ryfylke nappes lying above Proterozoic
basement and its cover. Andresen & Faerseth (1982) have correlated the
lower part of these nappes to rocks in the Valdres area and the upper parts
to the Jotun Nappe. Overlying these is the Sunnhordland Nappe Complex of
ophiolites and island -arc volcanics, continental-rift volcanics/intrusives,
allocnthonous basement and sediments. The ophiolites were obducted onto
an Andean-type Baltic margin in the Upper Ordovician prior to thrusting
over the basement (Andresen & Faerseth, 1982).

Similar rocks to those the Jotun-Hardanger nappes occur in the Bergen
Arcs, a series of arcuate belts containing lower Palaeozoic metasediments,
metavolcanics and gneisses with migmatites and anorthosites (Sturt et al.,

1975; Sturt & Thon, 1978). These are divided into:



Major Arc
Anorthositic and charnockitic rocks
Minor Arc

Precambrian Basement
This was previously considered to be a continuous stratigraphic sequence
from Precambrian gneisses to lower Palaeozoic rocks (Hernes, 1967), with
the Arcs developed during the Caledonian orogeny (cf. Kolderup & Kolderup,
1940). Now all the units are interpreted as nappes, thrust from the west,
onto a Precambrian gneiss complex (Sturt et al., 1975; Sturt & Thon, 1978;
Austrheim, 198l1). The Major and Minor Arcs contain ophiolite fragments
and equate with the Sunnhordland Nappe Complex. Structurally above these
is the Ulrikkens Gneiss Complex (Sturt & Thon, 1978) and the Anorthosite
Complex. The latter contains preserved granulite facies rocks evolved
from low pressure assemblages (Griffin & Heier, 1973). Austrheim (1981)
has deduced a more complex sequence of deformational and intrusive events
under granulite or pre-granulite facies conditions, followed by amphibolite
facies reworking and the formation of eclogites along shear zones in xocks
of suitable composition either during the Caledonian or Sveconorwegian
orogens (Austrheim & Rgheim, 1981; Austrheim & Griffin, 1982). This complex
may correlate with the Jotun Nappe or may represent a higher structural
level (Andresen & Faerseth, 1982).

The small nappe units at Dalsfjord in Sunnfjord are of mangerites
thrust over metagreywackes, in turn overthrust by an island-arc/ophiolite
sequence prior to emplacement on the Precambrian gneisses (Skjerlie, 1969,
1974; Furnes et al., 1976).

The suggested correlations between the Hardanger, Bergen and Dalsfjord
nappes with the Jotun nappe favour an allochthonous origin for the latter.
The alternative explanation, of a local origin, would require some large-
scale mechanism to uplift a large, dense mass and place it over less

dense crustal material.



1.1.4. The Allochtonous Units and Sparagmites

The Allochtonous Units occur in the Trondheim area, are fossil-
bearing Palaeozoic rocks and overly the North-West Gneiss Region (see
Fig. 1.1). The rocks are folded together with the underlying gneisses
in opén, upright folds in the east which tighten towards the west. The
nappes thin westwards and polyphase deformation is evident in each unit,
related to a gradual build-up of a rock pile under progressive simple
shear (Roberts & Gee, 198l1; Krill, 1983).

The rocks are divided into the S&rv, Seve-KS1I and Upper Nappes which
pass eastwards into Sweden where a further unit, the Offerdal Nappe
appears. The lithological units and suggested correlations of Gee (1978,
1980) and Krill (1980, 1983) are given in Table 1.1.

These allochthonous wunits are separated from the basement by a thin
veneer of sediments, locally conglomeratic, which is considered to have
acted as a décollement surface on which the nappes rode during their
emplacement (Gee, 1980). The sequence includes rocks from a variety of
environments: Precambrian basement, island-arc, back-arc and possibly
oceanic derivation (Gale & Roberts, 1974). The nappes are considered to
have originated up to 1000 km W of the present coast, with half this
distance achieved through translation and the remainder by stretching
(Gee, 1978).

These nappes structurally overlie the Jotun Nappe whereas the Sparagmites
(Eocambrian/Cambro~Silurian sediments) underlie it. 1In the Valdres area
the autochtonous Proterozoic basement is overlain by a veneer of mid-
Cambrian shale, in turn overlain by two sheets of sediments roofed by
the Valdres nappe, upon which the Jotun Nappe has been shown to have
moved in a southward direction (Hossack, 1978; Hossack et al., 198l1).

Beneath the Valdres thrust sheet lie three other sheets: Strondafjord,



TABLE 1.1 Allochthonous units in the Trondheim Region

Gee (1980)

Krill (1980, 1983)

Lithological Notes

Upper Allochthon

Trondheim
Supergroup

K81Y Nappe

Seve Nappe

S8rv Nappe

Tronget-Stgren
Nappe

'Abscherungszone'

Surna Nappe?

B1Shg Nappe

Saetra Nappe

Rocks similar to Blgh¢ Nappe but only to
greenschist facies. Mafic volcanics and
volcaniclastics but lacking pelites.

Silurian(?), Ordovician(?) from fossils.

Not present everywhere. Sediments and
volcanics at greenschist facies. Silurian,
Ordovician and older?

Rocks similar to Blgh¢ Nappe but has
abundant dykes and bodies of trondhjemite.
Possessed a metamorphic foliation before
emplacement. The Surna (Rgros) schist
dated by Rgheim (1977) gave 'errorchrons'
460 m.y. Upper amphibolite/granulite
facies, equivalent to Gula Nappe? on
trondhjemite intrusions. Silurian,
Ordovician and older (?).

Garnet-hornblende schist (+ kyanite), amphi-
bolite plus serpentine bodies and ultra-
mafite, marbles, psammite and gneiss.
Difficult to date, but a maximum model age of
V800 m.y. given for sediments (Solheim, 1980).

Feldspathic psammite and amphibolite-
originated as tholeiitic dykes in sedimentary
layered fluvial sandstone. Rb-Sr whole rock
dating gives 745 * 37 m.y. as an igneous age
for the dykes (Krill, 1981). Low amphibolite
facies. Late Precambrian sediments.

Middle Allochthon

Offerdal
Nappe

Risberget Nappe

Coarse augen gneiss plus rapakivi granite,
gabbro, anorthosite, felsic granite and
heterogeneous gneiss with calc-silicates.
Rb-Sr whole rock gives Precambrian ages
(v1600 m.y. -~ Solheim, 1980) which Krill
(1983) interpreted as the intrusive age of
the Augen gneiss. This is probably equi-
valent to the Tannds Augen Gneiss Nappe in
Sweden.

Below these lie the Lower Allochthon (the lLgnset and fmotsdal Nappes of Krill
(1980, 1983) and the Parautochthon including basement portions and relict

eclogitic gabbros.

The metamorphic grades of these rocks increases towards

the west and down the tectonostratigraphy, from chlorite to garnet grade.
Eclogites and granite intrusions then appear with calculated temperatures of
formation “660°C (Krill, 1983) apparently before the final emplacement of the

Tronget-Stpren and Surna Nappes.

Much of the Caledonian metamorphism post-

dated the nappe emplacement but in the west of the region it was prior to the
thrusting (Gorbatschev et al., 198l1).




Synnfjell and Aurdal. All these contain sparagmitic rocks, i.e. feldspathic
sandstones, often coarsely conglomeratic with thin shales and limestones,
and rare tillites. These are considered to represent fluvial and marine
deposits and exhibit increasing grades of metamorphism to the NW, up to
greenschist facies. Restoring the sheets to their pre-thrust positions

to the NW, showed them to have covered >200 km of marine shelf. This area
was progressively shortened during their emplacement in the Caledonian

orogeny (Nickelson et al., 1981).

1.1.5 The North-West Gneiss Region

The area of this study lies in this region, also known as the Basal
Gneiss Region (Holtedahl, 1944) and referred to as such throughout this
work. The Region forms the deepest exposed level of the Scandinavian
Caledonides and is the largest of a number of basement windows in the
Caledonian nappes of Norway and Sweden (Holtedahl & Dons, 1960; Roberts
et al., 1981). Fig. 1.2 shows the major geclogical units in the Region
with the division into the Jostedal and Fjordane Complexes from Bryhni
(1966) .

Two major problems are encountered hexe: the recognition of, and the
felationship between the ‘basement' gneisses and the 'cover' rocks of the
greenstone nappes. Early geologists (Irgens & Hiortdahl, 1864; Reusch,
1881; Kolderup, 1923, 1928) regarded the gneisses as an Archaean (Pre-
cambrian) basement to the overlying lower Palaeozoic sediments. By
contrast, Holtedahl (1936, 1938, 1944) considered that some of the gneisses
were likely to be derived by feldspathisation of 'Caledonian' meta-
sediments. Gjelsvik (1951) and Kolderup (1952, 1960) were of a similar
opinion with the gneisses derived from 'Eocambrian' (i.e. late Pre-
cambrian) or Cambro-Silurian sediments. 1In a series of papers, Hernes

(1955, 1956a, 1965, 1967) suggested that all the gneisses represented an



FIG. 1.2

: £
i Kristiansund @@
Moldefjord MO,
. ‘ .-..'_.-.::.
AR ) =AY Surnadal
" .dsélesund — N =
areid¥*p
PSS
Stadlandet Romsdals 2
Almklovdalen " Oppdal

Nordij.grd BGSG[ Gneiss

PIEINSY 7 Complex ((©

N // Y

. / &9
W

Trondheim

Higher tectonic units

-

Fjordane Complex

/
///// Jostedal Complex

L,

) Bryhni (1966)

FIG. 1.2 The general geology of the Basal Gneiss Complex, with
important localities.




altered late Precambrian succession. A more complex history was envisaged
by both Strand (1960) and Muret (1960) with the Precambrian basement and
the Cambro-Silurian deposits being intimately folded together during the
Caledonian orogeny.

This situation was further complicated with the suggestion that per-—
haps the 'hasement' gneisses themselves were composed of two distinct
elements. In the SW part of the Region, Bryhni (1966) mapped a contact
between a reworked Pre-Eocambrian (i.e. late Proterozoic) basement complex
of homogeneous, migmatitic gneisses (the Jostedal complex) and an over-
lying heterogenecus series (the Fjordane complex) containing: quartzites,
anorthosites, peridotites, mangerites and various supracrustal rocks. In
the Grotli area, Strand (1969) mapped a similar contact between 'Caledonised'’
Precambrian basement {subsequently correlated with the Jostedal Complex:
Skjerlie & Pringle, 1978) and overlying metasupracrustal rocks. Brueckner
(1977a) also found two contrasting sequences in the Tafjord area, to the
south of Grotli, naming them the Vikvatn sequence (heterogeneous) and the
Fetvatn sequence (homogeneous), broadly correlating them with portions of
the Fjordane and Jostedal Complexes respectively. To the SW of Grotli in
the Gaular area, Skjerlie (1969) differentiated between a Precambrian
gneissic basement and an overlying metasupracrustal sequence and considered
them to be closely interfolded.

In the NW part of the Trondheim Basin there exists an area of un-
disputed Eocambrian-Silurian rocks in contact with the Basal Gneisses,
even so the nature of the contact is unclear. Once again, a metasomatic
and migmatitic alteration of the sediments was originally invoked to create
the gneisses (Barth, 1938; Strand, 1949). Conversely, Rosenqgvist (1941l)
and Oftedahl (1964) considered the contact to be primary, with the Eo-
cambrian and Cambrian rocks deposited directly onto the older gneisses

and the two folded together.



Roberts et al. (1970), Bryhni & Grimstad (1970) and Carswell (1973a)
agreed that the Cambro-Silurian rocks are in contact with Precambrian
gneisses, but considered the contact to be tectonic and any apparent
conformity due to subsequent Caledonian deformation. From work at Oppdal,
Krill (1980) has suggested that both autochthonous and allochthonous
cover and basement are present, but so interfolded as to obscure the
original relationships.

On the map of Holtedahl & Dons (1960) a lobe of schistose rocks from
the Trondheim Basin extends into Surnadalen as the Surnadal synform (see
Fig. 1.2). The nature of the ‘'basement'-'cover' relationships in Surnadalen
are of particular significance since it has been considered that the rocks
there are a discontinuous extension, along strike, of the rocks on the
islands in Moldefjord (Strand, 1953). Originally, these schists were
believed to be of lower Palaeozoic sediments with the gneisses below
formed by migmatisation of the former during the Caledonian event (Gjelsvik,
1953). The Surnadal synform was also formed at this time, one of several
NE-SW trending tight, recumbent fold structures in the area (Hernes,
1956a, b; Lgset, 1977, Krill, 1983). A similar migmatisation origin was
also postulated by Strand (1953) who was unable to find a structural break
between the schists and gneisses.

Hernes (1955) hés published a map of the geology between Molde and
Kristiansund, including Surnadalen; along with a tectono-stratigraphy of
the rocks based on a eugeosynclinal sequence of assumed late-Precambrian
age (Hernes, 1967), subsequently expanded upon by RSheim (1972, 1979) from
work at Kristiansund (see Table 1.2). However, Raheim queried the
Caledonian age for the metamorphic event, and demonstrated that at least
some of the rocks (Frei and Kristiansund Groups) possess a Svecofennian

age (i.e. 1800-1600 m.y.) of 1708 % 68 m.y. (Pidgeon & RSheim, 1972). The



TABLE 1.2 Lithostratigraphic units in the Moldefjord-Kristiansund area

o, . Lithologies and possible origins and
9 .
Hernes (1967) Raheim (1372, 1979) metamorphic grades from RSheim

Stgren Group Low grade (greenschist) basic metavolcanics

- - TECTONIC BREAK - - Trondheim
Suite
Rgros Group (+ Gula = Surna Group) Garnet-micaschist, amphibolites, garnet-
amphibolites, marbles, calc-silicates. At

amphibolite facies.

. Lower . . . .
Upper Tingvoll Group r Heterogeneous gneisses with amphibolites,
. Sandvik Group schists and marbles. Derived from basaltic
Lower Tingvoll Group . . :
volcanics plus terriginous sediments.

~

)

Raudsand Group Kristiansund Group Hou Homogeneous gneisses plus amphibolite. Derived
§ 9 from rhyodacitic volcanism or possibly arkoses.

9]

Al ©
- — TECTONIC BREAK - - Border Group fi“* Heterogeneous gneisses. Derived from basaltic/

8§03 rhyodacitic volcanics plus sediments to give

ik _ )

bR s calc-pelites.

. =
Frei Group Frei Group g g Heterogeneous gneisses: migmatitic pelites,

g o augen gneiss, granitic gneiss with garnet-

2 amphibolite-eclogite series and calc-silicate
gneisses. Derived from rhyodacitic wolcanics,
basaltic tuffs/lavas and limestone/pelites

g res tively.

Upperx pec 4

N.B. Stfren Group = Tronget-Stgren Nappe and the Surna Group is = Surna Nappe in Table 1.1 Rickard (198l) considers that
rock units in the Tingvoll Group are comparable to portions of the Tdnnis, Sirv and Seve Nappes and represent thrust or fold-
repeated slices of the trailing edges of these nappes. These rocks are equated with the Risberget nappe on the map of Krill

(1983) .



10

apparent lack of any structural or metamorphic break between these dated
rocks and those in the Surnadal synform (Trondheim Suite) led him to
suggest that these latter rocks were also of a similar age (Rgheim, 1977),
although this was then in conflict with the Caledonian age assigned to
them by Hernes (1956a). To resolve this problem he postulated that perhaps
two suites of rocks, both of almandine-amphibolite facies, had been juxta-
posed with the contact between either the Rgros and Stgren Groups, or
within the Stgren Group itself. He subsequently demonstrated that the
rocks in the Tingvoll Group do appear to have a Svecofennian age (1707 *
63 m.y.). The Rb-Sr data for the Rgros Group is more difficult to inter-
pret: the isochron is not well constrained and gives a Caledonian ‘age’,
although Rgheim interprets this as a result of partial Sr re-equilibration
during Sveconorwegian or Caledonian events on originally older (1700 m.y.)
rocks by rather tenuous reasoning (Rgheim, 1977) which will be discussed
more fully in the conclusions to Chapter 3. Furthermore, he demonstrated
the existence of a structural and metamorphic break between these Sveco-
fennian aged rocks of the synform and the younger Stdren Group (which he
equated with the 'Caledonian' Stgren Nappe of Gale & Roberts kl974) -
Rgheim, 1979). This would suggest that the Surnadal synform is not an
integral part of the Palaeozoic rocks of the Trondheim Basin, and that the
rocks on the Moldefjord islands, supposedly on strike with the synform are
also of Svecofennian age.

By contrast, Krill (1981) regarded this tectonic break as an
'Abscherungszone ' separating an infrastructure of high-grade metamorphism
fram a superstructure of low-grade metamorphism as found at Oppdal (Krill,
1980). From the suggested correlations in Table 1.2 it would appear that
the rocks of the Surnadal syncline are (i) allochthonous, now interfolded
with the basement and (ii) Caledonian in age; as a consequence the rocks

in Moldefjord would be the same.
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From his studies in the Moldefjord area, Carswell (1973a) noted that
eclogites were apparently found only in the 'basement' gneisses and were
lacking in the adjacent metasediments., From this he concluded that the
former were significantly older than the latter and were thus part of the
'Caledonised' Precambrian basement with the Palaeozoic rocks deposited on
them. Consequently he placed a lithological break within the Frei Group,
in much the same place as a line on Hernes' map although the latter drew
no importance to the feature. Carswell also discussed the inherent
difficulties involved in discerning between units in a metamorphosed
terrain, especially in the case of the Basal Gneisses where a basement
canplex has been severely deformed together with a cover of younger rocks.
He pointed out that metamorphic overprinting of the basement will eradicate
any previous metamorphic distinctions between the rocks, whilst migmati-
sation will promote lithological convergence. Furthermore, he suggested
that a full understanding of the situation was most likely to be obtained
from radiometric dating. Table 1.3 lists some of the dates derived by
various methods from the Basal Gneisses, with the interpretations of the
various workers. The ages fall approximately into four groups implying
a polymetamorphic history for the region (cf. Kratz et al., 1968):

Caledonian orogenic events
Sveconorwegian orogenic events
Mid-Proterozoic igneous events

Svecofennian orogenic events.

The Caledonian event affected all the Basal Gneiss Region with the
deformation becoming progressively more plastic and intense towards the
NW resulting in the difficulties with litholoéical distinction outlined
above. The deposition of Devonian fluvial/alluvial sediments (correlated
with the O.R.S. .in Britain) in several basins along the west coast of
Norway (see Fig. 1.1) marked the end of this orogenic event, although

some of the rocks display late movements (Steel, 1981).



TABLE 1.3 Radiometric ages relevant to the Basal Greiss Region

AGE (m.y.) ME THOD/LI THOLOGY INTERPRETATION SOURCE
~1800 K-Ar (amphibole)/eclogite Svecofennian orogenic event McDougall & Green (1964)
1800-1600 Rb-Sxr (WR)/gneisses Svecofennian Priem (1967)
A1880 Rb-Sxr (WR)/Dombgs supracrustals crystallisation of rocks or isotopic homogenisation of sediments Brueckner (1972)

1682 * 70 (1646 * 70)
1708 * 60 (1672 * 60)

1682 t 20

1707 * 63 (1671 % 63)

1625 + 75 (1591
1775 £ 57 (1738

I+

75)
57)

+

Rb-Sr (WR)/gneisses

Rb-Sr (WR)/gneisses (Kristiansund Group)
Rb-Sr (WR)/gneisses (Frei Group)

U~-Pb (zircon) /gneisses (Kristiansund Group)
Rb-Sr (WR)/gneisses

Rb-Sr (WR) /gneisses (Tingvoll Group)

Rb-Sr (WR) /schists (Rgros Group)

Rb-Sr (WR) /gneisses

Rb-Sr (WR)/supracrustals

metamorphism of gneisses and contained eclogites
age of amphibolite-grade metamorphism

closure of Rb-Sr system

minimum of zircon crystallisation

Svecofennian event

Svecofennian high-grade metamorphism

age of high-grade metamorphism

Svecofennian orogeny

age of formation of gneisses

Mysen & Heier (1972)
Pidgeon & RSheim (1972)

Hansen et al. (1973)
Rheim (1977)

L]
Skjerlie & Pringle (1978)
Brueckner (1979)

1760 ¢ 70 Rb-Sr (WR)/basement gneisses age of pre-metamorphic rocks or age of amphibolite facies Lappin et al. (1979)

1688 * 162 Rb-Sr (WR)/mylonite gneiss Svecofennian deformation RSheim et al. (1979)

1653 + 84 Rb-Sr (WR)/basement gneiss Svecofennian age "

1700-1750 Rb-Sr (WR) /gneisses equivalent to similar ages in the Basal Gneisses Solheim (1980)
41550-1760 U-Pb (zircon) /eclogites primary magmatic age Gebauer et al. (1982)
1550 4oAx/39Ar (pyroxene) /augen gneiss ancient element 3 Laxfordian in Lewisian Bryhni et al. (1971)

1511 + 64 (1479 * 64)
1520 ¢ 10

Rb-Sr (WR)/anorthositic suite

U-Pb (zircon)/mangerite syenite

related to ~1600 m.y. anorthosites and rapakivi granites

most likely a magmatic crystallisation age

Abdel-Monem & Bryhni (1978)
Lappin et al. (1979)

1450-1500 Rb-Sr (WR)/augen gneiss + granites winimum age of formation by deformation Solheim (1980)

1477 = 21 Rb-Sr (WR)/augen gneiss + granites magmatic crystallisation of igneous precursor Harvey {this worxk)
1150-950 K-Ar (phlogopite + hornblende)/eclogite metamorphism & secondary alteration McDougall & Green (1964)
1000 *+ 150 (1035 t 150) Rb-Sr (WR)/basement gneisses Precambrian rocks Brueckner et al. (1968)
1113 * 106 Rb-Sr (WR)/augen gneiss Grenvillian event Michot & Pasteels (1969)
1022 + 18 oAx/39Ar (pyroxene) /augen gneiss metamorphic overprinting Bryhni et al. (1971)

1253 * 100 (1226 + 100)
~1150

1033 * 37 (1069 t 37)
21000

960 + 10 (940 + l0)

+

Rb-Sr (WR) /basement gneiss
Rb-Sr (WR) /Domb3s supracrustals
Rb-Sr (WR)/Hestbrepiggen granite
Rb-Sr {(WR) /schists (Rgros Group)
Rb-Sr (WR)/gneisses

Precambrian rocks

crystallisation of rocks or isotopic homogenisation of sediments

intrusion during Grenvillian orogeny
a possible ‘age'

age of formation, Svecofennian or Caledonian

Brueckner (1972)
Priem et al. (1973)
RSheim (1977)
Brueckner (1979)

~1200-1100 Rb-Sr (WR)/quartzites possible Sveconorwegian effect Lappin et al. (1979)
1200-1000 Rb-Sr (WR)/Seve nappe Sveconorwegian age Reymer et al. (1980)

A1050 Rb-Sr (WR)/gneisses & flagstones Sveconorwegian effect Solheim (1980)

950 U-Pb (zircon)/amphibolite emplacement into basement during Sveconorwegian Gebauver et al. (1982)

400 K-Ar (mica) & Rb-Sr (mica)/eclogite & gneiss. Caledonian effect McDougall & Green (1964)

383 £ 12 (396 t 12)
463 t 6
~380
524
488 t 2
405 ¢
590
550
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-}

391 + 12 (383 £ 12)

393+ 7 (385 t 7)
~385
400-600
460
398-384
396 t 15 (388t 15)
392 £ 15 (384 t 15)
400 '
425
460
400
400
598
408
414

+ & M
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K-Ar (mica)/gneiss

4oAx/sgAr (amphibole) /gneisses
K-Ar (mica)/gneisses

405r/¥ar (amphibole) /amphibolite
4oAt/JQAr (mica)/augen gneiss
4oAr/BQAz (mica) /gneisses

Rb-Sr (WR)/quartzite

Rb-Sr (WR)/schists

Rb-Sr (WR & mica)/gneisses

Rb-Sr (WR & minerals)/schists

U-Pb (zircon)/Kristiansund gneisses
Rb-Sr (minerals)/pegmatites

Rb-Sr (WR)/granite dykes

U-Pb (zircon)/eclogite

Rb-Sr (WR)/Rgros Group

' Rb-Sr & K-Ar (mica)/Rgros Group

Rb-Sr (WR)/gneisses

U-Pb (zircon)/migmatitic gneisses

Sm-Nd (garnet & clinopyroxene)/eclogites .
Rb-Sr (WR)/Seve nappe

Rb-Sr (WR & minerals)/gneisses

U-pb (zircon)/eclogites

Sm~-Nd (minerals)/eclogites

Sm-Nd (WR & minerals)/eclogites

Sm-Nd (WR & minerals)/gneisses

Caledonian effect upon Precambrian rocks
minimum age of amphibolite metamorphism
phase of folding?

Caledonian metamorphism

"
(calculated'age with I.R. = 0.705) Caledonian sediment?
"
Caledonian recrystallisation
complete mineral homogenisation during Caledonian
disturbance of isotopic system
Caledonian aged intrusives
"
Caledonian event
secondary 'isochron' gives Caledonian age
late Caledonian effect
Caledonian effect
"
Caledonian influence
age of high-pressure metamorphism
Caledonian effect
Caledonian & weak effect on minerals
Caledonian metamqrphiém
Caledonian metamorphism of Palaeozoic rock

Caledonian metamorphism or post-orogenic crystallisation

Brueckner et al. (1968)
Strand (1969)

Bryhni et al. (1971)
Brueckner (1972)
Pidgeon & R3heim (1972)

3

Krogh et al. (1973)
RSheim (1977)

Skjerlie & Pringle (1978)
Lappin et al. (1979)
Griffin & Brueckner (1980)
Reymer et al. (1980)
Solheim (1980)

Gebauer et al. (1982)
Griffin & Brueckner (1982)
Mearns & Lappin (1982a)

WR £ whole rock

Ages in brackets are recalculated, when possible, using the current 87Rb decay constant of 1.42 x 10-11 m.y. (Steiger & J¥ger, 1977).
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1.2 THE ECLOGITE CONTROVERSY - PREVIOUS STUDIES AND INTERPRETATIONS

The gneisses of the Basal Gneiss Region are dominated by amphibolite-
facies mineralogy but enclose relics of higher grade rocks. One particular
rock found within the gneisses has been the object of scrutiny and contro-
versy for many years, and seemingly out of all proportion to its limited
abundance namely: the eclogites. These are found as pods, layers or larger
bodies, within the gneisses ('external' type) and as layers and lenses
within ultramafic rocks ('internal' type). They are also found in associa-
tion with the anorthosites N of Nordfjord (Bryhni, 1966; Brastad, 1983).

The ‘'external' eclogites are predominantly bimineralic (omphacitic
clinopyroxene + almandine - pyrope garnet +* quartz * rutile) with a
tholeiitic, or more rarely, an alkali-olivine basalt chemistry. Minera-
logical variations include: chloromelanitic omphacite (i.e. substantial
acmite component in the clinopyroxene) at Sunnfjord (Krogh, 1980a); im-
pure jadeites from Selje (Lappin & Smith, 1978); kyanite, often with
clinozoisite; orthopyroxene in Mg-rich, Ca, Na-poor compositions; glauco-
phanes, at Sunnfjord (Krogh, 1980a); tremolite and baroisite amphiboles;
phengite in Al-rich; or phlogopite in Mg-rich compositions (Griffin et al.,
1983). Often these hydrous phases appear to be in equilibrium with the
clinopyroxene and garnet.

The 'internal' eclogites are of two types: the first is the
'Rpdhaugen' type of Eskola (1921): bimineralic with Mg-Na-augite +
pyropic garnet * orthopyroxene. There is no olivine,;as seen in the
enclosing peridotite. The chemistry is only broadly basaltic since the
normative minerals comprise an An-rich plagioclase and less than 30%
olivine. These occur as bands several metres long within the peridotite.

The second is the 'Raudkleiva' type (Griffin et al., 1983), which appear
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as lenses 1-30 m across, probably disrupted from tabular bodies. At
Almklovdalen these have been interpreted as cogenetic with the garnet-
peridotite (Lappin, 1974), whereas Griffin & Qvale (1981) consider them
to be basaltic dykes intruded into the ultramafic body. The rocks are
superferric (i.e. high Fe/(Fe + Mg), have muchhigher Nazo and A1203
contents that the 'Rgdhaugen' type (Griffin et al., 1983) and have been
equated with the superferrian eclogites of the Alpine peridotites (Griffin
& Qvale, 1981).

The eclogites associated with the anorthosites are up to 0.5 m thick
and possess gradational contacts with the anorthosite (Brastad, 1983).
They are similar in chemistry to the superferrian types but have higher
Na,0 and KO contents and are essentially bimineralic (cpx + gnt * zo % ky).
REE patterns, coupled with high Al contents, genetically relate them to
the enclosing anorthosites (Griffin et al., 1983).

The pioneering work on these rocks was done by Eskola (1921) who
distinguished between those occurring within the gneisses and those with
dunitic rocks. They were interpreted as fragments detached from larger
eclogite rocks ('eclogite-magma') atrdepth and emplaced into the gneisses
where they then suffered the same metamorphic and tectonic processes,
which were considered to have formed the gneissic foliation. O'Hara &
Mercy (1963) showed the 'internal' eclogites to be chemically different
from those found in kimberlite pipes, but concluded that they were also
fragments.of the upper mantle. This interpretation has been supported by
a number of workers: O'Hara et al. (1971), Carswell (1968a, 1968b),
Lappin (1966, 1974), Lappin & Smith (1978) and extended to include the
‘external' eclogites. The introduction of these bodies into the crust
has been explained by the model of a 'tectonic mélange' involving the

interdigitation of crust and mantle during the continent-continent

collision of the Caledonian orogen (Smith, 1980).
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From a regional study of the gneisses and eclogites, Gjelsvik (1952,
1953) concluded that the eclogites were derived from crustal protoliths
during a high-grade metamorphic event since some examples of dolerite
displayed corona reactions developing from low-P assemblages towards

eclogite assemblages:
ol + plag -+ opx + gnt * cpx

This interpretation has subsequently been supported by a number of workers:
Hernes (1954b), Kolderup (1960), Schmitt (1964), Bryhni (1966), Bryhni et
al. (1969), Bryhni et al. (1970). Corona forming reactions have more
recently been studied by Griffin & Heier (1973) and Griffin & RSheim (1973)
for dolerites and other basaltic rocks and a simplified form of the

reactions are given here:

ol + plag -+ Al-pyx + spinel + plag —>

IGNEOUS LOW-P GRANULITE

gnt + low-Al pyx + plag - omph cpx + alm/pyr/gross gnt

HIGH-P GRANULITE ECLOGITE

These were considered to be a continuous sequence of reactions occurring
during cooling and compression of an igneous mass (Griffin & Rgheim, 1973) .
Field evidence from Sunnfjord has revealed the transformation of meta-
gabbros into eclogites, through corona reactions such as these, with
preserved intrusive contact relationships, igneous textures, structures
and mine}alogies (Cuthbert & Carswell, 1982). &also, an eclogite in
gneisses near the Surnadal syncline exhibits preserved primary igneous
mineralogy and structures of gabbro (Tgrudbakken & Rgheim, 1981).
Experimental work demonstrated that eclogites could be stable at
crustal pressures in an anhydrous environment (Yoder & Tilley, 1962;

Green & Ringwood, 1967a). The major argument used against the idea of



crustal (in situ) metamorphism of the eclogites is that they occur within
almandine-amphibolite gneisses, rather than eclogite facies gneisses as
would be expected if the whole terrain had been subjected to eclogite
grade metamorphism (Lappin & Smith, 1978). However, it has been shown
that there is a definite difference in water fugacity (fH20) between the
eclogites and the enclosing gneisses_(Bryhni et al., 1970; Green & Mysen,
1972) supported by experimental work (Fry & Fyfe, 1969). Carswell (1973b)
then suggested a dual origin for these rocks: a crustal metamorphism at
high pressures to give 'external' eclogites and tectonic intrusion of ultra-
mafic mantle fragments containing the 'internal' eclogites. The 87Sr/86Sr
initial ratios from the clinopyroxenes in these rocks supported this hypo-
thesis, with low ratios from the 'internal' and higher ratios from the
'external' eclogites suggesting crustal contamination of the latter
(Brueckner, 1977b). It is now considered that the ultramafic rocks and
'internal' eclogites equilibrated to the prevailing crustal high P and T
conditions, subsequent to their emplacement (Carswell & Gibb, 1980). More
recently it has been shown that the gneisses also contain relics of high-
grade assemblages (Krogh, 1980b) suggesting that they too have experienced
an eclogite grade metamorphism. However, Rb-Sr whole-rock isotopic studies
by Mearns & Lappin (1982b) have shown that this system is undisturbed in
the gneisses suggesting that the rocks have not experienced a grade of
metamorphism any higher than amphibolite facies.

Further evidence for a crustal origin for ecologites is present in the
chemical zoning of the constituent minerals, and particularly so in the
garnets; the routine use of the electron microprobe has facilitated the
study of these features. The 2zoning in garnet is usually seen as a decrease
in the Fe/Mg ratio from the core to the rim of a grain, often with concomitant
decrease in Mn content (e.g. Bryhni & Griffin, 1971). After comparison with the

experimental work of Raheim & Green (1974), this has been interpreted as
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mineral growth with an increase in temperature, i.e. prograde (RSheim &
Green, 1975). It has been noted that garnets often contain inclusions of
other phases not present in the matrix of the eclogite, e.g. amphibole
(aAl-rich, Si-poor, Na-Ca-type), plagioclase, diopside, microcline, biotite
and epidote (Bryhni & Griffin, 1971; Krogh, 1980a, 1982; Carswell et al.,
1983; Griffin & Qvale, 198l). Towards the rim of the garnet the amphibole
inclusions become progressively Al-poorer, Si-richer and more Na-types,
whilst omphacitic clinopyroxenes, of compositions equivalent to those of
the matrix clinopyroxene, and rutile begin to appear. This zoning of
inclusions coincides with the chemical zoning and has been interpreted as
the transition from a pre-ecologite amphibolite assemblage to an eclogite
assemblage (Krogh, 1982). By contrast, Lappin & Smith (1978) relate these
amphibole inclusions to incipient amphibolitisations of the rock. Retro-
grade zoning can also be found in the garnets, generally restricted to a
narrow rim on the grain. These garnets generally contain only eclogite
phases as inclusions and it has been suggested that these eclogites have
been raised to temperatures >700°C which eradicated any zoning, mineral
or chemical through ionic diffusion (Krogh, 1982).

The distribution coefficient: KD =(Fe2+/Mg2$ gnt ,

we2+/M92§ cpx
calibrated by Raheim & Green (1974) and Ellis & Green (1979) has been used
-on the coexisting garnet and clinopyroxene from numerous ecologites in the
region in an attempt to elucidate their conditions of formation. The KD
values from these eclogites have been found to follow a consistent pattern
across the region, and consequently so do the calculated temperatures of
equilibration (Krogh, 1977) (see Fig. 1.3). The calculated temperature
and pressure values define a gradient of about 200°C across the region with

the lowest values around Sunnfjord (~500°C and &10—12 kbar) and the highest
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FIG. 1.3 Isotherms of equilibration temperatures for eclogites and
granulites in the Basal Gneiss Complex (after Griffin et al.,
1983).
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along the coast of Mgre og Romsdal (m800°C and Vv18-20 kbar) (Griffin et al.,
1983) . Krogh (1977) interpreted this gradient as the result of the under-
thrusting of the Baltic crustal plate, beneath that of Greenland, during a
continent-continent collision in the Precambrian. The maximum P-T
conditions lie at the deepest part of the underthrust unit. Such a
scenario of continent-continent collision has also been suggested by other
workers (Griffin et al., 1983; Cuthbert et al., 1983) with the event occur-
ring during the Caledonian orogeny.

Many eclogites show varying degrees of retrogression. Initially the
clinopyroxene developsa diopside + plagioclase symplectite texture in
response to a decrease in the prevailing pressure (discussed by Mysen &
Griffin, 1973). This diopside is subsequently hydrated to an amphibole
whilst the garnet produces an amphibole or biotite as the eclogite is
progressively down-graded, firstly to a granulite-facies assemblage, then
to an amphibolite~facies assemblage. P-T conditions for the former have
been calculated as N700-7SO°C and 8-13 kbar (Krogh, 1977) suggesting rapid,
isothermal, uplift of the subducted terrain. Those for the latter are put
at A600-700°C and 10-13 kbar (Lappin & Smith, 1978). The degree of retro-
gression between eclogites is very variable and is generally dependent
upon the degree of deformation associated with the rock, which develops
paths for hydrating fluids. Thus retrogression tends to be found at the
contacts between eclogites and the enclosing gneisses, where the difference
in rock competance aids deformation; or adjacent to cross-cutting pegma-
tite dykes, which are themselves fluid-xich. The often incomplete amphiboli-
tisation of eclogites has been attributed to sluggish fluid transport
(Heinrich, 1982). The alteration tends to affect the whole-rock chemistry
of the rocks, mainly by introducing K+, H+ (A13+) ions and removing Si4+

ions (Lappin, 1962, Bryhni et al., 1969).
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A fluid phase may also have a part in the development of the anhydrous
assemblage of the eclogite, although this appears to be a contradiction in
terms. Both Bryhni et al. (1970) and Green & Mysen (1972) have suggested
that partial melting, at the time of metamorphic maximum in the gneisses
surrounding an eclogite would tend to draw water away from the eclogite
thereby assisting its dehydration. This water would not necessarily be
expelled from the gneisses, but would still be available for the subsequent
hydration reactions described above. Furthermore, Glassley (1982) has
demonstrated that as the SiO2 content of this fluid decreases, the eclogite
assemblage becomes stable at progressively lower pressures.

The absolute dating of eclogites is difficult due to common dis-
equilibrium of the isotope systems in high-grade rocks and the lack of
geologic controls. The low Rb contenés of the rocks, giving low Rb/Sr
ratios, does not allow the use of that system on whole rocks although it
is possible on the constituent minerals. Both the K-Ar and 40Ar-39Ar
methods suffer from the problem of excess Argon, whilst the U-Pb method
on zircon often gives inconclusive results (Hunziker, 1982). McDougall &
Green (1964) dated the micas from bodies in Nordfjord and obtained an age
of 4400 m.y. They also used K-Ar on amphiboles and micas and obtained ages
of ~1800 m.y., 1150-950 m.y. and 400 m.y., i.e. Svecofennian, Sveco-
norwegian and Caledonian respectively. However, they concluded that many
of the ages might be unreliable due to excess Ar in the minerals. Mysen &
Heier (1972) dated gneisses at Hareid at 1646 +* 70 m.y. and related this
to a metamorphic event which was assumed to have also affected the enclosed
eclogites. Krogh et al. (1974) used U-Pb on zircons from the Ulsteinvik
eclogite at Hareidland and obtained ages between 400 and 600 m.y. From

these early studies no clear picture of the history of these rocks emerged,

presumably due to the sensitivity of their isotopic systems to disturbances.
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Griffin & Brueckner (1980) attempted to resolve thesé problems by
utilising the Sm-Nd isotopic system which they considered to be resistant
to metamorphic effects short of total recrystallisation. The ages
obtained are internally consistent, between samples, with fairly low
errors. This new isotopic evidence indicates that:

(i) the rocks crystallised at 425 m.y. ago (i.e. during the
Caledonian orogeny) ;

(ii) the protoliths separated from the mantle long before the
Caledonian orogeny;

(1iii) the protoliths were of a wide range of compositions;

(iv) the protoliths were probably exposed to the effects of the
Svecofennian and Sveconorwegian orogenies.

From further work Griffin & Brueckner (1982) have found difficulty
in obtaining meaningful Sm-Nd ages from eclogites which equilibrated at
temperatures >700°C due to disequilibrium between garnet and clinopyroxene.
They obtained a Rb-Sr mineral age of 398 * 1 m.y. with an I.R. of 0.7034
from the Verpeneset eclogite which they interpreted as Caledonian meta-
morphic age upon a Palaeozoic protoliths. They considered that the Sm-Nd
ages previously obtained reflected the time of closure of that isotopic
system upon uplift of the crustal unit containing the eclogites, whilst
the Rb-Sr ages reflect a later cooling event.

Both Mearns & Lappin (1982) and Gebauer et al. (1982) have presented
Caledonian ages for eclogites: 408 * 8 m.y. (Sm-Nd) for the former,
interpreted as a thermal resetting or recrystallisation of Proterozoic
material; and ~400 m.y. (U-Pb) for the latter, interpreted as an eclogite
facies event on Svecofennian or Sveconorwegian protoliths. Krill (1981)
dated a gneiss interbanded with eclogite-bearing micaschists of the

B1Sh¢ group at Oppdal as 583 * 60 m.y.



This prevalence of Caledonian ages from eclogites suggested that the
metamorphism of that time was of a high grade (Griffin & Brueckner, 1980).
As radiometric ages from the Basal Gneisses had tended to reveal Caledonian
ages only from the mineral isochrons (see Table 1.3). This was interpreted
as indicating that the Caledonian metamorphic event was one of only minor
re-heating, otherwise the whole-rock isotopic systems would have been
more severely disturbed (Pidgeon & RSheim, 1972; Solheim, 1980). Krill &
Griffin (198l) have discussed this point and have compared the situation
 with that in the Alps where older Rb-Sr whole-rock systems have been
shown to survive subsequent intense metamorphism and deformation. Further-
more, the severity of the Caledonian metamorphism is reflected in the
mineral ages from pegmatites which cut eclogites, indicating temperatures
sufficient for anatexis (Griffin et al., 1983).

One difficulty encountered with assigning an eclogite forming event
to the Caledonian orogeny was that it required the surrounding gneisses to
suffer both prograde and retrograde reactions during a relatively short
space of time: 75 m.y. However, Cuthbert et al. (1983) have demonstrated
that this was perfectly feasible by effectively doubling the thickness of
the crust during a continent-continent collision. This thickness of
material gave both the pressure to realise eclogite grade conditions and
the buoyancy for the subsequent, and necessary rapid uplift, of the

rocks.

1.3. PREVIOUS WORK IN THE MOLDEFJORD AREA

At first, only one aspect of the'geology here was of note, presumably
for economic reasons: the marble deposits at Trerrfjella (see Map B). Vogt
(1896) , Bugge (1905) and Holtedahl (1953) described these rocks at Talstad,
NSs and Visnes noting their purity and their relationship to the adjacent

hornblende gneisses.
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The islands in Moldefjord (Bolsgy, Sacterdy and Hjertdy) were also
of particular interest. First mapped by Bugge (1934) as greenschists they
were correlated with the Ordovician rocks in the Surnadal synform to the
NE. Gjelsvik (1951) also referred to the rocks as greenschists and
considered them to be derived from basalts, subsequent granitisation of
which gave rise to the gneisses to the south. Hernes (1954a) also studied
the rocks there, and in the S side of Fannefijord; he reiterated much of
what Gjelsvik had said and again presumed the rocks to be derived from
lavas/volcanics with sediments appearing as limestones and quartzites.
Although Hernes calls the rocks greenschists, the mineral assemblages he
gives (plag (An 35) + gtz + epidote + bi + gnt (66% almandine) * musc *
pyrite * apatite * kspar) for the mica-schist and (hb + plag (An 40} #*
gtz * epidote * pyrite * kspar) for the greenschist seem to be more
indicative of amphibolite facies (Turner, 1968, p. 308).

Hernes (1954b) also made a particular study of the meta-basic rock
on Tverrfjella, concluding it was a large, retrograded, eclogite skarn
containing marble, resulting from reactions between the marble and the
surrounding gneisses. Vogt (1896) recorded the presence of this body as:
"aclogite near marble". Eskola (1921) analysed the garnets from this
body and considered it to be true eclogite but without any genetic
connection with the marble.

As mentioned previously, Hernes (1955, 1967) made a preliminary
geological survey of the area; the lithologies examined in the present
study lie in his Frei Group (see Table 1.2), Raheim (1972) expanded upon

Hernes' work and recognised two phases of folding: £, giving strong

1

planar and linear structures, erasing all earlier events, and f folding

2'

£ Included in fl were large ENE-WSW trending structures such as the

1°
Molde-Tingvoll Syncline (the SW extension of the Surnadal Synform) and

the Halsa anticlinorium (Hernes, 1965).
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Carswell (1968b, 1973b) has studied the peridotites at Ugelvik on
Otrdy and the enclosed garnet-websterite lens (Carswell et al., 1982),
concluding that it represents a body from the upper mantle which has re-
equilibrated to the prevailing P-T conditions when it was emplaced into
the lower crust. Carswell (1973a) also looked at the country-rock
gneisses and considered that it was possible to divide the Frei Group
into eclogite-bearing and eclogite-free portions, the former being true
basement and the latter the Caledonian aged cover which had been deposited
on the basement and folded with it. Griffin & Carswell (1983) have also
investigated an eclogite at Litledigerneset, on Middy, which has been
veined by the enclosing gneisses. These veins contain the assemblage:
omphacitic cpx + gnt + kspar + plag + gtz + bi * ky; The vein/gneiss/
eclogite relations suggest that the veins originated before, or during
the eclogite grade metamorphism and that all three werxe metamorphosed in

situ.

l.4. AIMS OF THIS STUDY

From the foregoing introduction it can be seen that the elucidation
of the geology in W Norway is still at an early stage. Several complica-
tions arise here: the growth of the terrain has been over an extended
period of time, from at least 1800 m.y. to about 400 m.y. ago, with often
very similar lithologies appearing at different times. The intimate
mixing of these lithologies by three orogenic periods, coupled with migma-
tisation, has confused the situation further. This lithological converg-
ence makes the application of stratigraphical sequencing, as done by
Hernes and Rgheim, rather questionable. Unfortunately, the application
of radiometric dating has only partially clarified the situation by
setting time limits for major events: the successive overprinting of

such events can obscure the original age of a lithology. Although it is
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undoubtedly a powerful tocl in geology, its often rather arbitrary use
appears to give rise to 'errorchrons', i.e. a good-fitting isochron which,
in fact, gives a spurious age. Such lines can arise for several reasons:
'open-system' behaviour of the rock during metamorphism with the loss or
gain of isotopes; excess Ar; improper sampling techniques, i.e. over a too
large an area, or from disparate rock-types which superficially appear to
be the same lithology.

The purpose of this research project was to provide information from
a relatively unexplored area of the Basal Gneisses to further the under-
standing of the Region as a whole. Two specific problems were tackled:
firstly to try and clarify the tectono-stratigraphy of the southern part
of the area, especially the nature of the 'basement'-‘cover' contact, if it
existed at all. To this end, geochemistry, allied with a Rb-Sr dating
program was applied. Secondly, a study of the eclogite bodies, especially
that at Trerrfjella, this was of special interest because of its apparent
intimate relationship with the extensiwve marble deposits. Mineral chemical
work would allow the calculation of pressure and temperature estimates of
their formation, which would perhaps resolve a major cohtroversy over their

mode of origin.
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CHAPTER 2

GENERAL GEOLOGY AND STRUCTURES

Following the introduction, the lithological units, dealt with in the
succeeding chapters, will be briefly described followed by a discussion of
the rock structures. Petrologic terms relating to migmatites are from

Mehnert (1969) whilst those for cataclastic rocks are from Higgins (1971).

2.1 INTRODUCTION

The area of this study covers approximately 270 km2 of the Molde
Peninsula situated in the county of M@gre og Romsdal (62o 52' N, 7o W),
between Moldefjord to the south and the lakes of Langvatnet and Ngsvatnet
to the north including the island of Bolsgdy to the south (see Mép A).

The area is covered by sheets 1220/I, II and III, and 1320/III and IV of
the M711 series 1:50,006. Mapping was done on the 1:20,000 'Okonomisk'
series maps with some of the larger structures derived from aerial photo-
graphs, supplied by Fjellanger Widerge A/S.

The terrain is fairly mountainous and can be divided into two topo-
graphic parts. Rising to about 600 m the well rounded hills of the
southern part give the impression of a plateau-like surface, whilst those
of the northern part are more peaked and lofty, rising to about 900 m.
These differences appear to reflect the differing rock-types present in
the two parts. The two are separated by the valley of Fraeneidet, one of
a series of NE-SW trending glacial valleys which transect the region ard
inclu@Moldefjord; the develomment of these features seems to be partly
controlled by the strike direction of the rocks. Within Moldefjord are
the low-lying, elongate islands of Bolsgy, Saetergdy and Hjertgy, beyond,
to the south, lie the Ramsdal mountains visible as the famous 'Molde

Panorama'. A narrow strandflat forms the northern boundary to the area.



The majority of the exposure is at the coast and on the ﬁills above
the tree-line, at about 400 m; thanks to the policy of road straightening
in Norxway these are supplemented by numerous road cuts, which usually
supply the better outcrops.

The area has been divided into four geological units on the basis of
lithological type and structural pattern. The most northerly unit appears
on the Tverrfjella mountains and includes an extensive garnet-granulite/
eclogite body with enclosed marbles, capped by a series of heterogeneous
amphibolitic and pelitic gneisses. Surrounding this unit on the lower
ground is an expanse of heterogeneous, quartzo-feldspathic, migmatitic
gneisses, including augen-bearing, banded and unbanded types, as far south
as Jendem. Both of these units have fairly flat-lying, NE-dipping, folia-
tions. To the south lies an augen gneiss unit containing massive augen-
bearing and augen-free gneisses with more heterogeneous rocks as far south
as Mordalsvggen. Here lies a series of well-foliated, steeply dipping,
heterogeneous rocks of_almandine—amphibolite facies including: amphibolites,
pelites, semi-pelites, quartzo-feldgpathic rocks and marbles; this unit
incorporates the rocks of Bolsgy. Pods of eclogite, and more rarely meta-
dolerites, appear in all these units, with the possible exception of

Tverrfjella (see Maps A and D).

2.2 STRUCTURE

Apart from the dominant foliations throughout the area, sometimes
displaying lineations, there are few other rock structures of note. Five
structural elements are considered: foliations, lineations, folds (generally
as isolated examples), faults (generally inferred from the orientation of
pegmatite veins, displgcement of rock units or from aerial photographs)

and joints.
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2.2.1 Foliation

Fig. 2.1(a) shows a stereographic plot of the orientation of poles to
foliation planes throughout the mapped area and two maxima are clear: one
corresponds to foliations dipping approximately 600/250o (maximum I), the
other to foliations dipping approximately 250/000O (maximum II). Examined
in conjunction with the structural data shown on Map A it can be seen that
maximum I represents the dominant steeply dipping foliation along the
Moldef jord coast and on Bols@y whilst maximum II represents the more
gently dipping foliations on and around the Tverrfjella mountains. Remov-
ing these two groups of readings from Fig.-2.1(a) and plotting them
separately shows the concentrations more clearly (Figs. 2.1(b) and 2.2(a)).
This also leaves two residual groups of points (maxima III(i) and (ii) -
Fig. 2.2(b)) which can be assigned to the area of high ground between
Elnesvggen and a line about 1 km north of Moldef jord where belts of both
gentlg and steeply dipping foliation exist.

The rocks which comprise maximum II are mixed, but in general it is
difficult to discern good foliation surfaces except in the most pelitic
rocks, on Trolltindane, or in the migmatitic rocks on Tverrfjella peak and
the lower ground north of Langvatnet. The former are flaggy whilst the
latter exhibit a planar fabric in which the neosome lies (see Chapter 5,
Plate 5.1(b)). Many of the rocks are massive and have blocky outcrops
whilst others have a chaotic structure, especially if amphibolite bands
and pods are present (see Chapter 5, Plate 5.1(a)). In the sequence of
rocks on the Tverrfjella mountains the foliation is apparently sub-
parallel to the banding in the rocks. The lowest unit, the garnet-
granulite, generally lacks any fabric and is massive except in steep
narrow shear zones striking NE-SW where the rock is converted to green-

schist; these appear to be localised manifestations of the dominant
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foliation at Moldefjord. The formation of the secondary fabric can also

be seen in many thin sections of the granulite as cracking of the garnet
plus related retrogression (see Chapter 3, Plate 3.2(a)). It can also
appear in the quartzo-feldspathic rocks as orientations of biotite perpendi-
cular to the lines of garnet denoting the first foliation.

When the granulite is in proximity to the marble any foliation
becomes inconsistent in strike suggesting interference from the latter.
The distribution of the outcrops of marble as discontinuous lines of large
pods (Map B) and the often complex, ptygmatic nature of the contacts
be tween the marble and granulite suggests that disruption of originally
continuous limestone bands has occurred with concomitant distortion of the
surrounding granulite.

The slight spread of points in maximum II (Fig. 2.2(a)) can be at-
tributed to a shallow synclinal structure on Tverrfjella as discerned from
the direction of dips on Map B (cf. Gjelsvik, 1953). The axial plane
appears to run along the line of peaks although the extension of the
structure onto Talstadhesten is doubtful.

The distribution of points in maxima III (i) and (ii) ((Fig. 2.2(b))
can be attributed to the appearance of both the flat-lying and steep
foliations in the rocks between Malmefjord and Moldefjord, although the
steeper structures predominate. The influence of the steeper foliation
upon the flatter is best seen in the exposures-of the augen gneiss as the
augen act as strain indicators. 1In most cases the foliation is steep, but
not particularly pervasive; some intense defofmation.of the .rock has
converted it into a monotonous grey gneiss without augen, or ultimately
into a mylonite which may be accampanied by faulting (Plate 2.1(a)). Some
outcrops exist where the rock is being progressively deformed from flat-

lying to steeply foliated (Plate 2.1(b)). The flatter foliation is
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difficult to find any further south than Hollingsholm as the steeper
structures predominate after this point. The foliations are generally
visible on suitable surfaces (i.e. perpendicular to strike), but none of
the rocks are sufficiently micaceous to permit any sort of fissility.

The foliation represented by maximum I (Fig. 2.1(b)) is well exposed
in the road section of the E62 between Mordal and Molde with steeply dip-
ping, flaggy surfaces (Plate 2.1(c)). The change from the variable folia-
tion in the augen gneiss to this persistent form is remarkably abrupt,
over a few tens of metres, and is best seen at Mordal and NE of Varden at
Molde. The change appears to be due to a major difference in competance
between the massive gneisses and the more mixed rocks to the south. The
_foliation is continued on the island of Bolsgdy and is consistent regard-
K less of the rock-type whether massive quartzo-feldspathic gneiss, amphi-
bolite or pelite. Some of the surfaces exhibit large-scale undulations
(“6 m amplitude) particularly around Mek, W of Molde, plunging down-dip

and it is considered that these cause the spread of points on Fig. 2.1(b).

2.2.2 Folds

These structures rarely occur in the mapped area, but tend to be more
common towards Moldefjord. 1In general three styles are present: tight
intrafolials, similar folds and open folds. The paucity of data did not
allow the construction of any meaningful stereographic plots.

The intrafolial folds are relatively common in the heterogeneous
rocks at Moldefjord and are interpreted as having been coeval with the
formation of the steep foliation there. They are often rootless and can
have a monoclinal appearance with one short and one long limb (Plate 2.1(d)
and Fig. 2.3(a & b)). These folds can also be found in those portions of
the augen gneiss which display belts of steep foliation (Plate 2.l(e) and

Fig. 2.3(c, d & e)). The deformation in the augen gneiss appears to have
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been rather inhomogeneous since some augen have survived intact, others

are severely attenuated and some folds are only partially developed. 1In
some instances this lithology takes on a pseudo-migmatitic appearance
(Plate 2.1(e)) and it is thought that the augen became partially mobilised
during deformation and congregated in the apices of the folds, the zone of
least stress. As deformation proceeded some of these portions became very
elongate with the rock taking on the appearance of a migmatitic grey gneiss
(Plate 2.1(f)).

These intrafolial folds are very rarely seen N of Malmefjord and then
only in steep shear zones but have much the same apéearance as those
further south (Fig. 2.3(f)).

The folds of similar style appear throughout the area, although those
on Tverrfjella appear to be rather more attenuated and elongated than
those in the south (compare Plates 2.2(a) and 2,.2(b)). Furthermore, those
in the north are flat-lying with almost horizontal axial planes whilst
those in the south have axial planes sub-parallel to the regional foliation
although this is not axial planar to the folds and is in fact folded by
them. The folds shown in Plates 2.2(a) and 2.2(b) have been classified
using the method of Ramsay (1967, p. 359): that from Tverrfjella is a
Class 1C type (between types 2 and 3) whilst that fromiMoldefjord is a
Class 3 but is very close to a type 2 (Fig. 2.4(a & b)). The thickness of
the limbs parallel to the axial surface (Ta) is not constant in the
Tverrfjella fold suggesting elongation of the limbs.

Ramsay (1967, p. 422) has suggested that there are only two possible
mechanisms which can account for the formation of such folds: (i) progres-
sive inhomogeneous simple shear, i.e. shear folding (Hcbbs, Means &
Williams, 1975, p. 185); (ii) a uniform homogenecus strain throughout the

region plus a progressive inhomogeneous simple shear.
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Reservations are held over the first of these since it has been
criticised as being mechanically unrealistic: Flinn (1962), Ramsay (1967,
p. 436), Hudleston (1973).

The second mechanism produces folds of types 1 or 1B ('parallel' -
Ramsay, 1967, p. 433 - see Fig. 2.4(a)) by buckling; subsequent 'flatten-
ing' (or uniform shortening perpendicular to the axial plane - Ramsay,
1967, p. 412; Hudleston, 1973) produces the similar fold, the greater the
amount of 'flattening' the closer the fold style approaches that of type 2.
However, it has been noted that the most common fold styles produced by
this mechanism are of type 3 or Class 1C, both very close to type 2
(Hudleston, 1973) the very types found in the mapped area. Therefore it
is suggested that these folds have been formed by this mechanism and that
those at Moldefjord have perhaps undergone greater amounts of flattening
than those elsewhere (thereby attaining a form closer to type 2) being
proximal to the intensely flattened fabric. Even so the limbs of these
folds still reflect vestigal parallelism with variable thickness Ta as
reflected on Fig. 2.4(a) by the upward curving of the Ta trace, as given
by parallel folds.

The folds at Tverrfjella also appear to have undergone a certain
amount of 'flattening' (the curve in Fig. 2.4(a) approaches the typé 2
form but is still upward curving) but are flat-lying which suggests that
both the buckling and 'flattening' processes have had different orienta-
tions to those at Moldefjord. It seems unlikely that the structures seen
at Tverrfjella have been reoriented to a more upright position at
Moldefjord by the imposition of the steeper structure since it is this
steep foliation which is involved in the more upright folds. Furthermore,
the prevalence of intrafolial folds in the steeper foliation and their

relative lack at Tverrfjella suggests that this steeper foliation is not
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simply a reorientation of the Tverrfjella foliation, but the product of
a new stress field. The appearance of folds similar in style in the two
places would appear to be fortuitous, although of course both are very
close to being Class 1C, the most common type.

Folds which approximate to type 2 are generally found in the central
parts of orogenic belts with regional folding and metamorphism, the zones
of crust affected being very ductile during deformation and residing at
considerable depth (Ramsay, 1967, p. 421). This is in keeping with the
grades of metamorphism seen in the deformed rocks (see Table 2.2).

Rather more open folds are also present at Moldefjord with a more
parallel form (i.e. type 1 or 1B) and generally larger than the others
(Plate 2.2(c)). These are rare and appear to be in two mutually perpendi-
cular directions as seen at Hjellvika, they generally have vertical axial
planes which strike approximately E-W and N-S. This type of fold is not
seen at Tverrfjella, although a fold style occurs there which is not seen
further south. These are open in style and large with vertical axial
planes striking approximately N-S, they are characterised by one steep
limb often sheared or faulted (Fig. 2.4 (c & d)). The presence of this
faulted limb and the general open nature of the folds suggests folding at
higher crustal levels and a resultant transiition from ductile to brittle
behaviour in the rocks (cf. Rgheim, 1972 - at Kristiansund).

The folds described here are very similar to those documented by
Lgset (1977) at Surnadal on strike to the NE, he noted three phases with
axial pl;nes trending approximately E-W:

(1) f1 isoclinals;

(ii) £, flattened flexural-slip folds;

2

(iii) £, very open with vertical axial planes;

3
he included the Surnadal syncline with the fl phase. The similarity and
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geographical proximity between these structures and those seen at
Moldefjord éuggests that they were formed by the same stress field.
Hernes (1956(a & b)) showed the Surnadal syncline extending into
Fannefjord where he termed it the Molde-Tingvoll syncline, and it would
seem reasonable to extend it further SW onto the islands in Moldefjord
although there is no repetition of rocks there to confirm this. This
possibility arises from: the similarity between the rocks on Bolsgy/
Fannefjord and Surnadal (see Fig. 2.5 - cf. Strand, 1953) and the exist-
ence of apparently complimentary large-scale structures to the NW on the
Molde peninsula. One of these is considered to be the shallow synclinal
structure on Tverrfjella (referred to in section 2.2.1), the other the
Halsa anticlinorium (Hernes, 1965 - shown on Fig. 1 of Rgheim, 1972), the
axes of these folds are shown on Map A. In addition, Hernes (1965)
locates a further synclinal structure running parallel to the crust and
through the Devonian-aged deposits there. The existence of a large syn-
clinal étructure in Moldefjord suggests that the steep foliation there
forms the limbs of such a fold and may be axial planar to it signifying a
coeval formation (cf. Lgset, 1977).

Plate 2.2(d) shows one of the almost recumbent similar folds on
Tverrfjella which exhibits gentle undulatory folds on the upper limb, these
have axial planes parallel to the Tverrfjella syncline and are interpreted
as being part of the same deformation event confirming that the folds at

Tverrfjella preceded those at Moldefjord.

2.2.3 lineations

The origin of lineations on rock surfaces has been the subject of
much debate (Phillips, 1937; Anderson, 1948; Kvale, 1953; Hooper, 1968)
since it was considered that 'a' and 'b' lineations were formed by

different processes; Fig. 2.6(a) shows the supposed relationships of the
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two to folding. However, Ramsay (1960) demonstrated that a lineation
could form at any angle to the direction of stress and therefore the terms
‘a' and 'b' were not universally applicable.

Fig. 2.6(b) shows a stereoéraphic plot of the lineations throughout the
mapped area, the two maxima represent lineations plunging between 10° and
20° in opposite directions. The lineations are non-penetrative being due
~ to mica and hornblende growth, quartz rods, feldspar augen or micro-
crenulations. The majority of these are dewveloped in those rocks which
have been affected by the imposition of the steeper foliation, i.e. the
heterogeneous rocks along Moldefjord and in parts of the augen gneiss (see
Plate 2.1(a & b)). It is considered that the spread of points on Fig.
2.6(b) can be attributed to the same large-scale undulatiocns in the folia-
tion which causes the spread of poles to the foliations as seen on Fig.
2.1(b). In an attempt to correct for this spread, each foliation contain-
ing a lineation was rotated on a Wulff (equal angle} stereonet to a datum,
here 2700, thereby rotating the lineation to a new direction (cf. Phillips,
1971, p. 28). The plot of these reconstructed lineations is given in
Fig. 2.7(a) and two compact groups now appear but no longer diametrically
opposed, this pattern confirms the field observation of two mutually
exclusive lineations (see Map A along Moldefjord coast). There could be
two explanations for this division: the direction of stretching may not
have been consistent during deformation or there has been folding sub-
sequent to the lineation-formation. It is considered that the first
possibility would produce a more randam plot of the resulting lineations
than is seen. The second possibility seems to be the more likely from
the appearance of near-upright similar folds affecting the foliation at
Moldefjord (see section 2.2.2). The hinges of these folds are rarely

exposed which would explain the lack of data points between the two maxima,
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which then represent the lineations observed on the fold limbs. In addi-
tion, it was considered that the appearance of these two sets of lineations
could be due to the effects of erosion upon these folds, such that it was
purely arbitrary as to which limb and hence which lineation would be
exposed (see Fig. 2.7(b)). To test this possibility, a stereographic
construction was employed which allowed the unfolding of these similar
folds. Theoretically, as the limbs of the folds are rotated to the hori-
zontal (i.e. zero dip) the poles to the lineations should move to the
primitive, 180o opposite, i.e. the same pole (Phillips, 1970, p. 61;
Ramsay, 1967, p. 487). 1Initially, the mean pole for the lineations was
calculated using the methods outlined in Ramsay (1967, p. 15) by comput-
ing the vectors for each pole and cbtaining the mean vector from the sum
of these. This was done on an equal-area stereonet (Schmidt net) to
remove any angular discrepancies. The mean pole to the foliations bearing
these lineations was also calculated, using the same method, and is shown
in Fig. 2.7(a) with its corresponding great circle trace which passes
very close to the two mean lineation poles confirming that the calcula-
tion method is correct. Since the limbs of the folds are ostensibly
parallel, the representati&n of these folds by one plane on the stereonet
seems permissable. When these planes are rotated to the horizontal the
poles to the mean lineations do indeed move along the small circles to

the primitive and lie opposite each other as expected (Fig. 2.7(a)). As
the liheations had formerly been reoriented to a datum the direction of
this unfolded structure is now meaningless, however it does show that the
lineation preceded the imposition of the similar folds at Moldefjord and
its formation was probably coeval with the development of the steep
foliation there. Ihe.reorientation of a lineation in this manner by fold-
ing has also been noted by Lgset (1977) in rocks to the NE at Surnadal

where the rock structures are very similar (see section 2.2.2).



A lineation of a very different type can also be found in the rocks
along Moldefjord as the orientation and alignment of pods of eclogite,
lines of which can be traced for some distance along strike at favourable
exposures, notably Julaksla Hill. Fran about Jendem northwards these pods
became increasingly less well aligned and 'zones': of apparently randomly
distributed pods are more typical, e.g. N coast of Vagdy (see Chapter 7;
Plate 7.1(b)). Thus it would appear that the lineations of pods towards
the S of the area is the result of the imposition of the steep foliation

there.

2.2.4 PFaults and Joints

The positions of most of these structures have been inferred from

- the aerial photographs, are shown on Map D, and fall into three groups:
foliation surfaces exposed on the ground, large joints and faults. Some
photo-cover was lacking over Bolsgy and Vagdy and most structures are
only visible on the vegetation-free hill tops.

The profusion of approximately E-W trending structures in the south-
ern part of the area is interpreted as the outcropping of the dominant
steep foliation there which also gives rise to a number of similarly
trending valleys particularly around Varden.

Cutting across these are a number of NE-SW trending lines whicﬁ are
interpreted as faults and which are often occupied by streams and/or lakes.
The rocks at the outlet of Haukebgelva are very disrupted and jointed,
with much epidote mineral £ill, indicative of rock brecciation and fault-
ing. This fault in particular appears to be a fairly major structure,
extending for ~10 km between Moldefjord and Malmefjord, furthermore it
displaces lithological boundaries in a sinistral manner (see Map A).

The more infrequent NW-SE trending lineaments also appear to be
faults from the examples seen on Julneset point which displace rock units

and exposes rock surfaces exhibiting slickensides and epidote mineral fill.



The number of lineaments decreases dramatically in the rocks N of
Malmefjord but these two dominant directions are still present. The E-W
trending lines present here occur mainly in the areas of migmatitic gneiss
and are almost totally absent on the Tverrfjella mountains suggesting that
the latter rocks behaved in a more competant manner, a possibility partly
supported by the field evidence which shows the garnet granulite to be
profusely jointed.

The 1ineament running through Bgrresdalen is a major fault line with
several displacements visible on the col at the head of the valley result-
ing in severe disturbance of the garnet-granulite with much pegmatite
veining and concomitant rock hydration. Several faults also exist in the
vicinity of Helvatnet. Fran the absence of the metasedimentary group on
Talstadhesten, its restricted occurrence towards the E end of the mountains,
and the displacement of the line of large marble bodies running through
the garnet-granulite the relative movements of these major faults is
postulated as shown in Fig. 2.8. The greater thickness of garnet granu-
lite on Talstadhesten, campared to the remainder of the mountains suggests
a wedge-shape for this rock unit, thickening southwards.

Jointing is abundant throughout the area and some of the larger,
master joints may be visible on the aerial photographs; once again these
are more profuse in the rocks towards Moldefjord (Plate 2.2(e)). The
structures are often filled with clinozoisite, or more rarely hornblende,
and are likely to be dilation joints. Some are probably related to the
major fold structures, particularly the Halsa anticlinorium, formed by
extension on the fold crests (Hobbs, Means & Williams, 1976, p. 294);
others may be pinnate joints directly related to the faulting (Hobbs,
Means & Williams, 1976, p. 294).

The dominant strike directions of several faults and joints have

been plotted in a rose-diagram (Fig. 2.9(a)) and display two dominant
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directions almost exactly 90° apart and therefore at 45° to the principal
compressive stress (Ramsay, 1967, p. 289). This is in accord with the
stress direction in the strain ellipse deduced from the other structures,
and the strike-slip nature of the faults.

Faults and joints are produced in rocks under conditions of brittle
deformation (Ramsay, 1967, p. 289). It is suggested that the deformation
at Molde was continuous during uplift of the rocks fram deep crustal
levels, with ductile deformation and folding, to higher levels with
brittle deformation. Hydrous fluids must have been available throughout
this deformation to produce the retrogressive metamorphism in the steep
shear zones, particularly at Moldefjord, and the hydrous minerals in

joints and the pegmatites along the fault lines.

2.2.5 The Augen Gneiss as a Strain Marker

In the field, the augen in the augen gneiss appear as ellipsoids which
exhibit varying degrees of deformation (see Plate 2.1l(b)) and a small
exercise was undertaken to see if these variations could be used as strain
markers (cf. Ramsay, 1967, Chapter 5; Hossack, 1968). Ramsay (1967, p. 122)
has defined nine camponents necessary to define hamogeneous strain in
deformed objects in rocks: three changes in length of originally ortho-
gonal lines and six changes in angles between these lines. Unfortunately
it is rarely possible to measure these in geological material especially
if the original form of the object is unknown, consequently only the
changes in length of the axes of the ellipsoid are used: X, Y and Z (where
X > Y > Z). Although this is limiting, the graphical representation can
focus attention on some important aspects of the deformation.

Flinn (1962) defined the value 'k' as representing the ellipsoid

where:
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when k = « extension is implied, when k = 1: plane strain and when k = O:
shortening. The principal strains: el, e2 and e3 cén also be calculated
by making an assumption as to the original form of the deformed object,
for the augen the easiest assumption is a sphere, élthough it was more
likely to be an ellipsoid (see Chapter 4). An important constraint on

this assumption is that it is only valid if there is no volume change

with deformation.

T XYZ

Now the volume of an ellipse 4
3

and the volume of a sphere =4 w r3
3

Therefore r3 = XYZ where r is the radius of the original sphere.

The principal strain e = L—Lo

L
[¢]

where Lo==present lengths of the half axes and L = the original lengths
of the half axes (= r). When e is negative this implies shortening, when
positive: extension, and when zero: plane strain.

Ramsay (1967, p. 330) prefers the parameter of natural strain:
£ = loge (1L + e)

which can be readily used in the examination of the history of the de-
forming body. The volume change (A) of the ellipscid can also be

calculated:

+ € (Jdeger, 1969)

log, (L+4) =¢, + €, 3

1

Few of the samples of augen gneiss lent themselves to easy measure-
ment as this required large pieces with a roughly cubic appearance to

expose the three faces of the ellipsoids. Between 10 and 20 measurements

of each axis were made in each sample and the calculated parameters are



TABLE 2.1 Data for strain analysis of the augen in the

augen gneiss

Parameters RS3 U300 U301 U302 2125
e, 1.32 0.49 0.92 1.85 1.39
e, 0.04 0.04 0.25 0.44 0.83
e, -0.58 -0.35 -0.58 -0.76 -0.77
N 0.85 0.40 0.65 1.05 0.87
€, 0.04 0.04 0.23 0.37 0.60
€y -0.87 -0.43 -0.87 -1.42 -1.47
€, - €y 0.798 0.363 0.425 0.683 0.26
(€, - €3 0.916 0.47 1.099 1.782 2.08
A 0.0l 0.007 0.003 -0.009 0.0
A 0.0l 0.007 0.003 -0.009 0.0
Z/e3 -0.012 -0.016 -0.003 0.001 0.0
k 0.816 0.73 0.265 0.198 0.16
‘r 0.6 0.77 0.6 0.66 0.7
X/Z 5.55:1  2.3:1 4.59:1 11.76:1 10.38:1

X/Z ratio indicates degree of extension in the strain ellipse
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given in Table 2.1. Both RS3 and U300 have small values for e, signifying
plane strain. In general ey is negative indicating shortening in that
axis whilst A is always small implying little volume change and thereby
justifying the assumption of original sphericity for the augen. The
values for r are also fairly constant, perhaps signifying a constancy of
original grain size between these samples. The value of k for each falls
in the range 1 > k > O indicating flattening ellipsoids, also shown by the
positive values of €

also approaches the values of £, in successively

2" %2 3
deformed samples implying progressive flattening (Ramsay & Wood, 1973) as
seen in the field.

The data is also presented graphically in Fig. 2.9(b) (after Ramsay,
1967, p. 330 and Ramsay & Wood, 1973). Since A is virtually zero the
fields of 'apparent flattening' and 'true flattening' of Ramsay & Wood,
(1973) coincide. The pattern of points seems to show a path of deformation
(Fiinn, 1962) progressing into the field of flattening and towards k = O;
the curve in this path implies that the shearing and/or the viscosity of
the rocks was variable during deformation, also shown by the varying A /53
ratios.

Although this study does contain many uncertainties and assumptions

partly due to a limited amount of data, it does show semi-quantitatively

the deformation observed in the field.

2.2.6 Conclusions

From the foregoing study, two sets of deformation structures are
apparent in the mapped area, one at Tverrfjella and surrounding ground,
the other at Moldefjord. The latter is the younger and impinges to a
certain degree upon the former.

The principal shortening strain direction for the deformation at

Tverrfjella is considered to have been almost vertical, resulting in the
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folds with horizontal axial planes and the sub-horizontal foliation. A
certain amount of extensioml strain accompanied this to produce the lines
of disrupted marble boudins (see Map B) although this disruption was un-
doubtedly assisted by the plastic flow of the marble at elevated temper-
atures as discussed in Chapter 3. The occurrence of pods of eclogite in
the quartzo-feldspathic gneisses surrounding the mountains, especially at
vaggdy and Bollen, also suggests disruption by extension. The appearance
of these eclogites in 'zones! of randomly distributed pods (see Chapter 7,
Plate 7.1(b)) suggests that the disruption was of a 'chocolate-block'
type, i.e. two perpendicular axes of extension (Ramsay, 1967, p. 1l13).
This disruption was probably assisted by the ductile flow of the less
compétent migmatitic gneiss host rocks. It seems reasonable to extend
the effects of these strains southwards to the rocks at Moldefjord, al-
though the structures so formed have been obliterated by a subsequent de-
"formation event except for small areas of relict flat foliation in the
augen gneisses.

The principal strain directions for the deformation at Moldefjord
are considered to be oriented as shown on Map D, from the nature of the
folding and faulting the deformation appears to have been simple (ir-
rotational) shear. The foliation planes at Moldefjord are parallel to
the XY plane of the finite strain ellipsoid, cf. that for shear zones
and the slaty cleavage in lower grade metamorphic rocks (Ramsay & Graham,
1970). Indeed the X/Z ratio from the most deformed augen gneiss sample
(2125 - see Table 2.1) is very similar to that given for the slate belt
in N. Wales, 6.5-10:1 (Wood, 1973). The dominant extension direction has
not only reoriented the eclogite pods into zones and lines (see Map A)
parallel to the regional strike, but has instigated boudinage within the

heterogeneous rocks at Moldefjord (Plate 2.2(f)). The strong compressional
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strain has formed the pervasive foliation here, the folding and the
conjugate fault and joint sets at different stages in the progressive
deformation as the rocks adopted different plastic and viscosity character-
istics depending upon the prevailing temperature conditions (Hobbs, Means

& Williams, 1976, p. 61).

The major folds were also formed by this event which affected the
older structures on Tverrfjella by folding and localised shearing. The
faulting can be shown to be the youngest of these structures as it trun-
cates the Tverrfjella syncline at Bdrresdalen. The event is assigned to
an uplift phase of the Caledonian orogeny, with high-level brittle failure
coeval with metamorphic retrogression (cf. Hernes, 1956a; lgset, 1977;
Krill, 1983 - see section 1.1.5), since the structures have a siumilar
orientation and style to those to the NE whilst the regional orientation
is similar to Caledonian structures in Scotland. The timing of the earlier
deformation is more difficult to pinpoint, but appears to have been co-
eval with high temperatures; evidence from the rocks at Tverrfijella,
including a Nd-Sm data of 418 % 11 (Chapter 3) suggests that this also
took place during the Caledonian but at an earlier stage. The presenta-
tion of the rocks at Tverrfjella as a definite sequence, including bands
of marble, suggests that this unit has not suffered any deformation prior
to the Caledonian orogenesis. However, the complexity of the surrounding
migmatites and quartzo-feldspathic rocks suggests that those rocks may
have been affected by a previous deformation, perhaps during the Sveco-
fennian as suggested by RSheim (1972 - section 1.1.5).

Table 2.2 summarises the deformation events in the mapped rocks and

their relationship to the metamorphic assemblages seen.
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TABLE 2.2 Sequence of tectonic events in the Moldefjord area

Nature of metamorphism

Deformation

PHASE 1

Associated with eclogite-
forming, high P-T meta-
morphism at deep crustal
levels giving ductile
deformation.

Near horizontal foliation, generally seen only
in the northern part of the area around
Tverrfjella, with 'chocolate-block' boudinage
of eclogites.

Similar style folds with near-horizontal axial
planes preserved at Tverrfjella.

?0pen style folds with single steep/faulted
limb preserved at Tverrfjella?

PHASE 2

Uplift of rocks to
increasingly higher
crustal levels with high
water activity resulted
in amphibolite/green-
schist retrogressive
metamorphism in rocks
affected by this phase.

Deformation initially
ductile, but progres-
sively more brittle.

Intense compression perpendicular to line of
Moldefjord coast forming: steep foliation,

large fold structures (Molde-Tingvoll and
Tverrfjella synclines plus Halsa anticlinorium),
intrafolial folds, lineations and reorientation
of eclogite pods at Moldefjord.

Steep shear zones at Tverrfjella.

Near upright similar folds at Moldefjord,
folding the lineation.

Open folds at Moldefjord.

Faults and joints throughout the area.
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PLATE 2.1

Transposition of the augen gneiss into a zone of flattening with
production of a mylonite and brittle failure against fairly un-

deformed augen gneiss, Mordal (971575).

Transposition of the augen gneiss from a flat-lying foliation into a

steeply dipping and flattened augen gneiss, Eidskrem (980602).

Flaggy foliation planes in the heterogeneous sequence, Mek (030577).
Note the lineation on the foliation surface. The pinch-and-swell
structure of the pegmatite implies syntectonic intrusion of the vein,

also, the partial orientation of the biotites within the vein.
Isoclinal folds in the heterogeneous sequence, Mordal (975575).

Isoclinal folds in the augen gneiss, Julaksla (991586) with thicken-
ing of the augen in the crests of the folds. Note some shearing of

the folds near to lens cap.

Flattened augen gneiss transversed by narrow shears, Eidskrem

{(980606). Note extreme extension of the augen of the left-hand side

of the picture. , o F
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(e)

(f)

PLATE 2.2

A flat-lying similar fold in the garnet-granulite, Tverrfijella

(101749). Note the prominent jointing.

Upright, similar folds in very attenuated augen gneiss, Moldeheia
(060612) . Relict augen appear above and to the right of the lens

cap.

A very large, open, parallel fold in the heterogeneous rocks, Mordal

(985572) ., Hammer at bottom of picture.

A large, flat-lying, similar fold in migmatitic rocks on Tverrfijella

peak (112753). Note the undulations in the upper 1limb of the fold.

Joints cutting an epidote-amphibolite in the heterogeneous rocks,

Mordal (978572).

Boudinage of a thin amphibole band in quartzo-feldspathic gneisses at
Julneset point (970568) . Note the rotation of the boudins and the

jointing of the host rock.
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CHAPTER 3

THE TVERRFJELLA UNIT

3.1 GENERAL GEOLOGY AND PETROGRAPHY

The great lithological contrasts within this unit have allowed sub-
division into: an extensive garnet-granulite enclosing large marble bodies
and an overlying heterogeneous sequence; each will be described in turn.
This area of ground has previously been studied by Hernes (1954b) although
his map does not include the heterogeneous sequence. (All grid references

refer to the 1:50,000 maps) .

3.1.1 The garnet-granulite

This rock is best observed on the mountains of Talstadhesten and
Heiane Allia (0873) at the western end of the Tverrfjella range. The rock
is a monotonous, fairly homogeneous, medium-grained garnet-granulite
forming large, blocky, well-jointed outcrops. The assemblage is remark-
ably consistent over such a large area: pink fractured garnet, pale green
clinopyroxene, plagioclase (“vAn 20), quartz, hormblende (a pale yellow,

8 brown, Y brown-green, y"2 = 15°) + rutile (generally attached toc opaque
grains) + apatite t calcite with a generally subidioblastic, granoblastic
(1 mm) texture. Concentrations of garnet, clinopyroxene or felsic minerals
into bands 1-3 mm ﬁhick give the rock a layered appearance (Plates 3.l(a),
(b) and (c)). Some portions are more quartz-rich (sample 1410) whilst
others have either lighter or darker green clinopyroxeges, probably
reflecting variations in their Fe-contents (Mysen, 1972). There is often
a thin 'string' of clinopyroxene between the quartz and plagioclase (cf.
Mysen, 1972 - his type 4 clinopyroxene - Plate 3.1(d)) or very thin rims

of quartz between the mafic phases in the felsic portions of the rock.

The lack of oriented minerals or foliation suggests that these variations
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reflect an original compositional layering. The only manifestation of
fabric development is lines of parallel fractures through the garnets, and
to a lesser extent through the clinopyroxenes, which are associated with
the retrogressive reaction leading to the production of blue-green horn-
blende from the garnet. Further evidence of retrogression appears as
thin kelyphite rims on the garnets, of either a blue-green hornblende or
of sub-microscopic intergrowths of hornblende and plagioclase (Plate
3.1(e)); some garnets dewvelop small grains of opaque minerals at their
rims. In general the garnets are little altered and are very consistent
in both size and appearance. They generally contain tiny inclusions at
their cores (plagioclase and quartz) although rutile and rare clino-
pyroxene also occur.

By contrast, the clinopyroxene always exhibits a symplectic texture
with plagioclase (as seen by Hernes (1954b) in these rocks), generally
developed at the centre of the original grain and approximately to the
same degree throughout the garnet-granulite. The laths and 'blebs' of
plagioclase are in the order of a few hundred microns across but can be
large enough to display twin planes. These symplectites have the appear-
ance of finger-prints and are identical to the textures described by
Mysen (1972 - his type C2 - Plate 3.1(f)). In very coarse versions of
the texture the plagioclase portions are visibly zoned (cf. Griffin &
Rgheim, 1973) . Other clinopyroxenes display a brown, turbid colouration,
again usually in the centres of the grains, which appears to be the
incipient hydration of the mineral to an amphibole. Yet others develop
small grains of opaque minerals within the plagioclase symplectite
suggesting simultaneous expulsion of Fe during the alteration (Plate

3.1(£)) .
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Besides appearing in the symplectite, plagioclase also appears in
the matrix, yet the compositions of the two are fairly consistent (“An 20).
In both cases twins are sporadically developed and weakly defined. Matrix
grains are in close association with both quartz, as rounded, slightly
strained grains, and with small unaltered grains of clinopyroxene, the
latter appearing to be a very advanced symplectic texture (Plate 3.2(a)).

The hornblende appears to be secondary for several reasons:

(i) the larger grains form a poikiloblastic texture with respect
to the plagioclase suggesting development from a symplectic clincpyroxene
by hydration;

(ii) some grains are oriented parallel to the fractures in the
garnets and therefore are likely to have formed at the same time and
under the same stress field as the secondary hornblende seen in these
fractures;

(iii) any opaque minerals in contact with the hornblende cause a
colour change in the hornblende from brown-green to orange-brown, imply-
ing disequilibrium between the two phases and a change in the Fe-oxidation
state of the amphibole.

Amphibolitisation of the garnet-granulite is very variable. The
rock appearing on the peaks of Heaine-Allia and Talstadhesten (0873),
at the W end of the Tverrfjella range, is affected relatively little
reflecting limited fluid mobility apparently prevented by a lack of
foliation through the rock. The only amphibolitisation here is restricted
to the localised fracture zones in the garnets. The nature of the
retrogression textures in the rock are very similar to those described
by Mysen & Heier (1972) and Mysen (1972) from the large (6 x 1 km)
Ulsteinvik eclogite body at Hareid, and also to the eclogites elsewhere

on the Molde peninsula (see Chapter 7), e.g. unamphibolitised symplectic
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clinopyroxenes and opaques on the rims of garnets. Mysen & Heier
attributed the lack of hydrous phases (amphibole and biotite) to the sheer
size of the body at Hareid which prevented access of fluids. Such an
explanation seems applicable here, coupled with the lack of fabric develop-
ment.

The garnet-granulite on the peaks at the E end of the range is more
generally affected by amphibolitisation, particularly SW of Helvatnet
(143756), with only a few areas of relict high-grade assemblages. This
appears to be a result of the greater degree of disturbance suffered by
the rocks there through faulting, shearing and jointing (Plate 3.2(b)).
Where very severely deformed, the garnet-granulite is transformed into an
amphibolite: hornblende (a yellow/brown, B dark green, y dark green-blue,
Y2 = 230, ~-ve), plagioclase (An 45), sericite, white mica, chlorite
(after biotite), zoisite, quartz + calcite + sphene. The fabric in these
rocks is excellent with orientation of all the phases and mortar textures
on the rims of the hornblende, zoisite and biotite. Relict garnet and
clinopyroxene occur rarely (Sample 1427).

A major fault-line passes through Bgrresdalen and is manifest on
the col at the head of the valley (097747) as severely disrupted garnet-
granulite with pegmatite intrusion and concomitant amphibolitisation
although the presence of relict rutile and clinopyroxene indicate the
originally higher-grade assemblage present in these rocks. These rocks
invariably display protocataclastic textures with mortared grain boundaries
and ribboned quartz.

Biotite appears in the retrogressed garnet-granulite adjacent to

these pegmatites, a product of the reaction:

Pyrope (Mg) + Almandine (Fe) + Grossular (Ca) + K+ + H20 -+
A J

v

garnet components
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Annite (Fe) + Phlogopite (Mg) + Plagioclase (Ca) 3.A

A
Biotite components

Furthermore, sphene is generally seen surrounding cores of ilmenite in
these rocks, a texture which appears to have been derived from the rutile-

magnetite association in the higher-grade rocks:

) . 2+ s .
4T102 + Fe203 + 28102 + 2Ca + H2O -> 2CaT18104(0H) + 2FeT103 3.B

rutile magnetite sphene Ti-ilmenite

Veinlets and 'blebs' of quartz intrude the granulite for a short distance
from the pegmatites, which appear to have acted as donors of Si4+, K+,
ca’’ and OH™ ions for these reactions to proceed.

In addition to the small-scale mineralogical variations in the
granulite, other lithological variations also occur. West of Heiane-
Allia peak (097727) a 0.5 m wide dark amphibolitic band appears contain-
ing flecks of brown carbonate (sample 1412). 1In thin-section, the typical
garnct-granulite passes into a sub-idioblastic, granoblastic clinopyroxene-
amphibole-calcite rock in which the clinopyroxene is colourless, has a
ragged appearance but is not symplectic. With a positive optic sign it
appears to be diopsidic. The amphibole is a pargasitic-hornblende (a
very pale yellow, B pale green, Yy green, Y 2 N15°) and forms large sub-
idioblastic grains. The few surviving garnets are heavily fractured
with blue-green amphibole replacement and kelyphite rims. Plagioclase
is scarce and fairly calcic (An 45). In general, the rock is more Ca-
rich and Mg-rich than the normal garnet-granulite. The granulite in
contact with this rock contains elongate, rounded grains with a dark-
brown, turbid colour and flecks of white mica at the margins. Such
grains also appear in the granulite at the Bgrresdalen col (097747) and

on the N side of Blgfjellet (135751) (sample 1434). Here the turbidity
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can be seen to be composed of a low birefringence, high R.I. phase inter-
grown with quartz or plagioclase. In addition, this intergrowth can be
seen to be developing from blades of kyanite and is itself surrounded by
clusters of sub-idioblastic, granoblastic, polygonal plagioclase (An 60)
(Plate 3.2(c)). This texture is virtually identical to those seen by
Lappin (1960) and Bryhni (1966) in eclogites, and interpreted as sym-
plectic intergrowths of corundum and oligoclase. Wikstrgm (1970a) found
a similar texture on kyanites in eclogites from Nordfjord which appeared

to be a spinel intergrown with plagioclase (An 40). The reaction:

AL,SiO, + AL,O; + SiO 3.c

5 3 2

kyanite corundum
may have donated silica to the basic plagioclase in the surrounding rock
producing a more acid oligoclase in the symplectite. Tilley (1937) found
a similar texture in eclogites, described as an intergrowth of clino-
zoisite and quartz, with the plagioclase donating Ca2+ to the clino-
zoisite (Ca2A13Si3012(0H)). In the garnet-granulite the phase with the
high relief is difficult to identify but is thought to be corundum from
its low birefringence. 1In other thin sections, hydration of the reaction
products has produced the dark, turbid areas composed of sericite and
clays with rare biotite with kyanite appearing within these patches
(Plate 3.2(d)).

In the col between Heiane Allia and Talstadhesten (091734), a thin
(1 m) coarse-grained (5-10 mm) meta-ultrabasic band occurs, passing into
heavily retrograded garnet-granulite on both contacts (sample 1413). It
has the assemblage: hypersthene orthopyroxene, pale-green amphibole
(a very pale yellow, 8 = y pale green, Yy'Z = 240) probably pargasitic-

hornblende, pale brown mica (phlogopite?), green spinel t calcite +
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serpentinised (brown) olivine. The phases are well oriented and hydrated,
with a blue-green hornblende and opaque minerals on the rims of the
orthopyroxene, garnet producing green spinel + amphibole(?) intergrowth
coronas, and olivine producing serpentine (Plate 3.2(e)). It is likely
that a competence difference between this band and the surrounding
garnet-granulite facilitated deformation and entry of fluids to produce
these hydrous minerals. However, the mica and larger laths of amphibole
appear to be primary and co-existing in equilibrium with the orthopyroxene,
garnet and olivine suggesting that this may be a portion of a hydrous

zone to a peridotite body not fully exposed here.

In a small abandoned marble quarry on the N face of Talstadhesten
(092746) the banding of the garnet-granulite is well displayed. Here a
pale brown, sub-idioblastic amphibole (a colourless, B = y very pale
brown/green, Y"Z = 240, +ve) occurs in an otherwise normal garnet-
granulite assemblage (sample 143). From the optical data this phase is
more likely to be pargasite than cummingtonite, as it has a a"a = lOo and
lacks twinning (Deer, Howie & Zussman, 1963, vol. II, p. 243 and 264).
Moreovexr, it appears to be a primary phase, for three reasons:

(i) it is not associated with symplectic clinopyroxene or kely-
phitic garnets; the latter display the typical secondary blue-green
hornblendes with plagioclase;

(ii) the garnets contain inclusions of the mineral;

(iii) it is in apparent textural equilibrjium with the garnet and
clinopyroxene whilst contacts between it and grains of opaque minerals do
not display the colour change, as seen in the secondary hornblendes.
Mg-Ca-rich amphiboles such as these have been previously noted in rocks
formed under eclogite-facies conditions (Lappin & Smith, 1978; Smith,

1982).
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3.1.2 The Marble

Throughout the garnet-granulite, except in the very western part,
several bodies of marble occur. These vary in size, from 1 x 0.5 km at
Trollvatnet, down to a few metres, and take the form of elongate ovoids
with long axes oriented E-W. From field mapping, distinct zones of
these masses have been discerned (see Map B, cf. Hernes, 1954b) which are
interpreted as mega-boudins disrupted from originally continuous bands.
The rock weathers to blue-grey coloured, rounded outcrops with an abrasive
surface of coarse (0.5-1 cm) crystalline calcite. The purity of the rock
(see Table 3.3, analysis TL1l) has resulted in quarrying at several
localities for the production of carbide, although the rock is also used
locally for agricultural lime and roadstone. The quarry roads provide
relatively easy access to the mountains and excellent exposures of marble-
granulite relationships at Langvatnet (085782), Talstadhesten (097751),
Snipen (1675) and Langnes (174758).

The marble is generally blue-white in colour, massive, unfoliated
and coarse-grained, typically S cm but up to 10 cm. In thin section it
is almost mono-mineralic with a granoblastic texture of calcite plus tiny
scattered grains of quartz and sulphides. There is no dolomite. At some
confacts with the garnet~granulite the marble can take on a pale red,
pink or orange colouring (cf. Vogt, 1896; Bugge, 1905) e.g. Langvatnet
quarry (085752), although there is no visible reason for this in thin
section, e.g. Fe-staining or the appearance of siderite.

Three types of contact between the garnet-granulite and the marble
have been noted:

(1) plastically interfolded, thin (5-10 am) bands;
(ii) gradational, with mixed rocks, i.e. clinopyroxene, hornblende,

biotite in calcite;
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(iii) sharp (Plates 3.2(f), 3.3(a), (b) and (c)).
Even when occurring as thin bands within the garnet-granulite the marble
is still very pure, although pyrrhotite is a common accessory phase.
This interbanding can be seen in the quarry at Langvatnet and displays
intense, almost ptygmatic, deformation (Plate 3.2(f)). This plasticity
is also visible on a larger scale at the NE end of Langvatnet quarry
(085752) where a large lobe of garnet-granulite extends into the marble
(Plate 3.3(a)). Both of these examples suggest great differences in
canpetence between the two lithologies, perhaps with the deformation of
the marble assisted by gliding along the calcite twin/cleavage planes. It
has been shown that at temperatures above about 400°C marble undergoes
steady-stage flow causing recrystallisation and reorientation of the
'grains (Heard & Raleigh, 1972). The lack of oriented grains in this
rock suggests that post-tectonic annealing has occurred (Heard, 1963).

It is considered that the disruption of the marble into these mega-
boudins played a major role in the disruption and associated retrogres-
sion of the adjacent garnet-granulite. In the vicinity of these bodies
the dip and strike of the layering in the garnet-granulite is disturbed
and assumes a random pattern. Furthermore, the garnet-granulite out-
cropping at the E end of the Tverrfjella range is even more disturbed,
where there is a prevalence of marble bodies, than at the W end where the
marble is absent (see Map B).

Running parallel to and a few centimetres on either side of the
bands of garnet-granulite within the marble are thin (5 mm) discontinuous
bands of green minerals, these are well exposed in the quarry at
Langvatnet (085752). They have variable assemblages, but owverall are

Ca-rich with some Fe phases:



Clinopyroxene, colourless and ragged with patchy alteration to a
green Fe-actinolite (o pale-green, B green, y blue-green, Y2 = 100, ~ve -
Plate 3.3(d));

Scapolite as rounded grains with turbid cores and cleavages, the high
birefringence of this phase suggests a meionitic (Ca) composition (Deer,
Howie & 2Zussman, 1963, vol. IV, p. 328);

Bright—-green clinopyroxene, typical of calc-silicate assemblages
(Knorring & Kennedy, 1958);

+ zoisite + quartz + biotite (producing clays and/or chlorite) +
opaques + brown hornblende (a brown-yellow, B = y dark green, Yy 2 = 160,
-ve) * plagioclase.

Many of these phases are in disequilibrium with each other. Quartz
adjacent to calcite produces a thin rim of colourless-pale-green mineral,
often pleochroic and associated with tiny grains of an opaque mineral.
This is considered to be actinolite (Caz(MgFe)sSiaozz(OH)2 - Plate 3.3(e)).

Two distinct relationships are seen between scapolite and zoisite.
Scapolite surrounds and replaces zoisite (cf. White, 1959) and a sym-
plectic intergrowth of calcic plagioclase and zoisite replaces scapolite
(cf. Parras, 1958; Aitken, 1983 - see Plates 3.3(f) and 3.4(a)). Both of

these can be represented by two-stage reactions:

2C32A13Si3022(0H) + C02 -+ 3CaA1251208 + CaCO3 + H2O 3.D

epidote component anorthite
i.e. a dehydration/carbonation reaction.

The anorthite then reacts with the calcite to give scapolite.

3CaAl,S$1,0p + Cac0, + Ca,Al 1.0, 00, 3.E

anorthite meionite end-member
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The reversal of these reactions represent the second observed texture.
It is possible that the first texture was a direct reaction as no plagio-

clase is visible:

3Ca2A138i3012(OH) + CO2 -+ Ca4A16516024CO3 + H20 3.F

epidote component meionite
Parras suggested the following reactions for his observed textures:

Scapolite = plagioclase + calcite + sericite

Scapolite + epidote + plagioclase + idocrase * grossular
The second of these does not seem applicable to the studied rocks as
neither idocrase nor grossular are present. However, the former may be
represented by the cloudy portions seen in the centres of the scapolite
grains.

The appearance of a tremolitic amphibole from a clinopyroxene

(plate 3.3(d)) is best expressed by the reaction (ignoring Fe):

SCaMg(SLO3)2 + HO + 002 > Ca2M95518022(OH)2 + 3Caco3 + 28102 3.G

diopside tremolite
i.e. hydration and carbonation.
Scapolite is considered to be a diagnostic phase of the granulite
facies (Turner, 1968, p. 329, see Fig. 3.4(a)) and its appearance here,
rather than anorthite, which it chemically resembles, is controlled by

the availability of CO,, and high temperatures and pressures (Newton &

2
Goldsmith, 1975; Goldsmith & Newton, 1977). Several other anion species

can be included in the structure, e.g. 8042_, F-, Cl~. Parras (1958)

found that scapolite tended to occur in rocks with a Ca:(Ca + Al + Na + K)
ratio >0.39, otherwise plagioclase would appear. Thus, not only are high

P, T and xco conditions required to produce scapolite, but also a deficiency

2
of AL + Na + K relative to Ca, indeed the observed assemblages plotted on
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the ACF diagram (Fig. 3.1(a)) shows these impure marbles to be relatively
poor in Al (reflected in the lack of garnet). The presence of scapolite
in metabasic rocks has been attributed to the metasomatic introduction of
SO42_ or C032_, i.e. 'scapolitisation' (e.g. Knorring & Kennedy, 1958;
Rollinson, 1980). As both sulphides and carbonates exist in these rocks,
and would have provided these elements, it seems unnecessary to invoke
metasomatism here; consequently the scapolite is considered to be a
product of high T and P metamorphism.

In some places prominant green bands 2-3 cm in width appear within
the marble and have sharp contacts with it. These have the assemblage:
colourless clinopyroxene + oligoclase + minor secondary hornblende +
opaques + sphene + biotite {(producing chlorite). Although these bands
are in proximity to scapolite-bearing marble they lack that phase
suggesting:

(i) ca:(Ca + Al + Na + K) <0.39, also suggested by the presence of
aluminous phase;
or (i1) a lack of fluid mobility between the marble and the meta-basic
rocks which would have provided the CO32— and 8042— necessary to transform
the plagioclase into scapolite.

Although the general mineralogy of these bands in the marble
indicates formation during high-grade metamorphic conditions, rutile is
absent and sphene appears as the dominant Ti-phase. However, even at

moderate P at high temperatures the following reaction occurs

co,

(Schuiling & Vink, 1967; Hunt & Kerrick, 1977):

+ +
TiO2 + CaCO3 5102 -+ TiCaSiO5 CO2 3.H

rutile sphene

(see Fig. 3.1(b)).
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Similar bands are also exposed in the quarries on the north side of
Talstadhesten (097751). Here sphene produces rutile together with quartz,

i.e.

: . + . + Ti .
'I‘lCaSJ.O5 C02 > CaCO3 + S:LO2 T102 3.1

sphene rutile
a reversal of reaction 3.H. However the presence of a sulphide phase may
be contributing Fe to the reaction or acting as a catalyst or nucleation
point (Plate 3.4(b)).

Calcite and plagioclase also appears here; in clasts with white mica,
the latter is both fibrous and coarse and the texture appears to be
similar to the calcite + plagioclase + sericite products from scapolite
observed by Parras (1958). Scapolite also appears in apparent symplectite
intergrowth with green hornblende. If the scapolite is occurring instead

of a plagioclase, a possible series of reactions could be:

Ca(Fe, Mg) pyroxene + H,O + Ca-plag + (Fe, Mg) hb

2

Ca-plag + CO, =+ Ca scapolite

2

Besides these thin calc-~silicate bands, coarsef garnet-clinopyroxene
rocks appear as thick (0.5 m) bands and pods, the latter apparently dis-
rupted from the former, in several localities but particularly in the
quarries at Snipen (1675) (Plate 3.3(c)). These generally display sharp
contacts with the marble and can contain coarse garnets (5 mm). They
are unfoliated, porphyroblastic (clinopyroxene and garnet) and sub-
jdioblastic, with the general assemblage of: colourless clinopyroxene,
meionitic scapolite, biotite, plagioclase (An 35-40), quartz + sphene +
calcite * Kspar * garnet (sample 102). The plagioclase often displays a

polygonal texture. The clinopyroxene has the typical ragged appearance,
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poikiloblastic with respect to calcite and is also symplectic with plagio-
clase. The garnet is sieved with quartz and has ragged margins. The lack
of any fabric suggests that the marble acted as a protective 'jacket'
around these rocks and absorbed any stress by undergoing ductile flow.

The major differences between these bands and the calc-silicate type
described earlier are:

(1) abundant garnet, implying higher Fe and Al concentrations;
(ii) appearance of K-feldspar and biotite implying higher K
concentrations;

(iii) presence of anatectic material.

Even with these increased contents of Al and K, scapolite still
appears suggesting either a high Ca:(Ca + Al + Na + K) value in these
bands or perhaps a locally higher C02. This scapolite éxhibits extensive
development of a brown turbid alteration generally confined to the centres
of grains with thin, clear rims, which are only turbid along cleavages.
This alteration appears to be sericite and calcite with trails of tiny
opaques with the sericite often recrystallising into blades of white mica.
The appearance of this K phase within the scapolite is most likely to have
been assisted by the influx of the anatectic material. This appears as
thin veins cutting across the calc-silicate phases, and can make up to
30% of the rock. The assemblage is: quartz + plagioclase (albite-oligoclase)
+ microcline, with antiperthites and perthites respectively. The quartz
reacts with the scapolite to produce a clinopyroxene rim (cf. Plate 3.3(e))
which can be traced into, and is in optical continuity with, the primary

clinopyroxene (Plate 3.4(c)). A proposed reaction is:

Melonite + quartz + diopside component + anorthite + 002

The anorthite product is not seen at the contact and may have contributed

to the melt, although it may equally well have entered the scapolite.
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Elsewhere, the scapolite is separated from the veining by a band of
plagioclase, and there is no clinopyroxene present. It is possible that

in these cases a localised high P from the melt, caused the break-

'
HZO

down of scapolite (i.e. a reversal of reaction 3.E):

Ca4A16816024C03 -+ 3CaA1251208 + CaCO3 3.3

Meionite component Anorthite component

One isclated pod contains the unusual assemblage of: coarse, colour-
less, ragged clinopyroxene (+ve sign - diopsidic), meionitic scapolite,
biotite, irregular calcite + quartz + plagioclase (An 33) in a sub-
idioblastic unfoliated texture (sample 1416). However, the biotite is
idioblastic and random, appears to overgrow the other phases and often
forms a poikiloblastic texture with scapolite or is surrounded by a thin
rim of the same. A major difference between this pod and the others
described so far is the lack of garnet. It is possible that the biotite
is a breakdown product of this phase via hydration, but it is difficult
to see how the clinopyroxene could have escaped such hydration and how
the scapolite was able to form in such an environment. However the rock
is Al-poor (see Table 3.3) despite the appearance of a mica, which may
have precluded the formation of garnet.

Rocks with abundant hydrous phases also appear as bands in the
marble as clots of chlorite and hornblende, particularly at Langnes
quarry (174758), often with grains up to 10 cm across. These suggest
that large quantities of Hzo were present in localised areas of the
marble presumably during the waning stages of metamorphism since the two
minerals are seen to replace clinopyroxene and biotite.

At the northern end of these workings late pegmatites cut the marble

and the clinopyroxene-bearing rocks within it. Very large hornblendes
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appear at the contact between the mafic bands and the marble whilst
scapolite appears as a pegmatite phase (cf. Deer, Howie & Zussman, 1963,
vol., IV, p. 333). Compared to the scapolite previously described these
grains are very coarse (V10 mm), possess low birefringence colours
suggesting more sodic compositions and contain trails of tiny opaques.
As pegmatitic scapolite forms in environments rich in volatiles such as
C02, Cl etc. (Deer, Howie & Zussman, 1963, vol. IV, p. 33l1) it suggests
that this pegmatite was locally derived from the marble. The pods and
bands in the vicinity tend to contain large amounts of hornblende and
amphibolitised clinopyroxene, whilst sphene is ubiquitous.

The occurrence of the thin bands and layers of calc-silicate
minerals within the marble, which are considered not to be the products
of metasomatism, seem best related to impurities in an original sedi-

mentary limestone:

Detrital mineral Donated element Resultant phase
sulphide Fe hornblende
5042_ scapolite
Ti sphene
clays K biotite
Al {zoisite
quartz Si quartz, silicates
calcite Ca calc-silicates
C032_ scapolite
salt? Na/Cl scapolite
+ pore water? Hzo hydrous phases

The presence of Mg-phases (e.g. diopside) in a dolomite-free limestone,
suggests that the limestone and the garnet-granulite were interbanded

and mixed prior to the metamorphism.
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3.1.3 The Heterogeneous Rocks

Above the garnet-granulite, with the encloéed marble bodies, at about
550 m, other more varied rocks begin to appear: quartzo-feldspathics,
amphibolites and pelites. The layered nature of these rocks is well
exposed on the N face of Trolltindane (117750 - Plate 3.4(d)).

On the N side of Bgrresdalen col (097741) there appears a thin (25 cm),
white band interlayered with the garnet-granulite. This contains conspi-
cuous, large (2 cm) pink garnets, sieved by quartz and clinozoisite in
'S-trails', set in a groundmass of anti-perthitic plagioclase (An 35) +
quartz + bent kyanite + strings of colourless clinopyroxene. The kyanite
is breaking down to biotite and plagioclase (+ corundum?) - see reaction
3.C). The clinozoisite inclusions show a symplectitic-like alteration to
a plagioclase, which superficially appears to be similar to the texture
seen in the marble (reaction 3.D) although no calcite is visible here
(compare Plates 3.3(f) and 3.4(e)). The reason for including this
particular rock here is that its assemblage shows a greater similarity to
the heterogeneous quartz-feldspathic rocks described below, rather than to
the variations previously described in the garnet-granulite. Furthermore,
the band has sharp contacts with the garnet-granulite rather than grada-
tional boundaries suggesting a distinct lithological type rather than a
gradational compositional variant of the garnet-granulite.

On the E side of Bgrresdalen col (100750) well foliated, fine-grained,
quartzo-feldspathic rocks appear, often with coarser migmatitic portions.
The palaeosomes have the general assemblage of: sodic plagioclase, micro-
cline, quartz, biotite, hornblende * garnet., The neosomes have more
equant, sub-idiablastic feldspars and unstrained quartz + biotite +
apatite. One example possesses two fabrics, the primary alignment of

garnet and biotite has been cut by later fractures resulting in retrogres-
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sion of the garnets and sericitisation of the feldspars. These later
fractures are related to the faults running through Bgrresdalen. These
rocks become mylonitic or protomylonitic further up the ridge to Tverrfjella
peak with relict feldspars and hornblende in a well comminuted matrix;

such rocks are also found on the S-facing slope of Tverrfjella (108750).

The neosome portions of these rocks are only slightly deformed, as granula-
tion of the feldspar contacts, placing their time of formation towards

the end of the deformation episode.

Further up this ridge a well defined gully appears in the hillside
which can be traced for some distance downhill on the aerial photographs
and is interpreted as part of the Bgrresdalen fault system. However, this
dislocation does not seem to be the cause of the cataclastic textures in the
rocks here since it cuts these rocks perpendicular to the mylonite fabric.

On the Tverrfjella peak (111753) these quartzo-feldspathic rocks be-
come flaggy with a foliation well defined by both biotite and the neosome.
Biotite is often sufficiently profuse to make the rock semi-pelitic. The
palaeosome has a similar assemblage to the rocks already described, but
in addition contains small garnets and rare kyanite which again reflect
the pelitic and hence more aluminous nature of the rock. Deformation in
the neosome is restricted to suturing of the quartz boundaries.

These flaggy rocks also appear on Blgfjellet peak (137750) with
similar assemblages, although a certain amount of intermediate birefring-
ence scapolite (i.e. intermediate Na-Ca composition) appears in the more
mafic portions of the rocks. This phase exhibits the same turbid
alteration products as the scapolite in the impure marble; here it co-
exists with calcic plagioclase (vAn 80). Again the neosome portions are
only slightly deformed with granulated biotite and feldspar and strained

quartz.
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Approximately 10 m up the ridge from the gully at (102751), massive,
dark, medium-grained garnetiferous amphibolites appear. A distinctive
feature of these rocks in thin-section is the presence of poikiloblastic
hornblendes (a yellow-brown, B green-brown, Yy green-blue, Yy Z = 160)
enclosing biotite, plagioclase (An 68), quartz and rarely, garnet. Also
present, but not enclosed are green symplectic clinopyroxenes similar to
those seen in the garnet-granulite. These are partially amphibolitised
and it is considered that the poikiloblastic hornblendes are extreme
versions of this hydration of the clinopyroxenes, resulting from the
alteration and coalescence of several adjacent clinopyroxenes and their
inclusions. The garnets are ragged, sieved with quartz and have kelyphite
rims especially when they are adjacent to the poikiloblastic hornblendes
which have apparently assisted in the hydration of the garnet. The plagio-
clase exsolved from the garnet during this alteration is evident as a
thin rim between the garnet and poikiloblastic hornblende; the garnet can
also appear as strings of rounded grains. Rutile is ubiquitous and
associated with opaque phases whilst the biotite is transformed into
chlorite + opaques. These rocks appear to have been original eclogite-
facies rocks which have been even more heavily retrogressed than the
garnet-granuli te.

A further 50 m up the ridge from this locality, this rock is seen
grading into a quartzo-feldspathic-rock over a distance of a few milli-
metres: In thin-section this junction is seen to be non-tectonic and is
marked, in the mafic rock, by an increase in the proportion of oligoclase
(heavily altered), a decrease in the proportions of clinopyroxene and
amphibole and a diminution in the size of the garnets. The felsic rock
is strongly altered, through shearing, with chlorite and white mica

replacing biotite and feldspar respectively.
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These eclogite-facies rocks with relict garnet and clinopyroxene
also appear on Heldalstind peak (149750). Here the clinopyroxene is pale
green and symplectic with coarse plagioclase (An 20) and some amphibolit-
isation (cf. Mysen's 1972 type Clb).

These rocks also appear on the W peak of Blgfjellet (140750) , but
differ from those described above by possessing narrow quartzo-feldspathic
veins parallel to a crude sub-horizontal foliation. These differ from
the migmatitic portions in the quartzo-feldspathic rocks by being heavily
tectonised with much ribboned and strained quartz and are interpreted as
original features rather than melt portions.

On Trolltindane (l116751) pelites appear, both massive and well
foliated, with foliation surfaces possessing a purple sheen but weather-
ing to a rusty colour. They are highly aluminous with biotite, kyanite
and garnet. Feldspars are porphyroblastic, antiperthitic oligoclase/
albite, strained and cracked with granulited margins, and K-feldspar;
both contain rounded 'blebs' of quartz. Quartz occurs in ribbons. Apatite
and opagques are accessories. The biotite is very granulated but very
well oriented with some later idioblastic blades overgrowing the fabric.
The kyanite forms broad blades which are bent, strained and fractured
(i.e. pre-tectonic) often altered to mica or sericite at the margins.

The garnets are also syn-tectonic with 'S-trails' of quartz and zoisite.
The K-feldspar is untwinned and typically displays a growth of fibrolite-
sillimanite and quartz when adjacent to biotite (Plate 3.4(f)). A
similar texture has been described by Tozer (1955) and Francis (1956),
who both considered that the sillimanite was developing from the biotite,
and Gavelin (1975) who suggested an addition of 8102 to and a loss of K+

from the feldspar. Vernon (1979) suggested a base iron exchange reaction:
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. + . + .
2KAlSl308 + 2H = A125105 + 2K + HZO + 55102 3.K

K-feldspar
+ . . , . . .
The free H radical being derived from a cordierite + green biotite -
brown biotite breakdown. However, no relict cordierite or green biotite

is present here. An alternative reaction could be:

2KAlSl308 -+ A128105 + 58102 + K20 3.L

K-feldspar Sillimanite
perhaps with the KZO entering the biotite or the melt component. This
melt is present in small migmatitic blebs and streaks of quartz and
albitic anti-perthitic plagioclase with rare K-feldspar.

Semi-pelitic rocks occur on the ridge N of Trolltindane. Compared
to the pelites these have greater amounts of plagioclase, less garnet
(and smaller) and lack an alumino-silicate; the proportion of neosome is
greater and coarser (5 mm) with equigranular albitic plagioclase and K-
feldspar + rounded quartz all with slightly granulated boundaries.

An important feature of both the pelites and semi-pelites is that
they lack any sort of white mica: phengite, paragonite or muscovite.
Heinrich (1982) has studied pelites in the Alps containing: garnet +
paragonite (Na-mica) + phengite (Mg-mica) * kyanite % quartz which he
interpreted as an assemblage co-facial with the enclosed eclogites.
Subsequent retrogression caused the breakdown of the phengite and garnet
to a symplectic intergrowth of biotite and K-feldspar with the release of
significant quantities of water, which hydrated the eclogites. The
absence of this biotite-K-feldspar symplectite from the Tverrfjella pelites
suggests that phengite was never present in those rocks, although the
texture may have been obliterated during subsequent deformation and the

formation of the biotite fabric.
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Scattered calc-silicate rocks occur within this sequence of mixed
rocks. The outcrop on the E ridge of Blgfjellet (144750) passes into the
garnet-granulite and coarse marble, and contains the assemblage: pale
green pleochroic clinopyroxene, hornblende (a straw, 8 dark-green, y green,
Y'zZ = 180), meionitic scapolite, calcite, clinozoisite, sphene, opaques +
K-feldspar + sodic plagioclase + biotite (to chlorite). This is a mixed
calc-silicate/garnet-granulite rock of the type at Langvatnet quarry
except that it has a greater areal extent and outcrops some distance from
the marble. An interesting feature of the rock is that the clinopyroxene
contains inclusions of scapolite. This may be a symplectic-like reaction,
as seen in the garnet-granulite, with high PCO producing scapolite rather
than plagioclase (see reaction 3.E). Thin maréles also appear inter-
layered with all these rocks. An example occurs in the flaggy migmatitic
semi-pelite on Tverrfjella (111753); this is 1 m thick and fairly impure
compared to the marbles occurring within the garnet-granulite, with the
assemblage: meionitic scapolite, colourless diopsidic clinopyroxene,
quartz, pale-green hornblende, biotite and calcic plagioclase (after

zoisite?), profuse opague minerals form a crude layering. The band dis-

plays a pinch and swell structure suggesting plastic deformation.

3.1.4 The nature of the basal contact of the Tverrfjella Unit

The rocks which appear below the garnet-granulite are heterogeneous,
migmatitic quartzo-feldspathic gneisses, described in Chapter 4. The
division between these rocks and those of the Tverrfjella Unit is based
upon the apparently abrupt change in lithological type between the
gneisses and the garnet-granulite. The words 'apparently abrupt' are
used here because of uncertainty over the true nature of the basal contact.

Due to dense forestation and steep slopes the access to and examin-

ation of good localities is restricted. Only at one locality has a
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physical contact been observed although a junction can be inferred at
three other localities.

In Haukgselva (077730), on the W slopes of Talstadhesten, a sharp
contact between the garnmet-granulite and an underlying quartzo-feldspathic
gneiss is visible. Unfortunately, the relationships are complicated by
the intrusion of a pegmatite here, although the vein does not actually
pass along the contact. The garnet-granulite contains an assemblage
very similar to that of a moderately retrogressed example, as described
earlier. However, in addition the rock contains blades of biotite,
oriented into a crude foliation, for about 10 cm away from the contact.
This biotite is the product of the alteration of the garnet in the
garnet-granulite (see reaction 3A) and itself has been further altered
to chlorite + opaques. Symplectic clinopyroxene is also present although
the secondary pyroxene has been fairly well amphibolitised.

In the quartzo-feldspathic rock tiny garnets appear for about 10 cm
away from the contact. Apart from this mineral the assemblage is
similar to that seen in the quartzo-feldspathic rocks farther down the
hillside (described in Chapter 5): sodic, antiperthitic plagioclase,
quartz, biotite, K-feldspar * hornblende. The nature of the contact is
similar to those seen between eclogite pods and surrounding quartzo-
feldspathic gneisses elsewhere on the Molde Peninsula. Although the
appearance of biotite adjacent to the contact is common in the eclogite
pods, the presence of garnet in the surrounding quartzo-feldspathic
rock is quite rare. This type of contact, in the case of the eclogite
pods, is interpreted as the result of local metasomatism and ionic
exchange between the eclogite and quartzo-feldspathic gneiss (cf. Bryhni
et al., 1969). Such an interpretation also seems applicable to the
contact between the garnet-granulite and quartzo-feldspathic gneiss since

the garnet-granulite is mineralogically similar to the eclogites.
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The three localities where the basal contact can only be inferred -
are: Trolladalselva (122738); an approach road to Steinbrudd quarry
(162745) and SW of Helvatnet (143755). At each of these localities
quartzo-feldspathic gneisses appear; these rocks are all fairly massive
and fine-grained with the general assemblage of: anti-perthitic plagio-
clase (An 10-30), quartz, K-feldspar (generally as microcline or as small
‘augen' porphyroblasts) + biotite (often to chlorite) * garnet * horn-
blende. The gneiss at Helvatnet contains migmatite portions of: micro-

" cline, quartz and anti-pertitic, sodic plagioclase + biotite. These
assemblages relate these rocks to the massive, heterogeneous, migmatitié,
quartzo-feldspathic gneisses outcropping on the lower ground around the
Tverrfjella mountains (Map B), rather than to the quartzo-feldspathic
gneisses in the heterogeneous group of rocks within the Tverrfjella Unit
itself which are more micaceous and flaggy, often with substantial contents
of scapolite and garnet. Furthermore, the geochemistry of these rocks
(samples 1114 and 1115 at Helvatnet and Steinbrudd respectively) relates
them to the heterogeneous migmatitic gneisses as discussed in Chapter 5
(see Table 5.2).

Although the evidence is restricted to one locality, the Twverrfjella
Unit appears to lie directly on the heterogeneous migmatitic gneisses.
However, it cannot be stated unequivocally that the junction is sharp
everywhere on the basis of this one exposure.

Fig. 3.2 shows the vertical relationships of all the rock types

described in this section with their estimated thicknesses.

3.1.5 Discussion of petrography

The general assemblage of the garnet-granulite observed at present
(garnet + clinopyroxene + plagioclase + quartz) indicates that the rock

formed under high-pressure granulite facies (as defined by Green &
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Ringwood, 1967a). However, the rock displays certain textural features
which suggest that it has suffered metamorphism at higher conditions. 1In
this respect the most important of these textures is the intergrowth of
sodic plagioclase with pyroxene, which is caused by the loss of jadeite
component (NaAlSiZO6) from an original omphacitic clinopyroxene, a
reaction driven by a decrease in P or an increase in T (Wikstrgm, 1970b).
Several mechanisms for the breakdown reaction have been proposed and are
feviewed by Mysen & Griffin (1973). The important feature of the break-
down reaction is that it cannot be isochemical if all the phases involwved
are to remain stoichiometric. Mysen & Griffin have suggested that
stoichiometry of the clinopyroxene can be maintained during breakdown by
the oxidation of Fe2+ in omphacite to Fe3+ in diopside (cf. Forster,

1947 and Wikstrgm, 1970c):
ferrous omphacite + 02 + augite + magnetite + plagioclase 3.M

Such a reaction is visible in those clinopyroxenes in the garnet-granulite
which exhibit grains of opaque mineral within the symplectic texture
(Plate 3.1(£f)).Mysen & Griffin suggested that the breakdown reaction is
not only controlled by P and T, as proposed by Wikstrgm, but also by the
oxygen fugacity. They also suggested that the breakdown could occur

through the addition of SiO2 (cf. Mysen, 1972):

NaAlSi,0 + Si0, + NaAlSi;Op 3.N

jadeite component albite
although they considered that the supply of S;'Lo2 would not be fast
enough for the breakdown to proceed to the degrees observed in eclogites
unless the pyroxene involved was immediately adjacent to a quartz grain.
Wikstrgm. (1970c) also demonstrated that the subsequent loss of

Ca-Tschermaks component from the clinopyroxenes would cause the secondary
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plagioclase to become progressively more calcic. This reaction can also

be expressed as the addition of SiO2 (cf. Mysen, 1972):

CaA123106 + 5102 -+ CaA1281208 3.0
Ca-Tschermaks anorthite
component

Both the composition of the plagioclase inclusions in the clinopyroxene
symplectites observed in the garnet-granulite (vAn 20), and the occurrence
of zoning in some of these inclusions indicates that both the Ca-Tschermaks
and jadeite components have been lost from the original clinopyroxene.

A feature of these symplectite textures in the garnet-granulite is
their degree of development, compared to eclogites elsewhere on the
Molde Peninsula, with the secondary plagioclase grains generally display-
ing triple-point contacts within scattered irregular grains of secondary’
clinopyroxene (see Plate 3.2(b)). This texture is interpreted as the
result of the rocks being held at fairly high temperatures during the
depressurisation and oxidation events necessary for the breakdown of
the original clinopyroxene. This would then permit the annealing of
the secondary plagioclase so formed.

The origin of the thin rims of clinopyroxene, between plagioclase
and quartz in this rock (Plate 3.1(d)) are problematical. A similar
texture described by Mysen (1972) from the Ulsteinvik eclogite, was
attributed by him to clinopyroxene growth subsequent to the metamorphic
culmination but prior to the formation of the symplectic clinopyroxenes.
An alternative explanation is that since the rims of clinopyroxene in
the garnet-granulite are in optical continuity with the secondary,
symplectic clinopyroxene, they too are secondary clinopyroxenes with
the expulsion of the plagioclase having been assisted by the proximity

of the quartz as suggested by Mysen & Griffin (1973).
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It is considered that the appearance of the symplectic texture
implies that the clinopyroxenes were once omphacitic. This proposition,
together with the observation of relict unsymplectic clinopyroxene in
plagioclase-free assemblages, suggests that all this rock once possessed
a typical eclogite assemblage: garnet + omphacitic clinopyroxene *
rutile t quartz (Eskola, 1921). By way of confirmation, such clino-
pyroxene symplectic textures are also present in the eclogites present
elsewhere on the Molde Peninsula (see Chapter 7). Furthermore, the
garnet-granulite exhibits: kelyphitic garnets, pargasitic hornblendes
and kyanite breakdown symplectites all of which have been described
from other occurrences of eclogites in the Basal Gneiss Complex.

In his study of the eclogites éf Norway, Eskola (1921, p. 19)
analysed a garnet fromthis garmet-granulite and considered the rock to
be a true eclogite but without any genetic connection with the enclosed
marble bodies. Hernes (1954b) also considered the rock to be of eclogite
facies and to have suffered retrogression to different degrees in
different parts of the body. However, Hernes also described two textural
features which were not noticed in this study: the occurrence of small
garnets between the plagioclase and pyroxene, and the recrystallisation
of plagioclase, through granulation, from larger laths of plagioclase.
He compared both of these textures to similar ones found in meta-
dolerites (Gjelsvik, 1952) and interpreted them as evidence of prograde
reactions from an original gabbroic assemblage to eclogite. No texture
remotely similar to the strings of garnet between plagioclase and
clinopyroxene has been observed in this study; as stated in section
3.1.1 the gamets are very regular in both size and form. However, it
is suspected that the recrystallised plagioclase from originally larger

laths may be Hernes' interpretation of the texture of polygonal secondary
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plagioclase which can occur in fairly large clusters. Even so, these
discrepancies in observation and interpretation of the textures present
do not detract from the common interpretation of the garnet-granulite
being a variably retrogressed eclogite.

The pelitic rocks in the heterogeneous sequence in the Tverrfjella
Unit are mineralogically similar to the khondalites of Ceylon, which
contain the assemblage: quartz + perthite + garnet (+ plagioclase +
kyanite/sillimanite) and are interpreted as Al-rich sediments metamorphosed
at granulite facies (Turner, 1968, p. 328). Two particular features of
the pelites also suggest a high P-T origin: the appearance of biotite as
a stable phase, and the present of quartz + K-feldspar * plagioclase
portions as veinlets and blebs. The latter are interpreted as melt
portions for three reasons: they cut other phases, they are coarse-
grained and they are relatively undeformed suggesting that they were not
coherent until some time after the metamorphic/tectonic culmination.
Furthermore, the absence of muscovite mica, except as secondary replace-

ment of kyanite, suggests that the reaction:

mscovite + quartz + Al-silicate + K-feldspar (melt) + HZO 3.p

has occurred (Winkler, 1976, p. 308). This reaction is very dependent

upon both the xH o in the rock (Kerrick, 1972) and the An content of the
2

associated plagioclase (Winkler, 1976, p. 315). Fig. 3.3 shows the
experimentally determined melting curves of sewveral 'granite' systems.
point A shows that with only Or present muscovite will begin to melt at
6.8 kbar and ~730°C, with the addition of Ab component, the muscovite
begins to melt at 3.8 kbar and 650°C: point B. Both of these points
fall within the stability field of sillimanite although kyanite is the

stable Al-silicate in the pelites. However, at lower values of X, o the
2



muscovite-melting reaction moves to lower temperatures (Chatterjee &

Johannes, 1974), a curve at X = 0.4 is shown on Fig. 3.3 (after

HZO

Holdaway & Lee, 1977), and the granite melting curve moves to higher
temperatures (Q + Ab + Or - 'dry' from Winkler, 1976, p. 306). These
displacements cause the intersections of the two curves to occur at

increasingly higher pressures as X falls (point C - cf. Kerrick, 1972

H20

and Carmichael, 1978) into the kyanite stability field. Furthermore,
once the rock begins to melt the XH 0 will continue to fall, unless there

2

is an external source, as the melt will act as a 'sink' for H_,O (Turner,

2
1968, p. 468).

As described in section 3.l1.3, the related white micas phengite (Mg-
mica) and paragonite (Na-mica) are absent from these rocks, as is any
evidence of the prior existence of phengite as the biotite-K-feldspar

éymplectite observed by Heinrich (1982). Phengite mica, although a high
P phase, tends to lose the celadonite component (K(R2+A1)Si4olo(OH)2) at
high temperatures so that the mica composition approaches muscovite.
Furthermore, Na substitutes for K at high T so that the mica composition
approaches paragonite (Velde, 1965). Now, Heinrich (1982) deduced P-T
conditions of 650°C and >15 kbar for his phengite-bearing pelites and it
appears that the Tverrfjella pelites have suffered rather higher temper-
atufes than this from the evidence of the melt portions in the rocks.
Therefore, it is likely that phengite never existed in these rocks and
was replaced by free paragonite or a paragonite-rich muscovite. However,
paragonite melts to give albite + corundum, and this breakdown has not
been observed in natural rocks (Turner, 1968, p. 123). Consequently it
seems more likely that the paragonite existed as a muscovite component,
this complicates the melting of that phase by displacing the curve to

lower T (Thompson, 1982).



71

The relative scarcity of plagioclase in the melt portions suggests
that this plagioclase has been derived from the paragonite camponent of

the original white mica, rather than from the melting of biotite:

biotite + plagioclase + quartz -+ K-feldspar + albite + hornblende 3.Q

hd
melt

(Winkler, 1976, p. 213) which appears as a stable and fairly abundant
phase in these pelites. This preservation of biotite in the rocks then
places a maximum value on the temperature suffered by the rocks since the
biotite melting curve lies at approximately 1oo°c above that for the
beginning of anatexis (Winkler, 1976, p. 213 - see Fig. 3.3). The
retention of biotite also implies that the following dehydration reaction

has not occurred:

biotite + quartz + hypersthene + K-feldspar + H20 3.R

wﬁich is impoftant for the recognition of high-grade rocks (Eugster &
Wones, 1962). Although hypersthene is regarded as a diagnostic phase of
the granulite facies (de Waard, 1965; Turner, 1968, p. 329 - see Fig.
3.1(a)), suggesting that biotite should therefore be absent from these
rocks, it is perfectly feasible for biotite to exist in pelitic assem-
blages up to this metamorphic grade (Turner, 1968, p. 334; Bohlen et al.,
1980). In addition, the bulk chemistry of the Tverrfijella pelites is
too Fe-poor to have allowed the development of hypersthene (Fig. 3.1l(a)).
It has been suggested that biotite, or some other Fe-Mg phase, could be
produced by the muscovite melting reaction and form part of the restite,

if phengite was an important component of the white mica:

muscovite + quartz + cordierite/biotite/garnet + K-feldspar +

Al-silicate + H20 3.R

(Tracy, 1978).
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The garnets in the pelites contain a certain amount of grossular

component (see analysis 1018, Table 3.10)which indicates that the

reaction:
3CaA1251208 > Ca3A12513012 + 2A125105 + 5102 3.s
anorthite grossular kyanite

has occurred (Hariya & Kennedy, 1968, Ghent et al., 1979 - see Fig. 3.4).
In addition the garmets contain S-trails of inclusions, whilst the
anatectic portions are relatively undeformed, suggesting:

(i) the peak of metamorphism was accompanied by tectonism, and

(ii) the anatexis was post-tectonic.

The appearance of sillimanite as a secondary phase after K-feldspar
{(plate 3.5(a)) implies that the stability field of sillimanite was
entered subsequent to the metamorphic culmination.

A postulated P-T path for the pelites which incorporates all these
petrographic features is shown on Fig. 3.4. The curve phases below the
stability curve for pure jadeite, which is absent from these rocks, into
the kyanite stability field and finally into the silliménite stability
field where it crosses the melting curves discussed earlier.

It is likely that the fluid associated with the rocks during this

metamorphic evolution was predominantly H_O (Ghent et al., 1979), derived

2
from dehydration reactions of sedimentary clays (Fyfe et al., 1958).

As melting proceeded, XH 0 would fall as it would be taken up by the
2

melt (Kerrxrick, 1972); 1if X fell to a sufficiently low value, the Al-

HZO

silicate and K-feldspar would co-exist without a melt (Carmichael, 1978).
The existence of perthite textures in the feldspars in the anatectic
portions suggests that the conditions were: PH o <5000 bars to pemit

2
the formation of a feldspar which subsequently unmixed on cooling (Morse,
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1970 and see section 5.4 for discussion in relation to the feldspars in the
Augen Gneiss). The fact that the melt portions still reside in the

pelites and have not been expelled also suggests that the xH o at the time
2

of their formation was fairly low. Thompson (1982) has shown that melts

formed at low Xy o conditions are H20—undersaturated and, as a consequence,
2

are more viscous and therefore are more difficult to remove from their
source. This scenario of rapid uplift in intiate melting in pelites during
e#humation of tectonically thickened crust has been elsewhere postulated
by Thompson & Tracy (1979) and Thompson (1982).

Such a P-T path is also applicable to the garnet-granulite as it
retains the high temperatures during depressurisation required to produce
the textural pattern of recrystallised plagioclase and symplectitic
clinopyroxene. The appearance of the symplectite implies that this curve

' passed through the lower stability limit of the JdDi, . + Qtz assemblage

40
(Holland, 1979) whilst the grossular component of the garnets (see Table
requires the rocks to have lain on the high P side of the curve for the
‘grossular forming reaction 3.8 (see Fig. 3.4). These features suggest
that both the garnet-granulite and the heterogeneous rocks acted as a
single unit during metamorphism, and progressed along the same P-T
trajectory.

The form of this trajectory is very similar to those postulated for
the Moines in Scotland by Wells (1979). These ‘hooked' paths have been
discussed by England & Richardson (1977)'in relation to the erosion of
orogenic belts. They consider them to be a good reflection of the path
taken by the rocks for two reasons:

(i) erosion is a fairly rapid process in relation to geological
time so that the removal of overburden from a section of crust will have

the effect of an instantaneous pressure change;
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(ii) rocks at the highest grades of metamorphism and hence deep in
the crust, will continue to heat up during their uplift due to energy
sources in the mantle and from radioactive decay.

The combination of these two factors results in the type of P-T path shown
in Fig. 3.4.

The mineral assemblages observed in the portions of impure marble for
which reactions are given in section 3.1.2., are interesting in that there
are both prograde (dehydration/carbonation) and retrogracie (decarbonation/
hydration) types, generally within a few centimetres of each other in one
thin section. These observations have a bearing on the role of fluids in
the metamorphism of these rocks.

0, CO, and

Most fluids in metamorphic rocks are composed of CH4, H 2

2

st, in decreasing order of abundance (Holloway, 198l1). The lack of

graphite and the scarcity of sulphides suggests that CH, and H.S were

4 2
negligable in these rocks, whilst the observed mineral assemblages suggest
that HZO and Co2 were of importance. Indeed, most metacarbonate rocks can
be assumed to have been metamorphosed in equilibrium with a simple Hzo—
002 binary fluid system, although this mixture can vary between pure CO2
and pure HZO (Eerry & Burt, 1982).

The devolatilisation reactions in metacarbonates will release C02-
rich fluids giving XCO > 0.5 (Ferry & Burt, 1982) whilst dehydration

reactions in granulitej release Hzo-rich fluids (vValley & Essene, 1980).
In the example of the rocks at Tverrfjella, both of these fluids would
have been evolved in close proximity from the marble and garnet-granulite
respectively.

vidale & Hewitt (1973) considered that pore-water would be involved

in the metamorphism of sedimentary rocks. However, such water is most

likely to have been lost on compaction and diagenesis, although some
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FIG. 3.5(a) Schematic, isobaric T-X diagram with the expected path of a
rock system during metamorphism under buffered fiuid
conditions. I is the invariant point. (Several possible
paths are possible depending upon the proportions of the
phases formed and those originally present, and the compos-
itions of the original and buffering fluid.)

(b) Schematic, isobaric T-X diagram with the expected path of
the same rock during metamorphism under externally controlled



75

combined water would still be available from the breakdown of hydrous
minerals: e.g. clay, sericite and chlorite (cf. Fyfe et al., 1958).
Furthermore, most metasediments have a porosity of <0.1%, which would
prohibit the coexistence of large volumes of pore-fluid (Rice & Ferry,
1982) . Therefore it is unlikely that there would be a great deal of H20
generated by the marble.

In general, there are two types of system governing the composition
of coexisting fluids in metamorphic rocks: internally buffered (closed),
or infiltration, from an external source (open), although in most cases
there is some degree of each (Rice & Ferry, 1982). 1In the case of meta-
carbonate rocks the infiltrating fluid is mostly water generally derived
from adjacent igneous plutons or dehydrating granulites. However, meta-
carbonate rocks have the capacity to buffer this incoming fluid to a
large degree, thereby necessitating the entry of large volumes of fluid
be fore externally controlled equilibrium conditions are attained (Rice &
Ferry, 1982). The concept of buffering in petrology is very similar to
Le Chatelier's principle in chemistry which states that an equilibrium
reaction will only stay in equilibrium if there is no change in the
conditions affecting the reaction. If one component is added or remgved
the reaction will move in such a way so as to minimise the effect of that
change on the reaction. In petrology, the mineral reactions are
generally too sluggish to maintain a fixed value for the variable compo-
nent (e.g. the H)O content of the fluid) but can retard the changes
caused by this variable (Rice & Ferry, 1982).

In metamorphic terrains with buffered fluid reactions, the meta~
morphism will follow the isobaric, univariant reaction curves on a T-X
diagram resulting in the coexistence of reactants and products of these

reactions in thin-section (see Fig. 3.5(a)). By contrast, in metamorphic
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terrains controlled by externally derived fluids the metamorphism will
follow near vertiéal paths, at the designated fluid composition, causing
isobaric divariant assemblages to be very common whereas the coexistence
of reactants and products from the univariant reactions will be rare (see
3.5(b), Rice & Ferry, 1982).

Some of the assemblages described in section 3.1.2. are of particular

interest as they can be related to the system Ca0-Al,0,-510,-H,0-C0,,, with

5102 and Ca0 in excess, which is a reasonable approximation to the bulk

composition of impure limestones (Kerrick, 1974). Ellis (1978) provides

schematic T-XCo diagrams for the system at 4 kbar and 12 kbar (see
2

Fig. 3.6). With regard to this system, the absence of the phases marga-

rite (Ca2A18814020(OH)4) and grossular garnet (Ca3A12513012) from the

calc-silicate rocks is of importance. Frey & Orville (1974) demonstrated

that margarite is only stable in the presence of an H,O-rich fluid (i.e.

2

xCO <0.1l). Furthermore, the T-Xco diagram of Ellis (1978) shows that
2 2
grossular garnet only appears at high H20 fluid contents (see Fig. 3.6),

confirmed by the experimental work of Aitken (1983), although its

stability field enlarges with increasing T and CO Thus, the absence

9°

of these two minerals suggests the presence of a CO,-rich fluid in these

2
calc-silicate rocks during metamorphism.
The observed assemblages which relatetothis system are:
symplectite of Ca—plagioclaée and zoisite replacing scapolite
(reagtions 3.D and 3.E)
scapolite replacing zoisite (reaction 3.F)
Both of these assemblages appear as univariant equilibria on Fig. 3.6

suggesting that the fluid in equilibrium with the rocks was internally

buffered at these high xCO contents.
2
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In relation to the symplectic assemblage, reaction 3.E (anorthite +
calcite -+ meionite) has been studied experimentally by Goldsmith & Newton
(1977) and is shown on Fig. 3.4. The reaction is unusual in that it occurs
at 875°¢ irrespective of the associated fluid composition, hence the
horizontal topology of this reaction of the T—XCO diagram (Fig. 3.6).
However, there is a substitution of Na between meionite and any associated
plagioclase which moves the reaction to lower temperatures with decreasing
Na-content in the plagioclase and increasing Na-content in the scapolite
(Goldsmith & Newton, 1977). Therefore, the observed coexisteﬁce of an
An-rich plagioclase with scapolite in these rocks suggests temperatures
somewhat lower than 875°C.

With regard to the two reactions involved in the development of this
symplectite (meionite + anorthite and anorthite -+ zoisite), the anorthite -
meionite reaction was found to be difficult to reverse due to the large

AS involved (9.0 - Goldsmith & Newton, 1977), but appears to have done
so in these rocks. This reversal has also been recognised by Aitken
(1983) in calc-silicate rocks at Santa Lucia who, quite rightly,
attributed it to a drop in temperature. A further drop in temperature
would result in the anorthite reacting to produce zoisite (see path A on
Fig. 3.6). However, Storre & Nitsch (1972) considered that the topology of

the anorthite + zoisite reaction on the T-X diagram is a vertical

co,

straight line which would necessitate a decrease in XOO of the co-
2
existing fluid to drive the reaction. However, as all three phases:

scapolite, zoisite and anorthite are seen to coexist in these rocks it
suggests that the two reactions have not gone to completion which can be
explained by a decrease in xco2 occurring simultaneously with a drop in
temperature (path B on Fig. 3.6). Furthermore, the coexistence of
zoisite and scapolite in the rocks requires that these reactions have

occurred at fairly high pressures: the isobaric T-xco diagram of Ellis

2



(1978) at 4 kbar shows that zoisite and scapolite are unable to coexist
whereas they are able to do so at 12 kbar (see Fig. 3.6).

From Fig. 3.6 the assemblage exhibiting the reaction: zoisite -
scapolite appears to be prograde and occurring without the intermediate

anorthite phase. This reaction appears to occur at fairly low X

CO2

- values and would introduce H20 into the coexisting fluid as the reaction

progressed along the zo + CO, + me + H,0 curve to the invariant point (I)

2
where grossular would be produced (path C). However, as grossular is
absent in these rocks it can be assumed that this reaction was driven by

an increase in the CO, content of the coexisting fluid. 1In fact, if the

2
vertical topology of this reaction (Storre& Nitsch, 1972) is correct,

this reaction can only be driven by an increase in CO. content of the

2

co-existing fluid.

All the above reactions occur within the same rock types, often
within the same thin-section and oftén to yarying stages of completion,
whilst Fig. 3.6 shows that they require different temperatures and fluid
compositions to occur. Therefore, it is 1iké1y that these reactions
occurred at different times in the metamorphic evolution of the rocks,
during both prograde and retrograde events, and with different coexist-
ing fluids. This suggests that the fluid compositions were different in
different parts of the marble, i.e. internally buffered. A similar
situation has been deduced in other metasedimentary sequences (Hewitt,
1973; Vidale & Hewitt, 1973) especially if the interlayered rocks are of
contrasting compositions, as at Tverrfjella, with different layers having
fluids of different compositions, and little difference along the layers

(Ferry, 1976a & b). Furthermore, very localised high X and X

HZO CO2

conditions can occur, as is probably the case with the melt portion in
the calc-silicate rock, in different parts of a metasedimentary rock

(valley & Essene, 1980).



79

To fully evaluate the nature of the fluids in the impure marbles
would require further study involving systematic sampling over the marble-
garnet-granulite contact and modal analyses of the assemblages. It is
possible to calculate the expected fluid composition for the reactions
above which ¢ould then be compared to the fluid composition estimated
from the modal proportions of reactants and products. Any discrepancy
could then be attributed to an external fluid source and its proportion
calculated (cf. Rumble et al., 1982 in Rice & Ferry, 1982).

Other, more varied, assemblages also appear in these impure marbles,
generally in the discrete pods within the marble, containing: garnet,
tremolite, sphene, oxides, biotite and chlorite. With the addition of

the components: FeO, MgO and K20 to the system Ca0-Al,0.-SiO,.-H_O0-CO

273 2 2 2!

these assemblages are difficult to interpret on an idealised T-XCO
2

diagram. However, it is suspected that these assemblages equilibrated

with rather more H_O-rich fluids to allow the appearance of garnet and

2

biotite. The appearance of tremolite, as a secondary phase after clino-

pyroxene, implies an increase in H_ O at same time as the stability-field

2

of tremolite increases in size with increasing Pﬁ o (Turner, 1968,
2

p. 149). In relation to the isobaric univariant curve in the T—XCO
2

diagram for the system: MgO—CaO—SiOz-Hzo-CO2 (Fig. 3.7) it can be seen

that a decrease in xCo of the coexisting fluid fram a high value (v1.0)

will drive the reactioj clinopyroxene + tremolite as wili a drop in
temperature at any fluid composition. The second of these possibilities
is preferred in this case, as the change in composition of the coexist-
ing fluid is then in accord with that postulated for the meionite =+
zoisite reaction discussed earlier.

Of interest is the assemblage clinopyroxene, plagioclase, secondary

hornblende, sphene, oxides, biotite f chlorite in one of these pods.
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This pod lacks calcite suggesting lack of CO, in any coexisting fluid, or

2
in very low concentrations. An unusual feature of the plagioclase is
that it exhibits triple point boundaries and does not appear td have been
derived from pre-existing omphacitic clinopyroxenes as does the polygonal
textured plagioclase in the garnet-granulite. It is difficult to see why
this particular assemblage should fail to produce any evidence of high-
grade phases, e.g. symplectite, unless the coexisting fluid composition
precluded such, perhaps by being H20-rich. Holland (1979) has described
small knots of diopsidic pyroxene + tremolite + dolomite + calcite %
quartz assemblages in marbles in the Tauern Window, Austria which he

interpreted as relict high temperature, eclogite facies assemblages. He

has also shown that the fluid in equilibrium with the marbles was XH o
2

=1.0. Although the majority of the assemblages described above indicate

an equilibrium fluid of high X content (>0.77?), the limited degree of
2

fluid mobility suggested does not preclude the possibility of some rocks

16.0)

equilibrating with very Hzo—rich fluids, as suggested by Holland, and
this particular rock would appear to be one. It is possible that
omphacitic pyroxenes once existed in this rock, but unmixing and re-
crystallisation has been so camplete (as postulated for the garnet-
granulite) that no relics now exist.

From the intimate association between the marble and garnet-
granulite seen as interlayering and mixing of the two rock types which
has produced these unusual calc-silicate assemblages it seems certain
that the marbles have followed the same P-T path as the garnet-granulite
as shown in Fig. 3.4. This path crosses the grossular-in reaction and
it has been suggested by Goldsmith & Newton (1977) that meionitic

scapolite could transform to grossular, through the reaction:



Ca4Al6S:L6024CO3 -+ Ca3AlZS:L3O12 + 2A128105 + 8102 + CaCO3 3.T

meionite grossular kyanite
(cf. reaction 3.5 and with a similar dP/d4T slope). However, there appear
to be two reasons why this phase has failed to appear in these calc-
silicate rocks:

(i) Fig. 3.6 shows that grossular only appears at low XCO values,
co values prevailed in the roiks.

2
(ii) Goldsmith & Newton (1977) were unable to reverse their experi-

and it has been shown that high X

ments for reaction 3.E (i.e. meionite -+ anorthite) because of the large
AS of the reaction (+9.0), and it seems reasonable to suppose that an
equivalent difficult of reaction would be experienced in any conversion

of meionite to grossular and anorthite.

3.2 GEOCHEMISTRY

3.2.1 The garnet-granulite

From his study of the garnet-granulite, Hernes (1954b) considered a
possible volcanic origin for this rock, considering its close associa-
with the marble bodies, even though his observations suggested that the
garnet-granulité had an original gabbroic (i.e. plutonic) assemblage.
His preferred explanation was that the garnet-granulite represented a
skarn formation between the granitised gneisses, surrounding the
pverrfjella Unit, and the marble bodies. The granitisation of the gneisses,
which Hernes considered to have been originally sediments, was thought
to have occurred through a granitisation 'front' which donated K and Si
to the rocks, and removed Na, Mg and Fe from them. Furthermore, he
considered the gneisses to be compositionally zoned, on a large scale,
from quartz-diorite through granodiorite to granite at increasing

distances from the garnet-granulite.
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Such a granitisation process is not considered to be a feasible
process in the case of these rocks, for several reasons:

(i) To produce the large volumes of gneiss present in the vicinity
of the Tverrfjella Unit would require an enormous source of K and Si ions.
Al though meta-igneous granitic rocks are considered to exist elsewhere
on the Molde Peninsula (see Chapter 4) which could have acted as a source
for these ions, the rocks do not exhibit large depletions of K and Si.

(ii) A driving force is required to diffuse these elements in the
rock being granitised. Although chemical or thermodynamic potentials are
possible, these have been shown to take place over only very small
distances (intercrystalline) and not over the large distances necessary
for the production of these extensive tracts of gneisses (e.g. Krogh &
pavis, 1973).

(iii) Although the gneisses around the Tverrfjella Unit are hetero-
geneous in both appearance and composition (see Chapter 5), they have
not been found to be compositionally zoned as suggested by Hernes.
Furthemore, Hernes' use of the work 'skarn' to describe the garnet-
granulite implies that it is a rock composed of predominantly calc-
silicate minerals produced by the thermal metamorphism (through graniti-
sation) of the impure marbles. However, such calc-silicate assemblages
are only locally present and generally at the marble/garnet-gramulite
contacts and not throughout the latter as a whole.

Considering the cloﬁe association between the garnet-granulite and
the marble, the presence of the overlying pelites, the appearance of
mineralogical variations (e.g. carbonate-rich or kyanite-rich zones) and
the compositional layering of the rock, another possibility which has to
be examined is that the garnet-granulite represents a metamorphosed

sediment. Examining the analyses of the garnet-granulite (presented in
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Table 3.1 - plus an average composition) with this possibility in mind,
three points can be made:

(1) The intimate mixing between the marble and the garnet-
granulite suggests that the latter could be a very impure calcareous
sediment. Although the analyses are fairly calcic and aluminous, perhaps
suggesting the prior existence of calcite and clays respectively, the K
contents are rather too low to support the contention of a clay-rich
sediment. Also, the rocks are fairly Fe and Mg-rich.

(ii) The trace metal contents of Ni and Cr are rather high for a
sedimentary rock (Turekian & Wedepohl, 1961).

(iii) The overall camposition of the rocks is fairly consistent
which may reflect a sedimentary parentage since great thicknesses of
homogeneous sediments are present in the geological record.

Moine & de la Roche (1968) have produced diagrams specifically for
the discrimination between sedimentary and igneous rocks. One of these
has been used as an initial test of the chemical nature of the garnet-
granulite and is shown in Fig. 3.8(a); this shows a basaltic chemistry
for the rocks. The compositional consistency of the rocks is reflected
by the fairly good grouping of the points in this diagram.

Leake has also attempted to graphically discriminate between meta-
igneous and meta-sedimentary rocks, generally through the use of Niggli
numbers (Leake, 1969; van de Kamp et al., 1979). He has also examined
ortho- and para-amphibolites in relation to their concentrations of Cr,
Ni and Ti (Leake, 1964) and considers that ortho-amphibolites contain
higher contents of these elements, typically >100 ppm for Cr, >80 ppm
for Ni and >1.0% for TiO,. Furthermore, he found negative correlations
between Ni and Ti, and Cr and Ti. From the average analysis in Table 3.1

it can be seen that the contents of Cr and Ni (361 ppm and 138 ppm



TABLE 3.1 Whole-rock analyses and normative minerals for the garnet-granulite of the Tverrfjella Unit

El0 oML D14 D17 D19 141 143 144 1410 1417 1423 1426 1428 1429 _Average
X g
MAJOR ELEMENTS (wt. %)
sio, 49.16 49.64 46.71 45.81 48.16 49.15 48.54 49.53 53.04 S51.36 48.82 48.27 47.10 50.75 48.98 1.79
TiO, 1.10 1.26 1.30  0.99 1.27 1.08 0.80 1.02 2.93 0.78 1.59 1.35 1.12 1.78 1.31  0.52
AL,O,| 15.41 14.27 14.48 14.53 15.13 15.07 14.57 16.12 13.57 15.16 13.81 14.28 17.99 14.21 14.90 1.07
Fe 0, 2.41 3.84 3.84 3.01 2.43 4.40 3.45 4.49 4.89  0.36 2.58 4.30 7.26 4.07 3.67 1.51
FeO 9.13 7.53 6.66 6.32 7.47 7.13 5.53 5.86 11.28  7.84 9.39 7.55 4.87 8.63 7.51 1.64
MgO 8.09 7.85 9.77 9.13 5.13 9.78 13.33  9.03 4.07 6.31 8.22 7.47 5.90 6.8l 7.92  2.23
MnO 0.16 0.20 0.17 0.15 0.11  0.13 0.12 0.18 0.27 0.12 0.17 0.19 0.16 0.26 0.17 0.05
Ca0 11.26 11.40 12.33 11.73 11.43 10.71 10.67 11.25 7.30  9.93 10.98 12.22 12.48 8.03 10.84 1.46
Na,0 3.24 2.33 3.06  4.17 4.24 2.37 2.01 2.40 1.69 2.40 2.71 3.04 2.55 4.64 2.92 0.85
K,0 0.39 0.65 0.40 0.69 0.75 0.10 0.14 0.08 0.04 3.50 0.76 0.08 0.30 0.05 0.57 0.86
P,0; 0.12 0.10 0.07 0.04 0.13 0.16 0.04 0.08 0.31 0.09 0.11 0.12 0.12 0.12 0.12 0.06
S 0.00 0.02 0.00 0.01 0.08 0.01 0.00 0.01 0.01 0.02 0.00 0.01 0.00 0.02 0.01 0.02
uon 0.53 1.13  0.73 0.83 1.00 0.53 0.77 0.42 0.25 1.07 0.71 0.71 0.98 0.76 0.74 0.25
CO2 0.65 0.00 0.76 2,22 3.21 0.04 0.04 0.00 0.02 1.38 0.02 0.18 0.03 0.00 0.61 0.96
TOTAL | 101.65 100.22 100.28 99.63 100.54 100.66 100.01 100.47 99.67 100.32 99.87 99.77 100.86 100.13 100.27
TRACE ELEMENTS (ppm)
Ni 70 102 . 262 222 255 178 362 112 o) 123 61 92 20 76 138 100
v 360 343 274 242 294 - - - - 171 - - - - 281 63
cr 351 344 567 606 592 456 717 320 80 244 178 203 193 203 361 189
Zn 92 82 76 77 93 54 57 57 95 85 87 100 13 61 74 22
Cu 84 138 76 114 29 4 53 151 4 6 ) 89 14 0 54 52
Rb 10 9 6 9 13 1 2 4 2 100 8 4 0 3 12 25
Sr 81 103 99 72 126 89 71 179 65 128 80 189 32 71 99 42
Y 32 32 28 27 33 25 16 23 75 21 28 30 4 42 30 15
zZr 50 59 66 55 69 75 46 57 180 88 82 82 93 125 81 34
rb 5 2 9 o 5 3 o) 4 o 8 6 o o 1 3 3
Ba 103 77 98 98 152 56 50 66 82 480 107 55 72 58 111 106
Ce - - - - - 28 13 2 30 - o) 15 4 23 14 11
Ga - - - - - 17 14 17 22 - 21 27 o) 27 18 8
Nb - - - - - 7 7 8 12 10 11 6 8
Th - - - - - 4 0 3 1 - 4 4 o) o) 2
NORMATIVE MINERALS (%)
q - 0.20 - - - - - 0.30 17.88 - - - 0.69 - -
or 2.31 3.84 2.36 4.08 4.43 0.59 0.83 0.47 0.24 20.68  4.49 0.47 1.77  0.30 3.37
ab 25.56 19.72 17.60 12.59 23.64 20.06 17.01 20.31 14.30 16.89 22,93 25.73 21.58 39.26 24.71
an 26.35 26.56 24.59 18.89 20.04 30.19 30.32 32.98 29.32 20.26 23.27 25.08 36.73 17.80 25.87
ne 1.01 - 4.49 12.30 6.63 - - - - 1l.85 - - - - -
ai 23.43 23.67 28.84 31.27 29.34 17.53 17.70 17.76 4.05 23.35 24.84 28.03 19.14 17.27 21.88
hy - 16.67 - - - 20.60 16.21 19.40 19.94 - 4.59 2.81 6.84  6.41 7.19
ol 15.79 - 12.53 10.94 5.73 2.17 10.39 - - 12.46 11.85 7.47 - 8.48 7.63
mt 3.49 5.57 5.57 4.36 3.52  6.38 5.00 6.51 7.09 0.52 3.74 6.24 10.53 5.90  5.32
il 2.09 2.39 2.47 1.88 2.41 2.05 1.52 1.94 5.51  1.48 3.02 2.56 2.13 3.38 2.49
PY - 0.04 - 0.02 0.15 0.02 - 0.02 0.02 0.04 - 0.02 - 0.04 0.02
ap 0.28 0.23 0.16 ©0.09 ©0.30 0.37 0.09 0.19 0.72 0.21 0.26 0.28 0.28 0.28  0.28
TOTAL | 100.31 98.89 98.61 96.42 96.19 99.96 99.07 99.88 99.07 97.74 98.99 98.69 99.69 99.12 98.76
D.I. 28.87 23.76 24.46 28.96 34.70 20.65 17.84 21.09 32.42 39.42 27.42 26.20 24.04 39.56

D.I. is the Differentiation Index of Thornton & Tuttle (1960) i.e. normative q + or

+ ab + ne + 1lc + ks
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respectively) in the garnet-granulite indicate a meta-igneous parentage
on this basis. From the analyses as a whole, the two negative correla-
tions seen by Leake also exist in the garnet-granulite, i.e. sample 1410

has the highest TiO., content (2.93%) and the lowest Ni and Cr contents

2
(0 ppm and 80 ppm respectively), whilst sample 143 has the lowest TiO

2
content (0.80%) and the highest contents of Ni and Cr (362 ppm and
717 ppm respectively}. From this evidence, a meta-igneous, basaltic
parentage for the garnet-granulite is preferred here, rather than a
sedimentary parentage.

Even so, the possibility exists that the rocks have been derived
as sediments from an original basaltic rock and that the present basaltic
classification is a remnant of that original chemistry. However, the
actual process of weathering has a profound effect upon the chemistry of
rocks particularly the ferro-magnesian minerals, as would be found in a
basalt, with the loss of Na, Ca and Mg fairly quickly from the rock
being weathered followed by K and Si (Krauskopf, 1979, p. 83-84). If
such alterations had affected the precursor to the garnet-granulite, it
is considered that any sort of original, igneous differentiation trend
would have been significantly disturbed.

Fig. 3.8(b) shows the analyses plotted on a TiO2 vs. the Differentiation
Index (D.I.) of Thornton & Tuttle (1960), and a differentiation trend is
fairly well defined thereby confirming an igneous precursor for the
garnet-granulite. The points falling towards high D.I. values tend to
be those samples displaying amphibolitisation (D17, D19), with increased
K.O contents, or those containing relatively greater amounts of plagio-

2

clase (El10, 1417, 1429), with increased Nazo contents. It is interesting

to note that there does not appear to be any deviation of points from

the line in Fig. 3.8(b) as a result of large fluctuations in the 'rio2



85

contents of the sampies. This element has been considered to be im-
mobile in rocks metamorphosed up to amphibolite/granulite facies (Pearce &
Can' 1973; Floyd & Winchester, 1977). As the garnet-granulite has been
shown to have suffered eclogite facies metamorphism it would appear that
Tf is also immobile at this higher~grade.

Certain other elements are also considered to be immobile during
thg high-grade metamorphism of basaltic rocks, e.g. 2r, ¥, Nb, Ce and Ga
(Pearce & Cann, 1973; Field & Elliot, 1974; Floyd & Winchester, 1978).
To investigate the degree of alteration and disturbance suffered by the
garnet-granulite during its metamorphic history, plots of various ele-
~ment oxides and trace elements were constructed against Zr (cf. Lifgeocis &
puchesne, 1981 - see Fig. 3.9). The majority of the major element
oxides display fairly scattered patterns. From studies on eclogite
rocks occurring elsewhere in the Basal Gneiss Complex Bryhni et al.
(1969) found that during metamorphism the most mobile elements in these
rocks were: K, Al and H (added) and Ca, Si and Na (removed - see Chapter 7,
~section 7.2.1). Fig. 3.9 shows that the very same element oxides in the
garnet-granulite display the most random patterns and deviations from

25

scme degree of correlation with Zr, and Ti especially so. Binns (1967)

any sort of differentiation trend. However, Feot, MnO, P.O. and Y show

considered that Cr would be mobile in eclogite rocks, but the good
oorfelation of this element with Zr in Fig. 3.9 does not support this
finding. Unlike the other elements in Fig. 3.9, both Cr and Ni show

two correlation lines with Zx. The group of rocks with steeper metal/
Zr slopes also have higher absolute metal contents (D14, D17, D19, 141
and 143). To give a greater separation of the points on these two plots,
a log metals vs. Zr plot is»shown in Fig. 3.10; plots of log metals vs.

peosQFeot + MgO) are shown in Fig. 3.11. 1In all these diagrams two
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trends are clearly visible, although sample 1428 appears to have an
anomalously low Ni value. The appearance of these correlation lines
confirms the igneous nature of the precursor to the garnet-granulite and
also suggests that there are two groups of rocks hgre with different
differentiation trends. The good separation of the two trends against
Feot/(Feo® + Mg0) (Fig. 3.11) suggests that the differentiation in this
precursor was controlled by the fractionation of ferromagnesian minerals,
in particular olivine and pyroxene which accept Ni and Cr into their
respective structures. However, the appearance of an apparently continu-
ous line of differentiation on other binary plots (e.g. Ti vs. Zr -

Fig. 3.9) implies that these two groups were erupted at different times
from different sources, whilst undergoing the same fractionation process
(see Cox, Bell & Pankhurst, 1979, p. 37).

An important feature of these two trends is that both can be extra-
polated back to a common point near to sample 143. Not only does this
particular sample contain the largest amounts of Ni and Cr, it also has
the largest amount of MgO (13.33%) and the lowest D.I. (17.84). These
values suggest that this particular sample had a precursor which was
particularly rich in ferromagnesian phases and therefore not a greatly
fractionated assemblage.

A differentiation trend has also been discerned in eclogite rocks in
the Alps (Liégeois & Duchesne, 198l) which was interpreted as the result
of fractional crystallisation of a noritic gabbro (i.e. orthopyroxene
olivine), thus indicating the occurrence of eclogite facies metamorphism
of basaltic rocks within the crust (see discussion in section 1.2),

The scattered plots of the majority of the elements (Fig. 3.9)
suggests a certain degree of mobility of those elements during meta-

morphism which makes it difficult to classify the original basalt type
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of the garnet-granulite. However, a first approximation may be made by
ignoring those samples which fall away from the differentiation trend on
the Ti vs. D.I. plot (Fig. 3.8(b)) and assuming that the remaining samples
do not possess greatly disturbed chemistries. With regard to the norma-
tive minerals, tholeiitic basalts are characterised by high hy, appreci-
able g and rare ol, whilst alkali-olivine basalts have conspicuous ol and
often ne. Consequently, the samples falling on the curve in Fig. 3.8(b)
appear to be tholeiites or olivine-tholeiites, i.e. they exhibit hy-
normative + ol * q chemistries (see Table 3.1).

A few of the samples were analysed‘for Ga and Nb, both of which are
considered to be immobile elements during metamorphism (Floyd & Winchester,
1978). Using their discrimination diagrams, the rocks again show a sub-

alkaline (tholeiitic) character, with low Ga and 2r/Ti0O., values (Figs. 3.12(a)

2
and (b)).

Various schemes, using both immobile major and immobile trace
elements have been devised to classify basalts by geotectonic origin:
Pearce & Cann (1973); Pearce & Norry (1973); Pearce (1975, 1976); Floyd &
Wwinchester (1975, 1978); Winchester & Floyd (1977); Dixon et al. (1981);
Gale & Pearce (1982); Shervais (1982); Mullen (1983). 1In particular, the
Zr-(Ti/100)-(Y x 3) diagram of Pearce & Cann (1973) has been wideiy used
in classification studies (see review by Zeck & Morthorst, 1982). The
studies cited above have suggested that the élements: P, Mn and Cr are
undisturbed by metamorphism up to greenschist facies, and Ti, Y and 2r
are undisturbed up to granulite facies. However, the trends shown in
Fig. 3.9 suggest that the elements Ti, Y, 2Zr and Cr appear to be un-
affected by metamorphism up to eclogite facies, although P and Mn show

some degree of scatter. Using the data in Table 3.1 the eigenvalue .

method of Pearce (1976) gave very scattered plots, whilst the Niggli-
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number plots of Leake (1969) and van de Kamp et al. (1979) gave ambiguous
results due to the restricted number of analyses available which could
not define a satisfactory trend, necessary for these types of discrimina-
tion diagram.

The discrimination plots for the garnet-granulite are shown in
Figs. 3.14-3.17 and in all of them the rocks fall into the fields of
ocean-floor basalts and/or island-arc basalts. Samples 1428 and 1410
show erratic behaviour on these plots; 1428 has an extremely low Y
content Whilst 1410 has both high Y and high Tio2 contents. Caie has to
be taken when interpreting these diagrams since some of them have over-
lapping fields (3.13(a), 3.15(a), 3.16(a) and (b)) which makes it difficult
to be conclusive about the geotectonic paragenesis they indicate. Also,
"Fig. 3.13(b), cf. Shervais (1982), lacks the full complement of data due
to the restricted numberof V analyses, whilst Fig. 3.15 (b) of Mullen
(1983) uses elements which have been shown not to be completely immobile
(see Fig. 3.9 with respect to Mn and P). The most important plot of
this group is Fig. 3.14(a) of Pearce (1975) since this makes a clear
distinction between ocean-floor basalts and low-K-tholeiites (typical of
island-arc volcanics, Windley, 1977, p. 246). By way of a cross-check on
these diagrams it is constructive to examine the absolute values of
elements in typical analyses of ocean-floor and island-arc basalts, in
comparison with the garnet-granulite. Rivalenti (1976) gives ranges of
values for both oceanic and island-arc basalts (see Table‘3.2). According
to Tarney et al. (1976) and Gale & Pearce (1982) the most valuable
elements in such a comparison are: Ni, Cr, Ti, Y and the alkalies and
LIL:K, Ba and Rb. Unfortunately, in the garnet—granulite the latter
groups appear to be too greatly disturbed to be of any use. A compar-

ison of Tables 3.1 and 3.2 shows that the majority of the Cr and Ni



TABLE 3.2 Average contents of selected elements for

oceanic and island-arc basalts,
(1976) with Y-values from Tarney et al.

from Rivalenti
(1976)

compared to the values from the garnet—granulite

Oceanic Island-arc Garnet-granulite
Tio2 (wt. %) 1.4 - 2.4 0.5 - 1.5 0.78 - 2,93 (1.31)
Cr (ppm) 296 - 400 2 - 50 80 - 717 (361)
Ni (ppm) 97 - 170 6 - 30 O - 362 (138)
Y (ppm) 43 "9 l6 - 42 (28)

Average contents for the

garnet~-granulite are in brackets.

The Y value for the garnet-granulite omits samples 1410 and

1428.
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FIG. 3.13(a) 2r/Y vs. 2r, log/log after Pearce & Norry (1979).
(b) V vs. Ti/1,000 after Shervais (1982) for samples of the
Garnet-Granulite analysed for V. Symbols as in FIG. 3.12(a).
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(b) V vs. Ti/1,000 after Shervais (1982) for samples of the
Garnet-Granulite analysed for V. Symbols as in FIG. 3.12(a).
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values for the qarnet—granulite.fall within the range for oceanic basalts.
However, the ranges of values for both Y and Tio2 in the garnet-granulite
cover both oceanic and island-arc groups, whilst the averages for these
elements in the garnet-granulite do not fall into either of the basalt
groups. These data suggest that the majority of the rocks which formed

" the precursor to the garnet-granulite were of ocean-floor basalt type
although it is tentatively suggested that some of the rocks may have
island-arc affinities. Such an interpretation fits in well with the

close association of the garnet-granulite with meta-limestones, whilst

the layered nature of the rock suggests that it represents a meta-volcanic
tuff/lava succession deposited in shallow-water conditions. The two
fractionation trends shown in Figs. 3.10 and 3.11 were earlier inter-
preted as reflecting the presence of two soﬁrces of material for the
precursors to the garnet-granulite. It now seems possible to extend this
interpretation to two volcanic sources. It is interesting to note that
Hernes (1954b) also postulated a volcanic origin for the precursor to

the garnet-granulite, but discounted it in preference for the interpret-
ation of a skarn formation for the rocks.

The interpretation of the garnet-granulite as a partly-retrogressed
eclogite and a meta-volcanic unit, derived by fractional crystallisation
from an olivine + pyroxene + plagioclase parent and interbedded with
meta-sedimentary limestone is presented as further evidence for the
occurrence of eclogite-facies metamorphism in the crust (cf. Liégeois &

Duchesne, 198l).

3.2.2 The mixed rocks

As can be seen from Table 3.1 some of the samples of garnet-gramulite

contain more than the average amount of CO_ (D17, D19, 1417). These

2

samples also have rather more 320 than average, a reflection of the



90

rather hydrated nature of their mineral assemblages. These three samples
came fram outcrops of garnet-granulite fairly close to, but not neces-
sarily adjacent to, the marble. However, sample E10 came from immediately

adjacent to the marble, but contains little CO, although it is a fairly

2

hydrated rock. This suggests that CO, was introduced into the garnet-

2
granulite at the retrogression phase of the metamorphism, apparently
along cracks and joints formed during that phase, giving the veins of
calcite seen in samples D17 and D19.

In addition, there has been direct pre-metamorphic mixing between
the two precursors of the garnet—granulite and marble (i.e. volcanic tuff
and limestone) resulting in the calc-silicate assemblages described in
section 3.12. Analyses of these mixed rocks and the marble are given in
Table 3.3 and plotted on Fig. 3.17 with the garnet-granulite; the
marble itself is very pure as found by Vogt (1896) and Bugge (1905). To
minimise the effect of the fractionation trend in the garnet-granulite
Ti and 2r were used in the plot in Fig. 3.17 since the Ti/Zr ratio is
fairly constant in all the samples of the rock, as seen in Fig. 3.9.

The approximate fractionation trend of the garnet-granulite is shown;
samples 143 and 1410 mark the extreme ends of this line.

Only sample E2 appears to show direct contamination by calcite on
the garnet—g?anulite by lying a 'mixing-line', the iﬂcreased calcite

content is reflected in the relatively high content of CO, (4.7%) in

2
this sample. The other mixed rocks also show the influence of Zr. This
element has difficulty entering other phases due to its high charge and
large ionic radius (0.792) and tends to appear only in zircon (Taylor,

1965; Mason, 1966, p. 136) which is a common detrital mineral. However,
it can also be concentrated in late magmatic differentiates such as the

anatectic portions (K-feldspar + quartz t plagioclase) seen in some of

these rocks.



TABLE 3.3 Whole-rock analyses of the mixed
rocks from the Tverrfjella Unit

E2 102 1416 TL1

MAJOR ELEMENTS (%)

sio, 45.11 54.75 42.57 0.43
Ti02 0.67 0.70 0.41 0.00
ALO, | 13.69 16.00 7.21  0.14
F6203 0.00 1.05 0.41 0.05
FeO 8.10 6.70 5.78  0.02
Mgo 6.60  4.25 12.34 1.09
MnO 0.12 0.12 0.02 0.00
ca0 17.29  9.72 20.36  54.84
Na,0 2.79  1.72  2.42 0.16
K,0 0.40 3.23 2.20  o.o0l
P205 0.01 0.04 0.03 0.03
S 0.08 0.20 0.01 0.02
H,0" 0.87 0.47  0.58 -

co, 4.70 1.08  5.68  44.13

TOTAL 100.42 99.43 99.75 100.92

TRACE ELEMENTS (ppm)

Ni 96 235 330 -
v 244 - - -
Cr 310 159 624 -
Zn 69 149 103 -
Cu 40 100 o] -
Rb 13 267 106 0
Sr 106 274 84 242
Y 20 49 o} -
Zx 39 270 51 -
Pb 5 33 2 -
Ba 50 467 152 -
Ga - 60 17 -
Ce - 62 11 -
Nb o 52 8 -

Th - 5 2 -
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1417 is a sample of the garnet-granulite with a relatively high Zr

value which appears to be due to the presence of anatectic material,
probably originating in adjacent calc-silicate rocks. The relatively
high Rb and Ba contents of this rock also reflect the presence of these
anatectic portions (see Table 3.l1).

Sample 102 also contains a relatively large amount of Zr and also
contains anatectic portions. However, this particular rock also displays
a relatively high Ga content (60 ppm); this element readily replaces Al,
which is also fairly abundant in this sample (16.0%), and therefore tends
to be concentrated in clay minerals (Mason, 1966, p. 164; Laporte, 1968,
p- 66). Also, the relatively high Cu (100 ppm) and S (0.20%) contents of
this sample perhaps indicate sedimentary sulphides, minerals commonly
found in muds. Thus, there appears to be a certain amount of sedimentary
influence in this particular sample.

Sample 1416 also displays the influence of calcite contamination,

reflected in the CO, content of 5.68%, although the anatectic portions in

2
this sample cause the plotted point to fall away from the direct 'mixing-

line'. .

3.2.3 The heterogeneous rocks

These rocks lie stratigraphically above the garnet-granulite and as
far as possible, representative samples of each type were collected; the
analyses are given in Table 3.4. Essentially, there are three rock
types: amphibolites, quartzo-feldspathic rocks and pelites. From the
interpretation of the garnet-granulite precursor as a meta-volcanic body,
it would seem likely that these overlying rocks are also of igneous/
sedimentary parentage. Leake (1969) has recommended the use of Niggli
numbers to discriminate between meta-sedimentary and meta-igneous rocks.

Unfortunately, the high-grade metamorphism suffered by these rocks,



TABLE 3.4 Whole-rock analyses of the heterogeneous rocks from the Tverrfjella Unit

Pelites Amphibolites Quartzo-feldspathic rocks

1018 T12 T13 T4 HGP 1016 1017 bl 105 108 1015 T11l
MAJOR ELEMENTS (wt. %)
5102 55.88 60.40 56 .37 68.63 63.51 45.97 61.25 49 .94 74.11 66 .76 81.27 64.39
'I‘:i.O2 1.00 0.74 0.97 0.58 0.79 l.08 0.93 0.98 0.54 0.41 0.70 1.0l
Alzo 20.98 15.52 19.59 14.64 17.35 16.22 14.79 15.77 9.85 16.68 9.63 15.04
l-‘e203 0.45 0.99 2.01 0.84 2.00 3.53 1.53 2.99 2.27 0.52 0.00 2,53
FeO 7.85 8.04 6.00 3.36 4.71 5.76 6.22 8.08 3.10 2.98 1.52 4.47
Mgo 2.99 4.44 2.98 1.70 2.31 8.21 5.40 7.05 2.68 1.0l 0.74 2.22
MnO 0.15 0.21 0.16 0.08 - 0.13 0.05 0.20 0.13 0.05 .00 0.13
cao 2.44 3.79 2.62 2.42 1.24 16.12 4.78 8.61 3.34 4.14 1.42 3.44
Nazo 2.41 2.32 2.65 3.13 1.96 1.50 0.70 3.08 1.82 4.07 3.00 2.39
xzo 3.74 1.76 3.72 2.68 3.35 0.44 1.74 1.64 0.36 1.82 1.26 3.39
P205 0.36 0.29 0.33 0.17 - 0.14 0.16 0.23 0.13 0.16 0.05 0.35
s 0.01 0.00 0.00 0.00 - 0.05 0.00 0.00 0.02 0.02 0.01 0.00
H20T 1.22 0.85 1.38 0.76 2.42 0.91 1.00 0.77 1.12 1.20 0.51 0.75
002 0.17 - - - 0.22 0.04 0.15 - 0.35 0.00 0.03 -
TOTAL 99.65 99.24 98.69 98.92 99.86 100.10 98.70 99.34 99.82 99.82 100.14 100.12
TRACE ELEMENTS (ppm)
Ni 28 47 30 12 124 93 107 26 1 3 19
Cr 77 164 81 42 243 242 205 109 17 19 58
Zn 104 69 106 60 41 78 85 36 26 9 93
cu 34 43 17 30 109 o o 18 17 11 o}
Rb 168 61 167 110 15 64 35 13 28 34 119
Sr 294 199 317 273 197 199 271 208 894 291 216
Y 47 21 41 28 21 24 22 20 10 1 45
Zr 134 85 133 241 66 128 77 123 202 91 312
Pb 10 15 20 16 7 10 12 6 14 11 19
Ba 877 420 897 611 73 257 397 160 1254 427 1201
Ga 103 20 18 65 17 54 34 57 63 29 98
Ce 27 19 27 18 19 18 19 13 18 8 21
N 18 9 19 15 16 9 11 10 10 17
Th 26 6 16 11 8 9 12 6 7 9
O.R. 4.9 10.0 23.2 18.3 27.6
0.R. = oxidation ratio: mol (2Fe203 x 100) after Chinner (1960), for pelites

2[-‘e203 + FeO

HGP is

high-grade pelite from Shaw (1956)
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reflected by the melt portions in the pelites and the symplectite ompha-
cites in the amphibolites (see section 3.1.3) has had a profound effect
upon the mineral chemistries causing the major Leake discriminant:
(al-alk) vs., ¢ to prove inconclusive for these rocks.

Nevertheless some of these rocks can be assumed to be sedimentary in
origin from examination of their major element chemistries and mineral
assemblages. Samples 1018, Tl12, T13 and Tl4 are all biotite-rich pelites
and can contain kyanite and/or sillimanite, reflected in their high SioO

2

and A1203 contents. These rocks are interpreted as clay-rich sediments,
which is partly supported in the cases of 1018 and T14 by relatively

high Ga contents. Furthermore 1018 and T1l3 have slightly higher Th
contents suggesting a concentration of radiogenic material, as found in

‘ shales (Krauskopf, 1969, p. 482). Table 3.4 also contains the average,
high-grade, pelite of Shaw (1956). The pelites bear an overall similar-
ity to this average analysis, except in the alkali contents and in the
Fe203/FeO ratio. The former discrepancy is likely to be the result of
the production of melt components in the rocks which would have re-
distributed these elements to some extent. The rocks taken by Shaw for
his average appear to be only of amphibolite facies since they lack any
melt portion and contain sillimanite as the stable Al-silicate. The
Fe203/FeO ratio has been expressed as the oxidation ratio (Chinner, 1960).
Cchinner has shown that the oxidation ratios in pelitic rocks decreases
with metamorphic grade, being low in rocks with biotite, garnet and
magnetite and higher in rocks with muscovite and hematite. Thus, the
discrepancy between the oxidation ratio of Shaw's average pelite (27.6)
and those of the Tverrfjella pelites (4.9-23.2) appears to be the result
of the increased P-T conditions suffered by the latter rocks.

Sample 1015 has an extremely high 8102 content, coupled with the

generally low metal concentrations, as found in sandstones (see Table 3.5),



TABLE 3.5 Abundances of selected elements in some major units of the

Earth's crust in p.p.m. (after Turekian & Wedepohl, 196l).

Sandstone Granite Granodiorite
Ni 2 4.5 15
Cr 35 4.1 22
Zn 16 39 60
Ca X 10 30
Y 40 40 35
Zr 220 175 140
Pb 7 19 15
Ga 12 17 17
Ce 92 92 81
Nb 0.0X 21 20
Th 1.7 17 8.5
Ba p.(o] 840 420
Sr 20 100 440

X indicates an estimate of the order of
magnitude
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this rock is interpreted as an impure quartzite. The presence of relict
kyanite in the rock and the appearance of A1203 as the major oxide second
in concentration to SiO2 suggests some clay contamination. The inter-
bedding of this rock with the garnet-granulite, on the N side of the
Bgrresdalen col, reinforces the volcano-sedimentary origin for the latter.
The remainder of the heterogeneous rocks are rather harder to inter-
pret because of the limitations imposed by the alteration of the major
element contents. However, the amphibolitic rocks display generally
basaltic chemistries and can be treated in much the same way as the
garnet—granulite; the analyses are shown on Figs. 3.13-3.16 with the
garnet-granulite. In general, 1016 and T9 seem to be genuinely basaltic

whereas 1017 gives contradictory information (see Zr/(TiO_, x 10,000) vs.

2

Ga, 2r/(Ti0, x 10,000) vs. Nb/Y and Ti vs. Cx). The alkalis seem to be

2
very disturbed in all three of the samples (reflected on the Ti vs. D.I.
plot). Interestingly 1016 and T9 fall on the fractionation trend of the
garnet-granulite (see Ni vs. 2r, Ni vs. Feot/(Feot + MgO), Cr vs. 2r and
Cr vs. Feot/(FeOt + MgO)), but sample 1017 is not consistent, apparently
due to its anomalously high Zr content. On the discrimination diagrams
in Figs. 3.13-3.16 both 1016 and T9 fall in fhe ocean-floor basalt or
island-arc tholeiite fields with the garnet-granulite; as expected, 1017
tends towards high 2r, although on Fig. 3.15(b) it lies towards low MnO
values.

From these diagrams samples 1016 and T9 are interpreted as meta-
volcanic rocks, possibly of the same origin as the garnet-granulite.
T9 is suspected of containing some sedimentary camponent: not only is
Z2r relatively high (from zircon) but so is Ga (from clays) and SiO2

(quartz/clays). Furthermore the rock displays small relict kyanite

grains in thin section, again suggesting clay contamination, even though
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the analysis is not particularly Al-rich. The majority of the metal trace
elements reflect the basaltic component of the rock, these would not have
been greatly affected by the addition of any sedimentary material in which
metal concentrations are generally low (Turekian & Wedepohl, 1961).

The quartzo-feldspathic rocks proved to be the most difficult to inter-
pret. Once again major element plots and the use of Niggli numbers for
Leake (1969) and van de Kamp et al. (1976) discrimination diagrams proved
inconclusive generally due to the variance in the LIL elements (K, Rb, Ba)and
the limited number of samples preventing the definition of a trend
necessary for these discrimination plots.

Table 3.5 gives the trace element contents for sandstones and

granitic rocks (after Turekian & Wedepohl, 1961) against which the analysed

© samples have been compared. The metal contents: Ni, Cr and 2Zn are

particularly low in 108 suggesting an igneous, granitic lithology, partly
supported by the higher Pb contents when compared to sandstones. The high
Zr content is ambiguous, this could be derived from either detrital zircon
or is a result of the differentiated nature of the granitic precursor
(Mason, 1966, p. 136). Both samples 105 and Tll have higher metal contents,
especially in Cr pointing to a sedimentary influence. 1In addition, T1l
contains an extreme Zr value, higher than any other meta-sediment in this
unit and higher than the sandstone in Table 3.5 which may indicate
detrital zircon.

In all these rocks, the Ce values are anomalously low for either
sandstones or igneous rocks, and the Ga values are anomalously high.
These two elements have been used on the discrimination diagrams of Floyd
& Winchester (Fig. 3.18(a) and (b)) but the results from these samples
are inconclusive. It is possible that the high Ga values have resulted

from clay contamination, although sample 105 is not particularly Al-rich.
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The Th values are also relatively high, compared to sandstones, indicating
radiogenic material from clay sediments. The Zr(Ti x 10,000) vs. Nb/Y plot
(Fig. 3.17(c)) . confims the Zr/(Ti x 10,000) vs. Ce plot and suggests
that the rocks are meta-igneous, subalkaline and probably rhyolites/
dacites. Unfortunately, this interpretation places a further constraint
on the trace element contents for the granite in Table 3.5 since Turekian
& Wedepohl consider that extrusive granitic rocks often have variable

and unusual contents of these elements.

The association of these rocks with others interpreted as meta-
sediments/volcanics i; in keeping with an interpretation of them being
meta-acid tuffs, although the possibility of some sedimentary mixing
with clay material cannot be discounted. Sample 108 approaches a
chemistry most like that of a meta-igneous rock, whilst sample T1ll

appears to have suffered the most sedimentary influence.

3.3 DISCUSSION
On the maps of the Moldefjord Peninsula by Hernes (1955) and Rgheim

(1972) the Tverrfjella Unit is shown as part of the heterogeneous Frei
Group, which has been dated as Svecofenhian (i.e. 1800-1600 m.y.) by
Pidgeon & Rgheim (1973) . However, from the geclogical relationships
observed in the Tverrfjella Unit during this study, the Unit is considered
not to be a part of the Frei Group, for three reasons:

(i) There is a distinct and apparently sharp lithological break
between the Tverrfjella Unit and the underlying Heterogeneous Gneisses.

(ii) The underlying Heterogeneous Gneisses are very deformed
often plastically, with extreme mobilisation of the migmatitic portions
of the rocks (see Chapter 5 - Plate 5.1(a)). By contrast, the rocks in
the Tverrfjella Unit display an original lithological layering, as seen

on Trolltindane (Plate 3.4(d)). Although localised, small-scale
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compositional layering is visible in the amphibolites of the underlying
Heterogeneous Gneisses, this is not on the same large-scale seen in
Trolltindane. This suggests that the rocks of the Tverrfjella Unit are
younger than the underlying Heterogeneous Gneisses to have escaped this
extreme deformation.

(iii) The Tverrfjella Unit lacks the pods of eclogite found else-
where on the Molde Peninsula. Although the Unit does contain partly
retrogressed and amphibolitised eclogite rocks, these have not been dis-
rupted into pods and have been observed grading into the adjacent
quartzo-feldspathic gneisses (see section 3.1.3). Furthermore, the
retrogressed eclogites of the Tverrfjella Unit generally possess chemi-
stries with oceanic affinities whereas the pods of eclogite have been
interpreted as the metamorphosed equivalents of basaltic dykes and sills
of a continental nature intruded during the late Proterozoic (v 1200 m.y.)
(see Chapter 7). This suggests that the Tverrfjella Unit was not
present at the time of emplacement of the precursors to the eclogites.

These three features suggest two possibilities for the origin of
the Tverrfjella Unit.

(i) The oceanic-derived volcaniclastics and sediments were deposited
directly onto the underlying Heterogeneous Gneisses at some time after
1200 m.y. which therefore formed the basement.

(ii) The Tverrfjella Unit is allochthonous, thrust over the under-
lying Heterogeneous Gneisses.

A major difficulty with option (i) is that if the underlying
gneisses formed the basement to these oceanic rocks, a section of
oceanic crust would be expected here, i.e. an ophiolite. Where found,
ophiolite complexes are often incomplete, but it is considered that some

part of the units (ultra-mafic rocks, gabbros, dykes, pillow lavas,
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pelagic (cherty) sediments (Windley 1977, p. 280)) should be present if
the Tverrfjella Unit is to be autochthonous. The absence of these
ophiolitic rocks suggests that the Tverrfjella Unit is allochthonous.
The time of emplacement of this Unit is constrained by two events: the
postulated time of intrusion of the eclégite—dyke precursors and the
Caledonian metamorphism. (A sample from the Garnet-Granulite was dated
by the Sm-Nd by Griffin & Brueckner (1980) and gave an age of 418 % 1l m.y.)
Although the contact between the Unit and the underlying Heterogeneous
Gneiss is sharp, it is not imbricate, nor are mylonites apparent in the
vicinity of the contact. Such structures would help to confirm the
tectonic nature of the contact. However, it is likely that the sub-
sequent high-grade Caledonian metamorphism wouid have masked such struc-
tures. Indeed, the identification of the contacts between the thrust
sheets in the Allochthonous Units to the E, around Trondheim, has often
proved to be impossible and their presence can only be inferred from
other information (Andreasson & Gorbatschev, 1980).

Both Rgheim (1972) and Hernes (1955) have mapped the rocks of the
Tverrfjella Unit extending NE onto the adjacent island of Avergya.
Rghehm describes the rocks there as: eclogite-amphibolite, Ca-rich
schist, calc-silicate gneisses, kyanite—garnet—biotite, schists; such
descriptions can be applied to the rocks observed in the Tverrfjella
Unit. The map of Hernes shows the rocks containing many marble and
sulphide bodies. RSheim (1979) has attempted to correlate these
sulphide deposits with those appearing in the Rgros Group in the
Surnadal Syncline (part of his Surna Group - see Table 1.2). Such a
correlation is feasible on the basis of Riheim's tectonostratigraphy
and the fact that he has dated the Rfros Group as Svecofennian (V1700 m.y.,
Rgheim, 1977). However, the validity of the Svecofennian age is

questioned on two points:
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(i) No actual isochron was produced for this age. Rgheim initially
plotted the data from the rocks of the Rgros Group on the same Rb-Sr
isochron diagram as that he used for the adjacent Tingvoll-Group rocks,
which gave a Svecofennian age of 1707 * 63 m.y. He then selected those
samples from the Rpros Group which fell close to the isochron for the
Tingvoll Group rocks and claimed that this superimposition indicated a
Svecofennian age for the Rfros Group. Firstly, this selection procedure
is false, taking only those data which fit in with a preconceived notion.
Secondly, the samples from the Rgros and Tingvoll Groups came from
different localities and therefore are unlikely to have had the same
rock precursor and hence the same 87Sr/SGSr initial ratio, a pre-
requisite for a true isochron.

(ii) Rgheim considered that the R#ros and Tingvoll Groups were
structurally concordant and that the absence of a metamorphic or struc-

" tural break between them implied that they were of the same (Svecofennian)
age. However, as pointed out by Carswell (1973) such concordance may
simply be due to the intense flattening suffered by these rocks during
the folding of the Surnadal Syncline during the Caledonian. Such
intensely flattened fabrics are also present on the Molde Peninsula (see
Plate 2.1l(c), section 2.2.1) which would have easily obliterated any pre-
existing structures.

An altern;tive interpretation for the Rpros Group, and that
preferred here, is that ;he rocks are Silurian-Ordovician ip age and
form part of the Seve Nappe, one of the Allochthonous Units of the

Trondheim area (Gee, 1980; Krill, 1980, 1981 - see Table 1.1). If the
sulphide correlation of R3heim is correct this would result in the rocks
of the Tverrfjella Unit also being Palaeozoic in age and would confimm

an allochthonous origin for the Unit.
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Unfortunately, the correlation of the sulphide deposits is viewed
with some scepticism. Many such deposits occur in the area of the
Allochthonous Units around Trondheim (Bugge, 1980) and the matching of
any two deposits cannot be reliably taken as conclusive evidence of
their stratigraphic equivalence.

Nevertheless, there are several features of the rocks in these
Allochthonous Units which suggest that there is a stratigraphical equi-
valence between them and the Tverrfjella Unit:

(i) The lithological units in the RAros Group are broadly similar
to those observed in the Tverrfjella Unit (Table 1.2).

(ii) The Seve Nappe contains rocks metamorphosed at granulite
facies (Gee, 1980; Claesson, 198l) although this grade appears to be
only a minimum since eclogite pods have been observed in parts of the
Nappe (van Réermund, 1983) .

(iii) Rocks of oceanic derivation have been recognised in several of
the Nappes: Storen (Gale & Roberts, 1974; Gale & Pearce, 1982), Seve
(Andreasson et al., 1981), Koli (Furnes et al., 198l1).

Also, the Seve Nappe and other Nappe Units are recognised in tight
infolds, with the basement gneisses, to the NE of the Molde Peninsula
(Andreasson & Gorbatschev, 1980 and see Fig. 1.l) which may be further
extensions, on strike of the rocks in the Tverrfjella Unit and on Avergvya.
The preservation of the high-grade metamorphic assémblages in the rocks
on Tverrfjella appears to have been due to the rocks lying in relatively
open synclinal structure, rather than Eeing extensively flattened and
sheared in the limbs of a tighter fold.

Not only are rocks of supposed oceanic derivation present in the
Allochthonous Units, some of them display mixed basaltic chemistries

between oceanic and island-arc basalts, as does the Garnet-Granulite.
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Of particular interest are the greenstones at Lgkken, near Trondheim, in
the Stgren Group (see Tables 1.1 and 1.2) (Gale & Roberts, 1974; Gale &
Pearce, 1982). Gale & Roberts interpreted this mixed chemical associa-
tion as the result of the rocks being generated in the transitional
tectonic setting of a marginal (i.e. back-arc) basin. This interpret-
ation was supported by the varied nature of the overlying sedimentary
units at Lgkken: shales, greenstones, greenschists, agglomerates, lime-
stones plus rhyolite horizons higher in the sequence. Typical features
of a marginal basin setting are: mixing of subaerial and submarine
volcanics and sediments, conglomeratic horizons, deep-sea trace fossils,
a bipolar provenance of clastic material and the local development of
carbonates. The mixed basaltic parentage of the rocks in the Tverrfjella
Unit may also indicate a margin at basin setting for their production.
Table 3.2 showed that the Ti and Y values for the Garnet-Granulite were
intemediate between oceanic and islamd-arc basalts (section 3.2.1), a
feature cited by Tarney (1976) as evidence for petrogenesis in a marginal
basin. Unfortunately, unlike the rocks at Lgkken, the original sedimentary
and stratigraphic nature of the associated rocks with the Garnet-
Granulite is not nearly so well defined. The original presence of lime-
stones is clear, and acid volcanics are considered to hawve éccurred
higher in the stratigraphic sequence; the pelitic rocks suggest original
clay-rich sediments, perhaps shales. However, there is no evidence to
suggest the prior existence of conglomerates or agglomerates in the
Tverrfjella Unit.

The possibility of the Tverrfjella Unit being an allochthonous
portion of a marginal basin related to one of the nappes in the
Allochthonous Units of the Trondheim aréa should be taken purely as
conjecture at present. Bowever, there are several lines of enquiry

which could be pursued to investigate this possibility further:
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(i) A more rigorous comparison between the geochemistries of the
Garnet-Granulite and the greenstones of the Allochthonous Units.
(ii) REE analysis of the Garmet-Granulite may clarify the nature
and origin of the basalt precursor (cf. Gale & Pearce, 1982).
(iii) Further mapping of the basal contact of the Tverrfjella Unit
may help to clarify the nature of the contact.
(iv) Further mapping, on strike, to the NE to Avergy and beyond to
see if the rocks of the Tverrfjella Unit can be directly tiaced into the

tight in-folds of the Allochthonous Units in that area.

3.4 MINERAL CHEMISTRY AND P-T CALCULATIONS

Mineral analyses were made on the Garnet-Granulite from several
samples, including both relict eclogite facies assemblages and retro-
gressed assemblages with symplectic clinopyroxenes. Analyses were also
made of the constituent phases of a pelite (1018) from the overlying

heterogeneous rocks.

3.4.1 The Garnet-Granulite

The analyses of the phases in this rock are given in Tables 3.6
(garnets), 3.7 (clinopyroxenes), 3.8 (amphiboles) and 3.9 (feldspars).

Overall, the garnets are almandine-pyrope-grossular types with low
calculated Fe3+ contents typical of eclogite facies garnets (e.g.
Coleman et al., 1965; Mysen & Heier, 1972). The garnets show varying
degrees of compositional zoning but always in a prograde fashion with
increasing pyrope contents towards the rims of the garnets. On Fig.
3.19(a), after Coleman et al. (1965) the garnets fall into fields B and
C, representing eclogites from migmatite, granulite and‘amphibolite
rocks, and in glaucophane and low-amphibolite rocks respectively. The

points are fairly scattered with a substantial range in grossular



TABLE 3.6 BAnalyses of garnets from the Garnet-Granulite

E3 E3 E3 E9 E9 E9 E9 103 103 103 103 1410 1410 1410 1429 1429 1429 1429
(wt. %) Core Rim Core Rim Core ————* Rim Core Rim Core Rim
(1) (1) (2) (1) (n (1) (1) (1) (1) (1) (3) (3 4) 3) (1) (1) (3) (2)
Si.O2 38.80 39.80 39.21 40.02 39.97 39.88 40.24 38.57 38.78 38.66 39.16 37.93 37.91 38.20 38.83 39.05 38.78 38.77
'I‘i02 0.05 0.04 0.06 0.02 0.02 0.02 0.00 0.04 0.04 0.04 0.03 0.02 0.02 0.02 0.02 0.02 0.03 0.02
1\1203 21.52 21.86 21.81 22.11 22.06 22.15 22.33 21.66 21.56 21,57 22.01 21.04 21.13 21.15 21.62 21.90 21.67 21.75
Cr203 - - - 0.03 0.07 0.05 0.02 - - - - - - - - - - -
FeO 20.76 21.06 21.03 20.42 20.27 19.91 19.58 24 .34 24 .45 21.52 20.87 27.46 27.63 27.59 26.33 25.25 26.46 26.83
MnO 0.51 0.51 0.54 0.41 0.42 0.41 0.44 0.45 0.29 0.39 0.47 0.60 0.62 0.67 0.71 0.81 0.77 0.76
Mgo 5.87 5.98 5.84 B8.46 8.87 8.94 10.51 5.65 5.34 6.80 6.95 5.07 5.02 5.31 7.59 8.43 8.04 7.51
Ca0o 12.09 11.66 12.28 9.64 9.10 9.14 7.48 9.43 9.79 10.30 10.88 7.96 7.1 8.04 5.51 4.90 4.98 5.26

TOTAL 99.69 100.23 100. 86 101.16 100.82 100.53 100.63 100.23 100.29 99.28 100.46 100.29 99.55 101.24 100.74 100.43 100.73 101.05

MINERAL FORMULA (12 OXYGENS)

Si 2.994 2.997 2.991 3.007 3.008 3.006 3.009 2.985 3.002 2.985 2.984 2.966 2.986 2.958 2.982 2.989 2.970 2.973
Ti 0.003 0.003 0.004 0.001 0.001 0.001 0.000 0.003 0.003 0.003 0.002 0.001 0.001 0.001 0.001 0.001 0.002 0.001
Al 1.957 1.976 1.961 1.958 1.957 1.968 1.968 1.976 1.967 1.963 1.977 1.939 1.962 1.930 1.957 1.976 1.957 1.966
Cr - - - 0.002 0.004 0.003 0.001 - - - - - - - - - - -

F93+ 0.051 0.026 0.049 0.025 0.022 0.017 0.014 0.051 0.026 0.063 0.052 0.126 0.064 0.151 0.076 0.043 0.099 0.087
Fez+ 1.289 1.325 1.292 1.259 1.254 1.238 1.210 1.524 1.557 ~ 1.327 1.278 1.669 1.757 1.635 1.615 1.575 1.596 1.634
Mg 0.675 0.684 0.664 0.948 0.995 1.004 1.171 0.651 0.616 0.783 0.789 0.591 0.589 0.613 0.868 0.962 0.918 0.858
Mn 0.034 0.033 0.035 0.026 0.027 0.026 0.028 0.029 0.01%9 0.026 C.031 0.039 0.042 0.044 0.046 0.053 0.050 0.049

Ca 0.999 0.958 1.004 0.776 0.734 0.738 0.599 0.782 0.812 0.852 0.889 0.667 0.600 0.667 0.454 0.402 0.409 0.432
TOTAL 8.002 8.002 8.000 8.002 8.002 8.001 8.000 8.002 8.002 8.002 8.002 7.998 8.001 7.999 7.999 8.001 8.001 8.000

END-MEMBERS (%)

ANDR 2.45 1.23 2.38 1.24 1.11 0.84 0.70 2.49 1.29 3.06 2.57 6.34 3.16 7.64 3.79 2.08 4.96 4.32

PYROPE 22.53 22.79 22.17 31.82 33.45 33.69 39.37 21.81 20.61 26.19 26.44 19.91 19.73 20.71 29.12 32.16 30.88 28.86
SPESS 1.11 1.11 1.17 0.88 0.90 0.88 0.94 0.99 0.64 0.85  1.02 1.34 1.39 1.49 1.55 1.76 1.68 1.66
GROSS 30.81 30.64 31.03 24.74 23.35 23.78 19.39 23.61 25.87 25.39 27.13 16.10 16.89 14.87 11.37 11.32 8.74 10.18
ALM 43.01 44.16 43.14 41.23 40.99 40.68 39.55 51.02 51.59 44 .43 42.80 56.27 58.80 55.26 54.13 52.64 53.69 54.95
SCHORL 0.10 0.08 0.12 - - - - 0.08 - 0.08 0.06 0.04 0.04 0.04 0.04 0.04 0.06 0.04
UVAR - - - 0.09 0.21 0.15 0.06 - - - - - - - - - R -

Fe3+ calculated by charge-balance

Figures in brackets refer to the number of analysis points




TABLE 3.7 Analyses of the clinopyroxenes from the Garnet-Granulite

E3 E3 E3 E3 E3 E9 E9 E9 E9 103 103 . 1410 1410 1410 1410 1410 1410 1410 1410 1429 1429
(Wwt. %) +———— . Sympectites ———ou— -~ , Ccore——————3+ Rim Core Rim Core Rim

(2) (2) (1) (1) (1) 1) (1) (1) (2) (3) (1) (1) (1) (1) (1) (3) (1) (3) (1) (2) (2)
Sio2 51.17 51.90 52.78 52.31 52.79 56.04 55.48 54.12 53.94 52.91 52.78 50.63 49,47 50.17 50.14 50.34 50.35 49.87 48.92 53.48 53.68
Tioz 0.30 0.31 0.28 0.26 0.26 0.06 0.07 0.20 0.17 0.08 0.09 0.42 0.40 0.42 0.42 0.40 0.35 0.38 0.40 0.57 0.60
1\1203 6.22 4.40 6.08 7.48 4.10 l0.98 10.98 10.13 10.50 0.80 1.55 3.23 5.06 3.58 4.92 5.04 5.15 5.62 5.27 8.96 8.67
FeO 7.62 8.20 5.74 5.60 6.22 3.59 3.92 4.89 4.89 7.89 9.95 10.50 11.34 11.24 11.12 11.08 11.68 11.20 11.74 9.86 9.70
MnO 0.13 0.16 0.05 0.06 0.08 0.00 0.02 0.03 0.0l 0.10 0.22 0.13 0.11 0.11 0.12 0.12 0.11 0.15 0.09 - -
MGO 11.13 11.55 11.69 11.15 12.74 9.06 9.08 9.64 9.56 13.58 12.34 12.05 11.17 12.04 10.84 10.65 10.06 10.52 10.22 7.81 8.48
Cao 22.18 22.78 21.29 20.71 23.05 14.15 14.54 16.06 15.99 24.93 22.67 21.95 20.26 20.69 20.74 20.78 20.78 20.70 21.06 12.90 13.83
Nazo l.04 0.94 2.03 2.25 0.57 6.37 6.06 4.91 5.02 0.12 0.38 0.70 1.03 0.79 1.21 1.32 1.87 1.24 1.12 6.14 5.53
TOTAL 99.79 100. 26 99.94 99.82 99.81 100.29 100. 20 100.04 100. 20 100.44 99 .98 99.79 99.10 99.25 99.78 100.00 100.83 99.94 99.11 100.21 100.87
MINERAL FORMULA (6 OXYGENS)
si .1.899 1.927 1.934 1.914 1.946 1.943 1.970 1.983 1.932 1.969 1.979 1.907 1.874 1.900 1.885 1.888 1.875 1.872 1.862 1.943 1.941
Ti 0.008 0.009 0.008 0.007 0.007 0.005 0.002 0.002 0.005 0.002 0.003 0.012 0.011 0.012 0.012 0.011 0.010 0.011 0.011 0.016 0.016
Al -0.272 0.193 0.263 0.323 0.178 0.429 0.460 0.458 0.443 0.035 0.069 0.143 0.226 0.160 0.218 0.223 0.226 0.249 0.236 0.384 0.369
Fe:“ - 0.005 - - - 0.017 0.013 0.010 0.031 0.009 - 0.051 0.076 0.058 0.076 0.074 0.135 0.075 0.083 0.131 0.104
Fen> 0. 237 0.250 0.176 0.171 0.192 0.130 0.103 0.096 0.115 0.237 0.312 0.280 0.284 0.298 0.274 | 0.273 0.229 0.276 0.291 0.169 0.189
Mn 0.004. 0.005 0.002 0.002 0.002 0.001 0.001 - - 0.003 0.007 0.004 0.004 ~ 0.004 0.004 0.004 0.003 0.005 0.003 - -
Mg 0.616° 0.639 0.638 0.608 0.700 0.516 0.481 0.478 0.510 0.753 0.690 0.676 0.630 0.680 0.607 0.595 0.558 0.589 0.580 0.423 0.457
Ca 0.882 0.906 0.836 0.812‘ 0.911 0.618 0.553 0.536 0.614 0.994 0.911 0.885 0.822 0.840 0.836 0.835 0.829 0.833 0.859 0.502 0.536
Na "1 0.075 0.068 0.144 0.160 0.041 0.342 0.417 0.437 0.349 0.009 0.028 0.051 0.076 0.058 0.088 0.096 0.135 0.090 ,0.083 0.433 0.388
TOTAL 3.993 4.002  4.001 3.997 3.977 4.001 4.000 4.000 3.999 4.011 3.999 4.009 4.003 4.010 4.000 3.999 4.000 4.000 4.008 4.001 4.000
END-MEMBERS (%)
Ca-Ti-Ts 0.85 0.87 0.77 0.72 0.75 0.54 0.19 0.16 0.46 0.23 0.26 1.20 1.14 1.21 1.19 1.13 0.98 1.07 1.16 1.56 1.63
Ca-Ts 8.46 5.62 5.10 7.18 4.05 4.63 2.60 1.39 5.85 0.42 1.57 5.06 9.97 6.02 9.09 8.93 10.18 10.61 9.94 2.56 2.67
Jd 7.56 6.29 14.43 16.04 4.23 32.52 40.40 42.70 31.72 - 2.77 - - - 1.24 2.16 - 1.50 - 30.14 28.34
Ac - 0.47 - - - 1.65 1.33 1.01 3..15 0.88 - 5.16 7.58 5.85 7.58 7.44 13,53 7.53 8.33 13.11 10.42
Di 57.37 60.14 60.85 57.33 70.00 45.13 43.22 43,37 44.92 74.67 61.25 58.57 48.97 53.63 50.29 50.13 50.79 48.45 50.10 32.97 34.85
Hd 22.04 23.51 16.77 l6.16 19.18 11.40 9.27 8.73 10.13 23.49 27.72 24.21 22.02 23.52 22.68 23.00 20.81 22.75 25.15 13.14 14.42
Jo 0.38 0.47 0.15 0.18 0.25 0.08 0.05 - 0.03 0.31 0.62 ©.36 0.27 0.28 0.32 0.32 0.32 0.39 0.25 - -
En 2.41 1.88 1.51 1.88 1.22 3.22 2.42 2.20 3.06 - 3.98 3.83 6.90 6.58 5.23 4.70 2.40 5.21 3.36 4.66 5.42
Fs 0.93 0.73 0.42 0.53 9.33 0.81 0.52 0.44 0.69 - 1.80 1.58 3.10 2.89 2.36 2.16 0.98 2.47 1.69 1.86 2.24
Rh 0.02 0.02 - 0.01 - 0.01 - - - - 0.04 0.02 0.04 0.03 0.03 0.03 0.02 0.04 0.02 - -
Fe3+ calculated on the basis of the structural formula, after Mysen & Griffin (1973)

Figures in brackets refer to the number of analysis points




TABLE 3.8 Analyses of amphiboles
from the Garnet-Granulite

Calc-sil

(wt. %) E3 1410

(2) (4)
sio2 42.31 42.31
Tio2 1.44 2.07
A1203 13.91 11.42
FeO 11.79 15.76
MnO 0.08 0.08
MgO 12.15 11.15
cao 11.91 11.16
Na20 2,10 2.19
K20 1.95 0.31
TOTAL 97.64 96.45

MINERAL FORMULAE (23 OXYGENS)

si 6.263 6.308
i 0.160 0.232
al 2.427 2.007
reSt 0.000 0.656
et 1.460 1.310
Mn 0.010 0.010
Mg 2.681 2.478
ca 1.889 1.783
Na 0.603 0.633
K 0.368 0.059
TOTAL 15.861 15.476

Fe3+ calculated by the iteratiwve
method of Leake (1978)

Figures in brackets refer to the
number of analysis points




TABLE 3.9 Analyses of secondary feldspars from the Garnet-Granulite

(Wt. %) E3 E3 103 1410 1410 1410 1429
) (L) (3) (2) (2) (2) (2) (2)

5102 62.43 62.32 58.81 63.82 64.11 64.84 67.11
A1203 23.78 24.04 26.06 22,75 22.17 22.13 20.57
FeO 0.16 0.12 0.07 0.20 0.15 0.14 0.16
Cao 5.27 5.59 8.31 4.19 3.54 - 3.43 1.69
NaZO 8.60 8.24 6.79 9.21 9.49 9.53 10.80
K20 0.34 0.47 0.25 0.11 0.13 0.13 0.07
BaO - - - ©.03 0.04 0.0l -
TOTAL 100.58 100.78 100.29 100.31 99.63 100.21 100.40
STRUCTURAL FORMULAE (8 OXYGENS)
Si 2.756 2.746 2.622 2.813 2.839 2.851 2.933
Al 1.237 1.250 1.371 1.182 1.157 1.147 1.060
re* 0.006  0.005 0.003 0.007 0.006 0.005 0.006
Ca 0.249 0. 262 0.3%6 0.198 0.168 0.162 0.079
Na 0.736 0.704 0.584 0.787 0.815 0.812 0.915
K 0.019 0.026 0.016 0.006 0.007 0.007 0.004
Ba - - - 0.001 0.001 0.002 -
TOTAL 5.003 4.993 4.992 4.994 4.993 4.9806 4.997
END-MEMBERS (%)
Ab 73.3 71.0 58.6 79.4 82.2 82.6 91.7
An 24.8 26.4 39.8 19.9 16.9 16.4 7.9
Or 1.9 2.6 1.6 0.7 0.8 1.0 0.4

Figures in brackets refer to the number of analysis points
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contents (9-31%). The compositions are broadly comparable to the
garnets of the eclogites in the Seve nappe (van Roermund, 1983) but are
more grossular than those of the Ulsteinvik eclogite at Hareid (Mysen &
Heier, 1972).

The garnets richest in grossular come from sample E3 (= E2 in
Table 3.3) with > 30%, and sample 103 (= 102 in Table 3.3) with n 26%.
Both of these samples are of mixed Garnet-Granulite/marble rocks which
have CaO contents higher than, and MgO contents lower than the average
Garnet-Granulite in Table 3.1. By contrast, the sample with the lowest
grossular content (1429) with ~ 1l0%, has a bulk chemistry lower in CaO
than the average Garnet-Granulite. Sample 1410, with the most almandine
garnets (v 57%) has the most Fe~rich bulk composition of the samples of
Garnet-Granulite in Table 3.1 (15.68% total FeO). Consequently, it can
be seen that the compositions of these phases fairly accurately reflect
the bulk compositions of their respective rocks.

The analyses of the clinopyroxenes are given in Table 3.7, and are
of both unaltered grains (E9, 1429) and symplectic grains (E3, 103,
1410). All come from matrix clinopyroxenes. As shown on Fig. 3.19(b),
after Essene & Fyfe (1967), there is a distinct compositional division
between these two types of clinopyroxenes. The relict grains display
jadeite contents up to 43%, equivalent to omphacites fram eclogites
elsewhere in Norway: 35-40% in the Ulsteinvik eclogite (Mysen, 1972);
44% in eclogites at Sunnfjord (Krogh, 1980a); 50% in the eclogites of
the Seve Nappe (van Roermund, 1983). This compositionél division is
most likely to be a result of the sampling which included only well
developed symplectites and unaltered grains. The development of the

symplectite is reflected in the lower Na 0O, enrichment of FeO and lower

2
calculated jadeite contents of the phases. Indeed the examples in
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samples 1410 and 103 are almost entirely diopside-hedenbergite types as
bwould be expected from the umixing of plagioclase from an omphacitic
clinopyroxene, through the reactions described in section 3.1.1.

Plotting the data on Fig. 3.20 (after Lovering & White, 1969) shows
that only the clinopyroxenes from sample 1410 are truely of granulite
facies type, although sample 103 lies very close to the diopside-
hedenbergite apex where the arbitrary division of Jd:TS = 1.2 may not be
totally valid. Once again the chemical division between the symplectic
and relict grains is well defined on this plot.

Of the relict grains only that from sample E9 shows any zoning,
with an increase of jadeite from core to rim. The grains of clino-
pyroxene in E9 are fairly large (v 4-5 mm) compared to those in the
other samples (v 1 mm) which would have inhibited the process of volume
diffusion (Tracy, 1982) and the eradication of compositional zoning.

Unfortunately, the presence of the symplectic clinopyroxenes makes
it difficult to relate the mineral compositions to the bulk-rock compos-
itions as with the garnets although it can be seen from Table 3.7 that
the most calcic clinopyroxenes (E3 and 103) come from the mixed Garnet-
Granulite/marble rocks which have Ca0 contents higher than. the average
Garnet-Granulite in Table 3.1.

The analysed amphiboles are given in Table 3.8, that from sample E3
is a primary phase whilst that from sample 1410 is secondary, after
clinopyroxene. Both are Ca-rich amphiboles in the classification of
Leake (1978) with (Ca + Na) > 1.34. The primary amphibole in E3 is
more Mg, K and Al rich, but poorer in Fe than the secondary amphibole
and classifies as a pargasite according to Leake of an equivalent type
to the primary amphiboles observed in the Garnet-Granulite (section

3.1.1) . The secondary amphibole clﬁssifies as a Tschermakite on Leake's
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method. As noted by Lappin & Smith (1978) secondary amphiboles in
retrogressed eclogites are richer in Ti than the early (their 'primary')
amphiboles which has been attributed to variations in oxidation condi-
tions during eclogite facies and subsequent retrograde metamorphic
events (Pinet & Smith, 1982).

The feldspars associated with the symplectic clinopyroxenes are

given in Table 3.9 and bear the following relationships in these particular

samples:
E3: coarse symplectite
103: groundmass

1410: coarse symplectite and groundmass
1429: coarse groundmass adjacent to clinopyroxene

The phases display a wide range of compositions, from An 8 to An 40,

but these are equivalent to those found by Krogh (1982) in eclogites

with secondary symplectic feldspars elsewhere in the Basal Gneiss Complex.
Although the degree of development of symplectite in samples E3 and 103
is no greater than that in sample 1410, the secondary feldspars are
somewhat more calcic perhaps reflecting the more Ca-rich bulk-rock

compositions of these mixed Garnet-Granulite/marble rocks.

3.4.2 The kyanite pelite

The analyses of the phases from sample 1018 are given in Table 3.10,
and included garnet, biotite and plagioclase with the express purpose
of calculating P-T conditions for this rock using the methods of Ferry
& Spear (1978), Ghent et al. (1979) and Newton & Haselton (198l). The
garnet is an almandine-pyrope variety with a little grossular and
andradite, typical of garnets from metapelitic rocks (Miyashiro 1973,
p. 214-221). The low MnO content of this phase, reflected in the low
calculated spessartine value, is considered to reflect the high P para-
genesis of the rock (cf. Miyashiro.1973, p. 221). The mica is a bio-

tite with a Mg/Fe ratio < 2 and is fairly titaniferous.
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TABLE 3.10 Analyses of phases in the kyanite pelite (1018)
in the heterogeneous rocks of the Tverrfjella

Unit

sio, 37.85 34.46 60.56
TiO, 0.02 3.40 -
Al0, 21.28 18.68 24.53
FeO 31.41 19.65 0.13
MnO 1.21 0.11 -
Mgo 4.94 9.01 -
cao 4.00 0.0l 6.53
Na O - 0.10 7.82
KZO - 9.90 0.28
TOTAL 100.71 95.32 99.85
MINERAL FORMULAE

12 ‘o' 22 ‘o' 8 '0"
Si 2.972 5.285 2.701
Ti 0.001 0.392 -
Al 1.969 3.377 1.290
Feo¥ 0.085 - -
re?t 1.978 2.521 0.005
Mn 0.080 0.015 -
Mg 0.578 2.060 -
Ca 0.336 0.002 0.312
Na - 0.029 0.676
K - 1.937 0.016
TOTAL 7.999 15.618 5.000
END-MEMBERS (%)
ANDR 4.23 | Mg/Fe 0.817 Ab 67.3
PYROPE 19.44 An 31.1
SPESS 2.71 Oor l.6
GROSS 7.05
ALM 66.53
SCHORL 0.04

3+

(Fe~ for garnet calculated by charge-balance)
Figures in brackets refer to the number of analysis points




3.4.3 Pressure and temperature calculations

The pressure and temperature data calculated for the Garnet-
Granulite from the data in Tables 3,6, 3.7 and 3.9 are given in Fig. 3.21
and in Table 3.11; the P-T data for-the pelite are given on Fig. 3.21.
Only adjacent rim compositions have been used in these calculations to
ensure, as far as is practicably possible, that the two phases are in
equilibrium and will therefore reflect the P and T of firnal equilibra-
tion.

The P-T values for the non-feldspathic sample (E9) are shown as P-T
lines on Fig. 3.21 using the calibration of Ellis & Green (1979) as
there is no method of obtaining an estimate of the pressure of equilibra-
tion for these rocks from their assemblages. For the feldspathic
samples the methods of Currie & Curtis (1976), Ellis & Green (1979),
Krogh (1983) and Newton & Perkins (1982) were solved iteratively. The
P-T values for the pelite were calculated using the methods of Ferry &
Spear (1978), Ghent et al. (1979) and Newton & Haselton (198l). (See
Appendix B for an explanation of these various methods.)

The P values from the method of Currie & Curtis (1976) are often
negative or very low (1410, 103 and E3/4) which appears to be a result
of these particular samples having little or no jadeite component in the
clinopyroxene. Also, the T values for E3 and 103 are excessively high
which seem to be a result of the calcic nature of the garnets in those
samples. Both of these samples are of mixed Garnet-Granulite/marble
rocks and the bulk rock composition is likely to be too calcic for the
method of Ellis & Green (1979). The high T value for sample 103 is also
partly a result of the low KD for this sample which, in turn is a
result of the high value for Fe2+ in this clinopyroxene (0.312). The P

values from the method of Newton & ?erkins (1982) are more realistic for



TABLE 3.11 Pressure and temperature data for the Garnet-Granulite

PARAMETERS METHODS
* gnt plag M&G E & G/C &C E & G/N &P

¥ Jd b ) Xca X b T T P T P
FELDSPAR BEARING SAMPLES
E3/1 7.56 5.23 5.06 0.335 0.733 711 904 8.5 929 15.3
E3/2 14.43 7.29 7.05 " 0.710 608 802 8.2 821 13.8
E3/3 16.04 7.15 6.92 " " 613 817 11.7 1027 16.8
E3/4 4.23 7.34 7.72 " " 606 732 -8.2 793 12.7
103 2,77 3.71 3.58 0.298 0.586 846 956 -3.0 1015 13.0
1410/1 - 5.06 5.81 0.225 0.794 722 754 5.7 778 11
1410/2 2.16 5.16 5.92 " 0.822 716 647 5.7 775 12
1410/3 - 4.58 5.32 " 0.826 759 681 -17.4 808 12.6
1429 30.14 2.94 4.77 0.145 0.917 961 789 19.4 785 17.3
NON-FELDSPAR BEARING SAMPLES
E9 - 6.15 6.61 0.258 - 658

2+
KD* = gnt/cpx Fe-Mg partitioning with all Fe as Fe

+
KD = gnt/cpx Fe-Mg partitioning with calculated Fe3
M G = Mori & Green (1970) E & G = Ellis & Green (1979)
C C

&
& = Currie & Curtis (1976) N & P = Newton & Perkins (1982)




FIG. 3.21

(1979)
Haselton (1981)

Ghent et al
gnt-bi therm
low P
granulite

granulite

1 L
o e
o~ L oad

Q.

(kbar)
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a high-pressure granulite, although Newton & Perkins consider that their
method may underestimate the pressure for a clinopyroxene-bearing assem-
blage. Again, the T values for samples E3 and 103 appear to be too high.
Sample 1429, which contains the smallest amount of secondary plégioclase,
and the most sodic, gives the highest P value for both of the methods:
Currie & Curtis and Newton & Perkins. The values of v 18.5 kbar and
787°C are comparable to the P-T conditions calculated for eclogites
elsewhere in the Basal Gneiss Complex (Griffin et al. 1983, and see

Fig. 3.21).

On Fig. 3.21 the P-T data for samples 1429, 1410 and E9 are shown.
If the method of Krogh (1983) had been used to calculate the P-T line
for sample E9, temperatures of n 50°C wguld have resulted. Using the P
estimate of 18.5 kbar from sample 1429 a temperature of " 788°C is
obtained for sample E9, virtually identical to that for 1429. These P
and T values reflect the relict eclogite facies mineralogies of these
two samples and that of the original assemblage of the Garnet-Granulite
as a whole. Furthermore these values fit in well with the regional
distribution of temperatures derived from eclogites across the Basal
Gneiss Complex from which temperatures > 750°C would be expected for
eclogites in this area (Krogh, 1977; Griffin et al., 1983, and see
Fig. 1.3).

The P-T data from sample 1410 (v 12 kbar, v 780°c) reflect the
presently observed high-P granulite assemblage of the rocks. An impor-
tant point here is that these P-T conditions for the retrogressed and
symplectised rocks retain high temperature values reflecting the iso-
thermal uplift of the rocks as deduced from the mineral textures
(section 3.1.5).

The P-T data for pelite samplé 1018 were calculated using the Al-

silicate-quartz-plagioclase-garnet. assemblage in the methods of Ghent
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et'al. (1979) and Newton & Haselton (198l). The P-T lines for these two
methods are shown on Fig. 3.21 and agree very well. The method of Ferry
& Spear (1978) was applied to the garnet-biotite pair in the same rock.
Unfortunately, the biotite is rather titaniferous, whichrif excessive
would result in unrealistic temperature estimates (Ferry & Spear, 1978).
This phase gives a (AlIV + Ti)/(AlVI + Ti + Fe + Mg) value of 0.187,
only slightly higher than the limit of < 0.15 set by Ferry & Spear. The
garnet is not particularly Ca or Mn rich and gives a (Ca + Mn)/(Ca + Mn +
Fe + Mg) value of 0.135 within the limit of < 0.2 set by Ferry & Spear.

Taking all Fe as Fe2+ gave a value for the partition coefficient
(K) of 0.307 and a temperature of 792°C. The incorporation of Fe3+ into
the calculation was found to have only a limited effect on the tempera-
ture value. Taking an arbitrary value of 2.25% Fezo3 for the biotite
(based on values of ~ 0.5-4.0% in Deer et al. 1963, vol. III, p. 62),
and calculating Fe3+ in the garnet by charge balance altered the K only
slightly to 0.321, which gave a temperature of 816°C. Consequently,
the curve on Fig. 3.21 should be taken as a minimum temperature for this
rock as should the P estimates where this curve cuts the anorthite -
grossular reaction curves. Interestingly the final equilibration cohdi-
tions of this rock (3_790°C, > 12.5 kbar) are very similar to those of
the high-P granulite assemblage in the Garnet-Granulite.

The derived P-T values for the Garnet-Granulite shown on Fig. 3.21
agree very well with the P-T path postulated for the Tverrfjella Unit
in section 3.1.5 and shown on Fig. 3.4. Also, the calculated P-T
conditions for the pelite lie very close to the 'dry-melting' conditions
postulated for these rocks on a mineralogical basis (see Fig. 3.4).

It is considered that the high grade metamorphism of these meta-

sedimentary/metavolcanic rocks, substantiated by the calculated P-T
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conditions here is indicative of eclogite facies metamorphism in the
crust as postulated by Bryhni (1966) for the 'external' eclogite pods in
the Basal Gneiss Complex. However, Lappin & Smith (1978) consider that
eclogite facies mineralogies cannot form within the crust and prefer
P-T conditions of 30-45 kbar and 700-900°C for the equilibration condi-
tions of these rocks, i.e. in the upper mantle. They consider that the
eclogite pods were tectonically introduced into the lower crust, perhaps
as part of the mega-mélange of Smith (1980), during continent-continent
collision. However, it is difficult to envisage the tectonic processes
required for such a large-scale lithological mixing which would allow
the preservation of the stratigraphic sequencing observed in the

Tverrfjella Unit.
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PLATE 3.1

Appearance of the Garnet-Granulite in outcrop. Note the blocky,
well-jointed nature of the rock. The banding is just visible, and

is vertical. Talstadhesten top (091743).

Appearance of the Garnet-Granulite in thin section. Garnet at
bottom (note tiny inclusions of quartz and plagioclase); clino-
pyroxene above (note incipient symplectite at lower right of grain);

plagioclase lower right (sample 1428, cross-polarised light).

Mineralogical banding of the Garnet-Granulite. Darkest bands are
concentrations of opaque minerals, grey are garnet and clinopyroxene,
lightest are plagioclase and quartz. N side of Talstadhesten

(092748).

Quartz-rich portion of the Garnet-Granulite exhibiting 'strings' of
clinopyroxene'between quartz.and secondary plagioclase rims on
garnet. Garnet is opaque at bottom. Note that the 'string' passes
into the symplectic clinopyroxene at the right of the picture.

(Sample 1410, cross-polarised light).

Retrogressed example of the Garnet-Granulite with garnet displaying
a well developed kelyphite rim of finely intergrown hornblende and
plagioclase with exsolved opaque phases. (Sample 1421, plane-

polarised light.)

Retrogressed example of the Garnet-Granulite with clinopyroxene
displaying a symplectite texture with plagioclase. Note the ex-

solved magnetite grains within the symplectite portion of the

. grain. (Sample 1410, plane-polarised light.)






PLATE 3.2

(a) General appearance of the partly retrogressed Garnet-Granulite.
Plagioclase is fairly well developed in both fine symplectite with
clinopyroxene to the right and more coarse replacement of both
clinopyroxene and garnet, centre and left. Note cracking of the

- garnet and amphibolitisation with development of coarser amphibole

grains at bottom left. (Sample 1422, pléne-polarised light.)

(b) Heavily retrogressed Garnet-Granulite displaying relict symplectic
diopsidic clinopyroxene surrounded by irregular hornblende and
plagioclase. Note ilmenite rimmed by sphene left of centre after

rutile. (Sample 1423, plane-polarised light.)

{c) Breakdown of kyanite, on right, to plagioclase and possibly
corundum (the high-relief phase attached to the kyanite). (Sample

1434, plane-polarised light.)

(d) Further breakdown of kyanite to plagioclase and clays in the murky
area in centre of picture. Relict kyanite at top right of picture.

(sample 1425R, plane-polarised light.)

(e) General appearance of the small garnet-peridotite S of Talstadhesten
(092734). Olivine is bottom right, mica top right. Note profuse
opaque phases (magnetite) and spinel at centre top of picture.

Also note orientation of orthopyroxene plus hydration on rim of

garnet. (Sample 1413, plane-polarised light.)

(£) Contacts of marble and the Garnet-Granulite, at top of quarry face
and in a ptygmatic band. Foxmer contact is sharp; latter is

gradational. Langvatnet quarry (085752). Hammer at bottom right..
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PLATE 3.3

Large lobe of the Garnet-Granulite extending into the marble at
Langvatnet quarry (085752), note banding in marble on left of

picture. Snow barriers at top of face are v 2 m high.

Gradational contact of the Garnet-Granulite and marble, fallen

block. N face of Talstadhesten (092746).

Sharp contact between the Garnet-Granulite and marble, fallen
block, N face of Talstadhesten (092746). Note banding of Garnet-
Granulite and disruption of the rock as boudins. Discolouration

of marble (arrowed) is pink.

Breakdown of clinopyroxene (opaque) in the impure marble to
tremolite (colourless) and calcite (speckled). (Sample 1418,

cross-polarised light.)

Quartz against calcite in the impure marble producing a rim of
colourless mineral possibly actinolite. (Sample 165, cross-

polarised light.)

Zoisite being replaced by scapolite, impure marble. (Sample 165,

cross-polarised light.)
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PLATE 3.4

(a) Scapolite breaking down to a coarse symplectic intergrowth of
zoisite (the high R.I. 'wormy' phase) and calcic-plagioclase.

(Sample 165, cross-polarised light.)

(b) Sphene + quartz producing rutile in the presence of an opaque

phase. (Sample 167, cross-polarised light.)

(c) Anatectic portion (on left of picture) against scapolite producing
a rim of clinopyroxene which passes into a grain of primary clino-
pyroxene at top of picture. Note incipient alteration of scapolite
to turbid mass of clays and opaques. (Sample 1417, plane-

polarised light.)

(d) Layered nature of the heterogeneous rocks of the Tverrfiella Unit

seen on S face of Trolltindane (118751). Height of face v 150 m.

(e) Clinozoisite breaking down to plagioclase adjacent to quartz in
quartzite band within the Garnet-Granulite. (Sample 1012, cross-

polarised light.)

(f) K-feldspar (top of picture) adjacent to biotite, with fine,
fibrous sillimanite growing at the contact. (Sample 1018, cross-

polarised light.)
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INTRODUCTORY STATEMENT TO CHAPTERS 4 AND 5

In the following two chapters, the tract of quartzo-feldspathic
gneisses, extending from Nasvatnet to Mordalsvggen will be discussed;
these rocks fall into the Frei Group of Rgheim (1972 - Table 1.2). From
Map A it can be seen that this tract has been subdivided into an Augen
Gneiss Unit and a Heterogeneous Quartzo-Feldspathic Gneiss Unit. Although
the two groups of rocks are often intimately related in the field and
appear conformable, it was found that they displayed fairly distinct
geochemical patterns and hence deserved to be treated as separate rock
units.

During the initial stages of mapping this tract of gneisses, some
difficulty was experienced in being able to satisfactorily divide the
rocks into mappable units, Although some fairly distinctive rock types
were observed these generally did not occupy easily defined areas of
ground but tended to be gradational over short distances with other
rock types. Very generally, the gneisses show the following variations
from N to S: at Ngsvatnet (1576) the rocks are predominantly migmatitic
with pink, coarse-grained neosomes set in a dark, fine-grained, biotitic
palaeosome. Other massive, grey gneisses also appear along the W shore
of NSsvatnet. The migmatitic gneisses appear along the N side of
Langvatnet (0775); towards Elnesvggen {0570) the migmatites become inter-
mixed with massive, fine-grained, banded pink gneisses or augen-bearing
gneisses. Further south, across Malmefjord onto Ytre Fraena (9967) the
rocks become increasingly mixed with massive, grey gneisses, pink
granitic gneisses and rare massive amphibolites. The proportion of the
migmatitic gneisses is much less here. South of Ytre Fraena the coarse-

grained Augen Gneiss appears and becomes increasingly dominant, with
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most of the outcrop of this rock appearing between Hollingsholm (9762)
and Mordalsvggen (9757). However, within this Augen Gnei#s, other, non-
augen-bearing rocks appear: generally homogeneous grey or pink gneisses,
or striped pink and grey gneisses. From its striking appearance in the
field, of pink-orange ovoidal augen set in a darker, mafic matrix, the
Augen Gneiss was mapped as a separate unit within this tract of gneisses.
However, in some places this proved to be fairly difficult for three
reasons:

(1) N of Hollingsholm, the Augen Gneiss becomes increasingly
limited in extent and intercalated with other granitic gneisses, some of
which have augen-like structures.

(ii) when severely deformed the Augen Gneiss can be transformed
into a banded gneiss, or an apparently augen-free grey gneiss which
superficially appears very similar to other similarly textured gneisses
(see Plate 2.2(d)). Only at certain localities where a banded or grey
gneiss can be physically traced into a progressively deformed Augen
Gneiss can a distinction be made.

(iii) In general, the migmatitic gneisses can be easily recognised
in the field. However, when deformed the leucosome in these rocks breaks
up into pale-coloured ‘'augen' and the rock can take on an appearance very
similar to the deformed Augen Gneiss (see Plate 2.1(b)).

Some of these problems of rock recognition and subdivision were
overcome when the geochemistries of the various rock types were examined.
The major advantages in this respect were that the Augen Gneiss could be
defined as a distinct geochemical group with a fairly well defined
differentiation trend, and that the LIL element contents (Rb, K, Ba) of
this rock were only slightly disturbe@. Fﬁrthermore, this differentia-

tion trend included the finer-grained, pink granitic sheets occurring
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within the Augen Gneiss. The genetic connection between these two rock
types was ultimately confirmed with the Rb-Sr isotopic data (see section
4.3). Initially, all rocks which, from field, petrographic or general
geochemical similarity appeared to belong to the Augen Gneiss Unit,
including the granite sheets, were treated as such. However, during
investigation of the LIL contents of the Augen Gneiss Unit it became
apparent that the differentiation trend of the Augen Gneiss was sufficiently
well defined to be able to distinguish between the rocks in the Augen
Gneiss Unit (s.s.) and other rocks which had been placed in this Unit on
the basis of other evidence, notably: RS3, U443, U489 and U445. Three
graphical plots show these distinctions well. (The data used in these
plots is given in Table 4.1 for the Augen Gneiss Unit and in Tables 5.1
and 5.2 for the Heterogeneous Quartz-Feldspathic Gneiss Unit).

Fig. A (K vs. Rb) shows the fields of the Augen Gneiss Unit and
that of the Heterogeneous Gneiss. The evolution trends of the two groups
of rocks are different: in general the rocks of the Augen Gneiss Unit lie
towards higher K/Rb ratios, whilst the Heterogeneous Gneisses lie at
slightly lower K/Rb values and overall at lower K values.

Fig. B (Ba-Sr-Rb) shows the fields of the Units with the well defined
trend of the Augen Gneiss Unit towards Rb enrichment in the granite
sheets. The Heterogeneous Gneisses exhibit little Rb enrichment.

Fig. C (Rb/Sr vs. Sr) shows the fairly tight grouping of the Augen
Gneiss Unit on the differentiation trend for these rocks. The Heterogeneous
Gneisses fall mainly on a curve at higher Rb/Sr values, although a few
fall on the curve for the Augen Gneiss Unit.

On all of these diagrams the 'problem rocks' always fall outside the
field for the Augen Gneiss Unit, but.not aiways inside the field for the

Heterogeneous Gneiss Unit, particularly RS3 and U489. Sample RS3 appears
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to be an undeformed Augen Gneiss with a granitic chemistry. However, it
contains too little K, Rb and Sr to be equivalent to the Augen Gneiss
(s.s.). Sample U489 was mapped as a pink granitic rock and consider'ea to
be part of the Augen Gneiss Unit. Now, Sr readily replaces Ca in plagio-
clase (Taylor, 1965) and this sample contains 91 ppm Sr and 0.85% CaO.
For an equivalent CaO content, the granitic rocks in the Augen Gneiss
Unit typically contain <50 ppm Sr (see Table 4.1). Even when deformed,
the rocks of the Augen Gneiss Unit do not display such wide variations in
their trace element contents and as a consequence these two samples have
been placed with the Heterogeneous Gneiss Unit even though they contain

rather more Rb than the majority of the rocks in that Unit.
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CHAPTER 4

THE AUGEN GNEISS UNIT

4,1 GENERAL GEOLOGY AND PETROGRAPHY

From Map A it can be seen that this gneiss unit occurs as part of
the tract of quartzo-feldspathic gneisses stretching from Ngsvatnet to
Mordalsvggen. For an explanation of how this tract was subdivided into
the Augen Gneiss Unit and the Heterogeneous Quartzo-Feldspathic Gneiss
Unit, see the Introductory Statement on p. 109. This Unit was termed the

Augen Orthogneiss Complex in Carswell & Harwvey (1983) and Harvey (1983).

4.1.1 Description

The main outcrop of this Unit occurs between Hollingsholm (9762) and
Mordalsvggen (9756) ; as can be seen from Map A, portions of this Unit
also oécur within the Heterogeneous Quartzo-Feldspathic Gneiss Unit as
far N as Jendem. Furthermore, a fairly extensive portion of the
Heterogeneous Quartzo-Feldspathic Gneiss Unit has been mapped within the
Augen Gneiss Unit. The actual northern boundary between these two Units
is impossible to define accurately for two reasons: the often cloée
similarity between the deformed rocks of the two Units and the lack of
good exposure E of Jendem. However, the southern boundary of the Augen
Gneiss Unit, against the Heterogeneous Group of rocks at Moldefjord is
fairly well marked and can be observed running along the N side of the
E662 road at Mordal farm (978576). This contact can also be found on the
hills N of the town of Molde (around Varden - 044591). It is recognised
that very attemated portions of the Augen Gneiss Unit also occur within
the Heterogeneous Group for approximately 0.5 km S of the main contact

marked on Map A.
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The dominant lithology of the Augen Gneiss Unit is a coarse-grained
Augen Gneiss (capitals are used here to distinguish this rock from other
augen gneisses described in subsequent chapters). When undeformed, the
conspicuous pink/orange feldspar augen are ovoidal and typically ~l1 cm
across, although they may be up to 5 cm long (Plate 4.1(a)). The pro-
portion of augen in relation to the darker matrix is fairly constant
although some examples of the rock occur which have rather small,
scattered augen, and others with larger, closer packed augen. The
general appearance of the gneiss is quite variable depending upon the
size and apparent proportion of the augen, and the degree of deformation
affecting the rock, as shown in Plates 2.1 and 2.2. When deformed the
augen appear as elongate 'pencils' (Plate 2.1(b)) although on breaking
the rock these 'pencils' are simply the sections of 'plates'. These
'plates' are the product of the intense flattening and stretching imposed
upon the originally ovoidal augen. The various forms of the augen were
used as strain indicators in an attempt to quantify the progressive de-
formation path of the rocks (see section 2.2.5).

Locally, the Augen Gneiss contains massive, fine-grained, pink rocks
which have sharp contacts with the Augen Gneiss and are deformed with it.
They can be up to 3 m-4 m wide and take the form of dykes or sheets
within the Augen Gneiss and consequently appear to be relatively younger
than the gneisses. During the initial stages of mapping, these granite
sheets were easily confused with the massive pink gneisses of the
Heterogeneous Quartzo-Feldspathic Gneiss Unit; but were subsequently
shown to be part of the Augen Gneiss Unit on geochemical grounds (see
the Introductory Statement on p. 1l09).

At one locality, just N of Eidskrem (980608), where an expanse of

the Heterogeneous Quartzo-Feldspathic Gneiss Unit appears within the
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Augen Gneiss Unit small pods of calc-silicate rocks (epidote + garnet +
sphene * plagioclase) are visible within the Augen Gneiss. These are
generally involved in the deformation of the Augen Gneiss and display
elongation in the strike direction; also, they are partly assimilated
into the Augen Gneiss (Plate 4.1(b)). This assimilation has caused an
increase in the proportion of garnet in the adjacent Augen Gneiss, with
the feldspars taking on a greenish tinge due to epidote inclusions.

In thin section, the general assemblage of the Augen Gneiss is:
perthitic K-feldspar (microcline), anti-perthitic plagioclase (An 20-30),
quartz, hornblende (a straw, B dark-green, Yy blue-green, Yy"Z = 20°),
brown biotite, sphene, magnetite t garnet (Plate 4.1(c)). The egquivalent
rocks on Otrdy, mapped by D.A. Carswell have been found to contain relict
symplectic clinopyroxenes similar in texture to those seen i;x the garnet-
granulite on Tverrfjella (see Plate 3.1(f)).

In the undeformed examples of the gneiss the augen are composed of
equant porphyroblastic, finely perthitic K-feldspar in a polygonal
texture. A little plagioclase can appear in the augen. The plagioclase
and quartz occur around the K-feldspar augen with smaller grains of K-
feldspar. In some examples the plagioclase appears to form a dis-
continuous mantle around the augen. The quartz is generally deformed to
some degree even in the most undeformed examples, and myrmekite often
appears at the plagioclase-K-feldspar contacts. As the rocks become
increasingly deformed the proportion of myrmekite increases appreciably
and there appears to be a correlation between the degree of defommation
and the appearance of this texture, suggesting that mechanical strain is
the instigator of its formation (cf. Smith 1974, p. 577).

The mafic phases tend to appear as clots of hornblende and sphene

surrounded by mats of well oriented biotite. 1In some examples of this



116

rock, small pink xenoblastic garnets appear as discontinuous 'strings'
between the mafic clots and the feldspathic augen. These tend to appear
in the more mafic examples. It has been noted that the proportion of
mafic phases varies in these gneisses: some are mafic with garnet, others
lack garnet and have smaller amounts of hornblende suggesting compositional
variations in these rocks. In some examples, a texture of hornblende
poikiloblastically enclosing plagioclase is seen (Plate 4.1(d)). Similar
textures have been observed in the heavily retrogressed samples of the
garnet-granulite (see Plate 3.2(b)), and it is possible that these horn-
blendes represent hydrated symplectic clinopyroxenes, and as such imply
the prior existence of a high-pressure granulite assemblage of garnet-
clinopyroxene (cmphacitic)-quartz-plagioclase.

If isoclinally folded, the augen appear to have been partially
mobilised into the crests of the folds, the zone of least of stress,
giving the rocks a pseudo-migmatitic appearance (cf. Misch, 1969)

(Plate 2.1(e)). As deformation proceeded, the augen became progressively
esmeared out and granulated to give a finely banded rock at amphibolite
facles in which only relics of the augen now exist as aggregates of
mosaic K-feldspar. The transition of rocks with large augen structures
‘into banded rocks has also been observed in W. Greenland (McGregor, 1973).
when very severely deformed the Augen Gneiss transforms into a mylonite
with relic K-feldspars, and rarely homblerde (see Plate 2.1(a) and 4.l(e».

The assemblages of the pink granitic rocks are dominated by micro-
perthitic K-feldspar (microcline) and quartz + plagioclase (generally un-
twinned albite) + biotite + opaques + apatite * garnet in a fine-grained
(v1 mm), equigranular, xenoblastic texture. Unlike the Augen Gneiss,
these rocks have a consistent assemblage, without the variations in pro-

portions of mafic phases. However, as with the Augen Gneiss, the rocks
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display varying degrees of deformation and in general appear to have

been more easily deformed than the Augen Gneiss. The quartz is always
sutured and often 'ribboned' whilst the microcline has granulated margins
and produces myrmekite when adjacent to plagioclase (cf. the Augen Gneisé).
The bilotite is fairly well aligned, as are the opaques (Plate 4.1(f)).
These rocks can also be mylonitised with relict K-feldspars in a highly
comminuted matrix of quartz and plagioclase; small neoblasts of zoisite

appear in the fabrics of these mylonites.

4.1.2 Discussion of the petrography

The augen structures in augen gneisses are considered to be formed
in two ways; either by metasomatism (Mehnert 1968, p. 35) or by defomm-
ation (Bryhni, 1966).
| Metasomatically formed augen are generally K-feldspar, or more
rarely sodic-plagioclase, either rounded or tending towards idiomorphic
forms. In most cases the augen grew in a pre-existing fabric, i.e.
tfeldspathisation'. However, the general form of an augen gneiss is one
formed syntectonically with mono-mineralic augen in a schistose matrix.
Augen can also be composed of aggregates of feldspar and quartz, and are
related to the veins and schlieren of pegmatoid neosomes often occurring
in nearby rocks (such 'augen' appear in the deformed rocks of the
Heterogeneous Quartzo-Feldspathic Gneiss Unit - see section 5.!/). The
augen gneisses described by Bryhni (1966) occur at the junction of major
lithological units and he considers that such rocks are typical of
abrupt tectonic breaks. In general, the formation of an augen gneiss
requires some degree of deformation during its evolution.

The augen in the Augen Gneiss do not appear to be the products of
deformation from a migmatite for two reaséns: the augen are not of a

pegmatoid assemblage (K-feldspar + quartz + plagioclase), and they are
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not accompanied by relict veins and schlieren of leucosome material.
Furthermore, the augen do not appear to have formed by metasomatism since
the augen are not mono-crystalline and idiomorphic. It is possible that
the rocks have suffered recrystallisation under high grade metamorphic
conditions which may have resulted in the polygonal texture seen in the
augen, which then resided as competant bodies around which the quartz and
mafic minerals were deformed. However, such recrystallisation is
considered unlikely since the augen are very consistent in both size and
distribution through the rock, features which are considered unlikely in
an augen gneiss formed by metasomatism, as shown in the examples in
Figs. 17 and 18 in Mehnert (1968, p. 34-35).

Indeed it is the very constancy of appearance of this Augen Gneiss,
when undeformed, which suggests the other possible origin for the augen:
as deformed porphyroclasts of an originalvigneous rock. In addition,
three particular features of the augen suggest a possible relation of
this pre-existing igneous rock to the rapakivi granites:

(i) The appearance of discontinuous mantles of fairly sodic
plagioclase on the augen (the rapakivi texture: Sahama, 1945; Dawes, 1966).
vidal et al. (1980) have discussed the behaviour of feldspar augen
-during deformation and found that the perthitic portions of the K-
feldspar can recrystallise as albite or myrmekite onto the rims of the
augen (cf. White, 1975) . However, the plagioclase mantles in the Augen
Gneiss do not appear to have formed in this way for three reasons:

(a) the plagioclase is oligoclase rather than albite;
(b) the K-feldspar neoblasts observed by Vidal et al. are absent;
(c) the plagioclase mantles are best seen in the undeformed rocks rather

than the deformed rocks.
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(ii) The ovoidal form to the augen. Although it is possible that
this form is a result of the deformation suffered by these rocks
(compression/elongation and rotation in the matrix) these ovoids also
exist in the most undeformed examples of the Augen Gneiss. Ovoidal
phenocrysts are a feature of rapakivi granites (Sahama, 1945; Dawes, 1966).

(iii) Perthites and anti-perthites. Although these textures are
indicative of grades of metamorphism at granulite facies (Sen, 1959)
they may be original magmatic features, as found in rapakivi granites
(de waard, 1969).

The idea of an augen greiss derived by deformation from an igneous
rock is not new. Both McGregor (1973) and Myers (1978) demonstrated that
augen gneisses in W. Greenland were the products of deformation of
originally porphyritic igneous rocks.

The overall grade of metamorphism 6f the Augen Gneiss Unit is amphi -
pbolite facies, although the mylonites are transformed into greenschists
with biotite altering to chlorite, and the appearance of epidote minerals.
However, the appearance of rare symplectic clinopyroxene relics and
fairly abundant garnet implies that these rocks were once subjected to
high-pressure granulite facies conditions. Indeed, P and T equilibration
conditions of 9.3 kbar and 806°C have been calculated for these rocks
using the combined methods of Newton & Perkins (1981) and Ellis & Green
(1979) (see Appendix B) on the assemblage: garnet-clinopyroxene-

plagioclase-quartz (Carswell & Harvey, 1983; Harvey, 1983).

4.2 GEOCHEMISTRY

Whole-rock analyses and normative minerals for the Augen Gneiss and
granite sheets are given in Table 4.l1. Samples prefixed by 'U' are fram
otrpy, all others are from the Molde Peninsula. The reason for grouping
these two rock types in this chapter is explained in the Introductory

Statement on p. 109,



TABLE 4.1 Whole-rock analyses and normative minerals of the Augen Gneiss Unit

Granite sheets

Augen Gneiss

'Acid’ 'Intermediate* 'Basic’

D34 D121 204 Ul47 u226 ulise ulss U418 D86 D120 2117 2120 2121 2122 2123 RS1 ' 2124 2125 2134 M13 M33 u300 U396 U492 U493 u3ol v302 u332 u374 U417
MAJOR ELEMENTS (wt. %)
5102 78.03 78.53 77.64 77.33 76 .89 77.22 76.19 77.21 | 73.28 70.79 72.14 71.90 70.37 69.66 74.86 73.60 | 66.71 67.59 64.34 65.14 66.15 64.36 67.44 65.82 65.22 | 63.94 63.49 62.11 61.49 65.49
-rio2 0.05 0.03 0.02 0.07 0.06 0.13 0.27 0.12| 0.26 0.47 0.41 0.50 0.45 0.56 0.29 0.51 0.76 0.71 0.82 0.92 0.75 0.85 0.83 0.89 0.95 | 0.98 1.03 1.04 '1.20 0.94
A1,0,111.96 11.97 12.37 12.03 12.70 11.95 11.70 12.05{13.54 14.10 13.73 13.31 14.31 13.89 12.36 12.26 | 14.71 14.66 15.71 14.51 14.89 15.67 13.72 14.78 14.68|15.60 15.35 15.58 14.86 14.55
Fe,0,] 0.31 0.18 0.22 0.38 0.22 0.85 0.92 0.72] 0.90 1l.07 1.36 1.55 1.74 1.87 1.17 2.03 2.73 2.29 2.51  2.15 2.43 1.07 1.69 2.48 2.49 | 0.55 0.35 0.00 1.99 2.45
FeO 0.36 0.18 0.12 0.90 0.34 0.23 1.15 0.36| 0.74 1.78 1.14 1.54 1.64 1.74 o0.70 1.28 2.18 2.26 3.12 4.08 2.59 4.17 3.66 2.95 3.42 | 5.54 6.05 6.61 5.70 3.64
MnoO 0.02 0.01 0.00 0.06 0.02 0.03 0.03 0.02| 0.02 0.06 0.07 0.00 0.06 0.07 0.04 0.03 ‘,0.66 0.10 0.11  0.12 0.09 0.09 0.09 0.09 0.09 | 0.11 0.13 0.12 o0.14 0.15
Mgo 0.29 0.33 0.15 0.17 0.15 0.35 0.46 0.56 | 0.10 0.83 1.08 1.03 1.42 0.95 0.55 0.62 1.19 1.09 1.38 1.54 0.98 1.62 1.31 1.91 2.19] 1.39 1.58 2.54 1.88 1.95
cao 0.74 1.12 0.90 0.76 0.80 1.02 1.22 0.74 1.27 2.19 2.0l 1.95 2.01 2.07 1.36 1.78 2.94 3.15 3.59 3.36 3.06 3.42 3.08 3.38 3.61 3.53 3.86 3.98 4.80 3.50
Na,0 3.57 3.11 2.56  3.02 3.79 3.02 2.35 2.42| 2.76 2.70 2.95 2.75 3.68 2.77 2.50 3.02 3.23 3.13 3.19 2.99 3.02 3.50 3.01 2.93 3.07| 2.12 2.71 3.10 3.l0 3.09
K0 4.41 4.95 6.04 5.48 4.50 4.66 5.06 5.79 | 5.95 5.45 5.05 4.87 4.86 5.51 5.31 4.74 4.58 4.37 4.64 3.52 4.63 4.17 3.98 4.20 3.49 | 4.14 3.56 4.31 3.09 3.62
PO, 0.02 0.00 0.01 0.0l 0.0l 0.04 0.10 0.01| 0.05 0.14 0.13 0.17 0.17 0.17 o0.08 0.14 0.24 0.16 0.27 0.30 0.26 0.32 0.31 0.30 0.37| 0.36 0.38 0.41 0.49 0.32
[ 0.00 0.01 0.00 0.04 0.0l 0.00 0.0l 0.00| 0.00 0.0l 0.00 0.00 0.00 0.00 0.00 0.00 0.0l 0.0l 0.01 0.0 0.00 0.04 0.01 0.0l 0.00| 0.08 0.06 0.18 0.07 0.0l
Hon 0.16 0.21 0.47 0.34 0.41 0.72 0.69 0.27| 0.35 0.37 0.34 0.55 0.36 0.43 0.34 0.35 0.52 0.60 0.39 0.57 o0.44 0.75 1.13 0.57 0.46 | 0.67 0.71 0.76 0.80 0.48
TOTAL { 99.92 100.63 100.50 100.21 99.90 100.22 100.15 100.27{99.22 99.96 100.41 100.12 101.07 99.69 99.56 100.36 | 99.86 100.12 100.08 99.19 99.27 100.01 }.00.26 100.31 100.15 [98.97 99.23 100.74 99.58 100.19
TRACE ELEMENTS (ppm)
Ni o o} o) 4 o] 0 o} o] o (o) 0 2 2 o o 1 1 2 1 o 3 4q S 6 1 2 7 6 6
v 1 8 17 8 15 17 25 24 18 6 22 36 39 54 - - 42 48 48 51 52 55 77 71 59
Cr 9 4 16 o] 13 10 13 8 9 10 6 10 11 8 10 5 12 13 10 34 18 12 11 16 21 11 7 16 15 9
Zn - - - o 10 14 31 - - - - - - - - - - - - 77 75 85 80 - - 95 99 117 - 97
Cu - - - 11 3 6 12 - - - - - - - - - - - - ) 3 17 12 - - 17 18 17 - 43
Rb 260 97 125 130 185 158 116 115 104 87 123 113 96 102 101 105 78 68 60 85 85 64 87 100 99 61 51 60 64 75
Sr 19 77 42 28 32 46 84 84 156 144 159 156 126 130 122 120 231 186 258 231 201 264 180 219 214 262 241 210 203 320
Y 64 9 10 9 34 17 18 16 13 21 27 30 40 28 19 58 31 31 44 33 25 32 54 58 50 34 40 55 46 47
2r 48 17 12 55 35 76 155 94 168 297 247 244 207 377 228 312 397 353 422 329 370 339 348 385 404 410 437 456 325 410
Pb 39 Z0 15 23 37 18 17 21 18 15 17 21 17 20 20 13 23 14 19 11 22 21 19 16 13 18 15 16 14 .13
Ba 157 289 209 121 113 155 412 284 921 1082 895 759 595 963 840 780 1306 1232 1634 1176 1283 1767 991 1172 396 |1775 1619 1193 672 1603 "
NORMATIVE MINERALS (%)
q 38.26 38.85 37.49 36.10 35.55 39.20 39.71 38.%6) 31.62 27.95 29.95 31.69 24.18 26.7;f736.74 33.97 | 22.96 24.57 18.23 23.76 22.90 16.81L 25.45 22.60 22.83 |23.52 20.44 12.10 17.54 22.77
or 26.06 29.25 35.70 32.39 26.59 27.54 29.90 34.22| 35.16 32.21 29.84 28.78 28.72 32.56 31.38 28.01 | 27.07 25.83 27.42 20.80 27.36 24.64 23.52 24.82 20.63 | 24.47 21.04 25.47 18.26 21.39
ab 30.21 26.32 21.66 25.56 32.07 25.56 19.89 20.48| 23.36 22.85 24.96 23.27 31.14 23.44 21.16 25.56 | 27.33 26.49 26.99 25.30 25.56 29.62 25.47 24.79 25.98 [17.94 22.93 26.23 26.23 26.15
an 3.54 4.08 4.40 3.09 3.90 4.80 5.40 3.61 5.97 9.95 9.12 8.56 8.18 9.16 6.22 5.90 | 12.11 13.05 14.86 14.71 13.40 14.73 12.17 14.77 15.49 | 15.16 16.67 15.87 17.51 15.14
c - - 0.01 - 0.16 0.18 0.38 0.48} 0.37 0.11 0.07 0.38 - 0.01 0.22 - - - - 0.39 - - - - 0.18 1 2.08 0.93 - - -
ai - 1.16 - 0.54 - - - - - - - - 0.55 - - 1.57 | o0.71 1.24 1.00 - 0.07 0.12 0.90 0.03 - - - 1.0l 2.60 0.10
hy 1.04 0.39 0.38 2.23 0.69 0.87 2.04 l.40| o0.44 3.66 2.98 3.29 4.11 3.0 1.37 0.82 3.10 3.19 5.25 7.91  3.92 9.26 6.75 6.65 8.11 {11.40 112.94 15.87 10.08 7.80
mt 0.45 0.26 0.32 - 0.32 0.36 1.33 0.81| 1.31 1.55 1.97 2.25 2.52 2.71 1.42 2.65 3.96 3.32 3.50 3.12 3.52 1.55 2.45 3.60 3.61 | 0.80 0.51 - 2.89 3.55
il 0.10 0.06 0.04 0.13 0.11 0.25 0.51 0.23] 0.49 0.89 0.78 0.95 0.8 1.06 0.55 0.97 1.44 1.35 1.55 1.75 1.42 1.61 1.58 1.69 1.80| 1.86 1.96 1.98 2.28 1.79
pY - 0.02 - 0.08 0.02 - 0.02 - - 0.02 - - - - - - 0.02 0.02 0.01 0.1l1 - - - - - - - - - -
ap 0.05 0.00 0.02 0.02 0.02 0.09 0.23 0.02 0.12 0.33 0.30 0.40 0.40 0.40 0.19 0.33 0.56 0.37 0.62 0.70 0.60 0.74 0.72 0.70 0.86 0.84 0.88 0.95 1.14 0.74
TOTAL | 99.71 100.39 100.02 100.14 99.43 99. 85 99.41 99.811( 98.84 99.52 99,97 99.57 100.66 99.18 99.25 99.78 | 99.26 99.43 99.43 98.55 98.75 99.08 99.01 99.65 99.49 | 98,07 98.30 98.48 98.53 99.43
Al* 1.11 1.14 1.15 1.10 1.15 1.19 1.25 1.18 1.23 1.35 1.32- 1.36 1,26 1,32 1.26 1.21 1.43 1.50 1.54 1.67 1.49 1.54 1.48 1.58 1.66 1.96 1.84 1.76 1.63 1.59
K,0
Na20 1.24 1.59 2.34 1.81 1.19 1.54 2.15 2.39 2.16 2.02 1.71 1.77 1.32 1.99 2.12 1.57 1.42 1.40 1.45 1.18 1.53 1.19 1.32 1.43 1.14 1.95 1.31 0.99 1.17 1.39

'”'203/("‘20 + K20) molecular, after Shand (1947)
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The recognition of variations in the mineral assemblages of the Augen
Gneiss suggested that a compositional trend existed in these rocks. The
analyses are shown in a series of variation diagrams in Fig. 4.1 with
various element oxides plotted against Thornton & Tuttle's Differentiation
Index (i.e. normative q + ab + or + ne + 1lc + kp), in each case a fairly
well defined trend is present. Furthermore, the Augen Gneisses appear
to fall into two, or possibly three groups with divisions at about 68
and 80 on the D.I. axis. These divisions may be artificial, resulting
from the sampling, but they may suggest that there is more than one
chemical type of Augen Gneiss present, as suspected from the petrographic
evidence. Consequently, the analyses in Table 4.1 have been tentatively
divided into 'basic', ‘'intermediate' and 'acid' groups. These groups
seem to have a spatial distribution with the most 'acid' variety occur-
ring around Fanghol, with the 'intermediate' and 'basic' varieties to the
N and S of that locality.

Essentially, the Augen Gneisses are intermediate to acid in compos-
ition with SioO

5 varying between 61% and 70%, total alkalies "9%-10% with

K20 dominant in the 'acid' and 'intermediate' varieties, and Ca0 dominant

in the 'basic' variety. The rocks are peraluminous (A1203 > Na20 + Kzo,
molecular) according to the terminology of Shand (1947). The normative
minerals show the rocks to be oversaturated with a ubiquitous presence
of hy, even in the most 'acid' varieties. The appedrance of normative
corundum ('c') reflects the peraluminous nature of the rocks.

Figs. 4.2(a) and (b) and 4.3(a) and (b) show plots of the LIL
elements (Rb, K) and Ca and Sr; as with the major elements regular trends
are visible. Rb selectively substitutes for K in minerals (K-feldspar)

whilst Sr substitutes for Ca (in plagioclase) (Taylor, 1965). The trends

shown are typical for a highly differentiated granitic series where there
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FIG. 4.2(a) K vs. Rb with the upper crustal K/Rb ratio of 230 after
Taylor (1964). K/Rb = 500 also shown. Symbols as in
FI1G. 4.1.
(b) Ba vs. Sr, with Ba/Sr = 5 shown. Symbols as in FIG. 4.l.
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of the plagioclase with differentiation in the Augen Gneiss
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(after Petersen, 1980a). Symbols as in FIG. 4.1.
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is Rb and K enrichment simultaneous with Ba and Sr depletion (Nockolds &
Allen, 1953; Kolbe & Taylor, 1966), i.e. biotite, plagioclase (and horn-
blende) fractionation. The enrichment of Rb is particularly noticeable
on the X vs. Rb plot (Fig. 4.2(a)). The linear trend at about Ba/Sr = 5
(Fig. 4.2(b)) reflects the constant partitioning of these two elements
throughout the formation of the Gneiss series. The Ca vs. Sr plot

(Fig. 4.3(a)) mirrors the lowéring of the An content of the plagioclase
with differentiation, as seen in the normative minerals (Table 4.1). Ba
tends to be concentrated, relative to K, in the early, most 'basic' rocks
and not depleted until the very late stages of differentiation (cf.
Bouseily & Sokkary, 1975). Similar trends to those shown in Figs. 4.2
and 4.3 have been observed in the charnockitic, Kleivan granite in S

" Noxrway (Petersen, 1980a) and in the metamorphosed rapakivi granite of
Aggeneysberge in S Africa (Lipson, 1980).

The depletion of Ba in the later differentiates of this Gneiss series
appears to be due to the mechanism postulated by Petersen (1980a). He
considered that as differentiation proceeded the water content of the
melt would increase to values "2.5%-3.0% thereby inverting the biotite/
K-feldspar crystallisation boundary (cf. Maalde & Wyllie, 1975). Once
biotite was crystallising before K-feldspar it would remove Ba from
succeeding portions of the melt by acting as a fractionating phase.

The relationships between Ba, Sr and Rb are also shown on Fig. 4.4(a)
(after Bouseily & Sokkary, 1975). Here the Augen Gneisses fall between
the fields of 'normal granites' and 'anomalous granites' (i.e. metasomatic/
migmatitic) and define a differentiation trend. The presence of this
trend is important since BOﬁgeily & Sokkary found that metasomatic/
migmatitic rocks plotted as clusters rather than as trends; consequently

such an origin does not seem to apply to these Augen Gneisses. The
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FIG. 4.4(a) Ba-Rb-Sr plot after Bouseily & Sokkary (1975) showing Rb-
enrichment in the granite sheets. Symbols as in FIG. 4.1.
(b) AFM plot with tholeiite/alkaline division after Irvine &
Barager (1971). Symbols as in FIG. 4.1.
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differentiation trend is continued by the granite sheets into the field
of 'strongly differentiated granites' with extreme Rb enrichment.

The curve shown in Fig. 4.3(b) is identical to the one derived by
Petersen (1980a), by petrogenetic modelling, for the Kleivan granite
which he considered to be the product of fractionation from a mantle-
derived igneous body. Petersen found that a granitic magma derived by
fusion of the crust would display a curve displaced to higher Rb/Sr
values for comparable compositions (curve 'C'). The slight scattering of
the points around the curve suggest that there has been some disturbance
of the Rb-Sr system in the rocks.

It is important to note that the granite sheets, although of more
differentiated compositions than the Augen Gneisses, follow all these
‘elemental trends which implies that they are magmatically related to the
Gneisses.

It is generally considered that there is a loss of certain elements,
including the LIL elements (Rb, K, Th, U, Pb) from rocks during meta-
morphism above amphibolite facies (Lambert & Heier, 1968; Heier &
Thoresen, 1971). Heier & Thoresen demonstrated that granulites have
higher K/Rb ratios than the assumed.upper crustal average K/Rb ratio of
230 (Taylor, 1964). Lambert & Heier considered that the loss of LIL
elements from granulites was due to a partial melt, of granitic material,
migrating upwards from the rocks taking these elements with it. An
alternative possible process suggested by them was the increased efficiency
of sub-solidus transport of these elements at medium- to high-pressure
granulite facies. By way of confirmation they pointed to the lack of
granitic fractions in granulite facies terrains. However, Tarney (1976)
considered that the removal of LIL elements by partial melting was un-

likely since the Lewisian granulites, although depleted in K and Rb
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displayed pegmatites veins. He postulated that the loss of K, Rb and U,
via hydrous fluids, will only occur at granulite facies if open-system

conditions occur simultaneously with the metamorphism. He also considered

that it was possible to attain granulite facies conditions under closed-
system conditions when there would be a retention of the LIL elements.
As an extreme example he indicated the granulite-eclogite rocks of the
Bohemian Massif in central Europe which have relatively high K and Rb
plus low K/Rb values but possess anhydrous assemblages.

Examining the plots of the trace elements in Figs. 4.2 and 4.3 in
relation to these findings it would appear that the Augen Gneisses and
granite sheets have not suffered a major loss of LIL elements even
though they exhibit relics of high-grade assemblages. Although the K vs,
Rb plot (Fig. 4.2(a)) shows the Gneisses clustering around the 500 ratio
line, the absolute Rb values are still higher than in normal granulites
(Lambert et al., 1976); also the rocks possess a granitic chemistry
implyiné that there has been no loss of a partial melt. If the conjec-
" tive of Tarney (1976) is correct, it would appear that these rocks
attained a high-grade assemblage under closed-system conditions allow-
ing the retention of the LIL elements. Even during deformation and the
related retrogression of the rocks, there apparently has not been any
loss or addition of trace elements (cf. Heier & Thoresen, 1971). For
example: samples 2120, 2123 and 2124 are very attenuated, exhibiting
strained quartz and granulated feldspars, and yet have trace element
compositions comparable to the less deformed samples, e.g. RSL.

Plotting the major element analyses on an AFM diagram (Fig. 4.4 (b))
gives a trend which appears to be intermediate between calc-alkaline
and tholeiitic. On the Na, O + K.,O vs. Si0, plot (Fig. 4.5(a)) of

2 2 2
Irvine & Baragar (1971) the rocks fall into the subalkaline field; in
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(1971). The intersection of the two trends marks the
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conjunction with the Ca0 vs. SiO, plot, also shown on this diagram the

2
alkali-lime index of 58% implies that they are calc-alkaline (Peacock,
1931) . However, an important aspect of the chemistry of the Augen Gneiss
is that they are K-rich, even in the 'basic' variety, with K20/Na20
ratios generally >1. True calc-alkaline igneous rocks derived through
the interaction of oceanic crust, mantle-derived mafic magmas and
continental crust at an Andean-type convergent margin (Barker et al.,
"1981) typically have K20/Na20 ratios <1 (Mitchell, 1975) with K20/Na20
ratios >1 only occurring in the most differentiated, granitic, portions
of the rock series. Therefore the relatively high K20/Na20 ratios in
the Augen Gneiss and granite sheets appear to be more indicative of
rocks of a continental origin (Mitchell, 1975).

Hence, a paradox arises: the Fe-poor nature of the Augen Gneiss and
granite sheets points to a calc-alkaline affinity, but the alkali
contents do not support this aﬁd yet still indicate a sub-alkaline
character (see Fig. 4.5(a)), which cannot be tholeiitic because of the
low Fe-contents. It is pertinent to note that on the A1203 vs. An'
plot of Irvine & Baragar (1971) (Fig. 4.5(b)) the rocks straddle the
dividing line, suggesting that they are transitional in chemistry
between calc-alkaline and tholeiitic.

In an attempt to classify these rocks further, the normative feld-
spar diagrams of Streckeisen (1976) were employed (Fig. 4.6(a)); the
majority of the rocks are oversaturated in this scheme (i.e. normative
g > 17%) . Although the points do not fall exactly in the defined fields
it is considered that they vary between: syenites/monzonites (depending
upon q content), granodiorites, monzo-granites, syeno-granites and
alkali-granites.

Consideration of the rocks in the Ab-Or-An system, studied by

Yoder et al. (1957), shows the differentiation trend of the rocks



FIG. 4.6(a)

(b)

Ab-Or-aAn plot with fields from Streckeisen (1976) for rocks
with normative q > 17%. Dashed fields are for rocks with
normative ¢ < 17% - solid ornament. Symbols as in FIG. 4.1.
Ab-Or-An-H,0 diagram after Yoder et al. (1957) at 5000 bars
Ho0 solid lines, apart from the cotectic represent the
intersection of the solidus and solwvus in the system.
Symbols as in FIG. 4.1.
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towards the cotectic, and then following the cotectic, with the granite
sheets, towards the eutectic point (Fig. 4.6(b))}. Since the crystal-
lisation of a magmatic series would follow such a trend, it is considered
that the chemistry of these rocks reflects a true igneous pattern.

As it was apparent that the Augen Gneiss Unit represented an oxtho-
gneiss series an Rb-Sr dating program was undertaken in order to place
some sort of age constraint on either their time of intrusion or their
time of metamorphism. The apparently weli preserved LIL element patterns

in the rocks suggested that a meaningful age could be obtained.

4.3 Rb-Sr WHOLE-ROCK DATING

The majority of the samples came from the outcrops at Fanghol where
relatively homogeneous outcrops occur; other scattered samples were also
taken including some from Otrdy. Fig. 4.7 shows their distribution.
Samples with varying degrees of deformation were also taken to ascertain
the effect this had on the Rb-Sr system. All were of litre size or
larger and weighed 4-5 kg. Rb and Sr were determined by X.R.F. and the
Sr isotopes by mass spectrametry (V6 Micromass 30) at the Mineralogisk-
Geologisk Museum, Oslo, duplicate Rb and Sr analyses were also made at
sheffield University; the results are given in Table 4.2. The analytical
procedures are given in Appendix A. Isochrons were fitted using the
least squares method with correlated errors of York (1969) and an Rb

11

- -1
decay constant (A) of 1.42 x 10O yr (Steiger & Jdger, 1977); all

errors are quoted at the 2 o level. The value of 87Sr/86Sr obtained for

standard Srco3 NBS 987 was 0.71030 * 0.00010 over 20 runs.

From the evidence of co-magmatism for the Augen Gneisses and
granite sheets, as shown by the continuous chemical trends on Figs. 4.1

to 4.6, the two rock types have been combined on a single isochron on

87

the assumption that they would have the same initial Sr/865r ratio.



TABLE 4.2 Rb-Sr data used for the isochron in Fig. 4.8(a)

Sample

Number Rb Sr 87Rb/86Sr 87sr/86Sr 20 Description
Augen Gneisses

2117 123 159 2.24748 0.75116 0.00010 Deformed

2120 113 156 2.08066 0.74773 0.00012 Sheared

2122 lo2 130 2.26695 0.75073 0.00014 Unde formed

2123 101l 122 2.38314 0.75582 0.00012 Sheared

2124 78 231 0.97711 0.72361 0.00010 Sheared

2125 68 186 1.02893 0.72600 0.00008 Slightly Sheared

2134/1 78 231 0.68764 0.71913 0.00014 Deformed

2134/2 64 263 0.70476 0.71879 0.00014 Deformed

RS1 105 120 2,54395 0.75854 0.00010 Undeformed

U417/1 64 203 0.91360 0.72495 0.00026 Undeformed

u417/2 70 206 0.97500 0.72527 0.00016 Undeformed

U492 98 217 1.32334 0.73274 0.00016 Undeformed

U493 99 214 1.38279 0.73315 0.00016 Undeformed
Granite Sheets

D121 97 77 3.80698 0.78699 0.00008 Undeformed

204 125 42 8.73983 0.88896 0.00010 Deformed

U418 115 84 4,05825 0.78956 0.00008 Undeformed




road,/fff 2117,2120,
7 D121
2124, 2125 " 2122, 2123

204
Molde Peninsula

1km

FIG. 4.7 Map of part of Moldefjord, and a larger-scale map of the
road-cuts at Fanghol, showing the localities of samples of the
Augen Gneiss Unit used for the Rb-Sr whole-rock dating.
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Fig. 4.8(a) shows this isochron with an age of: 1477.8 m.y. & 21.5 m.y.;
an Initial Ratio (87Sr/865r) of 0.70420 +* 0.0004 and an M.S.W.D. of
8.25. The fairly high mean square of weighted deviates (M.S.W.D.)
which reflects the goodness of fit of the isochron, suggests that there
has been some disturbance of the isotopic system; Brooks et al. (1968)
consider that only values <2.5 can be due to experimental error alone.
Radiometric ages obtained with the Rb-Sr whole-rock methods from
rocks which have suffered grades of metamorphism of amphibolite facies
or above are usually interpreted as representing a metamorphic event
since it is assumed that thexe is a homogenisation and resetting of the
isotopic system at these grades. At first sight this would appear to
be the case with the Augen Gneisses and granite sheets as they fall on
the same isochron and yet the field evidence suggests that the granite
sheets are somewhat younger. This type of metamorphic homogenisation
is depicted graphically in Fig. 4.8(b) and shows that a high initial
ratio is a result of the rehomogenisation, which is not the case with
the Augen Gneisses and granite sheets. Furthermore, this type of homo-
genisation requires large-scale movements of Sr to have occurred in the
rocks, which have been shown to be unreal (Krogh & Davis, 1973). A
slight redistribution of Sr (on a cm scale) is depicted in Fig. 4.9(a);
in this case there is a scattering of the data points, which raises the
M.S.W.D. but affects the initial ratio and age only slightly. It is
considered that this was probably the situation with these rocks and
that the age given represents that of the original igneous protolith,
rather than a metamorphic ewvent, intruded during the mid-Proterozoic.
The inhomogeneity of Rb is reflected in the distribution of points
on the isochron, which fall into the same groups as seen onthe major

element plots (Fig. 4.1), with those points at higher Rb/Sr values
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coming from the area of more ‘acid’' Gneisses at Fanghol. There is a
further division between the Gneisses and granite sheets, which have
Rb/Sr ratios >3. This irhomogeneity suggests two possibilities:

(i) The igneous protolith was of a mantle origin where the distribu-
tion of Rb and Sr is also considered to be inhomogeneous (Hofmann, 1975).
This is in agreement with the Rb/Sr vs. Sr plot (Fig. 4.3(b)) which
indicated a differentiation curve for a mantle-derived magma.

(ii) There was more than one pulse of magma, with the most differen-
tiated portion at Fanghol. This would be similar to other zoned granitic
plutons, e.g. in California (Bateman & Chappell, 1979).

The first possibility can be investigated further by examining fhe
87Sr/86Sr initial ratio in relation to the mantle growth curwves given
by Faure & Powell (1972, p. 45). 1In Fig. 4.9(b) the solid lines re-
present growth curves joining B.A.B.I. and the maximum and minimum
values of 87Sr/BGSr init;al ratios from modern ocean-floor basalts. The
Augen Gneisses fall towards higher values of 87Sr/BGSr than would be
expected for a mantle-derived igneous rock of this age (i.e. ~0.702),
perhaps implying some crustal contamination increasing the 87Sr/865r
ratio. However, the mantle growth curves are more likely to take the
form shown by the dashed lines (cf. Faure & Powell, 1972, p. 132) since
the supply of mantle Rb will have decreased over time through removal in
magmatic events (Hart & Brooks, 1970). The initial ratio for the Augen
Gneisses now falls well within the area bounded by these dashed lines,
and together with the evidence from the Rb/Sr vs. Sr curve (Fig. 4.3(b))
a mantle origin for the igneous precursor to the Gneisses seems most
likely.

The existence of the groups of points on the isochron can be used

to make certain inferences as to the possible scale of Sr rehomogenisation
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during metamorphism (cf. Roddick & Compston, 1977). When more than one
sample of Augen Gneiss or granite sheet was taken from an outcrop (see
Fig. 4.7), the Rb ard Sr figures for these have been averaged to give
mean 87Sr/86Sr and‘87Rb/868r values for that 'outcrop'. These values
approximate to those that would have been obtained if the whole outcrop
had been sampled; they are given in Table 4.3 and are used to give a
new isochron in Fig. 4.10(a). Neither this age, nor the initial ratio
are very different from those of the isochron in Fig. 4.8(a) although
the M.S.W.D. is improved. This implies that any Sr rehomogenisation
was restricted to volumes no larger than 'outcrop' size. If the re-
homogenisation had progressed between the 'outcrops' this isochron would
display an M.S.W.D. similar to that in Fig. 4.8(a), therefore it is
likely that any Sr homogenisation occurred on a scale smaller than
‘outcrop', i.e. between hand-specimens (cf. Roddick & Compston, 1977).
This agrees with the findings of Krogh & Davis (1973). Since the
granite sheets lie within the Augen Gneisses it is likely that any re-
homogenisation on this scale would have caused a convergence of the
respective Sr isotopes in these rocks perhaps causing them to lie on the
same isochron, as seen. However, the likelihoed of a co-eval intrusion
of the granite sheets and the igneous precursor to the Gneiss is
favoured here from the evidence of the differentiation trends.

What is more difficult to ascertain is the time of metamorphic
disturbance. Two major metamorphic events have occurred in Norway post
1500 m.y.: the Sveconorwegian (1200-900 m.y.) and the Caledonian (600-
360 m.y.). The Molde Peninsula lies at about the accepted northern
limit of the Sveconorwegian effect in south Norway (Zwart & Dornsiepen,
1978) . Therefore it is more likely that the disturbance was Caledonian

although it may have overprinted an earlier Sveconorwegian event. The



TABLE 4.3 Averaged Rb-Sr data used for the isochron in Fig. 4.10(a)

Sample Mean Mean
Groups 87Rb/86Sr 87Sr/86Sr
2117 b
2120 2.24453 0.75136
2122
2123
2124
. 2 .724

2125 1.0030 (o] 82
2134/1
2124/2 0.69620 0.71896
u417/1
Ua17/2 0.94430 0.72511
U492
U493 1.35307 0.73294
D121

6.27341 0.83798
204
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FIG. 4.10(a) Rb-Sr whole-rock isochron diagram for the averaged values
of the Augen Gneiss Unit from the data in TABLE 4.3.
(b) AFM plot with the tholeiite/alkaline division after
Irvine & Baragar (1971) for the anorthositic suite. Note
the Fe enrichment.
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suggestion that the Caledonian metamorphism was of a high enough grade
to produce eclogite assemblages (Griffin & Brueckner, 1980) lends
support to the idea of a disturbance at that time. However, dating of
rocks in W Norway has tended to produce Precambrian ages, with only the
minerals giving Caledonian ages (see Table 1.3). This feature has
previously been interpreted as indicating that the Caledonian meta-
morphic effect represented only a minor reheating here (Pidgeon &
RSheim, 1972; Skjerlie & Pringle, 1978; Rheim et al., 1979; Solheim,
1980). Krill & Griffin (198l) have discussed this point and have
compared the situation with that in the Alps where older Rb-Sr whole-
rock systems have been shown to survive subsequent intense metamorphism
and deformation. They consider that a similar situation has prevailed
in W Norway. The evidence from the Molde Peninsula: severe deformation
with extreme flattening, stretching and mylonitisation of the rocks
with a preserved igneous age and Rb and Sr contents seems to support
such a contention. Although there was undoubtedly an influx of water
at that time, to assist retrogression, the LIL element contents of the
rocks were not greatly disturbed even in the shear zones and appear to

give a meaningful isochron.

4.4 DISCUSSION

Unfortunately, the consideration of the Augen Gneiss Unit as a meta-
igneous series is based on the geochemical and Rb-Sr isotope work, and
as yet no evidence of igneous contacts with the adjacent Heterogeneous
Quartzo-Feldspathic Gneiss Unit have been observed, although the
severity of the subsequent Caledonian deformation has undoubtedly
played a part in the concealment of such features. However, the appear-
ance of partially assimilated calc-silicate pods in the Augen Gneiss,

rocks which are seen within the Heterogeneous Quartzo-Feldspathic Gneiss
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Unit (see section 5.1) suggests that the Heterogeneous Gneisses acted as
the host rocks into which the Augen Gneiss Unit was intruded, and that
these calc-silicate pods represent meta-xenoliths of those gneisses.

The mid-Proterozoic (1500 * 300 m.y.) is considered to represent a
period of prolonged crustal formation and of fundamental change in the
evolution of the continents (Bridgewater & Windley, 1973). The existence
of a supercontinent is postulated for this period (Piper, 1976) contain-
ing two elongate, orogenic ('mobile' - Anhaeusser et al., 1969) belts,
the most prominent extending from the Ukraine to California (see
Fig. 4.12(b)). The rock types produced in this belt were many and
various: anorthositic suites, acid volcanics, red continentél sandstones,
plateau basalts, dyke swarms and large layered igneous intrusions, and
alkaline complexes associated with carbonatites. Tensional conditions,
with incipient rifting of the crust, are considered to be the conditions
of formation for both alkaline complexes (Bowden, 1974) and intra-
continental dyke swarms (Clifford, 1968). The relation of anorthositic
suites to these rock types suggested that tensional crustal conditions
were also responsible for the formation of that suite, with the continental
sandstones being deposited in the resulting graben structures (Bridgewater
et al., 1974). These workers also suggested that the anorthositic and
alkalic plutonic suites may have been intruded along the same fault
lines, and that the overall pattern of magmatism was diachronous with
events in the E V200 m.y.=-300 m.y. earlier than those in the W.

The anorthositic suite contains: anorthosites, jotunites, opdalites,
farsundites, mangerites, charnockites and possibly rapakivi granites
(Isachsen, 1969; Emslie, 1973, 1978). The suite is tholeiitic with high
Fe and low Mg contents. An orthopyroxene (hypersthene) or fayalite +

quartz are diagnostic phases in the more differentiated members; also
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present are antiperthitic oligoclase and a mesoperthitic K-feldspar

(de Waard, 1969; de Waard & Wheeler, 1971). The rapakivi granites often
exhibit mantling of oligoclase on K-feldspar phenocrysts, i.e. the
'rapakivi texture' (Sahama, 1945; Dawes, 1966). The alkaline suite
contains: alkaline gabbros and granites, syenites, nepheline syenites

and peralkaline rocks including carbonatites (Sprensen, 1974). These

two rock suites are mentioned here since these appear to be the two
chemical types between which the Augen Gneisses and granite sheets fall.
However, S@grensen (1974) considers alkaline rocks to be characterised by
the presence of feldspathoids and/or alkali-pyroxenes and amphiboles;
also, he prefers the classification of Shand (1922) in which eithexr Si

or Al, or both can be deficient in the rock. Since the Augen Gneisses

and granite sheets are peraluminous and oversaturated (see Table 4.1)

they do not conform to the above requirements for the alkaline rocks and
therefore are unlikely to have ever contained feldspathoids. Consequently
Vit is considered unlikely that they have any real magmatic connection

with that suite. However, from the evidence of possible relict rapakivi
textures and the appearance of perthites and antiperthites in the Augen
Gneisses (section 4.1) it is tentatively suggested that these ortho-
gneisses have some affinity with the higher differentiates of the an-
orthositic suite, although they are rather Fe-poor. To give some degree
of comparison rocks from the anorthositic suite have been plotted on
similar diagrams as used for the Augen Gneisses and granite sheets

(Figs. 4.10(b) and 4.11(a)). On the AFM plot the rocks of the anorthositic
suite give a good tholeiitic trend; although on the Al2o3 vs. An' plot,
which removes the effect of Fe, the field defined by these rocks appears
in much the same position as that for the Augen Gneisses and granite
sheets even to the extent of s;raddiing the dividing line (see Fig. 4.5(b)).

A direct comparison of the two sets of &nalyses shows that the 'basic’
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Augen Gneisses are most similar to the mangerites, but as the more 'acid'
rocks are approached major differences in FeO and MgO contents become
apparent with the Augen Gneisses possessing lower FeO and higher Mgo
contents for comparable compositions in the charnockites and rapakivi
granites. A high FeO/MgO ratio is considered to be a major diagnostic
character of the rapakivi granites (Anderson & Cullers, 1978; Emslie,
1978; Petersen, 1980b).

These differences in Fe and Mg contents could have arisen for
several reasons: the anorthositic magma may have been more olivine-rich,
fractionation of which would have resulted in residual melts having high
Fe/Mg ratios. Conversely, the formation of olivine may have been
inhibited in the parental magma to the igneous precursor of the Augen
Gneisses, perhaps by silica saturation causing retention of Mg in the
residual melts. The physical conditions of intrusion and fractionation

lso h be if £ .g. i
of the two rock types may also have been different, e.g. in Pload' PH20'

P etc., to allow retention of Fe in one magma but not in the other.

0,

Unfortunately it is impossible to derive a hypothetical parent
magma for the Augen Gneisses, using mixing models as the original,
igneous mineralogy no longer exists. A comparison with the parental

magma of the anorthositic suite is also made difficult by the fact that
uncertainty persists over the true nature of this parent. Emélie (1978)
lists three possibilities, from various authors:

(i) gabbroic composition, derived from the mantle, and varying
between gabbro, anorthositic-gabbro, 'plagioclase' basic magma and high-
alumina gabbro;

(ii) calc-alkaline;
(iii) granodioritic-tonalitic, by anatexis of the continental

crust.
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Another possibility is a highly feldspathic magma derived by fractional
crystallisation from a tholeiitic parent (Wiebe, 1980). Ryder (1974)
considered that perhaps two types of parental magma were required:
andesitic and high-alumina basalt producing andesine and labrodorite an-
orthosites respectively. Since it is considered that the tectonic
regime in this mobile belt was tensidnal (Bridgewatex & Windley, 1973;
and see above), it is unlikely that calc-alkaline rocks would have been
generated, being confined to Andean-type margins (Barker et al., 198l1)
which eliminates hypothesis (ii), and Ryder's suggestion of andesitic and
high-Al-basalt parents. The low initial 87Sr/86Sr ratio of the Augen
Gneisses and granite sheets (section 4.3) would seem to preclude hypo-
thesis (iii) which is based upon evidence of some anorthositic suite
.granites having high initial ratios: n0.7087. The low Fe nature of the
Augen Gneiss Unit precludes the suggestion of Wiebe for a tholeiitic
parent. Therefore, it is considered that the magmatic precursor to the
gneisses was probably derived by fractionation from a gabbroic mantle
source,

It is generally thought that the anorthositic suite is developed
under high-pressure, anhydrous'conditions (Martignole, 1979). The lack
of H2O has two effects on the developing mineralogy: firstly, it will

cause the crystallisation of pyroxene (hypersthene), rather than a horn-

blende (Robertson & Wyllie, 1971). Secondly, the low P will give a

H20

low and variable Poz thereby retaining the Fe in the melt and giving a
tholeiitic character, rather than allowing it to enter the mafic phases
and magnetite which would fractionate out (Osborn, 1959; Letteney, 1969).
However, the most fractionated members of this suite are considered to
be intruded at higher levels in the crust (Tuttle & Bowen, 1958; Dawes,
1966; Key & Wright, 1982), a fact wﬁich may have a bearing upon the

textures seeniin the Augen Gneisses.



134

From their studies of the Ab—Or-Q—H20 system, Tuttle & Bowen (1958)
explained the presence of rapakivi texture and the large phenocrysts in
those granites by invoking a high-level intrusion with an increasing

PH o during cooling. The envisaged crystallisation path is shown in
2

Fig. 4.11(b). A low initial PH o is required to allow the crystal-
2
lisation of K-feldspar first; the lower the H20 content of the melt the

further the feldspar-quartz boundary moves towards the Q apex, thereby
giving a larger feldspar field and more opportunity for large crystals

to grow. The increase in PH o (assuming there is no loss of water)
2

ultimately causes the intersection of the solvus by the solidus in the
Ab—Or—HZO system at V5000 bars (Yoder et al., 1957; Morse, 1970) result-
ing the simultaneous crystallisation of the two feldspars, often with
the Ab nucleating on the Or to give the rapakivi texture. A sudden loss
of H20 results in new growth centres and a second generation of quartz

and feldspar appearing, a feature often seen in rapakivi granites. To

allow for such a loss of H_O Tuttle & Bown suggested fracture of the

2
overburden on the magma, which is in accord with the tensional setting
envisaged for the development of the anorthositic suite (Bridgewater
et al., 1974).

Since the Augen Gneiss and granite sheets are depleted in Fe,

compared to the anorthositic suite, it is suspected that a higher PH o
2

was present in the igneous precursor during its fractionation, maintain-
ing a constant Po2 and resulting in the removal of this element (Osborn,
1959). This Fe would enter the magnetite, hornblende or even biotite
which would then fractionate out. The decrease in Ti and V (compatible
with Ti) contents from the 'basic' to 'acid' varieties of the Augen

Gneiss suggests that this fractionating mégnetite was titaniferous.

Rather fortuitously, the mafic phases generally presented by the Augen
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Gneisses and granite sheets at present (hornblende, biotite and magnet-
ite) are similar to those that would have been present at the time of the
intrusion of the igneous precursor. Consequently, it seems permissible
to compare the assemblages of the various types of Augen Gneiss to this
fractionation pattern. Indeed, the proportions of hornblende and biotite
decrease fram 'basic' to 'acid' varieties of the Augen Gneiss, with the
horﬁblende disappearing in the granite sheets. This pattern is consist-
ent with that inferred from the trace-element plots (Figs. 4.2 and 4.3).
Al though there is no evidence for a basic, residual, fractionate in the
Molde area, the presence of positive magnetic anomalies over the areas
of the Augen Gneiss may indicate such a mass at depth.

Since the augen in these rocks am considered to represent relict

K-feldspar phenocrysts, the PH o in the igneous precursor must have
: 2

been low enough to permit the growth of such large grains, as in the

rapakivi granites. A low PH 0 implies a hypersolvus magma which, in
2

turn, implies that the perthites seen in the feldspars may have been,
ultimately, of an igneous origin. It is possible that the igneous
precursor followed a crystallisation path similar to that envisaged for
the rapakivi granites, resulting in the.formation of mantled phenocrysts.
Although the evidence for mantles is equivocal (section 4.1), the
possibility of their presence is reinforced by the Na-poor nature of the
£ocks. Tuttle & Bowen (1958) considered that melts rich in Na would
begin crystallisation in the plagioclase field in the Ab—Or—Q-H20
system, rather than the K-feldspar field, thereby preventing the forma-
tion of such mantles. Due to the subsequent high-grade metamorphism and
deformation of the rocks it is not clear whether a second generation of
quartz and feldspar ever existed in these rocks. However, it is not

unreasonable to speculate that a loss of H20 may have occurred from this
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magma, in a manner similar to that suggested for the rapakivi granites:
by overburden fracture, to explain the lack of early pegmatites in the
Augen Gneisses (i.e. not Caledonian). It is possible that the granite
sheéts represent the equivalents of these missing veins, judging by
their extremely differentiated chemistries (see Table 4.1), but lack the
pegmatite texture which results from crystallisation from a volatile
phase. Such a lack of pegmatites is also a feature of rapakivi granites
(Key & Wright, 1982).

Although it is likely that the ovoidal feldspar augen now seen in
the-augen were formed during deformation (see section 4.1), it is
interesting to note that the rapakivi granites also tend to have ovoidal
feldspar phenocrysts (Sahama, 1945). Tuttle & Bowen (1958) suggested
that these developed through a lack of surface tension between the grow-
ing crystal and a surrounding viscous melt (cf. Sederholm, 1928). 1In

their experiments on the Ab-Or-An-H O system, they found that the most

2
viscous mixes occurred around the Q-Or join. Fig. 4.11(b) shows that
the majority of the Augen Gneiss analyses lie close to this join suggest-
ing that such a mechanism may have also occurred in these rocks. The
position of Sahama's (1945) average rapakivi granite is shown for
comparison.

In conclusion it is considered that although the parental magma of
the igneous precursor to the Augen Gneiss, and the tectonic setting of
the intrusion may have been very similar to those of the anorthositic

suite, it was a major difference in H_O content which controlled the

2
ultimate, and somewhat dissimilar, mineralogies and chemistries.

This interpretation is very similar to an idea suggested by
de Waard (1969) who considered that the anorthosite-charnockite suite is

closely related to the leucodiorite-granite suite in chemistry but not
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in mineralogy. This difference was attributed to differences in PH o
2

at the time of formation with hypersthene or fayalite/quartz appearing
in the anhydrous rocks (charnockites etc.), and hornblende and biotite
in the hydrous rocks (granites etc.) (Fig. 4.12(a)). This he expressed

as an equation:

hornblende + biotite + quartz + orthopyroxene + K-feldspar +

plagioclase + H20

From this study on the Augen Gneiss it would appear that the situ-
ation is rather more complex than envisaged by de Waard, with the higher

PH o not only giving hydrous mafic phases, but also causing a loss of Fe
2

from the suite as a whole.

Rare earth element studies on the Augen Gneisses may help to
clarify their origin. Hubbard & Whitley (1978) found that the Torpa
granite, associated with the Varberg charnockite in SW Sweden, displayed
a REE pattern similar to that of the Finnish rapakivi granites and that
both were different from other granites of comparable major element
composition, notably in LREE enrichment. Petersen (1980b) found a
similar pattern in the Farsund charnockite but the pattern became
gradually LREE depleted and HREE enriched towards the more fractionated
portions.

Elsewhere in W Norway and Central Sweden, other augen gneisses have
been interpreted as derivatives from rapakivi-like igneous bodies, often
with Proterozoic ages:

Abdel-Monem & Bryhni (1978) dated rocks from Eikefjord at 1479 +
64 m.y. and related them to the anorthosite suite in N America;

Krill (1980) dated rocks, including augen gneisses, at Oppdal at

1450-1750 m.y.;
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FIG. 4.12(a) Schematic relationship between the anorthosite-charnockite

and leuconite-granite series as a function of P Arrows

indicate possible transitions between members oizghe two
series. After de Waard (1969). '
(b) Continental reconstruction for the mid-Proterozoic after
’ Bullard et al. (1965) with the positions of the major rock-

types of Proterozoic age, Bridgewater & Windley (1973).



138

Andresen (1980) dated granites at Troms, N Norway at 1706 * 15 m.y.
and related them to the period of mangerite intrusion at Lofoten (see
below);

Quefnardel & Ploquin (1980) and Krill (1980) related the Tdnnis
augen gneisses in central Sweden, and the Andbergshgdi Complex at Domb3s
to these rapakivi-like rocks. Point (1975) and Roshoff (1978) considered
the Tinnds orthogneisses to be of Proteroczoic origin.

It is interesting to speculate whether the augen gneisses at Oppdal,
dated by Solheim (1980) at 1463 + 68 m.y. are of a similar origin,
although Solheim interprets the age as a metamorphic event.

Furthermore, mangerites have been described from various parts of
Norway:

Kolderup & Kolderup (1940) considered those in the Bergen Arcs (see
section 1.1.3) to be granulites, as did Bryhni (1966) with those on
M31¢y. Austrheim (1981) dated the former at 1328 * 47 m.y. and interpreted
them as igneous rocks with a granulite facies owverprint;

Lappin (1966) and Lappin et al. (1979) dated those at Stadlandet at
1520 + 10 m.y. and considered them to be igneous in origin;

Romey (1971) and Griffin et al. (1974) both considered the Lofoten
mangerite to be igneous in origin, the latter workers dated the body at
1664 * 20 m.y.,whilst a date of 1737 * 30 m.y. was obtained by Heier &
Compston (1969).

The southern gneiss region of Norway has also produced Proterozoic
ages, often from charnockitic rocks:

Hermans et al. (1975) suggested an igneous or metamorphic event at
1500 m.y., or 1200 m.y. for the charnockites of Rogaland;

Versteeve (1975) found relic 1600-1700 m.y. ages in charnockites

and gneisses;




Jacobsen & Heier (1978) considered that there were major additions
to the crust in S Norway at around 1600 m.y. including andesitic rocks.
(It has been speculated that Proterozoic rifting may have ultimately
produced oceanic crust in N mid-Eurcpe (Zwart & Dornsiepen, 1978) sub-
duction of which would result in such rocks appearing here.);

Ploguin (1975, 1977) assigned an age of 1398 m.y. to the Kallingsheia
massif in Telemark and conisidered it to be chemically and petrographically
related to the anorthosite suite of N America;

Michot & Pasteels (1969) dated the Egersund anorthosite at 1050 m.y.;

Field & Raheim (1979) considered a charnockite 'event' to have
occurred in the Bamble area around 1540 m.y. ago;

Pederson & Falkum (1975) dated the Farsund charnockite at 900 m.y.

Unfortunately, a certain degree of confusion arises with the terms
charnockite and mangerite. As it is difficult to find suitable criteria
which allow for the unambiguous distinction between those rocks formed
at granulite facies and t;;se which were intruded intoc a similar deep-
crustal environment, these terms are often applied to any rock contain-
ing hypersthene and mesoperthite., Consequently, some rocks thought to
be metamorphic in origin could well be igneous (i.e. those of Kolderup &
Kolderup or Bryhni). Conversely, those rocks thought to be igneaus
could be metamorphic; these would be better termed as granulites,

From this evidence it would appecar that Proterozoic magmatism in
Norway was more extensive than has usually been considered, especially
so in the Basal Gneiss Complex, Also, from a study of the large,
positive aeromagnetic anomalies in Sweden, Dyrelius (1980) proposed that
these features were caused by the presence of large volumes of strongly
magnetic Proterozoic-aged granites in the baéement.

Fig. 4.12(b) is the continental reconstruction for the mid-

Proterozoic after Bullard et al. (1965) with the positions of the major
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igneous features formed at that time (after Bridgewater & Windley, 1973).
Although Norway lies well within the mobile belt, igneous rocks are
shown only in the southern gneiss region. There appear to be several
reasons for the earlier notions of a lack of igneous rocks of this age
in the Basal Gneiss Complex:

(i) There has been a general acceptance that Rb-Sr whole-rock
ages reflect metamorphic, rather than igneous events because of the
belief tpat the Rb-Sr isotopic system is easily upset by high-grade
metamorphism. Such a disturbance does not seem to have occurred in the
Augen Gneisses and may not have done so in other rocks.

(ii) Augen gneisses have usually been interpreted as being
products of metasomatism (Mehnert, 1968) or deformation (Bryhni, 1966)
rather than as igneous relics.

(iii) There has probably been some mis-identification of igneous
mangerites as metamorphic rocks.

(iv) The Basal Gneiss Complex has been severely affected by later

Caledonian deformation making interpretation of the rocks very difficult.
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PLATE 4.1

Appearance of the Augen Gneiss in outcrop when unde fomrmed.

Fanghol (977614).

Small, partly-assimilated pods of calc-silicate rocks in the
Augen Gneiss. Note orientation of the pods parallel to the

extension of the augen. Eidskrem (980607).

The Augen Gneiss in thin-section. K-feldspar of the augen on
right, biotite of the matrix on the left. Note the small grains

of plagioclase on the edge of the augen and the development of

myrmekite there. (Sample 2123, cross-polarised light.)

Hornblende poikiloblastically enclosing plagioclase, after clino-

pyroxene? (Sample 2125, crossed-polarised light.)

Mylonitised Augen Gneiss with relict hornblende and K-feldspar in

a comminuted matrix. (Sample 2120, crossed-polarised light.)

General appearance of the granite sheets in thin section. (Sample

D117, crossed-polarised light.)
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CHAPTER 5

THE HETEROGENEOUS QUARTZO-FELDSPATHIC GNEISS UNIT

5.1 GENERAL GEOLOGY AND PETROGRAPHY

The rocks included in this Chapter appear in a tract of gneisses
- extending from Nasvatnet to Mordalsvggen, and occur in the southern part
of the Frei Group of R3heim (1972 - see Table 1.2).

See the Introductory Statement on p. 109 with respect to the
relationship between these gneisses and the Augen Gneiss Unit, which

also occurs in this tract of gneisses.

5.1.1 Description

The gneisses outcrop on the ground around Ngsvatnet (v 1576), along
the N side of Langvatnet (v 0775) and across Malmefjord to Hollingsholm
(1962 - see Map A). Included in this group of rocks are those appearing
within the Augen Gneiss Unit which can be distinguished from it on chemi-
cal grounds. The exposures in the northern part of this tract, in the
valley of Oselva (1377), are poor but improve towards Elnesvggen (v 0672) .
Oon the S side of Malmefjord, the coastal exposures provide the better
outcrops as the hills tend to be fairly heavily forested or have lichen
covered rock surfaces on their tops.

‘ (i) Migmatitic, with both massive neosomes and small, intrafolial
neosomes.

(ii) Banded gneisses, on scales of centimetres or metres, generally
pink and grey. These can be easily confused with the severely deformed
Augen Gneiss.

(iii) Augen-bearing gneisses, these generally have smaller and more

widely disseminated augen than the Augen Gneiss (s.s.).
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(iv) Massive, grey gneisses, generally with an almost schistose
foliation and small, pink porphyroblasts and veins.
Also, smaller amounts of the following rocks were found: pink, microcline-
bearing gneisses, massive banded amphibolites, granulites and calc-
silicate rocks.

The migmatitic rocks occur mainly on the N and NE sides of Langvatnet
and N of Helvatnet (1476). They can be massive, pale (pink/white) coarse-
grained rocks dominated by the neosome portions which can be up to 1 m
wide (Plate 5.1(a)), or rather finer-grained, semi-pelitic rocks dominated
by the palaeosome in which the neosome appears as thin streaks and veins
A2-5 cm wide, which weather out into small ridges (Plate 5.1(b)). 1In the
massive variety, the rocks possess the characteristic chaotic, plastic
,vdeformation style typical of migmatites (Mehnert, 1968, p. 34) whereas
the finer-grained variety are well foliated with the neosome lying within
the foliation planes. In the temminology of Mehnert (1968, p. 39) these
migmatites have the megascopic texture of 'Schlieren' i.e. elongate light
and dark streaks, which is considered to be a feature of an advanced
stage of a migmatite formed at high P-T conditions.

The rocks contain pods of eclogite in varying states of preservation
but rarely are these totally amphibolitised. The rocks also contain
massive amphibolitgs ~1l m wide which have been intruded by the neosome of
the migmatite and deformed with it (Piate 5.1(a)). The eclogites do not
display this intrusive feature and appear to reside in the migmatites as
competent bodies.

The palaeosome in the migmatites consists of: brown biotite, anti-
perthitic plagioclase (An 38), quartz + microcline + opaques. These are
fine-grained (1-2 mm) and foliated with oriented biotite, sutured and

strained quartz and granulated plagioclase (Plate 5.1(c¢)). The neosome
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consists of: coarse (5 mm), perthitic microcline, slightly sausseritised
plagioclase (An 10-25), quartz + biotite (to chlorite) + zircon + apatite
+ kyanite + rare colourless garnet. These phases show some evidence of
de formation as granulated feldspar margins and slightly strained and
sutured quartz; in general the neosome is less deformed than the palaeo-
some. White mica is uncammon but can appear as large blades in the neo-
some or in a more acicular habit attached to biotite in the palaecsome.
The kyanite is generally replaced by fibrolite-sillimanite and/or
muscovite. When deformed the rocks tend to be hydrated with heavily
sausseritised plagioclase and sericitised K-feldspar. An unusual feature
of the feldspar in these migmatites is the appearance of rounded 'blebs'
of quartz scattered through the grains. According to Mehnert (1968,

p. 58) these 'quartz-drops' are typical of migmatites and probably
represent relics of the palaeosome.

Some of the migmatites contain very little neosome portion and
appear to be semi-pelites. These rocks occur as fairly wide bands within
the more neosome—-dominated rocks and contain the assemblage: oriented
biotite, porphyroblastic garnet, plagioclase (An 42), quartz + opaques +
apatite + white mica + microcline. These rocks are fairly heavily
deformed with sutured quartz smeared into zones of 'ribbons'.

The banded gneiss is shown in Plate 5.1(d), although this rock type
can occur with much wider bands. This type of rock is fairly common,
particularly N of Elnesvggen (0672), E of Helvatnet (1576), N of
Hollingsholm (9963) and at Ytre Fraena (0l167). The bands consist of
coarse granitic material set in a finer-grained, foliated rock; there is
a good segregation of the quartzo-feldspathic minerals and more micaceous
portions. The quartzo-feldspathic portions. contain: microcline, anti-

perthitic plagioclase (An 12) + quartz + biotite and are moderately de-
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formed with ribboned quartz and some granulation of the feldspars; the
plagioclase develops myrmekite when adjacent to the K-feldspar. As in
the Augen Gneiss this texture appears to be the result of deformation
induced exsolution (Smith, 1974, p. 577). The finer grained portions
contain: biotite, microcline, plagioclase (An 38) + hornblende (a straw,
8 dark-green, y blue-green, Y2 = 180) + quartz + sphene + opaques +
orthite (with clinozoisite rims) + tiny garnets + apatite + white mica.
The plagioclase is difficult to identify as it is often untwinned which
may be the result of deformation (Smith, 1974, p. 348). These rocks
appear to be deformed and flattened examples of the migmatitic rocks with
the neosome now represented by the concentrations of quartzo-feldspathic
minerals in a deformed palaeosome.

These gneisses also contain thin (v5 am) veins and streaks of
quartzo-feldspathic rocks containing idiomorphic porphyroblasts of horn-
blende, generally parallel to, and incorporated within, the foliation
although they are also observed cutting across the rock fabric. These
are termed sticholithic or 'fleck' structures by Mehnert (1968, p. 37).
The quartzo-feldspathic portion is dominantly very coarse (5 mm) micro-
cline, plagioclase (An 20), quartz + apatite. The porphyroblasts are
green hornblende, altering to biotite, poikiloblastic to plagioclase +
some sphene. This assemblage and texture is identical to that described
by Mehnert (1968, p. 37). He considers that these veins do not form by
partial melting (confirmed by Chenall et al., 1980), but rather by meta-

morphic differentiation from the palaeosome through the reaction:

biotite + plagioclase (An 45) + quartz -+

hornblende + sphene + plagioclase (An 33) + K-feldspar

Gavelin (1975) considers that the veins tend to form in meta-arenites

(i.e. psammites) and generally in pre- or syn-tectonic métamorphic condi -
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tions. As the veins observed in these gneisses are seen cutting the
steeply-dipping foliation and incoporated within that foliation, it would
appear that they have formed as syn- and post-tectonic features in this
case.

The augen-bearihg gneisses appear towards Hollingsholm, but are
also seen at Steinbrudd (160745) and E of Helvatnet (151759). These can
be easily confused with the Augen Gneiss, although the augen tend to be
whiter and more pegmatitic in appearance than the pink-orange form seen
in the Augen Gneiss. Furthermore, the augen are generally small (1 cm
maximum) and scattered in a very deformed grey matrix (Plate 5.1(e)).
The augen are composed of polygonal microcline, quartz + a little plagio-
clase (oligoclase) + myrmekite + Juartz-drops' in a granulated texture.

‘The matrix is almost schistose with: biotite; hornblende (o green-yellow,
g dark brown-green, Yy green-blue, y°Z = 190) + K-feldspar + opaques +
apatite + strings of tiny garnets (altering to biotite) + plagioclase.
As in the banded gneisses this plagioclase is rarely twinned. The bio-
tite in the matrix tends to sweep around the augen thereby delineating
their outline.

These rocks are interpreted as extremely deformed migmatitic rocks.
Plate 2.1(d) shows the streaks of quartzo-feldspathic material passing
into larger, partially formed augen; it is considered that further
flattening and stretching of this rock would result in the type seen in
Plate 5.1(e).

The proportion of extended and disrupted neosome in these deformed
migmatites is significantly less than the proportion of palaeosome.

This observation suggests that the most pelitic migmatites, i.e. those
with the greatest proportion of palaeosome have suffered the most de-

formation. This is not surprising as they contain easily disrupted and
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foliated phases such as biotite and hornblende, whereas the neosome contains
coarser more competant feldspars in a more structurally coherent,rpoly—
gonal texture. However, highly deformed, massive migmatite portions have
been observed in this tract of gneisses, albeit rarely. These rocks
retain the large perthic microclines (5-10 mm) + myrmekite + 'quartz-
drops' + plagioclase (oligoclase) + quartz. The quartz is strained and
sutured, whilst the feldspars have granulated margins. The small amount
of palaeosome present in these rocks is dominated by hornblende, breaking
down to biotite which itself is being altered to chlorite + large sphenes
+ biotite + plagioclase (An 40) + quartz. The presence of this small
amount of palaeosome distinguishes these rocks from deformed Caledonian-
. aged pegmatites.

The grey gneisses are fairly comon but do not appear to form
particularly extensive outcrops; they are generally seen intercalated
with the massive pink granite sheets within the Augen Gneiss Unit, around
Hollingsholm and on Vggéy. They are well foliated with the assemblage:
green hornblende, biotite, garnet, plagioclase (An 15-30) , quartz, K-
feldspar + opaques + apatite + sphene. The rocks are generally more mafic
and intermediate in composition than the rocks previously described and
less pelitic (Plate 5.1(f)). The mafic phases occur in clots with the
hornblende poikiloblastically enclosing plagioclase and quartz; the bio-
tite interpenetrates the hornblende and replaces it.’' The highest pro-
portion of garnet occurs in the most mafic rocks of this type. Small
pink, K-feldspar porphyroblasts and streaks can occur giving the rocks an
appearance somewhat like that in Plate 5.1(e), but much less schistose and
without the banding.

The 'granitic' (s.l.) rocks are fairly ﬁassive and appear throughout

this tract of gneisses, particularly at Helvatnet and within the Augen
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Gneiss Unit where they were confused with the granite sheets occurring in
that Unit. However, they are well foliated, whereas the granite sheets
generally are not, with granulated feldspars, oriented biotite and
sutured quartz plus relict polygonal microcline and plagioclase (An 20-
30) (Plate 5.2(a)). Also present is a blue-green hornblende, generally
associated with biotite in mafic clots, or appearing in clusters with
quartz and plagioclase, which may be a very advanced symplectic texture
after a cliﬁopyroxene, cf. that in the Augen Gneiss, see Plate 4.!(d)
Some of these rocks have been retrogressed to greenschist facies assem-
blages with heavily chloritised mafics + exsolved opaques, sausseritised
plagioclase, zoisites and orthites. The feldspars in these 'granitic'
rocks do not contain 'quartz-drops' and therefore do not appear to be
the products of migmatisation.

Generally speaking, the gneisses in this tract contain assemblages
indicative of the amphibolite facies, although some contain garnet and
possible amphibolitised symplectic textures after clinopyroxene which
may indicate an original high-pressure granulite assemblage. At some
localities, where the younger, steeply-dipping foliation has been
instigated, the rocks produce assemblages intermediate between amphibolite
and greenschist facies, with the appearance of chlorite and epidote.

At two localities relict, high pressure granulites were found: S of
skoften Hill (080665) and on the W side of Surendalen (182722); the
latter locality lies outside the main mapping area (see Map A). Both
examples of granulite have a distinctive mottled appearance in outcrop,
caused by 'strings' of small garnets growing as coronas around clots of
hornblende (a yellow, B dark-green, y green-blue, ¥"Z = 150), pale-green
clinopyroxene, biotite, sphene and rutile (Plate 5.2(b)). Scapolite ap-

pears rarely, of an intermediate composition from the birefringence colour.
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Around these mafic clots the matrix is dominantly plagioclase (An 15-30),
rarely twinned and rarely anti-perthitic + quartz + rare microcline in an
excellent polygonal texture (Plate 5.2(c)). The rocks show very little
evidence of deformation, generally as a slight orientation of the biotite.
The hornblende does not appear to be secondary, from clinopyroxene or
garnet, nor does the clinopyroxene display any form of symplectite with
plagioclase, as seen in the garnet-granulite on Tverrfjella (see Plate
3.1(f)). However, at the Skoften Hill locality (sample M22) the clino-
pyroxene occurs as both porphyroblasts and as small discontinuous strings
lying between large quartz grains and smaller polygonal plagioclase

grains. In contact with the clinopyroxene, and between it and the matrix

" plagioclase (VvAn 20) lies another, untwinned, plagioclase. This can only

be detected through it having a lower R.I. than the matrix plagioclase

and as a consequence appears to be highly sodic (see Plate 5.2(c)). This
texture is interpreted as the clinopyroxene producing albite in the

presence of quartz, similar to that seen in the garnet-granulite (see

Plate 3.1(d) and the discussion in section 3.1.5). This suggests that

these clinopyroxenes once contained jadeite and therefore were once
omphacitic.

Other, more mafic rocks appear within this tract of quartzo-
feldspathic gneisses, particularly on Vgg¢y where massive amphibolites
occur (996675) with the assemblage: hornblende (a straw, B dark-green-
brown, Y blue-green, Y°2 = l9°), biotite, garnet + plagioclase (An 12) +
quartz + sphene % K-feldspar + clinozoisite + apatite + scapolite. Aall
these phases are well aligned. The rocks appear to be compositionally
layered with thin 1-5 mm hornblende-rich, quartz-rich and plagioclase-
rich layers. The scapolite tends to occur.only in the biotite-rich

portions whilst garnet appears with hornblende.



149

The mapping of D.A. Carswell on the island of Otrdy, on strike to
the W of the Molde peninsula, has found more extensive exposures of
units of amphibolitic rocks intercalated with the Augen Gneiss Unit;
these are well exposed on the E end of the island (9456). Besides the
amphibolites, the rocks include psammitic biotite-rich rocks, and calc-
silicate rocks with well foliated epidote, sphene * garnet + plagioclase
+ quartz assemblages. The assemblages of the calc-silicate rocks are
virtually identical to those found in the partially assimilated pods in
the Augen Gneiss at Eidskem, which were interpreted as meta-xenoliths

‘(see section 4.4).

5.1.2 Discussion of the petrography

Rgheim (1972) described all the rocks seen in the Heterogeneous
Quartzo-Feldspathic Gneiss Unit in his Frei Group, although he included
several other metasedimentary rocks such as quartzites and marbles
} not seen here. From his mapping he considered that the conformable
banding of the various rock types was the result of metamorphism of an
original sedimentary layering and consequently interpreted the rocks as
clay-rich sediments * arkosic portions % calcic portions. The more
granitic rocks he interpreted as dacitic and rhyodacitic volocanics mixed
with sedimentary material (see Table 1.2). His favoured interpretation
for the rocks was deposition in a eugeosynclinal basin with subsequent
metamorphism at V1700 m.y. age (from a Rb-Sr whole rock date by Pidgeon &
RSheim, 1972) at granulite facies (v700°/%10 kb) to give partial melt-
ing of the pelitic rocks in éssociation with kyanite.

Comparing the migmatitic rocks appearing around Langvatnet to those
on Tverrfjella (section 3.1.3) certain siqilarities are apparent,
although the 1atter'generally have less neosome portion. Both sets of

rocks are aluminous with much biotite, and the appearance of kyanite
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and/or sillimanite plus garnet. Also, the neosomes in both sets of rocks
are comparatively undeformed compared to the palaeosome. The anatectic
portions in the pelites on Tverrfjella were interpreted as having been
produced during rapid, post-tectonic uplift of the rocks from eclogite
facies conditions of metamorphism (see section 3.1.5). The same inter-

" pretation seems applicable to the migmatites in this gneiss unit. How-
ever, the excellent segregation of the neosome and palaeocsome in the
Heterogeneous Gneiss Unit and the plastic style of deformation, neither
of which are seen at Tverrfjella, suggests that these rocks have been
through more than one phase of metamorphism and mobilisation of the neo-
some. Although many of the rocks interpreted as deformed equivalents of
the migmatitic rocks, with 'schlieren' and 'augen' of neosome within a
well defined foliation, appear within the belts of younger, steeply dip
ping foliation these rocks have also been observed in areas dominated by
the older, flat-lying foliation. This suggests these rocks have also
suffered more than one period of deformation and segregation of the neosome
portions. It is the polyphase metamorphic nature of these migmatitic
rocks which differentiates them from those on Tverrfjella; the latter
were interpreted as pelites metamorphosed once during the eclogite facies
_event in the Caledonian (see section 3.1.5).

The meta-sedimentary interpretation of Rgheim (1972) seems applic-
able to many of the rocks in this tract of gneisses. The banding in the
amphibolites, with the appearance of Al-phases and scapolite, the occur-
rence of calc-silicate rocks and mica-rich psammites in addition to the
migmatitic pelites would seem to confirm such an interpretation. How-
ever, the more massive 'granitic' rocks and grey gneisses were more
difficult to interpret from their mineral ‘assemblages and a study of

their whole-rock chemistries was necessary to clarify their origin.
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5.2 GEOCHEMISTRY

The analyses of the rocks from this tract of gneisses are given in
Tables 5.1 and 5.2. Table 5.1 contains the migmatitic rocks, with
pelitic palaeosomes, and the assumed meta-sedimentary rocks; Table 5.2
contains the massive pink 'granitic' rocks and grey gneisses. The
latter also includes some banded and #ugen-bearing rocks, probably
derived from original migmatites but lacking in any pelitic portion.
Samples prefixed by 'U' are from Otrdy, all others are from the Molde
Peninsula.

Table 5.1 shows the migmatitic gneisses to be variable in compos-
ition, reflecting the varying proportions of palaeosocme and neosome in
the samples. The more siliceous samples with K20 > Nazo are those
dominated by the 'granitic' neosomes (e.g. D28A and D28F). The samples
dominated by the pelitic palaeosome tend to be Si-poor often with X 0 <

2

20 and richer in Fe, Mg and trace metals (Ni and Cr). Overall, the

rocks are only moderately aluminous for pelites (compared tothose in

Na

Table 3.3 for the pelites on Tverrfjella). There does not appear to be
any correlation between the proportion of neosome and the Rb and Zr
contents of these rocks. Both of these elements should be preferentially
concentrated in the 'granitic' melt portions of these rocks, with Rb
entering K-feldspar, and Zr in zircon (Taylor, 1965). Samples D28BA and
D28F are the most K-rich samples and yet they do not possess equivalent
high conconcegtrations of Rb. This suggests that these rocks have
suffered a depletion of Rb at some time. However, there is a very rough
correlation between the Sr contents and the proportion of neosome in
these rocks. This element usually tends to be concentrated in the
palaeocsome portion of migmatites (Iden, 1981).

The group of metasedimentary rocks have variable compositions but

overall are fairly aluminous and titaniferous, and nmot particularly



TABIE 5.1 Whole-rock analyses of the metasedimentary rocks in the Heterogeneous Quartzo-Feldspathic Gneiss Unit

Pelitic migmatites

Various metasediments

Calc-silicates Semi-pelites Amphibolites

Dlo D1l D28A D28F U357 u36l U478 235 U343 U365 M36 U433 U444 M19 U371
MAJOR ELEMENTS (wt. %)
8102 58.56 68.93 73.68 72.80 64.17 68.98 64.14 |57.93 66.28 46 .26 |53.48 55.53 53.75| 58.34 64.46
TiO2 0.79 0.43 0.17 0.24 0.74 0.42 0.62 1.01 0.52 1.11 0.95 1.27 1.52 0.84 1.04
A1203 15.97 14.61 14.06 14.44 15.70 14.83 16.39 |15.80 15.55 21.46 ]19.69 16.47 16.80 | 15.74 14.92
Fe203 2.41 1.09 0.64 1.30 1.16 1.11 1.29 2.26 3.54 6.26 2.20 4.92 0.90 2.64 1.74
FeO 6.68 2.58 0.68 0.54 3.92 2.18 3.36 5.81 0.29 3.77 | 5.43 5.20 9.17 5.36 4.10
Mno 0.50 0.07 0.03 0.46 0.09 0.07 0.08 0.03 0.02 0.09 0.15 0.19 0.17 0.14 0.08
Mgo 4.34 1.78 1.15 0.85 2.37 1.30 1.89 0.27 0.75 1.27 3.52 4.61 3.50 | 4.30 2.60
Cao 2.93 2.55 1.21 1.31 4.16 3.21 4.41 | 13.67 8.11 18.98 6.68 5.41 6.45 5.63 3.52
Na20 2.62 3.33 2.26 2.64 2.65 3.79 2,91 | 0.86 3.09 0.45 4.21 2.65 3.12 2.55 3.59
KZO 3.57 3.02 5.88 5.71 3.57 2.84 4.32 0.11 0.33 0.13 1.74 1.99 2.08 | 2.e8 2.98
P205 0.11 0.14 0.06 0.03 0.26 0.14 0.22 | 0.19 0.07 0.24 | 0.27 0.47 0.81 0.26 0.35
S 0.00 0.00 0.00 0.00 0.02 0.01 0.04 0.CS 0.01 0.01 0.03 0.01 0.08 0.01 0.04
HzoT 0.71 0.68 0.51 0.38 0.61 0.51 0.41 | 0.66 0.61 0.29 0.64 0.73 0.88 | 0.55 0.86
TOTAL | 99.19 99.21 100.33 100.70 99.42 99.39 100.08 [98.69 99.17 100.32 [98.99 99.45 99.23 [99.04 100.28
TRACE ELEMENTS (ppm)
Ni 63 16 2 3 22 3 8 0 0 6 23 44 18 30 10
v - 53 13 19 83 33 80 - 34 140 - 142 145 - 87
Cr 63 31 14 19 43 15 29 22 16 34 29 84 50 91 21
Zn 30 - - - 68 55 56 19 11 17 71 - 142 84 50
Cu o} - - - 28 9 33 0 5 9 0 - 56 76 20
Rb 143 107 129 133 109 85 117 1 0 42 60 58 88 86
Sr 201 jos 283 282 422 232 473 805 1217 2157 889 285 345 427 267
Y 36 33 21 21 40 23 29 18 27 88 22 46 62 22 68
Zr 183 225 150 179 219 181 258 691 427 573 295 338 581 151 374
Pb 19 5 51 51 20 23 24 35 28 27 1 18 9 15 7
Ba 911 495 1253 1208 802 676 1127 88 142 158 610 1310 1000 674 681
K20
oo 1.36 0.91 2.60 2.16 1.35 0.75 1.48




TABLE 5.2 Whole-rock analyses and normative minerals for the meta-igneous rocks in the Heterogeneous Quartzo-Feldspathic

Gneiss Unit
Massive 'granitic' rocks Grey, banded and 'augen'-bearing rocks
RS3 1115 U340 U443 U446 U489 D93 D94 D95 D117 F5 1114 M22 U362 U445

MAJOR |ELEMENTS (wt. %)

sio, 72.54 70.73 76.26 78.85 70.08 77.22| 62.53 66.56 63.23 66.57 54.67 67.42 63.47 68.07 63.80
TiO, 0.36 0.45 0.24 0.10 0.24 0.03 1.11 0.7l 0.65 0.88 0.99 0.84 0.58 0.39 0.67
Al,0, | 13.43 14.35 12.05 12.19 14.77 12.42| 15.46 14.88 16.82 14.63 16.77 14.93 16.64 15.52 16.15
Fe 0, 1.97 1.42 0.81 0.12 1.33 0.02 2.75 2.01 2.05 2.40 3.91 1.42 2.03 0.89 2.70
FeO 1.82 2.12 0.77 0.76 0.78 0.51 4.14 2.86 3.13 3.33 4.76 3.85 2.83 2.57 2.43
Mno 0.11 0.05 ©0.02 0.02 0.05 0.03 0.16 0.07 0.11 0.15 0.17 0.09 0.10 0.07 0.11
Mgo 0.78 0.89 0.44 0.28 0.75 0.19 2.45 1.51 2.32 1.70 4.89 1.33 2.38 1.44 2.50
Ccao 2.19 2.05 1.28 1.60 1.84 0.85 4.18 3.16 4.97 3.38 7.36 3.05 4.35 3.38 3.72
Na20 4.12 2.58 2.85 2.09 2.93 2.75 2.45 3.05 4.32 2.32 3.44 3.02 3.52 3.77 3.85
K2O 3.09 4.97 4.76 2.79 5.99 5.81 3.08 4.05 1.53 3.40, 2.19 3.81 2.79 2.89 3.76
P205 0.16 0.18 0.07 0.01 0.10 0.01 0.35 0.23 0.21 0.32 0.57 0.25 0.16 0.17 0.29
S 0.0l 0.00 ©0.01 0.00 ©0.00 0.00 0.02 0.02 0.01 0.01 0.01 0.00 0.00 0.02 0.01
HZOT 0.50 0.46 0.30 0.21 0.20 0.03 0.48 0.37 0.65 0.49 0.65 0.24 0.53 0.50 0.40
TOTAL | 100.08 100.25 99.86 99.02 99.06 99.87 | 100.16 99.48 100.00 99.58 100.38 100.25 99.38 99.68 100.39
TRACE ELEMENTS (ppm)

Ni 2 27 1 0] 1 o 9 5 6 9 36 15 15 2 2
\Y/ 12 36 10 9 25 6 84 62 60 59 198 66 - 30 70
Cr 11 5 11 15 13 25 23 21 16 20 122 10 28 9 12
Zn - 58 15 16 - 9 - - - - - 77 62 54 -
Cu - 48 9 5 - 6 - - - - - 19 1o 11 -
Rb 69 111 82 47 118 173 69 106 19 114 59 117 66 54 123
Sr 42 205 184 269 870 91 326 254 330 214 727 214 283 254 585
Y 35 18 14 12 17 39 40 35 16 51 34 34 6 19 45
Zr 226 237 158 83 290 78 305 246 212 295 178 343 133 167 280
Pb 21 25 6 10 22 40 5 17 14 20 12 17 10 20 1
Ba 276 1121 499 404 2451 231 885 1106 552 847 1021 962 1504 813 553
NORMATIVE MINERALS (%)

q 31.00 30.57 38.09 51.66 25.32 36.50| 17.65 23.85 17.65 29.96 5.00 25.39 18.72 24.65 15.81
or 18.26 29,37 28.13 16.49 35.40 34.34 18.20 23.94 9.04 20.09 12.94 22.52 16.49 17.08 22.22
ab 34.86 21.83 24.12 17.69 24.79 23.27 29.19 25.81 36.56 19.63 29.11 25.56 29.79 31.90 32.58
an 9.03 8.99 5.89 7.87 8.48 4.15 17.60 14.17 21.99 14.68 23.85 13.50 20.54 15.66 15.68
c - 1.43 0.05 2.85 0.36 0.09 - 0.28 - 1.75 - 0.89 0.30 0.45 -
di 0.64 - - - - - 0.69 - L.05 - 7.16 - - - 0.70
hy 2.73 4.19 1.42 1.83 1.87 1.34 9.22 6.14 8.23 6.89 12.61 7.82 8.49 6.89 7 .00
mt 2.86 2.06 1.17 0.17 1.82 0.03 3.99 2.91 2.97 3.48 5.67 2.06 2.94 1.29. 3.92
il 0.68 0.86 0.46 0.19 0.46 0.06 2.11  1.35 1.24  1.67 1.88 1.60 1.10 0.74 1.27
pYy 0.02 - 0.02 - - - 0.04 0.04 0.02 0.02 0.02 - - 0.04 | 0.02
ap 0.37 0.42 0.16 0.02 0.23 0.02 0.81 0.54 0.49 0.74 1.33 0.58 0.37 0.40 0.67
TOTAL | 100.45 99.72 99.51 98.77 98.73 99.80 99.50 99.03 99.24 98.91 99.57 99.62 98.74 99.10 99.87
K0

Na20 0.75 1.93 1.67 1.33 2.04 2.11 0.89 1.33 0.35 1.47 0.64 1.26 0.79 0.77 0.98
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siliceous. Samples 235, U343 and U365 are all calc-silicate rocks with
epidote, garnet, plagioclase, quartz, sphene assemblages, as reflected
by the high Ca and often high Al contents of the rocks. Epidote

typically has a chemical composition with a high Fe20 /FeO ratio (Deer,

3
Howie & Zussman, 1964, Vol. 1, p. 179-199); samples U343 and U365

reflect the high proportion of epidote in their assemblages with Fe >

2%
FeO in their chemical compositions. The trace element contents in these
calc-silicates reflect the major element contents with wvery high Sr
contents (which enters Ca-phases, such as epidote, Taylor, 1965) and Zr
contents (in detrital zircon?). Pb is unusually high in these rocks,
which is generally an indication of igneous rocks (Turekian & Wedepohl,
1961 - see Table 3.5). However, Pb has a similar ionic radios to Sr and
is a divalent ion, and therefore can also enter the Ca sites in minerals
(Taylor, 1965). Therefore it is considered that these high Pb values
are another reflection of the calcic nature of the rocks. An important
point here is that sample 235 is one of the partly assimilated calc-
silicate pods with the Augen Gneiss at Eiksrem (see Plate 4.1(b)). Samples
U343 and U365 appear as discrete bands within the amphibolitic rocks, on
strike, on the E coast of Otrgy, and yet the compositions of the three
rocks are broadly similar. This observation suggests that these meta-
sedimentary rocks formed part of the rock sequence into which the igneous
precursor of the Augen Gneiss was intruded.

Sample M36 is also fairly calcic, and has a high Sr content, but is
a fairly pelitic rock, reflected in the higher trace metal (Ni and Cr)
contents and Al content. Samples U435 and U444 are psammites (i.e. a
higher feldspar:mica ratio than the pelites) with high contents of total
alkalies and Ba (in K-feldspar) but lower Al contents. Z2r is moderately
high in these two samples perhaps réflecting the presence of detrital

zircon.
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Samples M19 and U371 are hormnblende, garnet, mica, plagioclase #
scapolite bearing rocks. Comparing the chemical compositions of these
two rocks with the amphibolites in the Twverrfjella Unit, several differ—
ences are apparent (see Table 3.4). Samples M19 and U371 have higher
contents of K, and less Ca and Mg. However, the major differences occur
in the trace element contents with the greater proportion of feldspar in
these two rocks reflécted in the higher contents of Ba, Sr and Rb. The
trace metal contents are lower than those in the amphibolites from the
Tverrfjella Unit which typically have Ni > 100 ppm and Cr > 200 ppm; low
metal contents are typical of sediments (Turekian & Wedepohl, 1961l). &
sedimentary parentage of these two rocks is also suggested by their high
values of 2r. The amphibolites at Tverrfjella were interpreted as meta-
igneous rocks, although some mixing with detrital material was postulated
for one sample (1017) which has a higher content of Zr than the others.

A meta-sedimentary parentage for these two amphibolites is preferred here.
It is considered that little mixing with basaltic ignecus material has
occurred in these rocks, prior to metamorphism, as this would have
substantially increased their contents of trace metals.

Overall, the chemistries of these rocks are rather unusual and
appear to reflect original sedimentary parents, as inferred from the
petrographic evidence, dominated by clays or clay/limestone mixtures
(marls). A puzzling feature of the calc-silicate rocks (235, U343 and
U365) is the lack of carbonate in the observed metamorphic assemblages as
would be expected in such calcic rocks (compare with the calcite-bearing
calc-silicate rocks in the Tverrfjella Unit which also have high Ca0O
contents - Table 3.3). It is possible that these rocks have suffered
the loss of large volumes of 002 at some time in their evolution, although

such a loss would have been very selective since marbles have been
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observed in equivalent Frei Group rocks at Kristiansund (Rgheim, 1972)
and in the amphibolites on the Otrgy. Epidote-quartz bearing nodules
have been observed in shales and sandstones at New Brunswick, Canada by
Percival & Helmstaedt (1978), which they interpreted as thermally meta-
morphosed ironstone concretions. However, these nodules were rich in
both Ca and Fe, whilst the calc-silicate rocks here are not particularly
Fe-rich (see Table 5.1) which would seem to preclude such a parent for
them. Consequently, the exact sedimentary parent to these unusual rocks
is still obscure although some sort of impure calcareous rock is favoured
here.

The two groups of gneisses in Table 5.2 are other rocks of interest
here since little could be gleaned from the petrography of these rocks
to indicate their parentage.

The 'granitic' rocks have a generally similar composition to the
migmatites, with a similar alkali balance, but contain less Al and
slightly more Si, a reflection of the lack of pelitic portions in these
- rocks. The group of mixed rocks is more intermediate in composition,
with SiO_, < 70%, Na, O > K

2 2 2
rocks. Sample D94 is unusually low in K, reflected in its low Rb content

O and higher normative hy than the ‘'granitic’

(19 ppm) and moderatelylow Ba content (552 ppm) compared to the other
rocks in this group. The two granulites areincluded in this group: F5
and M22. The former is moderately calcic with a high Sr value (727 ppm)
and has the lowest Si content of this group of rocks reflected in the low
q content.

Two types of parental rocks appear feasible for these gneisses
either metasedimentary, perhaps of the same original stratigraphic unit
as the metasediments described above; or meta-igneous, as suggested by

Rgheim (1972).
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Tarney (1976) has recommended the use of a TiO2 vs. SiO2 discriminant
plot for quartzo-feldspathic gneisses of unknown parentage, Fig. 5.l(a)
shows this plot with the meta-igneous/meta-sedimentary dividing line of
Tarney and most of the gneisses in Table 5.2 are divided between the two
fields. However, the discriminant plot of Winchester et al. (1980), which
uses Ti and 2Zr to avoid the possible effects of element mobility during
metamorphism, shows that most of these gneisses have a meta-igneous
parentage, although sample 1115 falls well within the meta-sedimentary
field (Fig. 5.1(b)). The discrimination plots of Moine & de la Roche
(1968) give inconsistent information for these gneisses. Fig. 5.2(a)
shows the rocks clustering in the greywacke field, whereas in Fig. 5.2(b)
the rocks plot outside the equivalent field. However, it was noted that
the gneisses fell on a fairly well defined compositional trend in both of
the diagrams of Moine & de la Roche, particularly Fig. 5.2(a). The dis-
crimination plot: al-alk vs. c (Niggli normative minerals) of Leake (1969)
also produced a compositional trend for these rocks, and one indicative
of an igneous parent (Fig. 5.3(a)).

In general these discrimination diagrams indicate an igneous parent-
age for these gneisses although the influence of sedimentary material,
perhaps through pre-metamorphic mixing, cannot be discounted for some of
the samples as suggested by the position of some of the points on
Fig. 5.1(a). The discrimination between meta-igneous and meta-sedimentary
parents for quartzo-feldspathic rocks is notoriously difficult since most
quartzo-feldspathic rocks have the general composition of greywackes or
arkoses (van de Kamp et al., 1975). However, the most important piece of
evidence for an igneous origin for these gneisses is the presence of a

compositional trend on several of these diagrams. Such trends are also

visible on Figs. A and B which were used in the discrimination between
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the Heterogeneous Quartzo-Feldspathic Gneiss Unit and the Augen Gneiss
Unit (see the Introductory Statement on p. 109).

Plotting the data from Table 5.2 on an AFM diagram confirms the
presence of an igneous trend and shows it to be calc-alkaline (Fig. 5.3(b)),
a similar trend is shown on a K20-Na20-CaO plot (cf. Barker et al., 1981 -
Fig. 5.4(a)) and an Ab-Or-An plot (cf. Streckeisen, 1976 - Fig. 5.4(b)).
It has been shown by Robinson & Leake (1975) that many meta-sedimentary
sequences plot as calc-alkaline trends on AFM diagrams, which can result
in misleading information about the rock parents. However, Fig. 5.1(b)
provides two pieces of information which supports the interpretation of
an igneous origin for the gneisses in question:

(i) The rocks define a fairly good curve on this diagram implying
consistent behaviour of Zr in the rocks. 2r has been shown to have
variable concentrations in meta-sediments (van de Kamp et al., 1976).

(ii) The Ni contents in the rocks are fairly low, nearly all
<20 ppm, typical of meta-igneous rocks; greywackes typically have contents
A50 ppm (van de Kamp et al., 1976).

As a consequence the calc-alkaline trend shown on these diagrams is
taken as an igneous feature, and is presented as further evidence of the
chemical diversity between these gneisses and the Augen Gneiss, which
was shown to have a chemistry transitional between calc-alkaline and
tholeiitic igneous rocks (see section 4.2), The classification
of Streckeisen 1976, in Fig. 5.4(b) show the rocks to vary between
tonalite, granodiorite, and granite; oxr the respective volcanic equi-

valents: dacite and rhyolite.

5.3 DISCUSSION
Three features of this tract of gneisses are of note:
(i) The rocks are heterogeneous with intercalations of meta-

sediments, meta-igneous and migmatitic rocks.
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(ii) The meta-igneous rocks are of calc-alkaline composition.

(iii) The Rb-Sr whole-rock age of 1708 * 60 m.y. from Pidgeon &
Raheim (1972) on equivalent rocks at Kristiansund places an age con-
straint on the rocks.

The first two points are features typical of Archaean (v3900-2500 m.y.
ago) basement complexes as found in Greenland (McGregor, 1973); Scourie
in Scotland (Holland & Lambert, 1973) or Assynt in Scotland (Sheraton
et al., 1973). A chemical coméarison between several Archaean terrains
and these gneisses is provided in Fig. 5.3(b), with trends from Lambert
et al. (1976).

Windley (1977, p. 3) gives a synopsis of the rock units in Archaen
regions and notes that up to 80-90% of these regions may be composed of
quartzo-feldspathic rocks with or without biotite, hornblende and
diopside (cf. Wynne-Edwards & Hasen, 1972). These are well foliated
rocks, intercalated with other rock types or containing evidence of
partial melting. Windley (1977, p. 5) also shows that the elucidation
of the precursors of these quartzo-feldspathic gneisses is difficult for
three reasons:

(i) Archaean terrains are generally depleted in LIL elements (Rb,
K, ¥, Th), e.g. Tarney et al. (1972).

(ii) Chemical analyses cannot readily distinguish between volcanic
and plutonic igneous rocks unless field evidence such as layering, vein-
ing or igneous contacts are visible.

(iii) Some volcanic rocks may have been intermixed with sedimentary
material.

A feature of these gneisses which distinquishes them from Archaean
terrains is the undepleted nature of their LIL elements as shown on

Fig. A on p. 109. As shown in the previous section, the chemical compos-
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ition of the gneisses can indicate volcanic or plutonic parental rocks.
Admi ttedly, it is tempting to assign a volcanic origin to the gneisses,
considering their close association with metasedimentary rocks (cf.
Rgheim, 1972) . The close association of metasedimentary rocks with
ortho-gneisses in gneiss terrains has tended to favour the interpret-
ation of intermixing of volcanoclastics with sediments in such terrains
(Windley, 1977, p. 6). However, work by McGregor (1973) and Myers (1978)
in W Greenland has shown that many gneiss terrains are probably composed
of severely deformed plutonic rocks tectonically intercalated with supra-
crustal rocks, although this does not preclude the possibility of the
presence of meta-volcanic rocks. Indeed, the work on the Augen Gneiss
on the Molde Peninsula has shown that deformation of an originally
plutonic rock can result in an apparently homogeneous grey gneiss. As

a consequence, it is possible that some of these gneisses represent
severely deformed plutonic rocks.

Now, Archaean calc-alkaline suites appear to be bimodal tonalite-
trondhjemite associations at the proto-continental (i.e. pre-plate-
tectonic) stage of the Earth's history (3800-2900 m.y. ago); and to show a
continuous fractionation trend, from gabbro to granite at the plate-
tectonic stage of the Earth's history (2200 m.y. age - present). The
more recent tectonic scenario results in the production of andesite-
rhyolite volcanism with the plutonic rocks: granite and tonalite (Barker
et al., 1981). Fig. 5.4(a) shows the gneisses following the gabbro-
granite trend, rather than the bimodal trend thereby indicating forma-
tion under a plate-tectonic regime.

Igneous rocks of the calc-alkaline suite are usually formed at
convergent oceanic-continental plate margins and are produced through

the interaction of the subducted oceanic crustal rocks, mantle derived
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mafic magmas and continental crustal rocks (Barker et al., 198l1). The
generally small amount of continental crust involved in the generation
of these rocks results in low KZO/NaZO ratios, typically <1 (cf.
Mitchell, 1975). (Note that the Augen Gneiss has K20/Na20 ratios >1

and was interpreted as foming in an extensional crustal regime).

O ratios of around 1; the

The gneisses in Table 5.2 have K20/Na2

'‘granitic' rocks have the highest ratios whilst the more 'intermediate'
rocks have ratios generally <l. The Kzo/Nazo ratios >1 in the 'granitic'
rocks appear to contradict the expected values of <1 for a calc-alkaline
suite. However, it has been shown that rocks erupted at increasing
distances from the subduction zone have suffered a greater influence of
crustal material in their production resulting in the production of

O ratios >1 (Bateman &

2

Dodge, 1970). Consequently, these meta-igneous gneisses are interpreted

granitic rocks with K_O contents "4-5% and K20/Na

2
as the differentiated portion of a calc-alkaline suite formed at some
time between V2200-1700 m.y. ago. As previously stated both plutonic
and volcanic rocks may form parts of this tract of gneisses. It seems
reasonable to include the meta-sedimentary gneisses:; discussed in
section 5.2, in this crust-forming event as it has been shown that they
must have been place V1500 m.y. ago to be intruded by the precursor to
the Migen Gneiss. The close association between these meta-igneous and
meta-sedimentary rocks presently observed in outcrop may be primary,
but could equally well be the result of intense tectonic intercalation.
Rocks formed at 2200 * 4300 m.y. ago would have suffered three sub-
sequent metamorphic/deformation events in this part of Scandinavia:
Svecofennian (v1850-1600 m.y.), Sveconorwegian (1200-900 m.y.) and
Caledonian (600-360 m.y.) (see Table 1.3).

Similar, calc-alkaline/migmatitic/metasedimentary gneiss terrains

have been described elsewhere in Scandinavia: in Lofoten, N. Norway
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(Griffin et al., 1974; Iden, 198l) and in much of Finland (Eskola, 1963;
Simonen, 1980) and Sweden (Lundgvist, 1980).

All of these gneiss sequences have been interpreted as mixed sequences
of volcanic calc-alkaline rocks and metasediments, generally greywackes
and arkoses. The time of formation of the precursors to these gneisses
in Finland (the Karelides and Svecofennides) has been placed at 2800
m.y. ago (Kuovo & Tilton, 1966; Hietanen, 1975) whilst those in Lofoten
have been dated at v2500-2000 (Griffin et al., 1974). Bowes (1976)
correlates these two events, in the two areas, and also with the Scourian
event (V2800 m.y.) in Scotland considering it to be a time of major
addition of material to the continental crust. The deposition of the
rocks in Finland has been modelled as an Andean-type orogeny (i.e. an
oceanic-continental plate convergent margin) with the volcanics and
sediments deposited on an older basement, 3000-3500 m.y. old - Hietanén,
1975) and subsequently metamorphosed in the Svecokarelide orogeny
(nv1900-1800 m.y. - Bowes, 1976). Similarly, the calc-alkaline rocks in
Lofoten are considered to have been deposited on older basement (3400
m.y. old - Taylor, 1975) and metamorphosed at ~1800 m.y. ago (Heier &
Compston, 1969; Griffin et al., 1974).

The S Gneiss Region of Norway is also considered to be the product
of an Andean-type subduction event, resulting in a mixed sequence of
calc-alkaline volcanics and sediments (see section 1.1.2). However,
older basement, comparable in age to that described above, has not been
found in S. Norway probably due to the substantial isotopic reworking
suffered by the rocks during widespread plutonic intrusion ~1500 m.y.
ago and during the Sveconorwegian metamorphism (Oftedahl, 1980).

The calc-alkaline nature of some of fhe Heterogeneous Gneisses on

the Molde Peninsula and their association with meta-sediments, with a
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postulated time of formation 2200 + 300 m.y., is presented as further
evidence of crustal addition in the early Proterozoic in Scandinavia.
_Furthermore, the formation of the precursors to these rocks may have
occurred in the same Andean-type subduction event postulated for the
other areas of calc-alkaline gneiss in Scandinavia. It is considered
that the plate geometry at the early stages of plate tectonics consisted
of many small micro-plates which, when subducted, were quickly assimilated
into the newly fomed continental crust giving a rapid crustal growth
(Windley, 1977, p. 62-64). The hypothetical Anaean—type orogeny of
Hietanen, for Finland, would be easily extended to include the calc-
alkaline gneiss terrains described elsewhere in Scandinavia, with an
elongate subduction zone assimilating many micro-plates and gradually
mig_rating southwards over a fairly short period of time (Fig. 5.5(a)).

To confirm such a hypothesis a radiometric dating program on the calc-
alkaline rocks on the Molde Peninsula is required, which would also place
a more exact age constraint on the time of their formation. Since
Moldefjord lies at the supposed N limit of the Sveconorwegian metamorphic
event (Zwart & Dornsiepen, 1978) the rocks would not have been extensively
reworked (as evinced by the mid-Proterozoic age obtained from the Augen
Gneiss Unit) and may reveal an older igneous precursor event. Careful
sampling and preliminary geochemical work would be required to ensure

that the calc-alkaline rocks alone were included in such a dating program.

5.4 MINERAL CHEMISTRY AND P-T CONDITIONS

Analyses of minerals from selected rocks in the Heterogeneous
Quartzo-Feldspathic Gneiss Unit are given in Table 5.3. It was hoped
that these data would supply an independent estimate of the P-T condi-
tions for these gneisses using the clinopyroxer;e-garnet-plagioclase-

quartz assemblage in the granulite, FS5. (Althoughvthe mineral analyses



TABLE 5.3 Analyses of clinopyroxene, garnets, feldspars and scapolites from rocks in the Heterogeneous Quartzo-Feldspathic
Gneiss Unit

Cpx Garnet Feldspar Scapolite
(wt. %) F4 F4 M36 F4 M19 M36 M19 M36

(3) (2) (L) (2) (1) (3) (3) (2)
sio, 50.42 38.85 38.67 61.62 60.20 63.57 46 .68 47.51
TiO, 0.37 0.02 0.02 - - - - -
Al O 5.08 21.47 21.26 23.81  24.71 22.36 25.53 24.87
Cr0, - 0.00 0.00 - - - - -
FeOT 10.65 24.72 23.44 0.22 0.14 0.18 0.13 0.11
MnO 0.16 1.24 1.12 - - - - -
MgO 10.57 5.07 4.69 - - - - -
cao 20.54 9.68 11.06 5.99 7.11 4.40 16.56 15.92
BaO - - - - - - 0.04 0.06
Na,0 1.47 - - 7.90 7.46 8.65 4.12 4.29
K0 - - - 0.53 0.23 0.72 0.18 0.15

- - - - - - 2.51 3.48
C1 - - - - - - 0.18 0.10
TOTAL 99.26 101.05 100.26 | 100.07 99.85 99.88 95.93 96 .49

MINERAL FORMULAE

6' O 12' o' 12' o 8' o' 8' o' 8' O (Si + Al) = 12  (Si + Al) = 12

si 1.897 2.994  2.999 2.740 2.688  2.819 7.296 7.421
Ti 0.010 0.001 0.001 - - - - -
al 0.225 1.950  1.944 1.248 1.300 1.169 4.704 4.579
Cr - - - - - - - -
et 0.068 0.061  0.055 - - - - -
et 0.267 1.533  1.466 0.008 0.005 ©0.007 0.017 0.014
Mn 0.005 0.081  0.074 - - - - -
Mg 0.593 0.582  0.542 - - - - -
Ca 0.828 0.799  0.919 0.285 0.3d0 0.209 2.773 2.665
Ba - - - - - - 0.003 0.004
Na 0.107 - - 0.681 0.646 0.744 1.248 1.299

- - - 0.030 0.013 0.041 0.018 0.015

- - - - - - 0.074 0.102
c1 - - - - - - 0.048 0.026
co, - : - - - - - 0.878 0.872
TOTAL 4.000 8.001  8.001 4.992 4.992 4.989 17.059 16.997

END-MEMBERS (%)

Ca-Ti-Ts 1.05 Andr 3.00 2.75 ab 68.4 64.7 74.9 Me 68.8 67.1
Ca-Ts 8.25 Pyr 19.44 18.08 An 28.6 34.0 21.1 W 4.059 3.997
Jd 3.93 Spess 2.70 2.46 Or 3.0 1.3 4.1

Ac 6.97 Gross 23.65 27.92

Di 50.36 Alm 51.17 48.80

Hd 22.70 Schorl 0.04 -

Jo 0.43 Uvar - -

En 4.45

Fs 2.01

Rh 0.04

Me = (Ca + Ba + Fe)/(Ca + Ba + Fe + Na + K)

CO2 in scapolite calculated on the assumption of the anion site total = 1 (cf. Rollinson, 1980)

Figures in brackets give the number of spot analyses on each grain

Fe3+ for garnet calculated by charge-balance, for clinopyroxene on the basis of the structural formula (cf. Mysen &
Griffin 1973)
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FIG. 5.5(a) Tectonic features of Scandinavia in the period 2500-2000 m.y.
ago, after Nietanen (1975). Her postulated subduction
zone has been extended across to W Noxrway to allow the
development of calc-alkaline rocks in that area.
(b) P-T grid showing the relationship between the calculated

equilibration values from the Garnet-Granulite and the
granulite F4.
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were done on sample F4, this is part of the same original sample).
Furthermore, the scapolite bearing rocks M19 and M36 could perhaps
supply an estimate of the temperature conditions of the metamorphism
from the plagioclase-scapolite assemblages, if the compositions were
favourable. (See Appendix B for the P-T calculation methods.)

The clinopyroxene in the granulite is fairly comparable to the sym-
plectic clinopyroxenes in the Garnet-Granulite on Tverrfjella (see
sample E3 in Table 3.7), although it is slightly Fe-richer. The Jd/Ts
ratio of 0.42 for this phase places the rock in the granulite facies
according to the division of White (1964 - Jd/Ts < l-for granulite

2

facies, and > %—fqr eclogite facies clinopyroxenes). The garnet is
broadly comparable to those in the Garnet-Granulite (see Table 3.6)
Neither of these phases are compositionally zoned. The feldspar is
slightly more An and Or than those in the Garnet-Granulite (see Table 3.9).

The P-T data for this sample is given in Table 5.4 and are plotted
on a P-T grid in Fig. 5.5(b). The figures agree well with the data from
the retrogressed samples of the Garnet-Granulite, although the pressure
is slightly lower, and the data of Krogh (1980b) from clinopyroxene-
bearing quartzo-feldspathic gneisses in the Frei Group at Kristiansund,
recalculated by Newton & Perkins (1982). However, the figuresvare'~lOO°C

more than the metamorphic conditions calculated by Lappin & Smith
(1978) for the amphibolite-facies quartzo-feldspathic gneiss at
Stadlandet/Selje area.

Although the analysed clinopyroxenes in this rock are not symplectic
they give similar P-T conditions to the symplectic clinopyroxenes from
the Garnet-Granulite. Green & Ringwood (1967) found that for basaltic
compositions the conversion of plagioclasé to a garnet-clinopyroxene

assemblage occurred at increasingly higher pressures for increasingly



TABLE 5.4 P-T data for sample F4 from the Heterogeneous Quartzo-Feldspathic Gneiss Unit

Jam) | Ky xg;‘t xf:;ag P(kbar) | T(°C) Me thod

3.93 5.85 0.2668 | 0.684 9.9 808 Ellis & Green (1979) and Currie & Curtis (1976)
8.8 756 Krogh (1983 - rectilinear equation) and Currie & Curtis (1976)
11.2 811 Ellis & Green (1979) and Newton & Perkins (1982)
10.6 762 Krogh (1983 - rectilinear equation) and Newton & Perkins (1982)
10.1 784 Average

N.B. The method of Krogh (1983) gives temperatures lower by ~v60°C than Ellis & Green (1979) whilst Currie &
Curtis (1976) give pressures lower by V2 kbar than Newton & Perkins (1982).
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less basaltic compositions (expressed as 100 Mg/ (Mg + Fe)). Also, the
work of Green & Lambert (1965) on an adamellite at high P and T condi-
tions showed that a rock of this composition will retain plagioclase in
its assemblage to much higher pressures than a basaltic composition, at
the same temperature (see the 'plag-out' curves on Fig. 5.5(b)). There-
fore, the appearance of the large amounts of plagioclase in sample F4,
compared to the Garnet-Granulite at the same P and T, is the result of
the less basaltic composition of the rock.

Although the scapolite-bearing rocks are not of particularly simi-
lar bulk compositions, the compositions of the scapolites are very
' similar. M36 is a semi-pelite with a high Al content, whilst M19 is
more amphibolitic and siliceous (see Table 5.1). The feldspar compos-
itions are slightly different with a more Ab-rich plagioclase in sample
M36, reflecting the more sodic bulk composition of that sample. As CO2
cannot be measured on the EMP, it has been calculated in the scapolites
by assuming that the anion site total = 1 (cf. Rollinson, 1980) even
though a small amount of OH ion can enter this site in sodic scapolites
(Goldsmith, 1976). The mineral formulae have been calculated on the
basis of (Si + Al) = 12 (cf. Evans et al., 1969 and Rollinson, 1980).
The remaining cations (Na + Ca + K + Fe + Ba) are added to give the
parameter 'W'. From their studies of the stoichiometry of scapolite,
Evans et al. obtained a range of values for this parameter of: 4.068-
3.927, with a mean of 3.98l1. The 'W' values for the two samples here
fall within this range indicating good stoichiometry of the analyses.

Using the data from the coexisting scapolite and plagioclase
‘temperatures in excess of 13000C were obtained with the method of
Goldsmith & Newton (1977). This is not surprising since the plagioclase

is fairly sodic and falls outside the compositional limit of >An 70 set
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by Goldsmith & Newton for the calculation of meaningful temperatures by
their method. Applying the method of Rollinson (1980) for CaC03—
scapolites to these mineral pairs gives equally unrealistically high

temperatures of 1249°c for M19 and 2185°C for M36 which again appeafs to

be due to the sodic nature of the plagioclase.
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PLATE 5.1

Appearance of massive migmatite gneiss with extreme chaotic appear-
ance. Note partial intrusion of the massive amphibolite by the

migmatite, bottom right of picture. Bjgrsnos farm (078760) .

Appearance of the finer-scale migmatite with the anatectic portion

lying within the well-defined foliation planes. Helvatnet (1476).

General appearance of the palaeosome of the migmatites. Note the
fibrous sillimanite in centre of picture. (Sample D9, cross-

polarised light.)

The banded gneiss in outcrop, with relatively small-scale banding

N of Elnesvggen (0672) .

The augen bearing gneiss, note the small scattered feldspar augen

and compare to Plate 2.1(d). Hollingsholm (965628).

The grey gneiss. N coast of Vggéy (994683).



PLATE 51




PLATE 5.2

(a) General appearance of the granitic gneisses, note the protomylonitic
fabric and compare to the granite sheets in Plate 4.1(f). (Sample

2136, cross-polarised light.)

(b) Mafic clot of clinopyroxene, hornblende and biotite surrounded by

a rim of small garnets. (Sample F4, plane-polarised light.)

(c) Polygonal feldspar texture and a string of small clinopyroxene
grains between the feldspars and quartz. These small clinopyroxenes
have exsolved albite adjacent to the quartz. (Sample M22, cross-

polarised light.)
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CHAPTER 6

THE HETEROGENEOUS ROCKS OF MOLDEFJORD

The rocks of this Unit lie on the S side of the Molde Peninsula and
include the rocks mapped on the island of Bolsdy in Moldefjord (see
Maps A and C). From the mapping of Hernes (1955), the rocks on the main-
land, along the Moldefjord coast, are part of the Frei Group of Pre-
cambrian age (v 1700 m.y. - Pidgeon & Rgheim, 1972). The rocks on
Bolsgy represent parts of the Tingvoll, R@ros and Stdren Groups (see
Table 1.2) which have been mapped, on strike, from the Surnadal area
(Strand, 1953 - see Fig. 2.5) where they are considered to be of Cambro-
Silurian age. Radiometric dating by R3heim (1977) has shown that the
Tiﬁgvoll Group is also Precambrian in origin with a date of 1707 # 63
m.y. However, the Precambrian age given for the Rgros Group by Rgheim
(1977) is considered invalid (see section 3.3) and the interpretation of
Krill (1983) that this Group is Ordovician-Silurian in age is preferred
here. Because of the apparent age differences between the rocks on the
mainland and those on Bolsdy they are treated separately in this Chapter.

(Grid references are for the 1:50,000 maps.)

6.1 GENERAL GEOLOGY AND PETROGRAPHY

6.1.1 Rocks of the Moldefjord coast

These rocks have been followed along strike from Julneset point,
where their width of outcrop is about 1 km, to about 3 km E of the town
of Molde where their width is about 2.5 km (Map A). The exposures are
fairly good in road cuts along the E662 W of Molde, particularly so in
the cuts along the road to the ferry point at Mordalsvggen (5797) where

their heterogeneous nature is well displayed. These cuts also show the
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very consistent steep, flat foliation surfaces, which often appear flaggy
(Plate 2.1(c)). The rocks are also found on the high ground around
Varden (044592), N of Molde. Elsewhere the rocks are obscured by dense
tree cover.

The contact between these rocks and those of the Augen Gneiss Unit
has already been mentioned in section 4.1.1. At the best exposure of
the contact, W of Mordal farm (978576) the contact was found to be very
well defined. However, portions of the Augen Gneiss Unit have been
recognised with the Heterogeneous Rocks of Moldefjord at several local-
ities; around Varden {044591), at Mekvatnet (024538) and on the coast W
of Mordal farm (0257) (see Map A).

Very simply the rocks consist of quartzo-feldspathic units and
amphibolitic units; both have varying proportions of: garnet, feldspar,
quartz and mica. Some rocks approach semi-pelitic compositions, others
have calc-silicate assemblages dominated by epidote minerals; also, rare,
thin sugary-textured marbles appear at Mordalsvggen and on Varden. The
rocks are very variable over short distances and can appear compositionally
banded in some localities, e.g. Julneset. This small scale variation
made it impossible to map the rock types as distinct units along strike
although it was noted that the quartzo-feldspathic rocks were relatively
more abundant on the S shore of Julneset, the headland at Mek and E of
Molde whilst the amphibolitic rocks tended to occur further inland. The
rocks have been severely affected by flattening during the Caledonian
orogeny (Chapter 2) and consistently display large flaggy foliation
planes in outcrop often incorporating a lineation of amphibole or mica.
They are also well jointed, generally filled with epidote or more rarely
calcite. Thin granitic veins intrude the rocks, particularly at Mek,

whilst larger coasrse pegmatite veins tend to be more profuse here than



in the rocks further N. The profusion of veins reflects the fractured
nature of these rocks (Plates 2.1(c) and 2.2(e)). The extreme stretch-
ing accompanying this deformation has caused partial or complete boudin-
age of some of the lithological bands (Plate 2.2(f)). Pods of eclogite
can be found in these Heterogeneous Rocks notably on Julneset and N of
Molde (see Map A) although they are invariably strongly retrogressed and
amphibolitised which makes their recognition very difficult, especially
when they occur in amphibolitic rocks.

In thin-section the Heterogeneous Rocks reflect the severe de-
formation suffered as cataclastic textures; the quartzo-feldspathic
rocks tend to display these textures more often than the amphibolitic
rocks. The typical appearance of a quartzo-feldspathic rock is shown
in Plate 6.1(a) and consists of: porphyroblasts of strained, perthitic
microcline set in a matrix of strongly ribboned and sutured quartz,
granulated plagioclase (An 20) and K-feldspar. Plagioclase rarely
survives as porphyroblasts. Biotite is well oriented and smeared out,
often transformed to chlorite; opaque phases appear as thin strings.

The severe deformation has tended to promote the formation of myrmekite
between adjacent plagioclase and K-feldspar and the appearance of two
sets of twin-planes in the plagioclase (cf. the Augen Gneiss (section
4.1.1) and see Smith 1974, p. 577). Both of the feldspars in these
rocks are altered to sericite (K-feldspar) and sausserite (plagioclase)
to varying degrees, often assisted by cracking perpendicular to the
fabric of the rock. These guartzo-feldspathic rocks have variable
assemblages with both granitic (dominated by K-feldspar) and more
intermediate (dominated by plagioclase) compositions. The latter tend

to be more biotite and/or garnet-rich. The fomer phase is well aligned

and generally transformed to chlorite; the latter occurs in strings of
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rounded grains and are extensively cracked and altered to amphibole or chlo-
rite. Some examples of the quartzo-feldspathic rocks contain significant
quantities of amphibole (a yellow-brown, B green, y green-blue, y'Z =
l9°) as thin bands; garnets associated with these amphibole bands tengd
to be more severely hydrated than otherwise, often with the development
of kelyphite rims (cf. those in the Garnet-Granulite, Plate 3.2(a)).
These deformed rocks can be termed protomylonites in the nomenclature of
Higgins (1971) . Some rocks show very severe cataclasis with little
evidence of pre—existing»phases (Plate 6.1(b)), generally limited to
small, rounded amphiboles or feldspars in a very fine comminuted matrix.
These are mylonites in the terminology of Higgins (1971). Other rocks
are only slightly deformed but do exhibit severe hydration of all the
constituent phases, making identification of the feldspars difficult.
Both k—feldspar and plagioclase have been altered to sericite and
sausserite respectively giving a turbid, cloudy appearance to the rock
in thin-section. The high degree of sausseritisation in these rocks
can give the rock an orange tinge in outcrop.

An interesting feature of a large number of these quartzo-feldspathic
rocks is that the K-feldspars contain perthites and ‘quartz-drops'.
The latter have also been observed in K-feldspars in the rocks of the
Heterogeneous Quartz-Feldspathic Gneiss Unit and were interpreted as
representing relics of a deformed migmatite (section 5.1.1 and see
Plate 5.1(c)); such an interpretation also seems applicable to these
rocks.

A very common feature of these quartzo-feldspathic rocks is the
appearance of orthite (a Rare-Earth bearing epidote mineral, rich in
Fe2+) as brown, metamict grains rimmed by clinozoisite in a post-

tectonic growth (Plate 6.1(c)). This sharp zoning is intepreted as the
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growth of the mineral under oxidising conditions. Initial growth of
orthite with Fe as Fe2+ allows entry of Rare-Earth elements into the
mineral structure (Ce2+, Y2+, Deer et al. 1963, vol. I, p. 212); sub-
sequent oxidising conditions permit the growth of clinozoisite, with Fe
as Fe3+, which then precludes the entry of divalent ions into the mineral
structure. Very little other post-tectonic mineral growth is present in
these rocks, some small zircons can be discerned, and calcite appears in
rocks adjacent to the marbles, which originally may have been derived
from veins.

Some of the quartzo-feldspathic rocks contain significant quantities
of biotite and garnet (sample D75) and appear semi-pelitic. Again the
garnets are cracked and in strings whilst the biotite is well aligned
and tends to sweep around the garnets. These rocks are fairly plagio-
clase rich (An 15) which tend to display two sets of twins at right
angles, a feature considered to be stress-induced (Smith 1974, p. 577)
(see Plate 6.2(c) for an example in the pelites on Bolsdy); accessory
phases include quartz, apatite, opaques and K-feldspar. An impertant
feature of these semi-pelites is the limited amount of quartzo-feldspathic
material they contain, in contrast to similar rocks in the Heterogeneous
Quartzo-Feldspathic Gneiss Unit (section 5.1.1) or in the Tverrfjella
Unit (section 3.1.3), although muscovite is absent. This suggests that

although the muscovite-melting reactions have occurred in these rocks,

e.g. muscovite + quartz > Al-silicate + K-feldspar (melt) + H20

(and see section 3.1.5), these melts have subsequently been expelled
from the rocks, presumably during the severe flattening deformation
during the Caledonian.

Some of the more mafic quartzo-feldspathic rocks display large,

ragged grains of green, finely-twinned epidote. These lie in contact
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with porphyroblastic hornblende (a brown-yellow, B green, y green-blue,
Y'z = 210) in a matrix of plagioclase (An 20), and quartz + sphene +
zircon + K-feldspar (sample 2413) . Such Ca-rich rocks tend to occur in
proximity to the thin marbles at Mordalsvggen (982573) .

The more mafic rocks in these sequence along the Moldefjord coast
tend to be less profoundly deformed than the quartzo-feldspathic rocks.
They contain the general assemblage of: hornblende (of varying pleo-
chroic schemes, generally blue-green although brown-green varieties also
appear), plagioclase (An 28), quartz, biotite (to chlorite) sphene #*
garnet. These phases can appear in both well foiiated rocks and in more
granoblastic textures in which only the biotite is oriented. Even when
undeformed the rocks display evidence of retrogression with both biotite
and hornblende altering in chlorite and sausseritisation of the plagio-
clase. The garnets are generally sub-idioblastic and often cracked with
concomi tant amphibolisation or even to biotite or chlorites + opaques.
Kelyphite rims are common. In some heavily retrogressed rocks, the
previous existence of garnet can be inferred from rounded clots of
acicular blue-green hornblende + quartz + white mica surrounded by
generally well oriented tabular amphiboles (sample D65) .

Some of the rocks contain hornblende which display relict sym-
plectite textures with plagioclase (cf. those in the Augen Gneiss -

Plate 4.1(d)). Yet others display small relics of clinopyroxene sym-
plectites in the cores of these hornblendes (Plate 6.1(d)) suggesting
that these secondary textures have been derived from original omphacitic
clinopyroxenes, as observed in the Garnet-Granulite in the Tverrfjella
Unit (section 3.1.5 and see Plate 3.2(b)). Careful inspection of any
surviving garnets in these rocks reveals the presence of relict rutile

grains within these minerals, Consequently, it is considered that some
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of these garnet-amphibolites possessed the high-grade assemblage of
garnet + omphacite + rutile equivalent to the eclogite facies Garnet-
Granulite at Tverrfjella. Unfortunately, conclusive evidence for such,
the preservation of grains of omphacite within the garnets has not yet
been found in the rocks. Other possible evidence of these rocks once
suffering high-grade metamorphism is the appearance of rare pale brown
amphiboles poikiloblastically intergrown with garnet (a pale yellow,

B pale yellow-green, y pale green-brown, y"Z = 200), suggestive of
pargasitic hornblende. Such amphiboles are considered to be indicative
of high-pressure metamorphism (Mysen & Boettcher, 1975); also, the
associated garnets contain rutile grains (sample D64).

A few rocks contain the unusual calc-silicate assemblages: clino-
zoisite/epidote + sphene * hormblende (often difficult to identify) in
a schistose fabric (sample D57) similar to those observed on Otrgy by
D.A. Carswell and those at Eidskrem (section 4.1.1) although these
examples do not contain garnet. Other calc-silicate rocks are very well
inter-banded with semi-pelites (Plate 6.1(e)); this particular example
contains: clinozoisite, quartz, sphene, calcite, plagioclase (An 50) *
apatite (sample D72).

Other, thinly-banded rocks (on scale of thin-section) occur on
Vafden, generally amphibolitic semi-pelites with concentrations of horn-
blende, biotite and quartz. Furthermore, these rocks contain scattered
grains of low birefringence scapolite (i.e. sodic end-member), generally
within the biotite-rich portions. Overall, the rocks are very similar
in appearance to those occurring in the Heterogeneous Quartzo-Feldspathic
Gneiss Unit on Vgg¢y even to the extent of the scapolite only appearing
within the biotite-rich portions (see section 5.1.1).

Besides the general low metamorphic grade exhibited by these

assemblages (generally amphibolite- to greenschist-facies) the rocks are
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also cut by micro-shears and veins which cause very local hydration of
the rocks. However, these appear to be relatively late features and the
majority of the low-grade assemblages appearto have formed during the

severe deformation of the Caledonian orogeny.

6.1.2 Rocks of Bolsdy

This island is fairly heavily wooded with little inland exposure,
except along the roads around Heimdal (129567). The northern coastline
also offers fairly good exposures whilst the coaststo the E and S are
flat and pebble strewn.

The map of Hernes (1955) shows a three-fold division of the rocks
here: greenschists, mica-schists and 'granitic' gneisses + augen
gneisses. The units mapped here are very similar to his (see Map C)
although the nomenclature of Hernes is not always followed. Hernes also
mapped a thin limestone unit at approximately the same position as the
‘augen' gneiss on Map C. No limestones were found at this locality
although scattered marbles occur in the schistose units to the NW. One
extra rock division has been made here, in addition to those of Hernes,
of an amphibole-rich quartzo-feldspathic schist on the most NW coast of
the island. As can be seen from Map C, the rocks on Bols¢gy maintain a
very constant dip, as do the rocks along the Moldefjord coast, although
the large, flaggy foliation surfaces of the latter are not so well
developed on Bolsdy.

The felsic schist is well banded, on the scale of a few cm, and
contains the assemblage: amphibole (o straw, 8 green, ¥y blue-green,

Yz v 160) possibly tremolitic, plagioclase (An 75-90), quartz + biotite
(to chlorite) + clinozoisite + opaques. The amphibole appears as sub-
idioblastic, post-tectonic porphyroblasts which cut across the folia-

tion. An interesting feature of these porphyroblasts is that they are
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poikiloblastic with quartz and appear very similar to the amphibolitised
symplectites in the Augen Gneiss (see Plate 6.2(a) and compare with
Plate 4.1(d)). The amphiboles can also appear as porphyroblasts of
multiple, oriented grains, almost in optical continuity, which also
contain tiny oriented inclusions of quartz and plagioclase. The late-
stage nature of this mineral suggests that these grains are simply over-
growing the quartz and plagioclase rather than representing relict sym-
plectite textures. The amphibole can also appear as a matrix phase in
the more equigranular examples of this rock unit and is then well aligned,
together with the quartz and plagioclase, both of which are strained and
sheared; the plagioclase is also partially sausseritised. The rocks are
very brittle and reflect this nature in profuse jointing, often filled
with epidote minerals or quartz. On the N coast of the island (v 133576)
the contact between this unit and the amphibole schist is well marked
and can be followed SW, across the island as a small feature.

The amphibole schist is a very monotonous, massive, fine-grained
well-foliated rock with the assemblage: hornblende (a pale yellow, B
green, Y green-blue, Y"Z n 160) + plagioclase (An 25) + quartz + biotite
+ K-feldspar in a foliated texture. Fairly profuse bodies of fine-
grained, sugary marble occur within this rock. These tend to be rather
impure, with hornblende being the major addition (a pale yellow, B green,
Y green-blue, Y"Z Vv 12° - tremolitic) + biotites and opaques, in a
foliation, + clinozoisite + sphene + chlorite + quartz. Also, a small
calc-silicate body, adjacent to a marble, but disturbed by a pegmatite
intrusion, occurs near the ferry stage (120572). This has the assemblage:
ferroactinolite (a pale yellow, B pale green, y very blue-green, y"Z ~
9°), often porphyroblastic, calcite and calcic scapolite. The scapolite

occurs in a symplectic texture with plagioclase, which appears to be
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replacing it, cf. that in the marble in the Tverrfjella Unit (see
Plate 3.4(a)) although the secondary zoisite of that example is not
visible here.
Micaceous rocks on Bolsdy are flaggy or phyllitic depending upon the
proportion of mica present. The rocks are best exposed on the N shore
of the island (v 138575) and at Heimdal (127567); the outcrops are
generally heavily weathered and rust coloured although the rocks display
a characteristic purple sheen on fresh surfaces. Quartzo-feldspathic
streaks and 'blebs' can be seen in outcrop running parallel to the folia-
tion which itself can be micro-folded and kinked. The general assemblage
of the rocks is fine-grained: biotite, garnet, plagioclase (An 35-55),
quartz + amphibole + K-feldspar + orthite * kyanite * calcite. The
biotite is red-orange in colour with some chloritisation and zircon
inclusions; three generations exist, usually in one rock sample:
Pre-tectonic: strained and bent, and butting against the gamret

Syn-tectonic: unstrained and following the limbs of microfolds and

sweeping around the garnets; these are the most

numerous
Post-tectonic: cutting across the limbs of the microfolds
The garnet is variably sized: some are tiny and in trails parallel to
the foliation others are porphyroblastic and irregular with corroded
rims. They are usually sieved with quartz and plagioclase although some
have inclusions of biotite; others have inclusions only in the core of
the grains, yet others have orange (gfossular-rich) cores and colourless
rims. fThe porphyroblastic forms appear to be in two generations.
Pre-tectonic: very corroded rims and squarish outlines, the trails
of inclusions are at high angles to the dominant foliation.
Syn-tectonic: inclusion trails form 'S'-shapes (Plate 6.2(b)).

The plagioclase in the groundmass is irregqular and often untwinned.
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Much of the twinning is in two sets at right angles, with one twin set
pinching out as it approaches the other (Plate 6.2(c)). These twin sets
appear to be albite and pericline twins, which invariable accompany each
other in deformed plagioclases (Smith 1974, p. 348). Scme difficulty
was encountered in deciding which twin set was the albite twin in order
to evaluate the An content of the plagioclases. The lack of twinning in
some plagioclase grains in these rocks may also be a result of mechanical
deformation (Smith 1974, p. 348).

Quartz appears in both the groundmass and in pre-tectonic segrega-
tions. In the latter it is heavily strained and sutured, cuts across
other phases and occurs with a more acidic, porphyroblastic, anti-
perthitic plagioclase (An 25) + rare untwinned K-feldspar. In conjunction
with the lack of white mica except as a secondary phase, these segrega-
tions are interpreted as representing strongly deformed anatectic
portions implying that these rocks have suffered a high-T metamorphism

to instigate the reaction:

muscovite + quartz -+ Al-silicate + K-feldspar (melt) + H20

as intepreted for the pelites of the heterogeneous rocks in the Tverrfjella
Unit (see section 3.1.5). The aluminosilicate phase is only rarely
seen in the pelites on Bolspy, but relict grains of kyanite can be found
(Plate 6.2(d)). These are always severely disrupted and strained
indicating a pre-tectonic formation.

The amphibole in these rocks is variable in composition; Fe-
actinolite appears to be the most common (o pale yellow, B yellow-green,
Y green-blue, Y"2 " 180) although more Ca-Mg types do appear, tending
towards more pargasitic compositions (a pale yellow, B = y pale green,

Y'z ~ 160). These amphiboles are pre-tectonic in formation and are
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disrupted; they are also often poikiloblastic with quartz and overgrown
by biotite. This poikiloblastic texture with the quartz may simply be

a result of the amphiboles overgrowing the groundmass phases, as inferred
for the similar texture observed in the amphiboles of the felsic schists
on the W coast of Bolsdy. However, some examples occur in which the
quartz appears as oriented laths, parallel to the cleavage of the host
amphibole, perhaps implying exsolution of silica during a change in
composition of the amphibole with metamorphic conditions.

Of the accessory phases, orthite is fairly profuse and exhibits
sharply zoned rims of clinozoisite, as seen in the rocks of the
Moldefjord coast (see Plate 6.1(c)), reflecting a change from reducing
to oxidising conditions during metamorphism.

Within the unit of mica-schiéts several amphibolite or amphibole-
rich rocks occur (e.g. sample 37), and sugary, fine-grained marbles;
both of these rock types are best seen along the N coast (1357) of the
island. The amphibolitic rocks occur as small, very elongate pods
(2-3 m long) and it was considered that perhaps these represented highly
deformed and attentuated forms of the pods of eclogite seen on the main-
land. The cores of these pods were carefullyscrutinised in an attempt
to find evidence of relict eclogite facies assemblages, but to no avail.
The rocks are fine grained and cut by chlorite and calcite-filled joints.
The mineralogy is well oriented and consists of hornblende (o pale
yellow, B green-brown, Yy blue-green, Y'Z N 180), plagioclase (An 46),
again exhibiting two sets of twin planes, quartz * K-feldspar # sphene.
Rare, ragged garnets can be found, oriented parallel to the fabric and
sieved with quartz. The sphene is generally seen as a rim on an opague

phase, after rutile:

. 2+ . . .
T:LOZ + ca” + 5102 + H20 -+ TlCaSlO4 (OH) 5

rutile sphene
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The Ca may have been donated by plagioclase but is more likely to have
been derived from the hydrating fluids which can be seen to have carried
CaCO3, now visible as calcite veins. 1Indeed, one outcrop of this amphi-
bolite was observed grading into an adjacent marble (139574). Here the
amphibole is rather more tremolitic (a colourless, B pale green, y vs.
pale blue-green, Y"2 v 190) and contains inclusions of quartz, clino-
zoisite and calcite; it has also suffered slight chloritisation. The
marble is very fine grained and pure, with rare quartz, K-feldspar and
plagioclase, generally in clots. Some of these clots contain idocrase
and a pale brown mica, phlogopite; both are typically found in marbles
metamorphosed at amphibolite facies (Deer et al. 1963, vol. III, p. 50).
Some of these marbles display cataclastic textures (146574) with intense
granulation of the calcite and bending of the porphyroclasts of mica.
Accessories include: phlogopite, scapolite and relict clinozoisite
apparently altering to plagioclase (cf. that in the marble, and that
ocbserved in the impure quartzite, sample 1012, both in the Tverrfjella
Unit (see sections 3.1.2 and 3.1.3, and Plate 3.4(e)).

Cataclastic rocks such as these appear to be cqncentrated at the
junction between the mica-schists and the more quartzo-feldspathic rocks
on the E side of the island. Intensely deformed quartzo-feldspathic
rocks can be observed at (145569) and consist of: feldspar, zoisite,
chlorite and quartz. The feldspars are heavily sericitised and saus-
seritised, and granulated; the quartz occurs as ribbons around the other
phases. The sphene and biotite are strongly disrupted with the latter
altering to chlorite. Only the zoisite is undeformed and appears to be
a post-tectonic phase. Some parts of the rock approach a mylonite
fabric in which porphyroblasts of K-feldspar lie in a matrix of quartz,
plagioclase chlorite, biotite * zoisite such that the rocks adopt an

'augen' texture.
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To the E of these cataclastic rocks, the rocks are predaminantly
fine grained two-feldspar-quartz grey gneisses, extensively flattened
with a pronounced banding. On scale of metres (e.g. 155569) the rocks
are massive rather than flaggy. K-feldspar is the dominant feldspar and
generally appears as porphyroblasts; both the K-feldspar and the plagio-
clase (An 10-15) are generally untwinned although both exhibit quartz
‘drops' as seen in certain rocks of the Heterogeneous Quartzo-Feldspathic
Gneiss Unit which were interpreted as the representatives of deformed
mignatites (section 5.1.1 and see Plate 5.1(c)). Suchtextures have also
been noted in the quartzo-feldspathic rocks of the Moldefjord coast.
These feldspars can appear in both polygonal textures, with only slight
suturing of the grain margins, and inmore protocataclastic textures in
which the grains are fairly heavily granulated. 1In both of these
textures quartz appears as thin 'ribbons' or 'strings' and biotite is
always well aligned. An interesting point here is that the biotite in
these rocks is of a green-brown adsorption colour, whilst the biotite
occurring in the rocks to the west is of an orange-brown colour. The
latter are considered to be Ti-rich biotites, whilst the former are
dominated by ferric iron (Deer et al. 1963, vol. III, p. 71). Accessory
phases include: green hornblende, sphene, relict garnet and ubiquitous
orthite, again zoned with clinozoisite rims. Although the rocks are
brittle and profusely jointed, generally filled with chlorite, competence
differences between these quartzo-feldspathic rocks and the amphibolites
they contain have produced some pinch-and-swell structures. These
amphibolites can appear as both discrete pods or as bands, both possess
well defined foliations that have the general assemblage of: hornblende,

plagioclase (An 35) + quartz * K-feldspar.
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6.1.3 Discussion of the petrography

On the map of Hernes (1955) the rocks are simply described as:
schistose quartz dioritic-granodioritic gneisses and he appears to have
missed the wide lithological diversity of this group of rocks. Also,
Carswell (1973), in his regional synopsis of the Basal Gneiss Complex,
did not note the occurrence of eclogite pods in this group of rocks; on
his criterion of only the Precambrian basement having eclogites he
considered that these rocks were of Palaeozoic age.

Several other poihts can be made about this group of rocks from the
observations above:

(i) The rocks generally display assemblages indicative of
almandine-amphibolite facies or amphibolite facies, but where assisted
by shearing this grade can be as low as greenschist facies.

(ii) Evidence for a previous high-grade metamorphism exists in
several of the rocks. Quartz 'drops' point to old, deformed migmatites
whilst the relics of symplectic clinopyroxene indicate the prior exist-
ence of omphacitic clinopyroxene (cf. the Garmet-Granulite, section 3.1.1).

(iii) The presence of calc-silicate rocks with epidote and scapolite,
semi-pelites, marbles and compositionally banded rocks all tend to
suggest that sedimentary deposits formed the precursors to some of the
rocks in this group even though such meta-sedimentary rocks are in the
minority here.

As mentioned in section 1.3 the rocks on Bolsgy were originally
mapped as greenschists (Bugge, 1934) and were correlated with the
Ordovician rocks to the NE. Fig. 2.5 shows the lithological similarities
between the two areas. Both Gjelsvik (1951) and Hernes (1954a) also
referred to the rocks as greenschists and considered them to have been

derived from lavas/volcanics and sediments.
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Again, several points can be made about the rocks on Bolsdy
(i) Most of the rocks display assemblages indicative of the
amphibolite facies although in strongly deformed rocks greenschist facies
assemblages can occur.

(ii) Evidence for a previous high-grade metamorphic event is
present in several of the rock types here: kyanite as the dominant
aluminosilicate, anti-perthites in the plagioclases, deformed anatectic
portions and quartz 'drops' in the more felsic rocks.

(iii) There is a predominance of lithologies which can be considered
to have had sedimentary deposits as their precursors: pelites, marbles
and calc-silicate rocks.

As can be seen from these lists for the rocks of the Moldefjord
coast and those of Bolsgy, the two groups of rocks are fairly similar.
However, there are two differences:

(i) Bolspy is dominated by metasedimentary rocks whereas the
Moldefjord coast is dominated by quartzo-feldspathic and amphibolitic
rocks.

(ii) Eclogites have been found in the rocks of the Moldefjord coast
and not on Bolsgy.

An important feature of the geology of Bols@dy is the presence of a
distinct lithological and tectonic break, considered to occur between
the mica schists to the W and the more felsic rocks to the E (see Map C)
along which the 'zone' of mylonites lies. Not only are the rock types
on either side of this 'zone' very different but it was also noted that
the colour of the biotite changed across the 'zone', from orange brown
in the rocks to the W to green-brown inthe rocks to the E. This junc-
tion coincides with the contact between the Rfros Group and Tingvoll

Group of Hernes (1955) and consequently between rocks considered to be
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of different ages. In the introductory statement to this chapter it was
stated that an Ordovician-Silurian age is considered valid for the Rgros
Group (from Krill, 1983) whilst a Precambrian age is preferred for the
Tingvoll Group: 1707 * 63 m.y. (from R3ehim, 1977). Although Raheim
(1977) has also postulated a Precambrian age for the Rgros Group, his
derived age is not considered valid here on the basis of the sampling
and data selection he used (see discussion in section 3.3). It is
considered that this 'zone' of discordance marks a major temporal dis-
continuity between the rocks on Bolsgy and in consequence adds weight to
the arguments of Krill (1980, 1983) and Gee (1980) concerning the
tectonostratigraphy of this area. However, it must be remembered that
the evidence for the younger age of the Rgros and Stgren Group rocks on
Bolsdy, and indeed these very lithostratigraphic names, is based on
earlier workers' mapping and cannot be substantiated in this study.

Al though there is some degree of uncertainty, it appears that part
of the rock sequence on Bolsgdy is of Precambrian age (Tingvoll Group) as
are the rocks of the Moldefjord coast: ~ 1700 m.y. In an attempt to
clarify the problem of the distinction between the Groups of rocks on
Bolsgy and those on the mainland, the geochemistries of the rocks were

studied.

6.2 GEOCHEMISTRY

Many of the rocks in the Moldefjord area display cataclastic or
well foliated textures, whilst the observed relict assemblages indicate
that these rocks have suffered a reworking from grades of metamorphism
of at least high-P granulite facies, if not eclogite facies, down to
amphibolite facies. Such reworking in shear zones has been shown to
have pronounced chemical effects upon certain elements in the affected

rocks through hydrothermal alteration and metamorphism (Drury, 1974;
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Beach & Tarney, 1978; Floyd & Winchester, 1983). In amphibolitic rocks,
contents of K, Rb and Ba were found to increase during reworking whilst
Ca, Mg, Mn, Na and Sr were depleted or redistributed (Floyd & Winchester,
1983). In a range of rock compositions, Beach & Tarney (1978) showed
that K and Ca were depleted from and Na was enriched in the rocks. Also,
oxidation prevailed and the Mg/Fe ratios were increased. With regard to
the relative mobility of the LIL elements (K, Rb, Ba), the findings of
these two groups of workers appear to be contradictory. As a further
complication, Drury (1974) found that K, Rb and Th were added to rocks
during the granulite-amphibolite transition whereas Ba, Sr and P were
lost from the rocks. Although these findings are rather mixed there is
some consensus of opinion as to which elements are mobile: K, Rb, Ba,
Ca, Sr, and it is these which must be viewed with care in the rocks of
Moldefjord.

Besides the problem of element mobility and redistribution, this
group of rocks is very heterogeneous in both grade of metamorphism,
general assemblage (i.e. mafic or felsic) and degree of deformation, all
of which can affect the bulk rock composition.

The analyses for the rocks of the Moldefjord coast are given in
Table 6.1; those for the rocks of Bols@gy are given in Table 6.2. Of the
quartzo-feldspathic rocks in Table 6.1 it is immediately apparent that
a wide range of compositions exists. The analyses are shown on a K vs.
Rb plot in Fig. 6.1(a) where they cluster slightly above the upper
crustal average K/Rb ratio of 230 (Taylor, 1964). Three particular
samples fall away from this cluster: D51, D59 and D68. These three have
exceptionally low K and Rb values, although neither D59 or D51 have
particurly well developed cataclastic textures which would be expected

to have assisted in the depletion of these elements (Beach & Tarney,



TABLE 6.1 Whole-rock analyses and normative minerals of the rocks along the Moldefjord coast in the Heterogeneous Rocks
of Moldefjord

Quartzo-feldspathic rocks Semi-pelites Amphibolites

D44 D51 D53 D59 D68 D74 D84 D97 211 M31 D73 D75 D54 D62 D64 D49
MAJOR ELEMENTS (wt.
sio, 176.34 65.72 72.14 76.20 63.05 75.11 65.74 69.32 68.93 70.62| 59.85 60.67 45.97 | 48.69 45.66  46.99
Tio, 0.12 0.43 0.38 0.26 0.50 0.37 0.98 0.27 0.29 0.24] 0.75 0.66 0.8l 1.52 0.88 1.86
AL,O, |12.28 14.81 13.39 11.93 15.96 12.70 14.16 15.96 16.03 15.4917.51 17.28 15.26 | 14.58 15.78 16.26
Fe 0, | 0.60 2.76 1.06 1.00 1.75 1.56 3.06 1.04 1.47 0.25| 2.69 1.94 3.10 5.02 4.22 4.18
FeO 0.23 4.01 1.49 2.10 5.0l 1.14 3.21  0.89 1.04 1.66| 3.31 3.56  7.79 7.13  9.18 9.38
MnO 0.06 0.17 0.08 0.08 0.07 0.04 0.15 ©0.05 0.05 0.06| 0.1l 0.09 ©.18 0.20 0.18 0.21
MgO 1.00 2.32 1.24 1.76 3.53 0.88 2.10 0.85 0.93 0.55{ 2.82 3.35 8.69 8.03 11.25 7.64
Ca0 0.88 6.11 2.08 1.48 2.80 1.54 3.38  1.96 2.91 1.86| 5.27 5.90 12.92 | 11.12 8.88 9.19
Na 0 3.33 3.26 2.58 3.74 3.30 2.22 3.08 4.14 4.26 4.22| 4.39 3.60 2.17 2.63 1.97 2.77
K0 4.51 0.14 4.23 0.55 1.87 3.63 3.60  4.77  3.04 4.28) 2.26 2.15 1.05 0.47 0.58 0.79
P.0g 0.06 0.15 0.11 0.02 0.09 0.11 0.31 0.09 0.13 0.08| 0.34 0.25 0.05 0.20 0.12 0.33
s 0.00 0.00 0.02 0.01 0.03 0.02 0.14 0.00 0.00 0.00| 0.04 0.00 0.00 0.01 0.00 0.04
HZOT 0.17 0.38 0.71 0.51 0.82 0.76 0.58 ©0.46 0.45 0.43] 0.5 0.60 1.13 0.54 0.86 0.86
TOTAL | 99.38 100.76 99.73 99.64 98.87 100.08 100.40 99.80 99.47 99.76 | 99.84 100.05 99.12 [100.17 99.56 100.31
TRACE ELEMENTS (ppm)
Ni o] 3 9 o} 28 7 8 o} (o} o} 7 36 114 86 217 97
v 75 37 23 - 38 84 20 - - 104 96 - 322 - 257
Cr 8 23 18 9 114 35 23 8 9 12 15 53 365 213 137 69
Zn - 68 - - 114 - - - 34 29 81 63 75 95 73 111
Cu - 28 - - 52 - - - 18 9 32 8 163 48 9 79
Rb 128 2 135 9 66 110 116 98 64 91 43 83 13 4 20 21
Sr 85 225 323 320 295 272 180 647 955 571 874 570 158 149 235 362
Y 19 17 39 96 14 41 55 28 o} 13 28 25 24 49 10 35
2r 79 90 221 258 93 206 341 233 117 183 311 192 56 104 71 133
Pb 23 5 25 10 23 20 17 20 17 22 9 10 6 (o} o] 2
Ba 238 91 883 119 332 749 787 1430 2358 1594 | 1714 625 76 94 166 362
NORMATIVE MINERALS (%)
q 37.65 29.41 34.39 45.40 22.66 43.91 23.99 21.61 25.15 23.99|10.51 13.46 - - - -
or 26.65 0.83 25.00 3.25 11.05 21.45 21.28 28.19 17.97 25.29|13.36 12.71 6.21 2.78 3.43 4.67
ab 26.49 27.59 21.83 31.65 27.93 18.79 26.06 35.03 36.05 35.71| 37.15 30.46 11.06 | 22.26 16.67 23.44
an 3.97 25.36 9.60 7.21 13.30 6.92 14.18 9.14 13.59 8.71| 21.40 24.64 28.80 | 26.59 32.50 29.60
c 0.79 - 1.05 2.54 3.63 2.58 - 0.64 0.75 0.73 - - - - - -
ne - - - - - - - - - - - - 3.96 - - -
ai - 3.23 - - - - 0.45 - - - 2.03 2.42 28.29 | 21.83 '8.68 11.24
hy 2.49 7.55 4.28 6.96 15.41 2.34 6.48 2.45 2.53 3.82} 8.59 11.02 - 13.57 12.07 7.94
ol - - - - - - - - - - - - 13.30| 1.72 17.11 11.80
mt 0.39 4.00 1.54 1.45 2.54 2.26 4.42 1.51 2.13 0.36| 3.9 2.81 4.50 7.28 6.12 6.06
il 0.23 0.82 0.72 0.49 0.95 0.70 1.86 ©0.51 0.55 0.46| 1.42 1.25 1.54 2.89 1.67 3.53
Py - 0.94 0.04 0.02 0.28 0.04 0.26 - - - 0.08 - - 0.02 - 0.08
hm 0.33 - - - - - - - - - - - - - - -
ap 0.14 0.35 0.26 0.05 0.21 0.26 0.72 0.21 0.30 0.19]| 0.79 0.58 0.12 0.47 0.28 0.77
TOTAL | 99.13 100.08 98.71 99.02 97.96 99.25 99.72 99.29 99.02 99.26]99.23 99.35 97.38 { 99.41 98.53 99.13




TABLE 6.2 Whole-rock analyses and normative minerals of the rocks of Bolsdy

in the Heterogeneous rocks of Moldefjord

Quartzo-feldspathic rocks Amphibolites Pelites

BD 109 BD 110  313a BD 103 37 BD 105 BD 108 315¢
MAJOR ELEMENTS (wt. %)
5102 74.85 70.16 71.74 50.32 48,24 59 .08 55.69 58.77
Tio, 0.19 0.39 0.38 1.67 1.90 0.94 0.81 1.16
Al0, 13.14 15.00 13.86 15.16 14.95 15.85 17.78 18.18
Fe 0, 0.55 1.28 1.42 3.39 2.76 4.65 3.30 1.44
FeO 0.53 1.00 0.96 7.32 8.54 6.61 4.17 6.65
Mno 0.11 0.06 0.08 0.09 0.19 0.42 0.18 0.07
Mgo 0.45 1.39 0.62 6.51 8.61 3.69 3.40 3.98
cao 1.00 1.69 1.51 9.63 9.86 2.69 6.24 1.13
Na,0 2.76 3. 3.65 4.51 2.84 2.43 3.64 1.12
K0 5.66 5.65 5.09 0.15 0.31 2.38 2.78 4.57
PO 0.04 0.10 0.l0 0.24 0.22 0.06 0.34 0.18
[ 0.00 0.00 0.00 0.02 0.00 0.03 0.0l 0.02
0" 0.47 0.52 0.23 0.54 1.38 1.09 0.86  1.48
TOTAL 99.75 100.95 99.64 99,55 99.72 100.05 99.38 98.75
TRACE ELEMENTS (ppm)
Ni o o) 1 113 70 77 13 38
v 9 21 10 326 - 123 146 -
Cr 10 9 7 325 234 166 32 133
Zn - - - 36 74 100 93 117
Cu - - - 16 o} 47 16 15
Rb 139 128 85 o 11 87 26 166
sr 133 374 162 116 301 189 584 139
Y 40 42 22 38 31 64 59 23
Zx 141 303 288 108 145 315 297 238
Pb 20 30 17 1 2 9 13 19
Ba 635 1099 779 67 67 436 920 618
NORMATIVE MINERALS (%)
q 34.32 21.50 27.23 - -
or 33.45 33.39 30.08 0.89 1.83
ab 23.36 31.39 30.89 37.44 24.03
an 4.70 7.59 6.40 20.68  27.13
c 0.75 - - - -
ne - - - 0.39 -
dai - 0.1l1 0.34 20.65 16 .46
hy 1.33 3.55 1.39 - 12.56
ol - - - 10.16 8.10
mt 0.80 1.86 1.99 4,92 4.00
il 0.36 0.74 0.72 3.17 3.61
pY - - - 0.04 -
hm - - 0.05 - -
ap 0.09 0.23 0.23 0.56 0.51
TOTAL 99.16 100.36 99.32 98.90 98.23
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1978). Furthermore, sample D68 is a relatively biotite-rich rock and as
such would be expected to have a fairly high content of K. Fig. 6.1(b)
shows the rocks on a Ca vs. Sr plot and the majority lie on a covariance
trend indicative of differentiation (see Fig. 4.3(a) for a similar trend
in the Augen orthogneisses). Again three samples fall away from this
trend: D51, D68 and D84; on this plot sample D59 lies on the trend.

From Figs. 6.1(a) and (b) it is considered that both samples D51 and D68
have suffered a depletion of K and an enrichment of Ca relative to the
other rocks, although it would appear that deformation of the rock is not
necessary to invoke such chemical changes. Other rocks such as D84 (a
cataclasite) and D59 appear to show variable behaviour. However, some
of the most strongly deformed rocks, e.g. D44 (see Plate 6.1(a)) do not
appear to show chemical variations on either of these two plots.

The quartzo-feldspathic rocks from E Bolsdy have been included on
both Fig. 6.1(a) and (b), and it is interesting to note that they lie
with the rocks from the Moldefjord coast on Fig. 6.1l(a), although at
higher K values, and on the same trend on Fig. 6.1(b). This chemical
equivalence suggests that perhaps the rocks on the Moldefjord coast and
those on Bolsgy are of the same parentage, or even of the same litholog-
ical unit, as suggested in section 6.1.3. However, such a suggestion is
partly based upon the possibility of the trend seen on the Ca vs. Sr plot
(Fig. 6.1(b)) reflecting an igneous sequence. The discrimination between
sedimentary and igneous parents for metamorphosed quartzo-feldspathic
rocks has already been attempted for the Heterogeneous Quartzo-
Feldspathic Gneisses (section 5.2) and was found to be fairly successful.

The Tio2 vs. SiO2 discrimination plot of Tarney (1976) is given in
Fig. 6.2(a) and shows that the rocks lie mainly in the meta-igneous

field. However, this plot was found to be ambiquous for the data from
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the Heterogeneous Quartzo-Feldspathic Gneiss Unit, and also appears to
be so with the rocks of Moldefjord. The semi-pelites of the Moldefjord
coast and the pelites of Bols@gy are also shown on this figure, rocks
which are considered to represent metasediments and the plot also gives
an ambiquous interpretation to these rocks.

The discriminant: Zr/(TiO2 x 1000) vs. Ni of Winchester et al.
(1980) has also been used for the quartzo-feldspathic rocks; although a
meta-igneous parentage is indicated, the generally low Ni contents of
the rocks must question the validity of such an interpretation from this
diagram (Fig. 6.2(b)). Furthermore, unlike the quartz-feldspathic rocks
of the Heterogeneous Quartzo-Feldspathic Gneiss Unit, the rocks of
Moldefjord do not show a consistent trend on this.plot, the presence of
which was interpreted as an igneous feature for the former. Regarding
the Ni contents absolutely, the data of Turekian & Wedepohl (1961 - see
Table 3.5) shows that low Ni contents are typical of sandstones rather
than igneous rocks. However, van de Kamp et al. (1976) have stated that
greywackés have typical Ni contents of ~ 50 ppm. This contradiction
can be resolved by examining some of the other trace elements in the
quartzo-feldspathic rocks. Both Pb and Ba are of note here,'these
elements occur in substantially lower contents in sandstones (< 10 ppm
Pb and < 100 ppm Ba) than in igneous rocks (> 15 ppm Pb and > 100 ppm
Ba) (Turekian & Wedepohl, 1961 - see Table 3.5); In virtually all the
quartzo-feldspathic rocks on the Moldefjord coast and on Bolsgy the Fb
is > 15 ppm and the Ba is > 100 ppm indicating an igneous parentage for
these rocks.

It is interesting to note that the two samples which deviate from
these Pb and Ba values are D51 and D59. It is possible that the lower
contents of Pb and Ba in these two particular samples are a reflection

of the chemical modification which they appear to have suffered, or
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they may represent true metasedimentary material. The_latter interpret-
ation is feasible for two reasons, and is preferred here:

(i) Other meta-sedimentary rocks are present elsewhere along the
Moldefjord coast.

(ii) It is difficult to see why only these two samples should have
suffered element mobility (as suggested by Figs. 6.1(a) and (b)) when
mone of the other adjacent rocks have, especially when the undeformed
textures of samples D51 and D59 are taken into account.

Plotting these samples considered to be igneous in parentage on an
AFM diagram (Fig. 6.3(a)) shows that they define a calc-alkaline trend
similar to that in the Heterogeneous Quartzo-Feldspathic Gneiss Unit
(section 5.2). Although such chemical trends can be obtained from meta-
sedimentary sequences (Robinson & Leake, 1975) it is considered that the
trace element data convincingly indicates an igneous parentage for these
rocks. On the classification plot of Streckeisen (1976) (Fig. 6.3(b))
the rocks fall between granodiorites, monzogranites and syenogranites,
or the volcanic equivalents (dacites to rhyodacites). On both of these
diagrams, the quartzo-feldspathic rocks from Bolsgdy still fall on the
same calc-alkali trends, reinforcing the suspected lithological connec-
tion between the rocks on Bolsgy and those on the Moldefjord coast.

The amphibolites from the Moldefjord coast and Bolsgy have been
plotted on Fig. 6.4(a), the (Al + Fe + Ti) vs. (Ca + Mg) plot of Moine &
de la Roche (1968), and they fall in or near the basalt field. The
rocks are also shown on the AFM plot (Fig. 6.3(a)) where they fall into
the tholeiite field, as reflected in their normative mineralogies, with
appreciable hy and q contents. Although two samples: D54 and BD103
have a little normative nepheline present, imdicative of alkali-olivine

basalts, these contents may simply be an artifact of either high alkali
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contents (e.g. BD103) or a low Fe203 value_(see discussion on errors in
normative mineral calculations in Appendix B.3). On both of these plots
the rocks are fairly closely clustered, and although there is no well
defined compositional trend visible, there are no samples which deviate
markedly from these clusters a feature which would perhaps indicate some
evidence for element mobility in these rocks. From their work on amphi-
bolites in shear zones, Floyd & Winchester (1983) found that although

the major elements may be disturbed, the immcbile elements: TiO,, PO

2" 275!
Zr, Y and Nb do not appear to be markedly altered. On the basis of this
finding, several geotectonic discrimination diagrams were applied to the
amphibolites of Moldefjord to see if any consistent groupings occurred
(cf. the Garnet-Granulite: section 3.2.1, and the eclogites: section 7.2.1).
Two of these plots are shown in Figs. 6.4(b) and 6.5(a) and they
show good divisions between within-plate basalts (WPB) and ocean-flooxr
basalts (OFB). Samples 37 (from Bolsgy) and D64 (from the Moldefjord
coast appear to be of a within-plate character, although sample D64 does
not fall into any defined field on Fig. 6.5(a), whilst the others appear
to be of an ocean type, although sample D54 is perhaps too far removed
from the OFB field on Fig. 6.4(b) to be precise in that case.
Unfortunately, the limited amount of data available here makes it im-
possible to state any definite judgements as to whether the amphibolites
from these two localities are of the same parentage. The only conclu-
sion that can be made at this point is that both the Moldefjord coast
and Bolsd@y contain amphibolites of both within-plate and oceanic affinities.
The use of other discrimination diagrams, for basalts, e.g. Ti vs. Cr
(pearce, 1976) or Ti vs. Zr (Pearce & Cann, 1973) only hindered in the
interpretation of these amphibolites as the rocks did not fall into any

consistent field on those diagrams.
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'The mica/garnet rich semi-pelites and pelites on the Moldefjord
coast and on Bolsgy respectively possess generally aluminous chemistries
indicative of clay-rich sediments as precursors to these rocks. Overall,
the chemistries of the pelites from the two areas are very similar,
although those from Bolsgy are perhaps more Fe-rich with generally
higher trace-metal contents. The oxidation ratio in pelites (2Fe203 X
100)/(Fe203 + FeO) can be used as an indication of the grade of meta-
morphism suffered by the rocks (Chinner, 1960). 1In all of the pelitic
rocks here this ratio is fairly high (> 60), although sample 315C has a
ratio of 30.2, which indicates a low grade of metamorphism: amphibolite
facies or lower. As these pelites display relics of a previous high-
grade metamorphism, as anatectic material and kyanite, which would be
expected to result in lower values for this ratio through reducing
conditions at high grade (Chinner, 1960 - note that the high grade
pelites of the Tverrfjella Unit have ratios of 5-23, section 3.2.3), it
can be concluded that oxidising conditions prevailed in these rocks

during retrogression.

6.3 DISCUSSION

Several general points can be made about the rocks of Moldefijord:

(i) Te chemistries of the rocks are not particularly disturbed,

in either the quartzo-feldspathic or amphibolitic types even though the
rocks are often severely deformed. However, oxidation has prevailed
during the retrogression of the rodcks as shown by the zoning of clino-~
zoisite onorthite and the oxidised chemistries of the pelitic rocks.
It is interesting to note that oxidising conditions have been inferred
for the rétrogression of other rock types on the Molde Peninsula: for
the formation of the symplectic clinopyroxenes in the Garnet-Granulite

(section 3.1.5), and for the production of the exsolved magnetite
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observed in several phases of the garnet-peridotite at Kolmannskog (see
section 7.1.3).

(ii) The quartzo—feldspathicad%<fﬂwTingvoll Group on Bolspy
appear to be chemically equivalent to those of the Moldefjord coast, and
both exhibit a calc-alkaline nature. Not only are calc-alkaline rocks
considered to make up a major part of the Heterogeneous Quartzo-
Feldspathic Gneiss Unit, but a mineralogical similarity between the meta-
sedimentary rocks of Moldefjord and those of the Heterogeneous Quartzo-
Feldspathic Gneiss Unit has been noted (section 6.1.1). Unfortunately,
no satisfactory age has yet been obtained for the rocks on the
Molde fjord coast. A preliminary Rb-Sr whole-rock project was based on
a large amphibolite band on Julneset point but the data obtained was
scattered meaninglessly on a Rb-Sr isochron diagram. However, as stated
previously these rocks do lie in the Frei Group of Rgheim (1972) which
has been dated at Svecofennian (v 1700 m.y.), whilst the equivalent
Tingvoll Group rocks at Surnadal, to the NE, have also been dated as
Svecofennian by R3heim (1977) .

(iii) The metasedimentary rocks on NW Bolsgy are rather more
dominated by pelites and marbles than those on the Moldefjord coast.
Unfortunately, the chemical data from the amphibolites in both of these
areas did not allow a rigorous comparison between the two sets of rocks.
However, it was noted that these rocks of the Rgros and Stgren Groups on
Bolsgy did not contain eclogites although amphibolites were found. This
lack may be due to the strong deformation and retrogression the rocks
have suffered, although the rocks on the Moldefjord coast have also
suffered this same deformation and retrogression and yet relict eclogite
pods have been found in them. This may suggest that the rocks on Bolsgy

have escaped the emplacement of the precursors to the eclogites, which
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are postulated as a suite of dykes intruded v 1200 m.y. ago (see Chapter 7),
which then supports the Palaeozoic age for these rocks. However, the
apparent lack of eclogites on Bolsdy may simply be due to the limited
exposure on the island.

The lack of good radiometric dates on the rocks of Moldefjord is
rather limiting. However some stratigraphic control is supplied by the
presence of both eclogites and portions of the Augen Gneiss Unit in the
rocks along the Moldefjord coast (see Map A). 1Initially, it was
considered that the portions of the Augen Gneiss Unit were perhaps
tectonic intercalations within the Moldefjord rocks and that the sharp
junction observed between these two Units at Mordal was a tectonic
feature, either a fault or a thrust. However, mapéing by D.A. Carswell
on Otrgy, to the W, has shown that these portions of the Augen Gneiss
Unit reside in the rocks of Moldefjord for some distance away from this
major contact, up to 1 km away. A second possibility to consider is
that these portions represent igneous emplacements of the precursors to
the A;gen Gneiss at v 1500 m.y. ago; if so, then the rocks of Moldefjord
must be older than 1500 m.y. The inclusion of the pods of eclogite in
these rocks implies that they were in place at » 1200 m.y. ago to have
received the emplacement of the precursors to the eclogites. An older
age for the rocks at Moldefjord is preferred for two reasons:

(1) The rocks are part of the Frei Group, which elsewhere has
been dated as Svecofennian.

(ii) If the rocks were formed after 1500 m.y. ago and before
1200 m.y. they would be part of the tensional tectonic conditions which
prevailed in Scandinavia at that time (see Chapters 4 and 5, and
Bridgewater et al., 1974) in which calc-alkaline rocks are not found,
being confined to compressive, Andean-type orogenic margins (Mitchell,

1975).
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As a consequence, the rocks of the Moldefjord coast are tentatively
placed with the Heterogeneous Quartzo-Feldspathic Gneiss Unit as part of
the calc-alkaline suite and sediments which are considered to hawve been
deposited in this part of Norway ~ 2500-2000 m.y. ago (see Chapter S).

If the Palaeozoic age for the rocks of Bolsgy, from the correlations
of Bugge (1934) and Shand (1953), is accepted, an interesting possibility
arises. These rocks are considered to lie on strike with the equivalent
rocks in Surnadal which have been interpreted as part of the Seve Nappe
in the Allochthonous Units of the Trondheim Area (Gee, 1980; Krill,

1980, 1981 - see Table 1.1). Furthermore, the Garnet-Granulite in the
Tverrfjella Unit has been postulated as being related to these same
Allochthonous Units on rock type and chemistry (see section 3.3).
Indeed, the lithological similarity between the rocks on Bolsdy and
those of the heterogeneous rocks in the Tverrfjella Unit is striking
with felsic schists, amphibolites, kyanite-bearing schists and marbles
appearing in both areas. A major omission from the rocks of the
Tverrfjella Unit seen on Bolsgy is the Garnet-Granulite which would be
expected to appear as a massive amphibolite on Bolsgy. It is possible
that this rock unit now lies along the line of Moldefjord between
Bolsédy and the mainland. Although the evidence is scant, it is
suggested that the Tverrfjella Unit and the rocks on Bolsgy, in the
Rpros and Stgren Groups are equivalent lithostratigraphic units.
Unfortunately the chemistry of the amphibolites on Bolsdy is too
limited to go towards confirming this hypothesis by displaying an
oceanic nature. It is interesting to note that the major fold structures
in the Molde Peninsula do allow such a lithological equivalence as

shown in Fig. 6.5(b).
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PLATE 6.1

General appearance of the deformed quartzo-feldspathic rocks with
sheared and strained quartz and feldspars with granulited margins.

(Sample D44, cross-polarised light.)

General appearance of a thoroughly mylonitised quartzo-feldspathic
rock where only small, rounded relict grains of feldspar lie in a
comminuted and foliated matrix. (Sample 202, plane-polarised

light.)

Orthite grain showing metamict alteration in centre and sharp
zoning with a rim of clinozoisite. (Sample D76, plane-polarised

light.)

Garnet-amphibolite displaying partially amphibolitised symplectic
clinopyroxene (centre and right). (Sample D60, plane-polarised

light.)

Banded appearance of the pelitic rocks. Biotite + quartz on
the left and hornblende + clinozoisite + quartz on the right,
note parallelism of banding and foliation. (Sample D72, plane-

polarised light.)
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CHAPTER 7

THE META-BASIC AND META-ULTRABASIC ROCKS

Two types of meta-basic rock occur on the Molde Peninsula: eclogites
(the most numerous) and metadolerite. Meta-ultrabasic rocks are re-
‘ presented by garnet-peridotites. All these rock types appear as discrete
masses surrounded by more massive gneisses. The three types are treated
together here for three reasons: they have a similar form in outcrop;
they have broadly similar mineralogies and chemistries; and they provide
several independent estimates of pressure and temperature of equilibra-

tion.

7.1 ECLOGITES

A synopsis of the previous work on these rocks in the Basal Gneiss
Complex as a whole is given in section 1.2, in addition, many of the
features of the Garnet-Granulite at Tverrfjella (see Chapter 3) are also

seen in these rocks.

7.1.1 Field relationships and petrography

Eclogites are typically found as ellipsoidal pods, generally 1-3 m
long and about 0.5-1 m wide, with the long axes oriented parallel to the
local strike direction of the enclosing rock (Plate 7.1l(a)). When the
foliation direction of the host rock is unclear, and the general appear-
ance of the rock is chaotic, the enclosed pods tend to be more rounded,
as seen in the migmatitic rocks in the north of the area. The more
ellipsoidal forms appear in the rocks towards Moldefjord where the
pervasive, younger foliation is more developed. These pods have been
referred to as boudins in the literature (e.g. Bryhni et al., 1969)

although this nomenclature presupposes that the bodies have been
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disrupted from originally continuous masses by the process of boudinage
(Ramsay 1967, p. 103; Hobbs et al. 1976, p. 278). The term pod is being
increasingly used in current literature on these rocks (e.g. Lappin &
Smith, 1978; Griffin et al., 1983) and is preferred here.

These pods can be mapped out in zones (Plate 7.1(b)) and it is
these which are marked on Map A, except for the very largest bodies
(e.g. at Svartknakken). From the presence of these zones it is
considered that the pods were disrupted from originally larger bodies as
‘chocolate-block' structures. Subsequent plastic deformation and rota-
tion has rounded these blocks into the pods seen at present whilst the
flattening fabric in the south of the area has given these pods an
ellipsoidal form (see section 2.2.6). At no time are the pods seen to
be disrupted from original layers or bands as true boudins (see Plate
2.2(f) for an example of such structures in the Heterogeneous rocks of
Moldefjoxrd at Mordalsvggen). As a result of this disruption the pods
nearly always display sharp contacts with the enclosing gneisses
irrespective of the latters' composition, i.e. the eclogites are always
the most competant even in the amphibolitic rocks. An exception to the
general appearance of sharp contacts is an eclogite at Litledigerneset
on Midgy which displays apparent igneous backveining from the enclosing
gneisses and is mentioned in section 1.3. The occurrence has been
discussed by Griffin & Carswell (1983) and is presented as evidence for
eclogite facies metamorphic conditions in the crust.

In outcrop the eclogites have a mottled appearance, of red garnet
and pale green clinopyroxene; the majority of the pods'exhibit a darker
green rim adjacent to the host rock as a result of amphibolitisation of
the garnet and clinopyroxene. This amphibolite rim varies greatly in

width with some rocks appearing to be totally amphibolitised such that
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only careful inspection in thin section discloses relict garnet and
clinopyroxene. The amphibolitised portions display an orientation of
minerals, often emphasised by the appearance of biotite, which lie sub-
parallel to the strike direction of the host rocks. It is considered
that the development of the foliation in the host rocks, through de-
formation in the Caledonian, often extended into the eclogite pods and

provided pathways for H_O which then retrogressed the foliated margins

2
of the rocks. The degree of foliation development in the pod and con-
comitant amphibolitisation appears to be related to two factors:

(i) The nature of the host rocks: eclogites in amphibolite gneisses
tend to be more altered than those in quartéo—feldspathic rocks.

(ii) Degree of imposition of the younger foliation: eclogites in the
Heterogeneous rocks of the Moldefjord coast are less well preserved than
those further north.

Consequently, the best examples of eclogite are to be found in the migma-
titic rocks around Elnesvggen. Exceptions to the general rule of

foliated eclogite = amphibolitised eclogite exist as almost totally
amphibolitised rocks (i.e. garnet/clinopyroxene-free) with a recrystallised,
unoriented crystalline fabric. The rocks are also locally hydrated when
cut by pegmatites.

The eclogites often d;splay a fine mineralogical banding on the
scale of a few mm (Plate 7.1(a}) which has also been described by Mysen &
Heier (1972) from the Ulsteinvik eclogite at Hareid. They attributed
this feature to low P (< 9 kbar) igneous crystal sorting of olivine,
clinopyroxene and plagioclase rather than the metamorphic segregation of
garnet and clinopyroxene. This banding is often at an angle to the

foliation of the host rock (Plate 7.1(a)) reflecting the rotation of the

pod during deformation.
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Most of the eciogite pods are jointed to some degree; these joints
do not pass into the surrounding gneisses and tend to be quartz-filled;
the contact between the eclogite and host rock may also be quartz-filled
(Plate 7.1(a)). The jointing could be a product of disruption and rota-
tion of the pod, or perhaps reflects a volume reduction of the rock
during high-grade metamorphism as the mineralogy adopted the closely-
packed crystal structures of pyropic-garnet and omphacitic-clinopyroxene.

The typical assemblage of an eclogite, as defined by Eskola (1921),
is: omphacitic clinopyroxene + pyrope-almandine garnet * rutile + quartz
although there are several additional phases which can be stable in the
assemblage as given in section 1.2 (kyanite, clinozoisite, orthopyroxene,
glaucophane, phlogopite). None of the eclogites examined in this study
had totally anhydrous assemblages even though attempts were made to
sample such from the cores of the pods. The rocks show varying degrees
of retrogression with the development of diopsidic clinopyroxene-
plagioclase symplectites and amphibolitisation identical to that
described in the garnet-granulite at Tverrfjella (see section 3.1.l).

In the best preserved eclogites the clinopyroxene is the typical
apple-green colour of omphacite (Deexr et al. 1963, vol. II, p. )
generally sub-idioblastic and tabular. The garnets are rounded, often
appearing as clusters or 'strings', and can contain inclusions:
generally quartz and rutile or more rarely clinopyroxene and amphibole
in the centres of the grains. The rocks are fine-grained: 1 mm-2 mm,
although garnet can be up to 10 mm. In some examples of eclogite in the
Basal Gneiss Complex these inclusions are observed in zones in the garnet
from amphibole in the core to clinopyroxene at the rim interpreted as
mineral growth under prograde metamorphic conditions (Krogh, 1982). No

such pattern is visible in these rocks. There appear to be three
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textural forms which the garnet adopts: large amorphous, xenoblastic

grains; clusters of discrete, rounded grains; and strings of small

rounded grains (see Plates 7.1(c), (4) and (e)). The last of these

forms occurs in those eclogites displaying some degree of fabric develop-

ment, but without any related amphibolitisation, in which the garnet
strings are parallel. Lasnier (1982) has described similar textural
forms of garnet and considered that they represented successive stages

in the crystallisation of the eclogite from its protolith. 1In his

scheme, the discrete rounded grain form (Plate 7.1(d)) occurs earlier in

the crystallisation sequence than the xenomorphic form (Plate 7.1l(c)).

He also noted the presence of preserved sheared textures in eclogites

giving a 'flaser' structure (cf. that in Plate 7.1(e)).

The eclogites have been grouped into Classes, depending upon the
degree of retrogression they display; naturally there is a continuum
between the Classes, but they do serve to show the development of the
textures.

Class 1 These are the best preserved eclogites, even so the clino-
pyroxenes invariably contain some incipient symplectite as
brown turbid patches. The garnets exhibit thin, green kely-
phite rims often with a little plagioclase development
(Plate 7.1(c)).

Class II Further development of clinopyroxene gives 'hair'- or
'‘fingerprint'~type intergrowths lobate to the centres of the

~grains (cf. Eskola 1921 - Plate 7.1(f)). These 'fronts'
only seem to occur when the altered clinopyroxene is
adjacent to another clinopyroxene and not when adjacent to

a garnet.
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Here the symplectites are coarser and the low birefringence
of the plagioclase can be readily seen. The kelyphite on the
garnets tends to be more fibrous (cf. Alderman, 1936), al-
though the garnet can alsoc display replacement by biotite and
plagioclase at the rim. Some amphibolitisation of the
secondary clinopyroxene is generally visible (Plate 7.2(a)).
The symplectite is coarse, often with the plagioclase twins
visible. Amphibolitisation is extensive, that produced from
clinopyroxene and garnet coalesce into optically continuous
grains. Both symplectite development and amphibolitisation
tend to follow the clinopyroxene cleavages. The degree of
kelyphitisation of the garnets is often no greater than in
Class I, although biotite extends some way into the grains
(Plate 7.2(b)).

Ostensibly a garnet-amphibolite, although relict symplectitic
clinopyroxene can be discerned within areas of coarse amphi-
bole-plagioclase symplectite. The plagioclase is of
oligoclase-andesine composition implying expulsion of both
the jadeite and Ca-Tschermaks components from the clino-
pyroxene (see reactions 3E and 3F, section 3.1.1). The
garnets are often cracked with extensive amphibolitisation
and development of biotite (which can be chloritised).

Rutile apparently remains stable and shows no alteration to

sphene (Plate 7.2(c)).

Such textures have also been described from the Garnet-Granulite of

the Tverrfjella Unit, although in that rock the degree of retrogression

and development of the textures was fairly constant, equivalent to

Class III or IV in the eclogites. Rare examples of relict garnet-
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omphacitic clinopyroxene were also found (equivalent to a Class I
eclogite) as were garnet-amphibolites (equivalent to a Class V eclogite),
although the latter tended to be restricted to local shear zones (sce
section 3.1). In the Class I eclogites the clinopyrcxene in thin-
section is very pale green or almost colourless, whereas in Class I1I
eclogites, where the clinopyroxene has exsolved plagicclase, the mineral
is a distinctly deeper green colour due to the addition of Fe during the
retrogression.

Accessory phases in these eclogites include: opaques (ilmenite, or
rore rarely, sulphides), rutile, amphibole, kyanite, orthopyroxene,
apatite, mica and quartz, '

The ilmenite and rutile tend to be attached to each other and can
occur as both interstitial grains and as inclusions; the ilmenite tends
to be associated with the garnet but rutile can appear within any phase,.
In addition, these two phases tend to be separated from the kelyphitised
garnets by a thin rim of plagioclase. It was noted that some samples
had particularly high contents of these two phases.

Amphibole occurs mainly as a secondary phase after clinopyroxene
and garnet. However, a primary amphibole also appears in a few examples
(e.g. M26) as an interstitial phase and in apparent equilibrium with the
garnet and clinopyroxene. With a pleochroic scheme of (a very pale
brown, B brown, y brown-green, y"2 = 20o Plate 7.2(d)) they appear to
be very similar to the pargasitic hornblende seen in the garnet-
granulite (section 3.,1.1) and hence equivalent to similar amphiboles
obsexrved in eclogites elsewhere in the Basal Gneiss Complex (Smith,
1982) . The secondary amphiboles can be both green-brown (derived from
the clinopyroxene), and blue-green (derived from the garnet) in colour,

However, these two seemingly different amphiboles are seen to coalesce
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into optically continucus grains in Class III and IV eclogites which
suggests compositional uniformity. It is suspected that these differ-
ences in colour may result from variations in Fe3+/Fe2+ ratios rather
than bulk composition.

The orthopyroxene-bearing eclogites of northern Mocldefjord have been
mineralogically studied by Carswell et al. (1983a). The assemblage:
garnet + clinopyroxene + orthopyroXene is technically a garnet-
websterite, although Carswell et al. prefer to retain the traditional
nomenclature of orthopyroxene eclogite. In these rocks the clino-
pyroxene and orthopyroxene generally display exsolved garnet, whilst the
clinopyroxene shows typical secondary symplectite textures. The rocks
are often heavily amphibolitised. Rutile is scarce in this type of
eclogite, but quartz is more common than in the ‘'bimineralic' eclogites.
A pale-brown mica (Ti-rich phlogopite) is a common accessory as inclusions
in pyroxene and garnet, and in the matrix.

At one particular locality, on Svartnakken (986l1), the large
eclogite pod displays a small (v 2 cm wide), localised clinopyroxene
vein containing large (v 1 cm) garnets (Plate 7.2(e)). In thin section,
the host eclogite is a typical ClassI/II type with the unusual feature
of the garnets being crammed with small clinopyroxene and rutile inclu-
sions in the central two-thirds of the grain. The vein is virtually
pure clinopyroxene displaying Class III symplectites. The large garnets
in the vein appear to be composed of several coalesced garnet grains each
with the same large number of clinopyroxene inclusions as seen in the
host rock. Similar veins have been noted in eclogites by: Lappin (1966),
Krogh (1980a), Morgan (1970) and Cuthbert & Carswell (1982) and in each
case high fluid activity during eclogite facies metamorphism has been

the postulated cause for the vein formation, possibly assisted by the
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formation of fractures in the eclogite as the mineralogy adopted the

smaller volume space of pyrope-garnet and omphacitic-clinopyroxene.

7.1.2 The metadolerites

In the Basal Greiss Complex, this rock type is considered to occur
mainly N of a line running E from glesund (Gjelsvik, 1952) and to take
the form of lensoidal bodies, of varying size, often several hundred
metres in length.

The examples found on the Molde Peninsula typically occur as small
pods similar in size and form to the lensoidal pods of eclogite found
there, although they are relatively more scarce compared to the eclogites.
Specific localities of metadolerite are marked on Map A. One body
mapped by D.A. Carswell on Middy, to the SW of the Molde Peninsula, is
particularly large, at about 1 km long.

In outcrop the rocks exhibit a fine-grained mottled, or 'patterned'
appearance, the result of pink garnets growing as coronas around the
other, mafic phases of the rock. Griffin & Rgheim (1973) have termed
these rocks either: coronitic metadolerites, or eclogitic dolerites
depending upon the degree of advancement of the reactions from a
dolerite assemblage to an eclogite assemblage. According to Gjelsvik
(1952) there are two types of metadolerites: olivine-bearing or olivine-
free, the latter being more abundant.

As with the eclogites, these rocks have a sharp margin to the host
gneisses and exhibit zones of amphibolitisation at these contacts.
unlike the eclogites, they are not mineralogically banded and do not
display fabric development except when amphibolitised but rather, possess
an igneous appearance.

The general assemblage of these rocks is: garnet + clinopyroxene +

hornblende + plggioclase (An 35) + biotite + opaques + rutile + apatite t
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orthopyroxene #* quartz(?). Olivine-bearing metadolerites have been
found by D.A. Carswell on Otrgdy and Middy. Photomicrographs are given
in Plate 7.3(a) and (b). The clinopyroxenes are irreqular in form and
are typically pigmented, considered to be due to Ti-inclusions (Griffin &
Rgheim, 1973); collars of brown sub-idiomorphic hormnblende surround
these clinopyroxenes. Other clinopyroxenes appear to be breaking down
at the rims to a very fine intergrowth of secondary clinopyroxene and
biotite, with a colourless phase, possibly hornblende, and a very high
relief phase, possibly spinel. Many of these dusty clinopyroxenes
contain exsolution lamellae as observed by Griffin & Rgheim, which they
interpreted as reflecting the original ‘'primary' igneous nature of these
pyroxenes.

The plagioclase forms an excellent polygonal texture in one example
(Plate 7.3(a)) containing small xenoblastic grains of garnet and
possibly spinel. Plagioclase is difficult to observe in the other
example (Plate 7.3(b)) as it appears to be being overgrown by garnet.

In this particular rock the garnet has almost totally replaced the
plagioclase, but has preserved an ophitic texture as described by Battey
et al. (1979) (the 'fish net' structure of Griffin & R3heim, 1973). 1In
the other example the garnet forms coronas around the clinopyroxene/
hornblende clots and has only partly replaced the feldspar.

Orthopyroxene is difficult to identify, due to the masking of the
pleochroism by the Ti-inclusions, but is mantled by clinopyroxene. As
with the 'primary' clinopyroxenes it has exsolution lamellae.

No evidence of symplectite formation with plagioclase has been
observed in the clinopyroxenes in these rocks (cf. the eclogites, and
Griffin & Raheim, 1973).

The textures observed in these rocks are very similar to those

described by both Gjelsvik (1952) and Griffin & RSheim (1973). The
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latter authors interpreted the textures as the conversion of doleritic,
high T assemblages (clinopyroxene + plagioclase + ore * olivine % ortho-
pyroxene) to the low T, high P assemblage of clinopyroxene + garnet +
rutile + quartz through the reactions given on p. 14 of Chapter 1.
Griffin & Heier (1973) considered that the alteration of the doleritic
phases was due to an isochemical alteration rather than any form of meta-
somatic process. They formulated two reactions to explain the coronitic

textures and metamorphic mineralogy:

Mg-olivine + plagioclase - orthopyroxene + clinopyroxene + spinel

low Al
These products react further:

orthopyroxene + clinopyroxene + spinel + omphacitic clinopyroxene +

low Al

+ garnet (1)
Simultaneous with, or shortly after this reaction was:

Initial igneous clinopyroxene + plagioclase - omphacitic clinopyroxene +

+ garnet (2)

The lack of olivine in these rocks, and the lack of metamorphic ortho--
pyroxene associated with spinel suggests that reaction (1) has gone to
completion. However, the appearance of the relict primary clinopyroxenes
suggests that reaction (2) has been only partially completed.

From her study of the metadolerite onFlemsgy, Mgrk (1982) considered
that a fluid phase played a major part in the 'eclogitisation' of the
dolerite with a concomitant oxidation of the rock chemistry (cf. Emmett,
1982). High fluid activity has been considered to be important in the
formation of the anhydrous eclogite assemblages by other workers (see

section 1.3).



7.1.3 EﬁgngafnetjggfiGOFite

The body of interest occurs in a road cut ~ 800 = E of the junction
between the E662 and the gravel road to Eide (113773), S of Kolmannskog
farm. A smaller body occurs nearer the farm at about (106778) and is
probably related to the larger outcrop., In addition, small hydrated
bodies occur in a cut on the road between Elnesvggen and Bud (026702),
and at Indre Hoem (016671).

The body S of Kolmannskog is limited in size, only 15 m long and
A~ 6 m high; Fig., 7.1(a) shows a sketch of the outcrop with positions of
the samples taken. The western contact with the migmatitic pelite
(Chaptex Sj is not scen, but a large mass of enstatite + clogs of garnet
1 cm wide veins of tremolite occurs there. This appears to be part of a
reaction selvage between the peridotite and the country rocks, typical
of this type of peridotite (Curtis & Brown, 1969; Carswell et al., 1974;
Evans, 1977). Brueckner (1975) used 87Sr/BGSr ratios to show that these
selvages are the product of the interaction between the peridotite and
hydrous fluids emenating from the enclosing gneisses. A further outcrop
of enstatite + tremolite veins is found ~ 200 m W of this main body.

The E contact with the host gneisses is tectonic and occupied by a quartz
vein. This junction has permitted the ingress of fluids resulting in

the hydration of the peridotite immediately adjacent to the contact,

This type of contact is similar to that seen in the eclogites, although
a zone of biotite has been formed here 4-5 cm wide in preference to the
amphibole in the eclogites.

Several fairly distinct rock types occur in this one outcrop
although it has not been possible to delineate them precisely (see
Fig. 7.1(a)). They are dominated by oliviné, orthopyroxene (hypersthene)

and garnet with minor clinopyroxene, accessory phases include: rutile,
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FIG. 7.1(a) Sketch of the garnet-peridotite outcrop at Kolmannskog with
approximate lithological divisions. Numbers refer to rock
samples.

(b) (Al + Fe + Ti) vs. (Ca + Mg) (milliatom) after Moine &
de la Roche (1968). Dots = 'bimineralic' eclogites;
circles = Fe-Ti type eclogites; squares = orthopyroxene-
bearing eclogites; triangles = kyanite-bearing eclogites.
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opaques, green pleonaste spinel, mica and secondary ferroctinolite. The
mica is green-brown pleochroic, and can be quite profuse in some parts
giving the rock a foliation. It is suspected that the green colour is
due to a low Fe3+/Fe2+ ratio in the mineral. The major assemblages of
these phases are:

garnet + orthopyroxene + olivine + spinel (garnet-spinel harzburgite)

garnet + orthopyroxene + clinopyroxene + olivine + spinel (garnet-

spinel lherzolite)

garnet + orthopyroxene * olivine * clinopyroxene (garnet-pyroxenite)

garnet + clinopyroxene ({(eclogite)
The rocks are fairly coarse grained (v 5 mm) especially the ortho-
pyroxene which typically occurs as large sub-idioblastic grains lobate
with other phases, particularly olivine. Orthopyroxene also occurs as
smaller polygonal grains. Olivine is irregular but is well preserved
with only slight, brown, serpentinisation. The c;inopyroxene is green
and pleochroic and hence augitic, except in the eclogite where it adopts
the paler green colour of omphacite. The garnet is fairly small,
generally as rounded, sub-idioblastic grains in 'strings'. The eclogite
displays variable degrees of retrogression and hydration with textures
typical of Class I to Class IV types.

Spinel is a prominent accessory in all these rocks, except the
eclogite, dark green and generally attached to the opaque grains
(plate 7.3(c)). Magnetite is also a predominant feature of these rocks,
as both interstitial grains and as needle and 'bleb' inclusions in the
olivine and orthopyroxene (Plate 7.3(c)). Furthermore, coarse
symplectites of magnetite and orthopyroxene occur (Plate 7.3(d)). The
garnets also display symplectite textures of spinel + opaques + amphi-

bole when adjacent to olivine which appear to pass into the orthopyroxene-
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opaque symplectites with increasing distance from the garnet (Plate 7.3(d)).
Carswell et al. (1983b) interpreted these textures as reflecting the
decompression of the rocks from eclogite facies garnet-peridotite to
granulite facies pyroxene-spinel peridotite with concomitant oxidation.
Excluding the grossular component of the garnet, their derived equation
was:

Mgl.SFel.SAl Si.0 + 7MglFe sio, + o, —

2773712 1 4 2

garnet olivine
A + i
Mg, gFeq, 5BL04 + M9y gFeq 4Si)0g + 2Fe0,

spinel orthopyroxene magnetite

In the Kolmannskog peridotite this secondary orthopyroxene appears to
have been hydrated to a colourless amphibole, although the symplectites
around the garnets are too fine-grained to make a positive identification
of the phases involved.

Olivine also may have undergone oxidation, simultaneously with this

reaction, to give the inclusions of magnetite observed in that phase:

12Mg, Fe  S,0, + 0, * 6Mg,Si0, + 6MgSiO; + 2Fe 0,

olivine forsterite enstatite magnetite
The occurrence of abundant oxides as primary metamorphic phases, as well
as in secondary replacement textures indicated that the oxidation of the

rock also occurred during the formation of the primary peridotite

assemblage.
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7.2 GEOCHEMISTRY

7.2.1 Eclogites

Samples were taken from eclogite pods throughout the northern
Moldefjord area, from both fresh and retrogressed examples. The whole-
rock analyses and normative minerals for the typical 'bimineralic'
eclogites are given in Table 7.1; whilst those for the Fe-Ti type,
orthopyroxene- and kyanite-bearing eclogites are given in Table 7.2.

As shown in section 6.1, the development of retrograde textures in
these rocks was found to be very variable although it was possible to
group the rocks into five Classes based upon the varying degrees of
retrogression seen. In addition, these degrees of retrogression are
reflected in the chemical compositions of the rocks allowing thém to be
grouped into the same five Classes in Table 7.1.

In general, the compositions in Table 7.1 are fairly variable, a
feature of eclogites noted by other workers (e.g. Bryhni et al., 1969).
Those in Table 7.2 have been placed into their respective groups on the
basis of their mineral assemblages: the Fe-Ti types tend to contain
more rutile and opaque phases, whilst the orthopyroxene- and kyanite-
bearing types are self explanatory.

Excluding the more unusual chemistries (in Table 7.2) the data in
mable 7.1 have been plotted on the discrimination diagram of Moine &
de la Roche (1968). The points do not fall exactly within the defined
pasalt field, but slightly above it towards higher Fe and Ti contents
(Fig. 7.1(b)). However, the rocks do not fall into the sedimentary
fields, and appear to define an igneous trend. BAdding the data from
Table 7.2 to this diagram shows that the Fe-Ti type eclogites also fall
onto this trend. The orthopyroxene-bearing eclogites are fairly

scattered, but the group of three points towards high Ca + Mg values



TABLE 7.1 Whole-rock analyses and normative minerals of the 'bimineralic' eclogites

CLASS 1 I III v v
U152 U484 H1l D102 186 ul24 U128 U404 U476 usL? Ml M26 T3 285 v237 U321 u3e6 U367 U127 U339 v356 U409 U485 284 291 U276 U405
MAJOR ELEMENTS (wt. M)
sio, 47.67 45.63 47.80 47.54 47.01 | 45.45 45.31 45.80 46.35 46.65 48.06 45.86 46.63 45.48 | 47.43 48.44 45.67 47.70 44.99  49.35 45.66 46.04 47.401 48.37 48.14 47.49  46.99
Ti02 0.38 0.91 1.64 1.40 2.02 1.60 0.99 1.79 1.49 2.75 1.21 1.22 1.02 1.11 1.51 1.19 1.24 1.74 2.01 0.78 2.34 1.66 1.88 1.82 0.81 2.55 1.81
AL0, 15.77 16.62 13.86 12.22 12.18 | 15.00 15.87 16.58 15.31 12.16 16.32 16.40 15.13 15.46 | 12.52 15.03  16.57 16.41 16.20 16.51 16.26 17.37 18.85 15.64 15.43 16.67 18.21
Fe 0, 1.47 3.55 1.91 2.06 2.48 2.05 1.91 3.19 2.39 0.45 1.32 3.1% 1.45 1.66 2.62 1.05 2.18 1.87 2.04 0.53 3.01 1.79 1.51 2.15 1.60 1.71 2.11
FeO 8.11 9.26 10.97 10.78 10.90 | 12.54 12.49 11.65 12.29 9.85 10.56 8.89 10.53 10.86 7.70 12.47 9.84 11.89 12.74 8.24 11.35 10.76 10.57 11.98 10.39 12.72 9.08
MnO 0.16 0.18 0.16 0.21 0.18 0.18 0.18 0.19 0.19 0.18 0.18 0.17 0.18 0.18 0.18 0.19 0.16 0.28 0.17 0.15 0.20 0.15 0.18 0.23 0.22 0.20 0.13
Mgo 14.23  12.92 7.12  10.42 10.90 9.79 12.21 8.69 9.85 9.81 10.83 11.62  11.91 12.45 | 12.06 9.05 10.50 9.36 3.07 8.96 7.59 8.01 5.02 6.70 11.43 5.32 6.69
ca0 10.33 8.73 13.56 11.55 11.58 9.23 7.69 8.77 8.87 12.98 9.37 9.30 10.20 9.85 | 11.23 10.49 9.89 7.25 8.39  10.27 9.18 10.42 10.61 9.23 8.14 9.18 8.45
Na o 1.69 1.77 2.20 1.61 2.17 2.64 2.10 3.05 2.60 2.65 2.13 2.14 2.01 233 2.2 2.23 2.21 2.72 2.57 3.06 2.23 2.45 2.72 2.36 1.26 3.29 3.20
K20 0.04 0.02 0.02 0.08 0.02 0.16 0.49 0.03 0.01 0.08 0.27 0.31 0.27 0.02 1.23 0.12 0.55 0.16 0.30 0.98 1.06 0.36 0.72 0.56 0.54 0.76 2.10
PO, 0.09 0.13 0.16 0.18 0.21 0.42 0.14 0.04 0.31 0.80 0.20 0.10 0.15 0.16 0.13 0.09 0.19 0.19 0.38 0.25 0.32 0.07 0.30 0.20 0.31 0.32 0.51
s 0.02 0.01 0.00 0.00 0.00 0.02 0.00 0.00 0.01 0.44 0.01 0.00 0.00 0.00 0.11 0.12 0.02 0.0l 0.00 0.12 0.02 0.00 0.03 0.00 0.00 0.00 o.ol
Hon 0.48 0.16 0.46 0.7 0.29 0.33 0.34 0.24 0.22 0.45 0.29 0.91 0.21 0.20 0.94 0.42 0.34 0.33 0.91 0.79 0.56 0.40 0.39 0.46 0.98 0.39 0.68
TOTAL | 100.43 99.89 99.86 98.75 00.00 | 99.40 99.72 100.02 99.89 99.03 98.74 100.08 99.69 99.76 | 99.82 100.83 99,35 99.91 | 100.48 99.93 99.77 99.48 100.18 99.64 99.27 | 100.60 99.97
TRACE ELEMENTS (ppm)
Ni 512 292 75 116 385 218 400 189 180 184 196 251 255 280 124 212 239 207 253 136 165 184 46 74 226 60 139
v 138 148 249 - - 174 87 181 174 263 - - - - 341 256 210 202 175 175 224 151 254 - - 249 130
Cr 715 82 51 569 565 257 103 313 245 814 90 115 251 126 168 321 149 177 82 219 144 113 90 143 229 73 102
Zn 68 - 97 83 81 100 104 111 104 104 77 73 56 9 75 114 1ol 173 118 98 122 116 99 111 85 132 90
Cu 122 - 63 20 50 21 72 14 32 45 41 20 26 42 259 121 45 56 46 40 175 13 56 39 58 199 18
Rb 3 o 3 3 4 1 16 o o 5 8 9 8 3 40 6 19 4 26 20 25 5 13 17 17 24 61
Sr 63 333 303 350 180 430 332 142 345 537 609 166 168 170 225 89 226 221 456 355 91 148 418 264 332 246 432
Y 13 16 26 18 20 25 19 28 22 40 13 12 12 13 29 24 24 35 32 16 34 26 28 29 11 3s 24
Zr 36 7 103 77 122 120 7 114 121 376 77 87 81 7 80 39 70 118 136 115 140 109 131 132 68 165 121
Pb o 3 9 12 11 24 S 0 243 9 4 1 6 7 12 3 5 9 9 10 2 241 6 13 ° 4 18
Ba 44 61 153 45 67 78 132 66 €0 254 207 140 122 94 238 90 253 85 512 519 222 129 347 247 173 217 839
NORMATIVE MINERALS (%)
or 0.24 0.12 0.12 0.47 0.12 0.95 1.88 0.18 0.06 0.47 1.60 1.83 1.60 0.12 7.27 0.71 3.25 0.95 5.32 5.79 6.26 2.13 4.26 3.31 3.19 4.49  12.41
ab 14.30 14.98 18.62 13.62 18.36 | 22.34 17.77 25,18 22.00 21.07 18.02 18.11 17.01 19.38 | 16.02 18.87 18.70 23.02 21.15 23.88 18.87 20.73 23.02 19.97 10.83 27.84  20.51
an 35.33  37.35 27.89 25.88 23.44 | 28.61 32.43 31.46  30.08 21.05 34.17 34.23  31.47 31.67 | 20.61 30.65 33.67 32.10 30.01 28.42 31.23 35.34 37.10 30.43 34.76 28.43  29.12
ne - - - - - - - - - 0.73 - - - 0.18 1.45 - - - 0.32 1.09 - - - - - - 3.56
di 12.32 4.11 31.61 24.63 26.49 | 11.84 3.92 9.65 9.75 30.87 8.96 9.06 14.75  13.11 | 27.40 17.14  11.49 2.16 7.50 17.00 10.03 13.05 11.30  11.64 2.92 12.52 7.75
hy 13.89 17.84 5.80 20.32 8.08 3.36 7.60 1.71  10.69 - 16.73 8.85 6.60 - - 14.18 1.91  20.88 - - 8.33 1.82 4.77 22.16 37.31 1.11 -
ol 20.63 17.96 8.96 6.86 15.13 | 24.78 29.61 22.67 19.87 15.76 16.20 19.79 23,50 30.04 | 18.80 14.48  23.84 13.72 27.33  19.78 14.71 19.96 12.65 4.40 4.48 17.51 18,11
mt 2.13 5.15 2.77 2.99 3.60 2.97 2.67 4.63 3.47 0.65 1.91 4.57 2.10 2.41 3.80 1.52 3.16 2.7 2.96 0.77 4.36 2.60 2.19 3.12 2.32 2.48 3.06
il 0.72 1.73 3.12 2.66 3.84 3.04 .1.88 3.40 2.83 5.22 2.30 2,32 1.94 2.10 2.87 2,26 2.36 3.31 3.82 1.48 4.44 3.15 3.57 3.46 1.54 4.84 3.44
py 0.04 0.02 - - - 0.04 - - 0.02 0.82 0.02 - - - 0.21 0.23 0.04 0.02 - 0.23 0.04 - 0.06 - - - 0.02
ap 0.21 0.30 0.37 0.42 0.49| o0.98 0.33 0.09 0.72 1.86 0.47 0.23 0.35 0.37 0. 30 0.21 0.44 0.44 0.88 0.58 0.74 0.16 0.70 0.47 0.72 0.74 1.19
TOTAL 99.81 99,56 99.26 97.85 99.55 { 98.91 98.09 98.97 99.49 98.50 100.38 98.99 99.32 99.38 | 98.73 100.25 98.86 99.31 99.29 99.02 99.01 98.94 99.62 98.87 98.07 | 100.01 99.17




TABLE 7.2 Whole-rock and normative minerals of the

Fe-Ti, orthopyroxene- and kyanite-bearing eclogites

Fe-Ti type Orthopyroxene-bearing Kyanite-bearing
Class I I 11 Iv Iv Iv Iv IT II III ITI v III III
D8 D37 D89 u69 Ul60 U277 D118 ul9 U408 U206 U243 u26 u3o u3s8
MAJOR ELEMENTS (wt. %)
SiOz 44.04 41.24 40.77 39.63 43.15 45.17 45.15 51.90 45.09 48.78 49 .51 46 .06 54.56 45.43
Tio2 1.25 5.40 6.79 3.61 3.04 4.44 2.52 0.24 1.11 0.31 0.32 4.50 1.04 0.24
A1203 14.88 11.96 6.85 15.69 16.59 10.45 15.11 9.59 11.71 8.09 7.83 11.21 15.52 20.19
Fe203 2.07 3.84 4.00 3.32 2.59 2.68 4.59 1.80 2.72 2.04 1.40 0.81 0.73 1.49
FeO 15.33 18.90 20.27 17.75 13.32 15.60 11.47 6.07 14.94 7.98 8.80 17.44 10.45 8.23
MnO 0.21 0.32 0.32 0.34 0.23 0.25 0.26 0.20 0.23 0.2 0.18 0.24 0.19 0.18
MgO 8.58 6.40 7.49 5.68 7.21 6.87 6.31 17.69 15.10 17.91 19.96 7.14 7.29 8.27
cao 12.38 10.06 10.44 9.61 9.87 10.07 9.12 9.89 6.23 10.34 10.13 9.24 8.96 12.04
Nazo 1.31 1.24 2.11 1.60 2.32 2.62 2.69 0.91 0.55 0.74 0.65 1.75 0.91 1.76
K20 0.02 0.04 0.44 0.08 0.15 0.52 0.71 0.40 1.08 0.14 0.67 0.13 0.01 1.14
P205 0.02 0.28 0.06 1.43 0.67 0.35 0.32 0.06 0.20 0.87 0.09 0.38 0.12 0.03
S 0.00 0.01 0.00 0.04 0.03 0.39 0.01 0.03 0.03 0.02 0.00 0.57 0.01 0.00
Hzo 0.37 0.58 0.58 0.32 0.46 0.71 0.59 0.35 0.47 1.73 0.60 0.93 0.31 0.43
TOTAL | 100.66 100.27 100.12 99.08 99.62 99.93 99.15 99.12 99.45 99.71 100.14 100.12 100.09 99.34
TRACE ELEMENTS (ppm)
Ni 57 58 27 22 142 57 89 441 451 518 536 79 214 44
\Y 765 1127 - 356 232 763 272 137 119 138 143 894 225 218
Cr 307 40 108 13 66 37 124 1896 219 2031 1952 54 183 76
Zn 926 141 109 197 111 148 109 69 126 87 101 142 64 83
Cu 74 116 156 62 21 436 113 14 45 34 40 536 89 52
Rb 3 3 8 1 4 8 17 18 78 26 24 o o 32
Sr 52 109 126 187 306 442 199 49 284 122 136 279 50 927
Y 9 37 28 87 58 38 42 16 21 6 1 47 28 20
Zr 19 118 132 124 173 141 177 18 69 37 34 174 43 96
Pb 6 7 6 4 12 4 o 6 8 8 7 8 6 45
Ba 64 82 295 100 60 208 265 37 201 173 237 63 18 348
NORMATIVE MINERALS (%)
or 0.12 0.24 2.60 0.47 0.89 3.07 4.20 2.36 6.38 4.37 3.96 0.77 0.06 6.74
ab 11.09 10.49 14.69 13.54 19.63 22.17 22.76 7.70 4.65 6.01 5.50 14.81 7.70 9.60
an 34.66 26.95 7.92 35.40 34.41 15.22 27.06 20.90 26.30 16.70 16.47 22.35 38.24 43.83
ne - - 1.71 - - - - - - - - - - 2.87
di 22,14 17.69 36.22 2.47 8.41 26.91 13.24 22.05 2.69 23.08 26.52 17.53 4.48 12.82
hy 2.74 21.26 - 16.20 6.13 5.96 9.37 41.02 32.25 31.94 25.15 31.78 32.79 -
ol 23.91 6.24 17.24 15.29 18.33 11.87 9.48 1.27 19.91 10.09 18.91 (q 0.19) (g 12.99) 20.83
mt 3.00 5.57 5.80 4.81 3.76 3.89 6.66 2.61 3.94 2.96 2.03 1.17 1.06 2.16
il 2.37 10.26 12.90 6.86 5.77 8.43 4.79 0.46 2.11 0.59 0.61 8.55 1.98 0.46
‘py - 0.02 - 0.08 0.06 0.73 0.02 0.06 0.06 0.04 - 1.07 0.02 -
ap 0.05 0.65 0.14 3.32 1.56 0.81 0.74 0.14 0.47 2.02 0.21 0.88 0.28 0.07
TOTAL | 100.08 99.37 99.22 98.44 98.95 99.06 98.32 98.57 98.76 97.80 99.36 99.10 99.60 99.38




also appear to lie on an extrapolation of this trend. Although these
three points fall towards the field of calcic sediments, their position
here is largely controlled by the Mg-rich nature of their chemistries,

The overall basaltic nature of these eclogites relates them to the

other ecologite pods observed in the Basal Gneiss Complex (Griffin et al.,
1983) .,

Al though eclogites tend to be generally basaltic in chemistry, they
are very difficult to relate to any specific basalt type (cf. Bryhni
et al., 1969). Not only does the heterogeneity of the rocks prevent
this, but so do the chemical effects of both the prograde and retrograde
metanoxphish, and their limited size (Liégeois & Duchesne, 1981). Bard &
Moine (1979) noted that there was little metasomatic effect on thick
(several metres) sequences of metabasalts up to amphibolite/granulite
facies, Similarly, Mysen & Heier (1972) attributed the lack of hydra-
tion of the Ulsteinvik eclogite at Hareidland to the very large size of
the body which prevented easy ingress of fluids, Similar reasoning was
applied to the large, essentially anhydrous retrogressed eclogite at
pverrfjella, in this study (section 3.1.1).

Lappin (1962) examined the amphibolitisation of eclogites and
considered that there was a loss of Si4+ and Fe2+ from, and addition of:
K+ and H+ to the bodies during the process; the behaviour of other
elements was variable, Bryhni et al. (1969) compared the analyses of un-
altered eclogite to an altered epidote-biotite-plagioclase rock, on the
rim of an eclogite pod, and derived two sets of mobile elements. The
most affected were: K+, Al3+, H+ (added), and Ca2+, Si4+, (Na+) (removed) .
Bryhni et al. also considered that K+ could be lost during prograde
metamorphism since neither garnet nor clinop&roxene accept this element,

as observed by Griffin & Murthy (1968), Forbes (1965) found that K20
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was generally lower in eclogites than in basalts. Krogh (1980a) also
noted that chemical alteration could occur prior to the final equilibra-
tion of the eclogite assemblage as well as during subseqﬁent retrogres -
sion. He considered that portions of the margin to the eclogite pod
suffered an introduction of material from the adjacent quartzo-
feldspathic gneiss causing an increase in Th, U and Zr in the eclogite.
Evidence for chemical interaction between eclogites and the host

gneisses has also been given by Brueckner (1977), who found that
although eclogites have low Rb/Sr ratios they have high 87Sr/868r ratios,
which he interpreted as Sr transfer fram the gneiss to the eclogite.
Krogh (1980a) also noted that the retrogressed samples had increased K20,
and decreased Cr contents. The latter effect he attributed to the break-
down of the omphacitic clinopyroxene, which readily accepts Cr3+ into

its structure.(cf. Binns, 1967), and the non-acceptance of this element
by the secondary amphiboles. However, such a situation is difficult to
envisage since amphibole contains both Al3+ and Fe3+ for which Cr3+ may
substitute, as in omphacitic clinopyroxenes.

Examining the analyses in Table 7.1 in relation to the degree of
retrogression suffered by the rocks certain similarities exist with
these findings. In Classes I and II, the best preserved eclogites,
both K20 and Rb, which substitutes for K in minerals (Taylor, 1965),

are lower than in the other Classes, representing retrogressed rocks.

However, K,O is not particularly enriched in the retrogressed rocks, as

2
found by Krogh, although sample U405 in Class V is an exception with

2.1 wt. % K20. Cr appears to show higher values in Class I (eclogites
containing omphacitic clinopyroxenes) than in Classes IV and V. However,

none of the other elements considered to be mobile by the authors above

(e.g. Si, Ca, Al) appear to behave as such in these particular eclogites.



In fact Na behaves in a manner converse to that found by Lappin (1962)
by increasing in value in the most retrogressed samples (Class V). 1In
addition, Ba appears to increase in value in the retrogressed samples,
again an element which substitutes for K in minerals (Taylor, 1965).
The fairly constant Zr contents through the five Classes suggests that
there has been little contamination by the host gneisses, as considered
by Krogh (1980a).

As with the Garnet-Granulite (section 3.2.1), various elements have
been plotted against Zr to investigate which of these have been
mobilised during the metamorphic history of the rocks, the plots are
shown in Fig. 7.2 and include the Fe-Ti types, and the kyanite- and
orthopyroxene-bearing eclogites. The majority of the plots show very
broad trends, often with substantial scattering of the points,
particularly with K, Rb, Ni and Cr as e#pected. The most linear trends
occur with P205, Na20, Tioz, MgO and Y, typical of an igneous fraction-
ation series (cf. Liégeois and Duchesne, 1981). Of these elements, Y,
T7i and P are considered to be immobile during secondary alteration
processes (Floyd & Winchester, 1978). However, the apparent covariance
of Y and P205, particularly well shown in the Fe-Ti types (Table 7.2)
implies that Y is entering the apatite, as suggested by Krogh (1980a),
perhaps making it a potentially mobile element. However, the apatite in
the eclogites is in textural equilibrium with the eclogite facies garnet
and clinopyroxene and is considered to be a primary phase which has
survived any subsequent retrogression of the rocks and as such prevents
Y from behaving as a mobile element.

In section 1.2 it was stated that the current debate over the

origin of the eclogites in W Norway revolves around the question of

whether the rocks are mantle-derived fragments, tectonically empl aced
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into the crustal gneisses, or whether they are basaltic rocks meta-
morphosed wiﬁhin and together with the gneisses. The main proponents of
the first hypothesis (M.A. Lappin and D.C. Smith) have never included a
general geochemical investigation of the eclogites in their work (see
section 1.2 for references), but rather rely on the mineral chemical data
the rocks provide to infer high P (17-29 kbar) and T (700—900°C) condi-
tions for the equilibration conditions of the rocks, indicative of the
upper mantle. The apparent reluctance of these workers to utilise all
the evidence provided by these rocks is regarded as a major omission.

As seen here, the data from this fairly extensive suite of eclogites at
Moldefjord defines a fairly good differentiated igneous trend, as seen
by other workers who use the rock geochemical data of eclogites: e.g.
Morgan (1970); Mysen & Heier (1972); Liégeois & Duchesne (1981);

van Roermund (1983).

The distinction between different types of basalt is not always
easy even for unmetamorphosed rocks; furthermore it has been shown that
", . . the composition of a given [éclogité] sample, particularly one
from a small body [as here] may not be simply related to its 6riginal
magmatic composition." (Griffin et al., 1983). Nevertheless, an
attempt will be made here to classify the basaltic types involved from
the analyses in Table 7.1 and 7.2.

In terms of normative minerals, tholeiitic basalts are character-
ised by high hy, appreciable q and rare ol, whilst alkaline-olivine
basalts have conspicuous ol and often ne. From Tables 7.1 and 7.2 it
appears that the majority of these eclogites are tholeiitic, often ol-
tholeiitic with a few alkaline-olivine basalts, as found elsewhere in
the Basal Gneiss Complex (Griffin et al., 1983). A few samples (e.g.

Ul28, 285) have exceptionally high normative ol contents. If the
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alkalies (Na_.O and K20) had been increased by metasomatism during

2
retrogression and hydration of the eclogite, ne may appear in the norm.,

especially if the rock is particularly low in SiO, (e.g. Ul27 - see

2
Appendix B for a discussion on the errors in normative mineral calcula-
tions). Consequently, the appearance of apparent normative alkali-
olivine basalt type eclogites may simply be a reflection of the degree
of metasomatism suffered by originally normative tholeiite type

eclogites (cf. van Roermund, 1983).

O give fairly good trends against Zr in Fig. 7.2,

t
As MgO, FeO and Na2

the AFM plot may be used with discretion with regard to the Kzo contents.
Fig. 7.3(a) shows that the rocks describe a good tholeiitic trend with
the Fe-Ti-type and orthopyroxene-bearing eclogites at the extremities of
this trend. The spread of points towards the alkalies apex may be taken
to reflect the metasomatic effects suffered by the rocks during retrogres-
sion. Otherwise, the points generally fall into field 'B' of Coleman
et al. (1965), i.e. eclogites "with migmatite gneiéses“. Fig. 7.3(b)
shows that the rocks plot across the alkaline/subalkaline division line
of Irvine & Baragar (1971). However, the majority which plot in the
alkaline field are interpreted to be the result of the metasomatic
addition of K20 to these samples during the retrogression of the rocks.
However, the position of the majority of the points for the Fe-Ti type
eclogites within the alkaline field may reflect a true alkali basalt
composition for those rocks, for two reasons:

(i) Compared to the majority of the ‘'bimineralic' eclogites the
Fe-Ti type eclogites do not contain large amounts of alkalies (Fig. 7.3(b)).

(ii) They also contain substantial quantities of TiO,,and lesser

2)

P205 as found in the eclogites of Sunnfjord which were classified as

having alkali-olivine basalt chemistries by Krogh (1980a). Both plots
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7.3(a) and (b) show patterns very similar to those given by Griffin
et al. (1983) for other eclogites in the Nordfjord area.

Various classification schemes based on the geotectonic origin of
basalts have been devised, using major and trace elements: Pearce & Cann
(1973); Pearce (1975, 1976); Floyd & Winchester (1975, 1978); Winchester
& Floyd (1976); Pearce & Norry (1979). In particular, the Zr-(Ti/100)-
(Y x 3) diagram devised by Pearce & Cann (1973) has been widely used in
classification studies (see a review by Zeck & Morthorst, 1982). The
mobility of the major elements in these eclogites makes the use of the
major elements for this classification unwise (e.g. the eigen values of
Pearce, 1976).

The Zr-(Ti/100)-(Y x 3) diagram in Fig. 7.4(a) shows that the
majority of the eclogite cluster in the centre of the plot; the Fe-Ti
types tend towards the Ti apex, whilst the orthopyroxene~ and kyanite-
bearing eclogites are scattered and so not seem to follow any pattern.
Using the diagram at the simplest level, the eclogites fall mainly into
the within-plate-basalt (WPB) field, with a few in the ocean-floor-
basalt (OFB) field. However, care has to be taken when interpreting this
diagram in relation to rocks which plot within the WPB field since both
Holm (1982) and Zeck & Morthorst (1982) consider that Pearce & Cann
(1973) did not use sufficient data from continental tholeiites to define
the WPB field sufficiently well. As a result, it is often the case that
obviously continental tholeiites plot within the OFB field (e.g. the
Palisades Sill - Zeck & Morthorst, 1982). Unfortunately, the alternative
plot suggested by Holm (TiO,-K O-P205) is unsuitable for the eclogites

2 2

in question because of the mobility of KZO' Even using the Z2r/Y vs. 2r

plot of Pearce & Norry (1979) gives an ambiguous pattern with the points

falling between the WPB and OFB fields (Fig. 7.4(b)), whilst the Ti vs.



FIG. 74

Ti7100

(a)

WPB=within plate basalts
LKT=low-K tholeiites

OFB-=ocean -floor basaits
CAB=calc-alkali basalts

Zr Yx3
(b)
50
Lo VAB=volcanic arc basalts
30 .
2r/Y
20tF
10
s
Li—
3t
2
1 ® L baaaar 4 L1y
10 20 30 S0 100 500 1000

| Zr (ppm)

FIG. 7.4(a) 2r-(Ti/100)-(Y x 3) diagram after Pearce & Cann (1973) for
the eclogites and metadolerites. Symbols as in FIG. 7.3(a) .
~(b) 2r/Y vs. Zr, log/log, diagram after Pearce & Norry (1979)
for the eclogites and metadolerites. Symbols as in
FIG. 7.3(a).
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Cr plot of Pearce (1975) shows more points falling in the OFB field than
in the tholeiite field (Fig. 7.5(a)).

The ambiguous geotectonic classification of the eclogites makes it
difficult to make any definite conclusions as to their petrogenesis. If
the rocks are accepted as representing metamorphosed oceanic basalts,
which presently reside in gneisses interpreted as continental in origin,
this would lead weight to the arguments of Lappin & Smith (1978) that
the eclogites may represent fragments of ocean-floor basalt tectonically
emplaced into the lower crust during continent-continent collision and
subsequent subduction. If a continental WPB origin for the rocks is
accepted, the present situation of the eclogites in continental gneisses
need not be explained by imnvoking a tectonic introduction. The alter-
native explanation offered by Griffin et al. (1983) is that the eclogites
represent in situ metamorphosed tholeiitic dykes and sills which have
been subsequently disrupted into pods.

The Fe-Ti type eclogites, typified by increased amounts of rutile
and ilmenite in their assemblages appear to be the most differentiated
members of this basaltic suite of intrusions with lower Cr and Ni values,
and higher Y and P205 values than the eclogites in Table 7.1. Apart
from sample D8, these rocks have MgO values < 8 wt.% and FeOt > 14 wt. % .
and as such can be classed as 'superferrian' (Griffin & Qvale, 198l).
Eclogites of this type are present in the French Alps where they have
been interpreted as representing meta-ferrogabbro dykes intruded into
ophiolitic rocks (e.g. Mottana, 1977). The superferrian eclogites
described by Griffin & Qvale (198l1) at Raudkleivane Almklovdalen were
similarly interpreted. Since oceanic rocks are conspicuous by their
absence in the vicinity of the eclogite pods at Moldefjord, such an

origin can be discounted here. The high values of incompatible elements
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(Ti, P and to a certain degree, Zr) suggest that these rocks represent
late stage differentiates, perhaps with ilmenite and apatite appearing
as cumilate phases. Indeed, the majority of the rocks plot away from
the differentiation trends for FeOt and TiO2 in Fig. 7.2, typical of
cumulate rocks which have extreme compositions and do not reflect
liquid lines of descent (Cox et al., 1979, Chapter 12). Also, normative
il is high in these rocks. Rocks similar in both chemistry and origin
have been found in the Skaergaard layered intrusion in Greenland (Wager &
Brown, 1947, p. 153, Analysis No. X) as ferrodiorites in the late-stage
differentiates of the Upper Zone (UZ) of the intrusion. As at Skaergaard,
the Fe-Ti type eclogites tend to have fairly high Mn and V contents (both
enter ilmenite and magnetite, Taylor, 1965; Mason, 1966) and high Y
(entering apatite). Some of the eclogites in Table 7.1 also display
increased Fe, Ti and P contents (e.g. 186 and U217) suggesting that these
are also rather more differentiated examples.

The orthopyroxene-bearing eclogites tend to have lower Al

203, TiO

+ MgO, Ni and Cr contents than the non-

2'

FeO and Na,O, and higher SiO

2 2

orthopyroxene-bearing eclogites; they also have mucher higher normative
hy contents. Sample U26, and to a certain extent sample U408, do not
seem to fit in chemically with the other three samples of this type.

In fact U26 has high Fe, Ti and V contents, with low MgO, Ni and Cr
values more typical of Fe-Ti type eclogites, also, this sample is g-
normative.

Excluding sample U26, the remaining samples have high hy and di
with low ol and normative plagioclase compositions of ~ An 75, and as
such can be termed eucrites. These fairly 'primitive' basalt éompos—
itions are also reflected in the position of the rocks on the AFM

diagram (Fig. 7.3(a)) ,.  at the most magnesian end of the different-
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iation trend. In their paper on orthopyroxene-eclogites, which
included several of the samples analysed here (Ul9, U206, U243),
Carswell et al. (1983) interpreted these rocks as representing
the metamorphosed cumulates of igneous pyroxenes.

As the number of kyanite-bearing eclogites is limited to only two
samples it is difficult to make any éefinite appraisal of this type.
The situation is made more difficult by the fact that these two samples
have rather different chemistries. Sample U358 has increased Al, Ca,
Sr, Zr and Ba, and depleted Ni, Cr and Ti, when compared to the eclogites
in Table 7.1, which may indicate some influence from the s;rrounding
gneisses. Sample U30 does not show any significant increase in A1203,
as would be expected for a kyanite-bearing rock, but does possess a

markedly increased SiO, value resulting in a fairly high g value in the

2
norm. Unlike sample U358 this rock does not have increased alkali or
Zr contents. Also, it possess a rather low MgO value.

From work in the Alps, Mottana (1977) found that eclogites
contained in metasediments tended to have increased values of Si and Al,
However, this sort of relationship does not appear to be the cause of
the increased Sr and Al contents in these particular samples which are
sited within the meta-igneous rocks of the Heterogeneous Quartzo-
Feldspathic Gneiss Unit (U358) and the Augen Gneiss Unit (U30).

Godovikov & Kennedy (1968) have shown that the appearance of
kyanite in eclogites is not actually due to the absolute A1203 content

of the rock, but rather to the MgO:FeO:Ca0 ratio of the rock, and the

prevailing pressure during metamorphism. The reaction:

pyroxene + kyanite & garnet + quartz
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goes to the right for FeO-rich eclogites and to the left in eclogites
rich in Mg0O and low in FeQ at high P. Their kyanite-bearing eclogites
had MgO:FeO:Ca0 ratios of approximately 42:17:41, whilst the kyanite-
free eclogites had ratios of 36:28:37. These ratios in samples U30 and
U358 are 27:39:34 and 29:29:42 respectively which, from a comparison
within the data of Godovikov & Kennedy, should prevent the formation of
kyanite. This suggests that the high 8102 and A1203 contents of samples
U30 and U358 dé in fact play a part in the appearance of kyanite in
those rocks, contrary to the opinion of Godovikov & Kennedy.

Although the two kyanite eclogite samples fall within the differentia-
tion trend on the AFM plot (Fig. 7.3(g)), their trace element contents
are variable and the rocks do not fall into any consistent field on the
discrimination plots (Figs. 7.4 and 7.5). This variability in trace
element composition, together with the increased Si and Al contents of
these rocks makes it tempting to assign them to some sort of sedimentary
protolith, perhaps quartz/clay mixes with basaltic volcaniclastics, to
give the high Ni and Cr contents (see discussion in sections 3.2.3 and
5.2). However, kyanite-bearing eclogites are found elsewhere in the
Basal Gneiss Complex (e.g. Bryhni, 1966; Lappin, 1966) although chemical
analyses are mostly lacking for them. One of these examples is at
Verpeneset, Nordfjord and an analysis is presented by Bryhni & Griffin
(1971) . Besides being low in FeO and rich in CaO, which should prevent
the appearance of kyanite in eclogites according to Godovikov & Kennedy

(1968) , the rock is also rich in A120 (19.97 wt. %), cf. sample U358.

3
This particular rock appears as a layer within a bimineralic (clino-
pyroxene + garnet * quartz) eclogite, rather than as a discrete pod,

and was interpreted as a metamorphosed gabbroic rock. Therefore, from

this particular interpretation it appears perfectly feasible for the
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two above samples (U30, U358), to have been derived from originally
igneous rocks, although the relationship between these precursors and
the tholeiites of the other eclogite types is unknown.

The consideration that perhaps some of these eclogites were
originally igneous cumulates (e.g. the Fe-Ti and orthopyroxene-bearing
types) suggested that the Ni-Cr plot would be diagnostic in that respect
since Ni enters the olivine structure and Cr enters the clinopyroxene
structure. A Ni vs. Cr plot is shown in Fig. 7.5(b) and shows that the
majority of the eclogites have Ni/Cr ratios > 0.6. Those samples falling
towards high Ni/Cr ratios with high absolute Ni values (> 300 ppm) are
considered to have had a predominance of olivine in their igneous pre-
cursors, perhaps with an almost picritic composition (cf. Krogh, 1980a).
Unfortunately, this supposition is not supported by those particular
samples having the highest normative ol contents (Ul52, 186, Ul128),
although they are generally higher than the remainder of the eclogites.
The interesting feature of this plot is that several samples fall away
from this main group and form a trend with a Ni/Cr ratio ~ 0.21 which
includes the three most Mg-rich orthopyroxene-bearing eclogites (Ul9,
U206, U243) at very high Cr values. The position of these samples on
this diagram is considered to support the interpretation of Carswell
et al. (1983a) that these rocks had igneous precﬁrsors of clinopyroxene
cumulates. The other four points on this separate trend represent both
Fe-Ti type and bimineralic type eclogites. The former have been
interpreted as late differentiate cumulates and their generally low Ni
contents reflect the low olivine contents of such rocks, although it
would appear that perhaps clinopyroxene was an important component of
the cumulate assemblages in some of the rocks of this type. The two

examples of bimineralic-type eclogite (D102 and US517) are, by virtue of
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this low Ni/Cr ratio, distinct from the other eclogites of this type.
However, the relatively high Cr contents of these two particular rocks
are not supported by increased MgO contents, as found in the ortho-
pyroxene-bearing types (see Tables 7.1 and 7.2) and their relationship
to the other bimineralic eclogites remains unknown at present. Indeed,
the reason for the existence of this trend of seven samples at a fairly
constant Ni/Cr ratio and one much lower than that observed in the
remainder of the samples is also unknown. Griffin & R&heim {1973) used
this diagram to illustrate the chemical difference between eclogites and
metadolerites occurring at Kristiansund, where eclogites have Ni/Cr =
0.25 and metadolerites have Ni/Cr = 0.6. It is difficult to see why
these seven particular rocks should be distinguished from the other
eclogites on this basis as they all display a continuous sequence on the
other elemental plots. However, it is interesting that these samples

have Ni/Cr ratios more in line with the eclogites from the Kristiansund

area.

7.2.2 The metadolerites

The chemical analyses of these rocks are given in Table 7.3.
Overall they are broadly comparable in chemistry to the bimineralic
eclogites, although they contain slightly more K, Rb, Ba and Sr, and
less Cr and fb. Also, thé chemistries are very similar to those
published by Gjelsvik (1952) and Griffin & Rgheim (1973) for meta-
dolerites elsewhere in the Basal Gneiss Complex. Higher contents of

Na,O as well as K, O were noted by Griffin & R3heim in their examples of

2 2
metadolerite. As would be expected, the normative mineralogies of the
eclogites and metadolerites are also similar, with the metadoclerites

displaying tholeiitic affinities and often substantial contents of

normative olivine (e.g. U262 has 32.12% ol). As found in the eclogites,



TABLE 7.3 Whole-rock analyses and normative minerals of the metadolerites

D4l 286 U262 U266 u3m ;Ave‘ageu

MAJOR ELEMENTS (wt. %)

sio, 48.17  46.12  44.94  46.66 47.77  46.73  1.16
Ti0, 1.03 2.38 1.12 2.09 2.30 1.78  0.59
ALo, | 17.70 16.93 1592  16.12 15.46  16.43  0.79
Fe,0, 0.68 1.06 1.86 1.80 1.96 1.47  0.51
FeO 9.43  12.76  11.45  11.13 12.28  11.41  1.15
MO |  0.09 0.19 0.18 0.18 0.17 0.16  0.04
Mgo 8.62 7.03  12.66 7.54 6.49 8.47  2.21
cao0 10.60 8.66 8.69 8.06 8.03 8.8l  0.94
Na,0 2.26 2.90 2.17 3.21 2.96 2.70 0.4l
X,0 0.45 0.98 0.38 1.14 1.11 0.81  ©0.33
PO, 0.11 0.44 0.17 0.39 0.53 0.33  0.03
S 0.00 0.00 0.05 0.00 0.12 0.03 0.05
H,0 0.41 0.17 0.28 1.39 1.01 0.65  0.22
TOTAL | 99.55  99.62  99.87  99.71  100.19  99.78

TRACE ELEMENTS (ppm)

Ni 138 130 336 80 93 155 92
v - - 154 266 241 220 48
cr 168 84 74 110 67 101 37
Zn 65 109 97 113 132 103 22
Cu 67 80 55 92 55 70 14
Rb 17 23 11 28 26 21 6
Sr 377 390 321 443 309 368 49
Y 18 29 20 40 41 30 10
Zr 85 176 76 169 155 132 43
Pb 2 2 3 o 13 4 5
Ba 180 479 184 594 577 403 185

NORMATIVE MINERALS (%)

or 2.66 5.79 2.25 6.74 6.56 4.79
ab 19.12 24.02 18.36 26.11 25.05 22.85
an 36.82 30.29 32.58 26.21 25.62 30.32
ne - 0.28 - 0.57 - -

ai 12.30 8.13 7.65 9.23 8.91 9.22
hy 9.81 - 1.13 - 12.45 3.97
ol 15.05 23.68 32.12 21.80 11.93 21.48
mt 0.99 1.54 2.70 2.61 2.84 2,13
i1 1.96 4.52 2.13 3.97 4.37 3.38
oY - - 0.09 - 0.23 0.06
ap 0.26 1.02 0.40 0.91 1.23 0.77

TOTAL 98.97 99.27 99.41 98.15 99.19 98.97
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high contents of K, O in the metadolerites favours the appearance of ne

2
in the norm (samples 286 and U266).

When plotted on the AFM diagram with the eclogites (Fig. 7.3(a))
the rocks lie on a similar tholeiitic trend to the eclogites although
they are displaced towards the alkalies apex of the plot. On the other
discrimination diagrams (Figs. 7.4 and 7.5(a)) these rocks generally
fall within the group of points for the eclogites and display a compar-
able overlap between OFB and WPB fields.

As described in section 7:1.2, several other workers (e.g. Griffin &
Rgheim, 1973; Tdrudbakken, 1981; Mgrk, 1982) have interpreted these
metadolerites as representing the metastable relics of the transition
between gabbroic igneous rocks and eclogites. From the preserved
igneous texturés in the samples studied here, and with their basaltic
éhemistries being akin to those of the eclogites, such an interpretation
seems applicable to these rocks. As found with the eclogites the im-
mobile elements appear to indicate an oceanic éffinity for the igneous
precursors to the metadolerite, but their occurrence within continental
rocks is more favourable for an interpretation of these intrusions as
dykes or sills.

Although Griffin & Raheim (1973) related the eclogites and meta-
dolerites through their mineralogical relationships, they considered
that the two rock types were chemically distinct, on the basis of their
Ni and Cr contents (see section 7.2.1). Howevexr, when the data from
Table 7.3 are plotted on Fig. 7.5(b), with the eclogites, the two rock
types on the Molde Peninsula can be seen to have Ni/Cr ratios > 0.6 and
therefore are not chemically distinct on this basis.

From this chemical data it would appear that the eclogites and meta-

dolerites are of the same geotectonic origin and therefore may be part
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of the same intrusive event. If this is so, then a major question is:
why have the metadolerites only developed partial eclogite facies
assemblages and retained igneous textures? Griffin & Rgheim (1973)
attempted to answer this by saying that the eclogites and metadolerites
were different rock suites, and that the metadolerites were intruded
into a pre-existing eclogite-bearing terrain at high P and cooled from
the basalt solidus to P-T conditions of 2700°C and 7-8 kbar where they
achieved partial equilibration to eclogite assemblages. A slightly
modified version of this interpretation, which allows the metadolerites
and eclogites to be part of the same rock suite could be: the eclogite
facies metamorphism followed soon after the intrusion of the majority of
the basalts, but the precursors to the metadolerites were the very last
stage of these intrusives and were emplaced at, or soon after the meta-
morphic culmination which allowed for only partial equilibration to
eclogite facies assemblages. However, there are two points against such
an idea:

(i) The chemistries of the metadolerites would be expected to show
more differentiated chemistries, somewhat akin to the Fe-Ti type of
eclogite, if they were the last intrusives of this basaltic suite.

(ii) Basaltic dyke intrusions are symptomatic of tensional crust-
forming conditions (Clifford, 1968) rather than compressional orogenies
and metamorphism. This second point would also seem to refute the idea
of Griffin & Raheim (1973) that the metadolerites intruded into a
regionally metamorphosed terrain.

An alternative answer to the question of the partly 'eclogitised®
metadolerites could perhaps lie in the kinetic properties of the rocks
and their constituent minerals. The preserved igneous textures of these

rocks suggests that deformation could provide the necessary energy input
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to allow the rocks to achieve eclogite-facies assemblages, i.e. the un-
deformed metadolerites have not gained full eclogite assemblages.

Indeed, Griffin & Rgheim (1973) noted that those examples of metadolerite
with sheared margins had been transformed to eclogite in those shears.
Furthermore, such deformation may assist the influx of fluid phase,
considered by many to be an integral part of the 'eclogitisation' process

(e.g. Mprk, 1982, and see section 1.3).

7.2.3 The garnet peridotite

Qvale & Stigh (1983) have recently surveyed the occurrences of
garnet-peridotites in Norway and have placed them into five groups:
(i) layers and lenses within basic intrusions
(ii) high temperature ultramafic intrusions
(iii) ultramafic nodules/xenoliths
(iv) so-called 'alpine-type' ultramafites
(v) detrital serpentinites
Alpine-type peridotites are the most common in Norway and many attempts
have been made to classify them on various bases: rock association,
mineral assemblages or geotectonic origin (Jackson & Thayer, 1972;
den Tex, 1969). From the lithological associations observed in the
peridotite at Kolmannskog, it can be placed into the lherzolite sub-
type of Jackson & Thayer (1972) whilst the association of the body with
eclogite-bearing gneisses puts it in the 'root-zone' type of den Tex
(1969). From the chemical analyses, given in Table 7.4, the rocks fall
into the lherzolite sub-type of Qvale & Stigh (1983). However, from the
minor occurrence of clinopyroxene in the Kolmannskog peridotite
(section 7.1.3) the classification of the rocks as lherzolitic does not
seem really applicable. Also, it has been demonstrated by Carswell

et al. (1983b) that two types of garnet peridotite occur in the Basal



TABLE 7.4 Whole-rock analyses and normative minerals
of the Kolmannskog garnet-peridotite body

(Cxr + Al)

2;;: P::Ed. §:tid. Ecﬁzgfte LSZEZ
El7A 185 El4
MAJOR ELEMENTS (wt. 8)
sio, 47.12  44.18 48.24 44.73
Ti0, 1.59 0.41 0.90 2.45
AL, 9.31 6.34 8.99 16.37
Fe 0, 4.60 5.75 5.95 2.91
Feo 6.60 10.77 5.30 13.44
Mno 0.20 0.28 0.23 0.21
MgO 17.92  26.67 13.92 7.02
ca0 8.67 3.51 14.73 10.01
Na_0 1.21 0.06 1.04 2.76
K0 1.55 0.77 0.09 0.07
P,0; 0.07 0.03 0.03 0.51
s 0.00 0.01 0.00 0.00
H,0 1.05 0.75 0.39 0.28
co, 0.20 0.12 0.11 0.3
TOTAL 100.09  99.65 99.92 101.06
TRACE ELEMENTS (ppm)
Ni 812 469 152 64
v 236 106 - 350
cr 1566 101 739 153
Zn 119 95 32 119
Cu 148 42 14 63
Rb 11 24 3 4
sr 58 33 175 124
Y 17 8 23 52
zr 93 56 53 138
b 20 6 35 6
Ba 57 130 57 104
NORMATIVE MINERALS (%)
or 9.16 4.55 1.70 0.41
ab 10.24 0.51 8.80 23.36
an 15.40  14.76 19.60 32.07
ai 21.42 1.96 41.89 11.81
hy 13.90  36.89 17.01 2.10
ol 18.68  30.64 0.95 20.47
ot 6.67 8.34 8.63 4.22
il 3.02 0.78 1.71 4.65
PY - 0.02 - -
ap 0.16 0.07 0.07 1.19
TOTAL 98.65 98.52 100.37 100.28
100 E‘e2+ !
76.13  80.63 66.44 91.12
(Fe2+ + Fe3+)
100 Mg 81.73  74.88 69.95 43.79
(Mg + Fe)
100 Cx 1.62 0.16 0.80 0.09
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Gneiss Complex of Norway designated Mg-Cr and Fe-Ti types and that only
the Mg-Cr type can be labelled as 'alpine-type'. The Kolmannskog body
was one of the peridotites used by Carxrswell et al. (1983b) to demcnstrate
the existence of the two chemical types of peridotite, and it falls into
their Fe-Ti type. The analyses in Table 7.4 have low 100 Mg/ (Mg + Fe)
values (< 82) and low 100 Cr/(Cr + Al) values (generally < l); peridotites in
their Mg-&r sub—type have values of 80-92 and > 1 for these respective
ratios.

With regard to the normative minerals of these rocks, with the
exception of sample 185, they can be related to basaltic, olivine-
tholeiite compositions, although the contents of ol, hy and di are
fairly va:iable. Sample 185 has high values of both ol and hy and
normative plagioclase content of An 97. These rocks seem best related
to compositional layers in an originally cumulate‘igneous body with
varying proportions of olivine, orthopyroxene, clinopyroxene and plagio-
clase, whilst the extreme chemistry of sample 185 would appear to
reflect an olivine-free orthopyroxene cumulate layer (+ plagioclase?)
which cannot be realistically expressed in a normative composition (cEf.
Carsweli et al., 1983b). One of the other Fe-Ti type garnet-peridotites
cited in Carswell et al. (1983b) occurs at Eiksunddal on Hareidlandet.
Originally studied by Schmidt (1963) he similarly interpreted the inter-
layered eclogites, garnet-peridotites and garnet-pyroxenites as the
metamorphosed equivalents of clinopyroxene-olivine norites with plagio-
clase-free olivine and orthopyroxene rich layers, an interpretation
which has been supported by more recent whole-rock analyses (Carswell
et al., 1983b).

Several interesting similarities exist between the Kolmannskog

garnet-peridotite and certain types of the eclogites:
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(i) the peridotite is generally Fe and Ti rich as are some of the
eclogites, in addition these Fe-Ti type eclogites have generally low
contents of Cr;

(ii) the orthopyrokene-bearing eclogites bear a broad mineralogical
similarity to parts of the garnet peridotite body;

(iii) the Fe-Ti type eclogites, the orthopyroxene-bearing eclogites
and the Fe-Ti garnet-peridotite have all been interpreted as having
cumulate, igneous rock precursors.

From these similarities it is interesting to speculate whether there
exists any genetic connection between the Fe-Ti garnet-peridotite and
these eclogites.

Adding the data for the garnet-peridotite rocks to Fig. 7.2, which
displays differentiation trends for the precursors of the eclogites
shows that the garnet-peridotite rocks very broadly follow these trends,
and particularly well on the Ti vs. Zr and Y vs. Zr plots. However, on
the Mg0 vs. Zr and FeOt vs. Zr plots, which show fairly well defined
trends for the eclogites, the peridotite data is rather more scattered.
This probably results from the fact that both.MgO and FeO would be
incorporated in the cumulate phases (olivine and pyroxene) of the
igneous precursors to the peridotite. If a genetic association exists
between the eclogites and the peridotite, these varying patterns could
be related to the fractionation of a parental magma forming a layered
igneous intrusion (the precursor to the peridotite). Successive
fractionated liquids’from this parent would be erupted as dvkes or sills,
as satellites to the layered intrusion (the precursors to the eclogites),
which then display a constant liquid line of descent of the fractionating
magma as shown on Fig. 7.2. The bulk rock compositions of the cumulate

portions from the layered body do not genérally reflect such a line of
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descent because of their extreme chemistries (Wager & Brown, 1968; Cox
et al., 1979, Chapter 12) (cf. the Fe-Ti type eclogites with cumulate
Fe-Ti phases - see section 7.2.1) as seen with the MgO and FeO contents
of the peridotite on Fig. 7.2. The fact that the Tio2 and Y contents of
the peridotite fall on the differentiation trend of the eclogites

suggests that these elements were not incorporated into the cumulate

phases of the original layered body.

7.2.4 Discussion of the geochemistry

As stated previously (section 7.2.1), the geotectonic classification
of the eclogites and metadolerites based on their chemistries is ambigu-
ous between oceén—floor and continental tholeiites, furthermore, much of
the field evidence from these rocks is ambiquous. From the disposition
of the pods in 'zones' with tectonic margins to the gneisses (Map A) it
has been suggested that they have been disrupted from originally larger
bodies (section 2.2.6). These larger bodies may have been fragments of
oceanic crust tecgonically emplaced into the crust, as suggested by
Lappin & Smith (1978). Alternatively, they may have been in the form of
dykes and sills of originally igneous rocks intruded into the crust.
However, an eclogite on Middy exhibits a back-veined relationship with
the host gneisses. Th¢ vein contains an eclogite facies assemblage
(omphacitic clinopyroxene + garnet + k-feldspar + plagioclase + quartz +
biotite * kyanite) and the vein/gneiss/eclogite relationships suggest
that the vein originated before or during the eclogite facies meta-
morphism and that all three were metamorphosed in situ (Griffin &
Carswell, 1983). This occurrence of a non-tectonic contact with the
host gneisses suggests that not all of the eclogite pods have been
tectonically emplaced into the crust and that an igneous dyke or sill

origin for such examples is more likely. Evidence for a crustal,
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igneous intrusive origin for the precursoré to the eclogites is also
supplied in the interpretation for the origin of the Kolmannskog garnet-
peridotite. This is considered to represent a metamorphosed cumulate
igneous body with a possible parental relationship to the precursors of
the eclogites. Such igneous cumulates are not generally found in
oceanic crust, although Mg-ultramafic cumulates are present (Windley,
1977, p. 280), and a continental, crustal igneous origin for such a

body is preferred. If a genetic connection does exist between the pre-
cursor to the garnet-peridotite and the precursors to the eclogites it
suggests that the latter were also originally intruded as igneous rocks.

The nature of the relationship between the pods of eclogite and
the Garnet-Granulite of the Tverrfjella Unit (Chapter 3), which contains
relict eclogite facies assemblages, is also important in this respect.
Three points are important:

(i) The Tverrfjella Unit lacks pods of eclogite and is interpreted as a
thrust unit of Palaeozoic rocks, emplaced prior to the metamorphic
culmination (section 3.3).

| (ii) The Garnet-Granulite reflects P-T estimates comparable to
those of the eclogites elsewhere in the Basal Gneiss Complex (% 770°C,
18 kbar) (section 3.4).

(iii) Radiometric dating of the Garnet-Granulite has shown that the
eclogite facies mineralogy of the rocks equilibrated at the same time as
that in the pods of eclogite, ~ 425 m.y. ago (Griffin & Brueckner, 1980).
From these observations and interpretations it can be seen that if the
pods of eclogite had been tectonically emplaced into the crust during
Caledonian orogenesis, as suggested by Lappin & Smith (1978), they would
be expected to occur in all the gneisses, including the Tverrfjella

Unit since those rocks would also have been in a suitable position in
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the crust to receive the bodies. However, as the pods of eclogite are
absent from the Tverrfjella Unit it is considered that the precursors to
the eclogites were not emplaced tectonically, but rather as igneous
bodies, prior to the thrust emplacement of the Tverrfjella Unit.

This interpretation of the eclogites and metadolerites being dis-
rupted from originally continuous sheets, perhaps as dykes and sills,
in conjunction with their tholeiitic chemistries suggests that the Molde
Peninsula has suffered a major period of igneous activity. This event
may have been in several phases, giving the distinct chemical types of
eclogites and perhaps involving a layered igneous intrusion now re-
presented by the Kolmannskog garnet-peridotite. If such a hypothesis
can be extended to cover the other occurrences of 'external' eclogites
in the Basal Gneiss Complex it suggests that this part of Scandinavia
has suffered the intrusion of a large number of igneous bodies, perhaps
as a dyke swarm. 'External' eclogites elsewhere in Norway have been
interpreted as representing metadolerite dykes, e.g. Krogh {1980a) with
alkali-olivine basalts at Sunnfjord. The intrusion of large-scale dyke
swamms has been noted in other parts of the world, often in association
with layered basic/ultrabasic intrusions (Windley 1977, p. 69 and 107) and
has been associated with tensional crustal conditions (Clifford, 1968).

The age of thgs igneous activity on the Molde Peninsula is
constrained by two events:

(i) the age of the intrusion of the precursor to the Augen Gneiss
Unit, at ~ 1500 m.y., within which the eclogites now lie;

(ii) the Caledonian ages derived from the eclogites, marking the
minimum age of intrusion for their precursors (e.g. Griffin & Brueckner,
1980 at v 425 m.y.).

In the extensional tectonic regime for the N. Atlantic in the Proterozoic

(2000-1000 m.y. ago) Bridgewater & Windley (1973) noted the extensive
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development basic dykes in N America, Greenland, Sweden and Finland at
A 1200-1000 m.y., generally with tholeiitic or olivine-tholeiitic
chemistries in the same mobile-belt which instigated the formation of the
anorthosite-rapakivi suite of intrusives (see Chapter 4 for discussion in
relation to the Augen Gneiss Unit). Consequently, it seems reasonable to
consider that the igneous precursors to the eclogites constituted part of
this same period of dyke intrusion. By way of possible confirmation,
recent Sm-Nd work has suggested that these meta-basic rocks are a
manifestation of early Sveconorwegian (v 1200 m.y.) basic magmatism
(Mearns & Lappin, 1982). A U-~-Pb study by Gebauer et al. (1982) has
suggested that some eclogites possess primary magmatic ages as old as
1500 m.y., Tgrudbakken (198l) also produced a mid-Proterozoic age for the
vindgldalen dolerite at Surnadal (1517 * 60 m.y.). These dates suggest
that this phase of intrusion was a prolonged event perhaps not terminating
until the opening of Iapetus ocean at v 850 m.y. (Windley 1977, p. 144).

If the timing of the intrusion of these basaltic rocks is correct
it brings into question the Precambrian ages obtained for some eclogites
(see Table 1.3). However, the date of » 1800 m.y. by McDougall & Green
(1964) was obtained by the K-Ar method and it has been suggested that
this age is inaccurate due to excess Ar in the amphibole used (Lappin &
smith, 1978). Mysen & Heier (1972) also suggested that the eclogite
metamorphism was a Precambrian event (1682 * 70 m.y.) from their dating
of the gneisses enclosing the eclogites. The inference that the eclogite
and gneisses were coeval is not considered sufficient reason for assign-
ing the age derived from the gneisses to the eclogite.

Unfortunately the effects of the Sveconorwegian orogeny (v 1200-
900 m.y.) on these intrusives are unknown. Although these effects are

likely to have been minimal at the Molde Peninsula which lies at the
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supposed N extent of the event (Zwart & Dornsiepen, 1978), the rocks
further south must have been affected to a greater extent.

Although the suggestion of widespread basic dyke intrusion in the
Basal Gneiss Complex during the late Proterozoic is only speculation,
it does have two points in its favour:

(i) The extensional geotectonic regime of that period allows the
formation of such a suite of rocks. As noted in Chapter 4, the map of
Bridgewater & Windley (1973) for the Proterozoic shows Norway to be
almost devoid of rocks of that age and this model helps to f£fill that gap.

(ii) The postulated time of intrusion fits in with the other events

in the Basal Gneiss Complex constrained by radiometric work.

7.3 MINERAL CHEMISTRY AND P-T CALCULATIONS

7.3.1 The eclogites

The analyses of the phases in these rocks are given in Tables 7.5
(garnets), 7.6 (clinopyroxenes), 7.7 (amphiboles) and 7.8 (feldspars).

The garnets are very homogeneous and show little compositional
zoning (see below). The compositions are plotted on Fig. 7.6(a) (after
Coleman et al., 1965) which shows them to be essentially almandine-
pyrope-grossular garnets with low calculated Fe3+ contents typical of
eclogites (e.g. Coleman et al., 1965; Mysen & Heier, 1972). The minerals
fall into fields B and C of Coleman et al., i.e. eclogites in migmatite,
granulite and amphibolite rocks, and in glaucophane and low-amphibolite
rocks respectively. In general they are very similar in composition to
those of the Ulsteinvik eclogite on Hareidlandet (Mysen & Heier, 1972)
but slightly less grossular rich than those from the eclogites in the
Seve Nappe (van Roermund, 1983). Compared to the garnet in the high-

pressure granulite in the Heterogeneous Quartzo-Feldspathic Gneiss Unit



TABLE 7.5 Analyses of garnets from the eclogites

D8 D8 " D30 D30 D38 D38 Dlo2 D102 D102 283 283 284 284 284 M7 M7 M26
(wt. %) Core Rim Core Rim Core Rim Core —mm— Rim Core Rim Core ——— Rim Core Rim

(3) 3 (1) 1) (2) (2) (1) (1) (1) (4) (4) (1) (1) (1) (1) (1) (4)
Sio2 36.47 38.15 39.73 39.73 37.36 37.82 39.25 39.42 39.66 40.05 40.23 38.45 38.34 38.60 38.11 38.04 40.28
Tj.o2 0.06 0.05 0.02 0.04 0.03 0.05 0.02 0.02 0.02 0.03 0.03 0.02 0.02 0.02 0.04 0.02 0.02
1\1203 21.20 21.24 22.09 22.03 20.61 20.45 21.81 21.99 21.94 22.42 22.48 21.53 21 .44 21.15 21.13 21.19 22.54
Cx'.‘203 0.04 0.05 0.00 0.00 0.01 0.01 0.13 0.08 0.08 0.02 0.01 - - - 0.02 0.00 0.03
FeO 24.55 24.56 22.38 22.64 31.%0 32.65 23.96 23.58 23.45 21.59 21.65 25,13 25,54 26.38 27.32 28.08 19.81
MnO 0.32 0.35 0.47 0.39 1.01 l1.08 0.54 0.50 0.51 0.35 0.37 0.57 0.68 0.67 0.66 0.62 0.33
MgO 6.63 6.54 8.90 9.18 4.75 4.85 9.96 10.22 10.47 12.98 13.07 6.56 6.58 6.39 5.32 4.98 12.77
Ca0o 9.43 9.26 7.24 6.46 4.60 4.36 4.81 4.72 4.64 3.59 3.46 8.17 7.71 7.29 7.51 7.50 4.93
TOTAL 101.00 100.51 100.88 100.48 100.56 101.57 100.64 100.67 100.89 101.23 101.48 100.64 ioo.53 100.68 100.27 100.62 100.82

MINERAL FORMULAE (12 OXYGENS)

si 2.950 2.941 3.001 3.010 2.953 2.964 2.975 2.979  2.987 2.965 2.970 2.962 2.960 2.984 2.976 2.969 2.983
Ti 0.004 0.003  0.001 0.003 0.002 0.003 0.001  0.001 0.001 0.002  0.002 0.001 0.001 0.001 0.003 0.001 0.001
a1 1.916 1.930 1.967 1.968 1.920 1.889 1.948 1.959  1.948 1.95 1.956 1.955 1.951 1.927 1.945 1.949 1.967
cr 0.003 ©0.003 - - 0.001 0.001 0.008 0.005 0.005 0.001 0.001 - - - 0.002 - 0.002
ret 0.175 0.179 0.029°  ©0.008 0.170 0.178 0.093  ©0.076 ©0.071 0.109 0.100 0.120  0.127 0.105 0.097 0.110 0.064
Fe2+ 1.400 1.405 1.384 1.427 1.938 1.963 1.425 1.415 1.406 1.228 1.237 1.498 1,522 1.601 1.687 1.723 1.163
Mn 0.021 0.023  0.030 0.025 0.068  0.072 0.035 0.032 0.033 0.022 0.023 0.037  0.045 0.044 0.044 0.041 0.021
Mg 0.758 0.751 1.002 1.037 0.559 0.567 1.125 1.151 1.175 1.432 1.438 0.753 0.757 0.736 0.619 0.579 1.409
Ca 0.775 0.765 0.586 0.52% 0.1389 0.366  0.390 0.382 0.375 0.285 0.274 0.674  0.638 0.604 0.629 0.627 0.391
TOTAL 8.002 7.997 8.000 8.003 8.000 8.003 8.000 8.000 8.001 8.000 8.001 8.000 8.001 8.002 8.002 7.999 8.001

END-MEMBERS (%)

ANDR 8.73 9.01 1.48 0.41 8.61 8.87 4.65 3.76 3.53 5.45 4.99 6.07 6.41 5.20 4.81 5.53 3.19
PYROPE 25.66 25.62 33.46 34.98 18.94 19.09 37.80 38.62 39.33 48.27 43.39 25.42 25.57 24.66 20.79 19.50 47.23
SPESS 0.70 0.78 1.00 0.85 2.29 2.42 1.17 1.07 1.09 0.74 0.78 1.26 1.50 1.47 1.47 1.38 0.69
GROSS 17.26 16.72 18.09 17.28 4.49 3.34 8.04 8.79 8.72 4.03 4.14 16 .66 15.09 14.99 16.15 15.55 9.80
ALM 47.41 47.72 45.97 46 .48 65.69 66.15 47.91 47.48 47.05 41.39 41.62 50.57 51.39 53.64 56.65 58.00 38.97
SCHORL 0.12 0.10 .- - 0.06 0.10 0.04 0.04 0.04 0.06 0.06 0.04 0.04 0.04 0.08 0.04 0.04
UVAR 0.12 0.16 - - 0.03 0.03 0.39 0.24 0.24 0.06 0.03 - - - 0.06 - 0.09

Fe3+ calculated by charge balance
Figures in brackets refer to the mmber of analysis points




TABLE 7.6 Analyses of clinopyroxenes from the eclogites

D8 D8 D30 D30 D38 D38 D102 D102 283 283 284 284 M7 M26
(wt. %) Core Rim Core Rim Core Rim Core Rim Core Rim Symplectites Symp.
(1) (4) (1) (1) (2) (2) (1) (1) (4) (3) (1) (1) (1) (3)
sio, 52.80 53.13 51.88 52.78 52.77 52.72 54.63 54.69 55.56 55.58 50.38 50.55 50.63 55.36
Tio, 0.22 0.22 0.17 0.07 0.11 0.13 0.09 0.13 0.15 0.16 0.31 0.29 0.50 0.15
Al,0g 6.41 6.06 6.34 8.08 2.46 2.84 5.43 5.86 7.11 7.12 4.81 4.21 3.98 8.73
Cr 0, 0.07 0.06 - - 0.04 0.0l - - 0.02 0.0l - - - 0.02
FeO 8.57 8.52 " 7.09 6.48 15.43 15.52 6.60 6.92 5.48 5.49 9.80 9.21 11.66 4.41
MnO 0.03 0.03 0.13  0.10 0.12 0.14  0.06 0.10 0.03 0.03 0.14  0.13  0.15 -
MgO 10.49 10.54 11.88 10.74 9.17 9.30 11.58 11.35 11.31 11.36 11.52 12.05 10.85 . 10.35
Ca0o 19.11 19.09 20.81 18.39 17.31 17.50 17.47 16.99 16 .44 16.40 20.64 21.55 20.44 15.71
Na,0 3.05 3.10 1.67 3.04 3.30 3.01 4.06 4.15 4.85 4.76 1.19 0.94 1.15 5.28
TOTAL 100.75 100.75 99.97 99.68 100.71 101.17 99.92 100.19 100.95 100.91 98.79 98.93 99.36 100.0l
MINERAL FORMULAE (6 OXYGENS)
Si 1.924 1.935 1.908 1.929 1.965 1.958 1.977 1.976 1.975 1.977 1.898 1.900 1.913 1.978
Ti 0.006 0.006 0.005 0.002 0.003 0.004 0.002 0.004 0.004 0.004 0.009 0.008 0.014 0.004
Al 0.275 0.260 0.275 0.348 0.1l08 0.124 0.232 0.250 0.298 0.299 0.214 0.187 0.177 0.368
cr 0.002  0.002 - - 0.001  0.000 - - 0.001  0.000 - - - 0.001
re>t 0.079 0.074 0.019 0.006 0.192 0.169 0.094 0.083 0.079 0.067 0.060 0.065 0.053 0.034
et 0.182 0.185 0.199 0.192 0.288 0.313 0.106 0.126 0.084 0.097 0.248 0.224 0.315 0.098
Mn 0.001 0.001 0.004 0.003 0.004 0.004 0.002 0.003 0.001 0.001 0.004 0.004 0.005 -
Mg 0.570 0.572 0.651 0.585 0. 509 0.515 0.625 0.611 0.599 0.602 0.647 0.675 0.611 0.551
Ca 0.746 0.745 0.820 0.720 0.691 0.696 0.678 0.658 0.626 0.625 0.833 0.868 0.827 0.601
Na 0.215 0.219 0.119 0.215 0.238 0.217 0.285 0.291 0.334 0.328 0.087 0.069 0.084 0.366
TOTAL 4.000 3.999 4.000 4.000 3.999 4.000 4.001 4.002 4.001 4.000 4.000 4.000 3.999 4.001
END-MEMBERS (%)
Ca-Ti-Ts 0.60 0.60 0.47 0.19 0.31 0.36 0.25 0.35 0.40 0.43 0.88 0.82 1.42 0.40
Ca-Ts 6.43 5.26 8.26 6.75 2.85 3.50 1.79 1.74 1.74 1.44 8.47 8.35 5.88 1.41
Ko 0.20 0.17 - - 0.12 0.03 - - 0.06 0.03 - - _ 0.06
Jd 13.46 14.29 10.03 20.91 4.48 4.70 19.10 20.77 25.49 26.12 2.66 0.32 3.12 33.13
Ac 7.88 7.43 1.88 0.62 19.23 16.94 9.39 8.30 7.87 6.68 6.03 6.53 5.30 3.39
Di 51.12 51.79 55.84 48.80  41.88 40.70 56.05 52.56 52.94 52.20 53.17 58.01 49.50 49.53
Hd 16.36 16.77 17.09 16.00 23.73 24.72 9.50 10.85 7.44 8.37 20.43 19.27 25.56 8.80
Jo 0.08 0.08 0.35 0.26 0.31 0.35 0.17 0.26 0.08 0.08 0.37 0.36 0.39 -
En 2.92 2.71 4.64 4.84 4.51 5.38 3.21 4.27 3.48 4.01 5.75 4.75 5.80 2.79
Fs 0.93 0.88 1.42 1.59 2.55 3.27 0.54 0.88 0.49 0.64 2.21 1.58 2.99 0.50
Rh 0.01 0.01 0.03 0.03 0.03 0.05 0.0l 0.02 0.01 0.0l 0.04 0.03 - 0.05 -

Fe3+ calculated on the basis of the structural formula after

Figures in brackets refer to the number of analysis points

Mysen & Griffin (1973)




TABLE 7.7 BAnalyses of amphiboles
from eclogites

wo| mm
si0, 41.27 41.17 44.12
Tio0, 1.78 1.86 0.97
AL0, 12.30 11.42 13.57
FeO 15.32 18.84 8.22
MnO 0.07 0.09 -

MgO 10.89 9.31 15.72
Ca0 11.29 10.65 10.80
Na,0 1.84 2.07 2.95
K0 1.34 1.18  0.93
TOTAL 96.10 96.59 97.28

MINERAL FORMULAE (23 OXYGENS)

si 6.223 6.242 6.291
T4 0.202  0.212 0.104
Al 2.186 2.041 2.281
re3* 0.520 0.753 0.642
et 1.412 1.636 0.339
Mn 0.009 0.012 -

Mg 2.448 2.104 3.342
ca 1.824 1.730 1.650
Na 0.538 0.609 0.816
K 0.258 0.228 0.169
TOTAL 15.620  15.587  15.634

Fe3+ calculated by the iterative method
of Leake (1978)

Figures in brackets indicate the number
of analysis points



TABLE 7.8 Analyses of feldspars
associated with symplectic
clinopyroxenes in eclogites

(wt. %) 284 M7

SiO2 63.54 64.84
A1203 22.67 21.86
FeO 0.15 0.19
Cao 4.00 3.35
Bao 0.06 -

Na20 9.05 9.88
K20 0.30 0.39
TOTAL 99.77 100.51

MINERAL FORMULAE (8 OXYGENS)

Si 2.815 2.852
al 1.184 1.133
Fe 0.006 0.007
Ca 0.190 0.158
Ba 0.001 -

Na 0.778 0.842
X 0.017 0.022
TOTAL 4,991 5.014

END-MEMBERS (%)

Ab 78.9 82.4
An 19.3 15.5
Or 1.8 2.1
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(sample F4 - see section 5.4), and those in the Augen Gneiss (Carswell &
Harvey, 1983) they are less grossular and more almandine-rich, effects
likely to be the result of the more acidic bulk compositions of sample
F4 and the Augen Gneiss. Compared to the garnets in the Garnet-
Granulite (section 3.4), those in the eclogites are slightly more
almandine-rich again reflecting the generally more Fe-rich bulk compos-
itions of the eclogites. Within the eclogites themselves, the garnet
compositions reflect the bulk compositions of the rocks: e.g. D38 (an
equivalent sample to D37 in Table 7.2) is an Fe-rich eclogite and has
garnets with high Fe-contents, giving exceptionally high almandine
values (see Table 7.5). It is interesting to note that although D38 is
an Fe-Ti type eclogite, the contained garnets contain as little Ti as
those from other, less titaniferous eclogites perhaps reflecting the
expulsion of Ti from this phase postulated by Pinet & Smith (1982) for
silicates formed under eclogite facies conditions.

The analyses of the clinopyroxenes are given in Table 7.6 and are
of both unaltered discrete grains and symplectic grains. All the
analyses come from matrix clinopyroxenes. The varying degrees of

symplectite formation are reflected in the depleted Na,O contents,

2
enrichment in FeO and lower calculated jadeite contents of the grains,
on Fig. 7.6(b), only a few analysed grains are true omphacites according
to the division of Essene & Fyfe (1967), the remainder being ‘'augites',
in fact dominated by diopside component. The plot of Lovering & White
(1969) shows that the majority of the analyses are of eclogite facies
pyroxenes (Fig. 7.7(a)). Although the apparently unaltered grains show
no evidence of compositional zoning their compositions are fairly vari-

able as a result of the symplectitisation. As in the garnets, the

compositions of the clinopyroxenes tends to reflect the bulk composition
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of the rocks: D38 exhibits Fe-rich clinopyroxenes in a Fe-rich rock;
although these pyroxenes are not particularly Ti-rich. Overall, these
clinopyroxenes in Table ?.6 are not particularly omphacitic for eclogites,
considering that the generally retrogressed Garnet-Granulite had
relict eclogite facies clinopyroxenes with jadeite contents of 30-40%.
Analyses of clinopyroxenes from eclogites elsewhere in Norway also tend
to have higher jadeite contents: 35-40% in the Ulsteinvik eclogite

(Mysen, 1972); 44% in eclogites at Sunnfjord (Krogh, 1980a); 50% in the
eclogites of the Seve Nappe (van Roermund, 1983).

In addition to the spot analyses performed on these phases,
analytical traverses were made across several grains of clinopyroxene and
garnet in the eclogites to investigate the nature of the zoning. For
these analyses the EMP was programmed to analyse for Mg and Fe, over a
counting time of 10 secs, in steps of 50 y across the grain. Towards
the rims of the grains,‘the steps were decreased to 10 u in order to
pick up any small scale zoning resulting from partial re-equilibration
of the rims.

Fig. 7.7(b) shows typical zoning profiles from garnets and clino-
pyroxenes in the eclogites; these particular profiles are from sample D8.
The profiles are virtually flat, except for a slight prograde rim on the
clinopyroxene, where an increase in Fe and a drop in Mg results in a
lower Mg/ (Mg + Fe) ratio; this pattern is not reflected in an increased
Mg/ (Mg + Fe) ratio in the garnet. A few garnets show retrograde rims
with a drop in the Mg/ (Mg + Fe) ratio although these are generally very
narrow. These profiles are unlike those from minerals in eclogites
elsewhere in the Basal Gneiss Complex which display strong zoning from
core to rim in both garnet and clinopyroxene. With increases in Ca and

Mg, and decreases in Fe and Mn in the garnet and increases in Na and Al,
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and decreases in Ca in the clinopyroxenes, these profiles have been
interpreted as reflecting the growth of the minerals in a prograde meta-
morphic environment (e.g. Bryhni & Griffin, 1971; Krogh, 1982; Cuthbert &
Carswell, 1982).

The lack of zoning in the minerals here is in accord with the presence
of rutile and omphacite inclusions throughout the garnet grains, whereas
the zoned gamrnets cited above tend to exhibit an ordered distribution of
different inclusions, reflecting growth in a prograde metamorphic environ-
ment, such as amphibole at the core and omphacite at the rim (Krogh, 1982
and see section 1.3). The lack of chemical, or mineral inclusion zoning
suggests that these garnets have been homogenised by volume diffusion
(Freer, 1979; Tracy, 1982) at temperatures above the diffusion threshold
for garnets of this composition. Although cooling rate affects closure
temperatures, such that the faster the cooling rate, the higher the
closure temperature, the following relationships apply to the closure

temperatures of garnets:
almandine-pyrope is higher than grossular is higher than pyrope

(Humphries & Cliff, 1982). Since this terrain, and the enclosed
eclogites, has been postulated as having had a rapid uplift subsequent to
the Caledonian metamorphism (Chapter 3, and Cuthbert et al., 1983), and
the compositions of these garnets are almandine-pyrope, they can be
expected to have had fairly high closure tehperatures, perhaps > 700°C
fram the data in Humphries & Cliff. The presence of slight prograde or
retrograde rims on some of these phases, including the clinopyroxenes
probably reflect the different responses of these minerals to temperature
variations and their different diffusion coefficients (Tracy, 1982).

The amphibole analyses in Table 7.7 are of two secondary amphiboles

(samples 284 and M7) and one primary amphibole (sample M26). All are



231

Ca-rich amphiboles in the classification of Leake (1978) with (Ca + Na)B >
1.34. The primary amphibole in M26 is more Mg, Na and Al rich, but
poorer in Fe and K than the secondary amphiboles. This particular amphi-
bole classifies as a pargasite according to Leake, which confirms the
petrog:aphic identification (see section 7.1.1). The two secondary
amphiboles are of broadly similar composition although they are from

di fferent rocks, and both replace clinopyroxenes. BAs noted by Lappin &
Smith (1978) these secondary amphiboles are richer in Ti than the early
(their 'primary') amphiboles which has been attributed to variations in
oxidation conditions during the eclogite-facies and subsequent retrograde
metamorphic events (Pinet & Smith, 1982). Both are classed as Mg-

Hastingsites on Leake's classification.

7.3.2 The metadolerites

The analyses of the garnets and clinopyroxenes from sample 286 are
gi§en in Tables 7.9 and 7.10 respectively; the relationship between the
analysed points and the mineral texture is shown in Fig. 7.8(a). The
analyses are plotted on Figs. 7.6 and 7.7(a) with the data from the
eclogites. The garnets show little zoning, as found by Griffin & Rgheim
(1973) in the eclogitic dolerites at Kristiansund, and have comparable
chemistries to those in the eclogites: almandine-pyrope-grossular types
and consequently plot in roughly the same position on Fig. 7.6(a). The
clinopyroxenes, however, are well zoned, although not in the prograde
fashion observed by Griffin & Rgheim (1973) with increasing jadeite
content from core to rim. The unusual zoning pattern observed here is
difficult to explain unless the original igneous pyroxenes were similarly
zoned, or the phases have reacted with ophitic igneous plagioclases, no
longer present. The consistency of the zoning trends in the two differ-

ent grains favours the first possibility. As found by Griffin & Raheim



TABLE 7.9 Analyses of garnets from metadolerite

286 286 286 286 286
(wt. %) A B C D E
(1) (1) (1) (1) (1)
si0, 38.75 38.60 38.42 39.04 38.97
TJ'.C)2 0.04 0.02 0.05 0.02 0.04
AL0, 21.69 21.86 21.87 21.60 21.75
FeO 24.92 25.05 25.03 26.73 26.48
MnO 0.45 0.48 0.47 0.56 0.51
MgO 7.24 7.19 7.10 8.38 7.42
ca0 7.38 7.49 7.71 4.46 5.90
TOTAL 100.47  100.69  100.65  100.79  101.07
MINERAL FORMULAE (12 OXYGENS)
si 2.973 2.957 2.944 2.986 2.980
Ti 0.003 0.001 0.003 0.001 0.003
Al 1.962 1.974 1.975 1.947 1.961
et 0.088 0.112 0.132 0.079 0.074
re?t 1.512 1.491 1.473 1.630 1.620
Mn 0.029 0.031 0.031 0.037 0.033
Mg 0.828 0.821 0.811 0.855 0.846
ca 0.607 0.615 0.633 0.366 0.484
TOTAL 8.002 8.002 8.002 8.001 8.001
END-MEMBERS (%)
ANDR 4.33 5.62 6.60 3.9 3.61
PYROPE 27.82 27.75 27.51 3.98 28.35
SPESS 0.98 1.05 1.04 1.22 1.11
GROSS 15.98 15.12 14.79 8.23 12.53
ALM 50. 80 50.41 49.97 54.57 54.33
SCHORL 0.08 0.04 0.10 0.04 0.08

Fe3+ calculated by charge-balance

Figures in brackets refer to the number of analysis points




TABLE 7.10 Analyses of clinopyroxenes

from metadolerite

286 286 286 286 286 286

(wt. %) A B (o4 D E F
(1) (1) (1) (1) (1) (1)

si0, 54.61 54.72 54.38 54.39 52.87 53.10
TiO, 0.58 0.68 0.66 1.56 1.36 0.62
AL,0, 7.85 5.72 6.66 5.07 4.22 6.58
FeO 6. 86 6.59 6.67 8.26 7.56 7.95
MgO 9.40 10.79 10.10 10.73 12.03 10.83
Cca0 15.88 18.26 17.09 17.01 20.11 18.44
Na,0 4.94 3.90 4.50 3.85 2.30 2.98
TOTAL 100.12  100.66  100.06  100.87  100.45  100.50
MINERAL FORMULAE (6 OXYGENS)
Si 1.973 1.975 1.969 1.964 1.935 1.937
Ti 0.016 0.018 0.018 0.042 0.037 0.017
al 0.334 0.243 0.284 0.236 0.182 0.283
Fe3+ 0.039 0.055 0.063 0.090 0.046 0.020
re2t 0.169 0.144 0.139 0.159 0.186 0.223
Mg 0.506 0.580 0.545 0.577 0.656 0.589
ca 0.615 0.706 0.663 0.658 0.789 0.721
Na 0.346 0.273 0.316 0.270 0.163 0.211
TOTAL 3.998 3.994 3.997 3.996 3.994 4.001
END-MEMBERS (%)
Ca-Ti-Ts 1.35 1.29 1.55 1.89 3.25 1.70
Ca-Ts - - - - - 2.89
Jd 30.86 21.97 25.44 18.61 11.85 19.12
Ac 3.87 5.55 6.28 9.36 4.61 1.96
Di 45.09 55.58 51.57 50.07 59.02 48.96
Hd 15.03 13.78 13.19 13.81 16.70 18.54
En 2.85 1.48 1.57 4.92 3.56 1.88
Fs 0.95 0.37 0.40 1.36 1.0l 4.96

Fe3+ calculated on the basis of the structural formula (cf. Mysen &

Griffin, 19

Figures in brackets refer to the mumber of analysis points

73)
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the clinopyroxenes are Ti-rich and significantly more so than those in
the eclogites (see Table 7.6), even when compared to those in the Fe-Ti
type eclogites (D8 and D38). These high Ti values appear to be a reflec-
tion of the pigmentation of the pyroxenes (see Plates 7.3(a) and (b)),
considered by Griffin & Rgheim to be due to exsolved rutile lamellae.
This expulsion of Ti by silicates under eclogite facies conditions
illustrates the conjective of Pinet & Smith (1982) that such a process
occurs during such high grade metamorphism. The appearance of apparent
primary, igneous exsolution lamellae in these highly jadeitic pyroxenes
suggests that the primary phases have been nade over' to these new
compositions by diffusion processes (cf. Griffin & Rgheim, 1973) .
Together with the data from the eclogite clinopyroxenes on Fig. 7.7(a),
these data from the metadolerite clinopyroxenes illustrate well the path
of prograde eclogite facies mineral development from low-P igneous
assemblages, and their subsequent retrograde path to high-P granulite,
with exsolved feldspars in the clinopyroxenes (cf. that postulated by

Griffin & RSheim, 1973).

7.3.3 The garnet-peridotite

The mineral analyses of the phases in the Kolmannskog garnet
peridotite and associated eclogite are given in Table 7.11 and all of
them reflect well the Fe~Ti nature of the bulk compositions of these
rocks (see section 7.2.3), with Fe-rich olivine (Fo 8l), orthopyroxene
(En 82) and a garnet of (Pyr56Alm29Grossg). In the Mg-Cr type of
garnet peridotite of Carswell et al. (1983b) the constituent phases have

typical values of: ol (Fo 82-92), orthopyroxene (En 84-93) and garnet

Gross ). The garnets and pyroxenes in the Mg-Cr

(BYT ey 5R1m 5 _3q 5-10

type peridotites also tend to have substantial contents of Cr (0.6-

4,35 wt. %) and (0.47-2.6 wt. %) respectively; these two phases in this



TABLE 7.11 Analyses of minerals occurring in

the peridotite and associated

eclogite at Kolmannskog.

Piiid éﬁ?i Pigid ;iii 9185 . 5 185 185
. . . . erid. Perid. Perid. Perid. Eclo 165
Gnt Gnt Cpx Cpx Opx ol Spinel Mica Mica Perid.
(3) 3 (3) (6) (6) (5) (1) (2) (2) P
si0, 40.80 40.06 54.62 54,07 56.22 39.72 - 38.16 3s.10 43‘827——1
TiO, 0.0l 0.03 0.10 0.1l 0.04 0.0l 0.02 0.83 2,12 0.43
Al 0, 22.63 22.17 1.02 2.54 1.44 - 63.62 16.69 14.01 14.66
cr,0, - 0.13 0.08  0.08 0.01 0.01 0.13 - 0.07 _
FeO 15.56 20.47 4.06 5.87 11.23 17.44 18.15 6.17 10.13 7.80
Mno 0.90 0.68 - - - 0.28 - 0.03 0.05 _
Mgo 15.34 12.49 17.18  14.43 30.84 42.77 18.38 21.60 18.39 15.37
€a0 4.94 4.76 22,62 21.35 0.27 - - - 0.07 12.69
Na,0 - - 0.31  1.53 0.0l - - 0.18 0.39 0.93
xzo - - - - - - - 9.78 9.19 1.54
TOTAL 100.18  100.79 99.99 99.98 100.06 100.23 100. 30 93.44 92.52 97.24
MINERAL FORMULAE
12 ‘o' 12 ‘o 6 '0' 6 '0' 6 ‘0 4 'or 4 o' 22 ‘o' 22 '0' 23 ot
si 2.983  2.975 1.988 1.976 1.979 1.005 - 5.564  5.722 6.270
TL  0.001  0.002 0.003  0.003 0.001 0.000 0.000 0.091  0.240 0.046
Al 1.951 1.940 0.044 0.109 0.060 - 1.912 2.869 2.481 2.472
cr - 0.008 0.002 0.002 0.000 0.000 0.003 - 0.008 -
re* 0.082  0.098 0.000 0.039 0.000 0.000 0.090 - - 0.465
re2? 0.860  1.173 0.124 0.140 0.331 0.369 . 0.297 0.753  1.272 0.468
Mn 0.056  0.043 - - - 0.006 - 0.004  ©0.006 -
Mg 1.672 1.383 0.932  0.786 1.618 1.613 0.698 4.694 4.116 3.278
ca 0.387 0.379 0.882 0.836 0.010 - - - 0.011 1.946
Na - - 0.022 0.l08 0.001 - - 0.051 0.114 0.258
X - - - - - - - 1.819 1.762 0.281
TOTAL 8.001 8.001 3.997  3.999 4.000 2.993 3.000 15.845 15.732 15.484
END-MEMBERS (%)
ANDR 4.11 4.91 | ca-Ti-Ts 0.28  0.30 0.11 Fo 81 SPINEL 95.37 Mg/Fe 6.23 3.24
PYROPE  56.02  46.44 ) Ca-Ts 0.63  1.82 0.93 MAGN. 4.50
SPESS 1.87 1.44 Ko 0.23 0.23 0.03 CHROM. 0.13
GROSS 8.84 7.31 o4 1.97  6.69 0.04
ALM 29.14 39.40 | ac - 3.92 -
SCHORL 0.02 0.06 | pi 77.47  69.13 -
UVAR - 0.39 | Ha 10.27 12.34 -
Jo - - -
En 8.09 4.73 82.12
Fs 1.07 o0.84 16.78
Rh - - -

3+
Fe calculated by charge-balance (garnets and spinel); on the basis of the structural formu}l l £f. M & i
] . ula l(c ysen Gxiffin 1973 for pyroxenes); and the iterative method

" of Leake (1978)

(amphibole) .
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Fe-Ti type peridotite are notably poor in Cr (cf. Carswell et al., 1983b).
Furthermore, the spinel is notably Cr-poor (0.13% chromite), those in
the Mg-Cr type peridotites have typical chromite contents of 8-24%.

The clinopyroxene from the associated eclogite is only slightly
omphacitic, but is comparable to those in the external eclogites (see
Figs. 7.6(b) and 7.7(a)). The garnet is also fairly comparable to those
in the external eclogites although slightly more pyropic (Fig. 7.6(a)).

The micas from both the peridotite and associated eclogite are Ti-
phlogopites, with Mg/Fe ratios > 3. Of all the analysed phases in this
body only these show any degree of Ti enrichment.

The secondary hornblende, although occurrxing in a rock with a
significantly different composition to the 'external' eclogites has a
chemistry very similar to the amphiboles occurring in those eclogites
apart from some MgO-enrichment. It is a Tschermakite on the basis of

Leake's (1978) classification.

7.3.4 Pressure and temperature calculations

The pressure and temperature data calculated for the eclogites,
metadolerite and garnet-peridotite from the data in Tables 7.5-7.11 are
given in Fig. 7.8(b) and in Table 7.12. Only adjacent rim compositions
have been used in these calculations to ensure, as far as is practicably
possible, that the two phases are in equilibrium and will therefore
reflect the P and T of final equilibration.

The P-T values for the non—symplectitiq eclogites of metadolerites
are shown as P-T lines on Fig. 7.8(b), using the calibration of Ellis &
Green (1979) as there is no method of obtaining a P estimate for these
rocks from their assemblages. For the symplectite bearing eclogites
(i.e. retrograde granulite facies assemblages) the methods of Ellis &

Green (1979), Krogh (1983) and Newton & Perkins (1982) were solved



TABLE 7.12 Pressure and temperature data calculated for the meta-basic and meta-ultrabasic bodies

PARAMETERS METHODS (P in kbars, T in °C)
K * K zant Xplag 4 gq| M&G E& G/N & P K/N & P W/Wo M & G/Wo E & G/Wo O & W/Wo
D D Ca An T T P T P T P T P T P T P
NON-SYMPLECTITE ECLOGITES
D8 4.74 5.78 .2599 - - 747
D30 4.10 4.19 .1742 - - 804
D38 4.15 5.70 .1233 - - 799
D102 3.81 5.80 .1255 - - 835
182 4.09 4.76 .1273 - - 804
283 3.53 5.34 .0922 - - 869
M26 4.64 4.64 .1310 - - 847
SYMPLECTIC ECLOGITES
284 5.50 6.55 .2023 .789 .32 694 723 10.3 665 9.6
M7 5.30 5.77 1211 .824 3.12 707 771 12.2 717 11.5
METADOLERITES
286/1 3.95 5.44 .2147 - - 819
286/2 4.79 6.95 .1623 - - 743
GARNET PERIDOTITE
[AIBS { 4.29 3.92 .1297 - - I 785 953 24.7 822 17.9 839 18.8 802 16.9
S . 2+
KD* = garnet/cpx Fe-Mg partitioning with all Fe as Fe
3+
KD = garnet/cpx Fe-Mg partitioning with calculated Fe
xggt = Ca/(Ca + Mg + Fe + Mn)
286/1 = cpx A + gnt C in Tables 7.9 and 7.10
286/2 = cpx D + gnt E in Tables 7.9 and 7.10
M & G = Mori & Green (1978); C & C = Currie & Curtis (1976); E & G = Ellis & Green (1979); K = Krogh (1983); N & P = Newton &
Perkins (1982); W = Wells (1977); Wo = Wood (1974); O & W = O'Neill & Wood (1979)

See Appendix B for calculation procedures
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iteratively. The values for the garnet peridotite were calculated using
the computer program 'NODMINS' written by F.G.F. Gibb. Each pair of
methods was solved simultaneously, except for Mori & Green/Wood since
the method of Mori & Green does not include a pressure dependance factor.

With regard to the values in Table 7.12, for the garnet peridotite,
the T from the method of Wells (1977) is perhaps overestimated due to
the Fe-rich nature of the rocks which may be inadequately accounted for
in the method (Carswell & Griffin, 198l1); this high T value then results
in a high P value for the method of Wood (1974). The Fe-rich nature of
the rocks may also be the cause of the high temperatures from the methods
of Ellis & Green (1979) and Mori & Green (1978). Overall, the range of
temperatures for this rock are at slightly higher values than the data
calculated for comparable rocks by other workers although the pressure
values are fairly similar (see Fig. 7.8(b)). Unfortunately, the Fe-
rich nature of the spinel in the garnet-peridotite did not allow the
calculation of meaningful pressure values by the method of O'Neill (1981)
due to the uncertainties over the effects of Fe2+ and Fe3+ on the gnt-
lherzolite/spinel-lherzolite transition (MacGregor, 1970; O'Neill, 1981).
Besides, the method of O'Neill (198l) is for Cr-rich spinels, and those
in the garnet-peridotite are very low in Cr and would not be expected to
give a very large correction to the garnet-orthopyroxene barometer (see
section B.l.2(a)). Using the pressure brackets of 17 and 19 kbar from
this rock, temperature values can be obtained for the non-symplectite
bearing eclogites. It is felt that these pressure values are applicable
to the eclogites for two reasons:

(i) the eclogites and garnet-peridotite are considered to be co~

eval in formation and are likely to have suffered the same subsequent

metamorphic history;
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(ii) the pressure values for the orthopyroxene-bearing eclogites
(U19, U206, U243) obtained by Carswell et al. (1983a) are comparable
(see Fig. 7.8(b)).

At 17 kbar the mean temperature for the eclogites is 769°C and 19 kbar
the mean temperature is 775°C. (If the method of Krogh (1983) had been
used to calculate these P-T lines, these temperature values would be

~ SOOC lower.) This temperature value is only slightly higher than the
value obtained by Krogh (1982) for the eclogite at Reset (on Aukra to
the W of the Molde Peninsula); but is significantly higher than the
value obtained by Krogh for the eclogite at Hargysund on the NW coast of
the Molde Peninsula (see Fig. 7.8(b)). However, this temperature value
fits in well with the regional distribution of temperatures derived from
eclogites across the Basal Gneiss Complex, from which temperatures

> 750°C would be expected for eclogites in this area (Krogh, 1977;
Griffin et al., 1983; see Fig. 1.3).

The data for the symplectite-bearing eclogites, on the other hand,
indicate slightly lower temperatures than those for the retrograded and
symplectised Garnet-Granulite at Tverrfjella, but agrees very well with
the P-T values obtained by Krogh (1982) from secondary orthopyroxenes in
the Reset eclogite (see Fig. 7.8(b)).

Unfortunately, the lack of zoning in the garnets and clinopyroxenes
does not permit the derivation of a prograde path of metamorphism for
these rocks as done by Krogh (1980) for the Verpeneset eclogite at
Nordfjord shown on Fig. 7.8(b). However, an important point here is
that the data for the metadolerites are very comparable to the eclogites
at pressures of 17-19 kbar (Fig. 7.8(b)) although the rocks exhibit
relict igneous textures. This evidence implies that these rocks have

been transformed from low-P igneous protoliths to 'eclogitic' rocks
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through prograde metamorphism. Furthermore, from the suggestion that
these rocks are genetically related to the eclogites (see section 7.2.2),
which are also considered to have low P igneous protoliths from the
chemical evidence (section 7.2.1), it seems reasonable to suppose that
those eclogites have also suffered a prograde metamorphism, perhaps
along a similar trajectory as that proposed by Krogh for the Verpeneset
eclogite. The retrograde textures in the symplectite-bearing eclogites
reflects the subsequent decompression of the rocks, as seen in the
Garnet-Granulite at Tverrfjella and other high-P granulites on the Molde
Peninsula (Fig. 5.5). Indeed the postulated metamorphic path for the
Garnet-Granulite could equally well be applied to the metamorphic condi-
tions calculated for these eclogites. Furthermore, the garnet-peridotite
exhibits textures indicative of a virtually isothermal decompression,

as spinel-orthopyroxene symplectites on garnets (section 7.1.3), marking
the passage of the rocks from garnet-lherzolite to spinel-lherzolite

(see curve on Fig. 7.8(b)).

The constancy of the P-T data from the various analysed rocks on
the Molde Peninsula is encouraging and supports the idea that the whole
of this area has suffered the same eclogite facies metamorphic event.
The data are not compatible with those of Lappin & Smith (1978) (30-

45 kbar at 700—900°C) for eclogites at Selje and are not considered to
represent equilibration under upper mantle conditions. 1In addition,
the data of Lappin & Smith are not considered to adequatelf reflect
equilibration of the co-existing phases since the points analysed by
thém are of core compositions of minerals, which cannot reliably be
demonstrated to have been in equilibrium and hence to give reliable P-T
values. Furthemmore, the model presented by Lappin & Smith (1978) for

the eclogites as tectonically introduced bodies into the lower crust,
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perhaps as part of the 'mega-mélange' postulated by Smith (1980), during
continent-continent collision is considered not to be geologically
viable and unnecessarily complex. Such large-scale lithological mixing
is not considered to be consistent with the regional distribution of the
equilibration temperatures derived from the eclogites (cf. Griffin et al.,
1983) . Also, if the eclogite bodies were intruded tectonically, it
would be expected that they would be along large crustal dislocations or
at major lithological boundaries. From the evidence on the Molde
Peninsula, neither of these situations have been observed. The present
disposition of the eclogites as relatively small bodies with tectonic
margins to the country rock gneisses does not require such large tectonic
movements; localised disruption from larger bodies, as suggested in
Chapter 2, will also give such contacts (cf. Mgrk, 1982).

From the postulated time of intrusion of the igneous precursors to
the meta-basic rocks (section 7.3.4) and the recent radiometric age
determinations on these rocks which indicate a Caledonian eclogite meta-
morphic facies event (Krogh et al., 1973; Griffin & Brueckner, 1980;
Gebauer et al., 1982; Mearns & Lappin, 1982a), the formation of these
high-grade assemblages is considered to have occurred at that time,
during a continent-continent collision between the Baltic and Greenland
‘plates', as set out in Cuthbert et al. (1983): considerable crustal
thickening occurred during that collision, up to 65 km, resulting from
imbrication of the crustal rocks and over-riding nappe sheets giving
maximum metamorphic conditions of n 7SO°C and 20 kbar, now observed on
the W coast of Southern Norway (Fig. 1.3). Subsequent underthrusting
of the Baltic 'plate' under the now eclogite-bearing crustal rocks,
plus tectonic stripping and erosion, rapidly uplifted the rocks, giving
the decompression textures seen, plus hydration, leading to their

eventual exposure at the present land surface.
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PLATE 7.1

Typical appearance of a pod of eclogite in outcrop. Note: the

lensoidal form; the sharp contact with the host gneisses, partly
filled by a quartz vein; and the small-scale mineralogical banding

of the rock. Julneset point (970569).

A 'zone' of fairly small, amphibolitised eclogite pods. Note the
variable sizes of the pods. Hammer indicates the general direction

of the local strike direction. N coast Vggéy (995684) .

General appearance of a Class I eclogite. Clinopyroxene lies
above centre and centre bottom. Note irregular form of the gammet

with slight amphibole development on the rim. (Sample D8, plane-

polarised light.)

Sample of eclogite displaying small, rounded, sub-idioblastic

garnets, clinopyroxene to the right. (Sample M26, cross-polarised

light.)

General appearance éf a Class II eclogite. Note incipient sym-
plectite in the clinopyroxene, top right of centre and amphibole
development around the garnet (left and centre bottom). This
‘'sample also displays on orientation of the phases in a 'flasar'

structure. (Sample D37, plane-polarised light.)

A 'front' of symplectite development from a grain of clinopyroxene
at top centre into another at bottomof picture. Note coarsening

of the intergrowth of secondary clinopyroxene and plagioclase

‘away from the leading edge of the symplectite. (Sample T3, cross-

polarised light.)
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(a)

(b)

(c)

(4)

(e)

PLATE 7.2

General appearance of a Class III eclogite with some development
of symplectite in the clinopyroxene and coarse amphibole/plagio-
clase kelyphite around the garnets. The clinopyroxene displays

slight amphibolitisation. (Sample Hl1l, plane-polarised light.)

General appearance of a Class IV eclogite. The clinopyroxene
displays both coarse and fine symplectite development, much of

the clear areas are secondary plagioclase. Note the partial
amphibolitisation of the secondary clinopYroxene at top of picture
and corroded rim of the garnet at bottom of the picture. (Sample

M9, plahe—polarised light.)

General appearance of a Class V eclogite., The clinopyroxene is
thoroughly amphibolitised with a coarse symplectite texture. A
relict clinopyroxene lies on the left-of the picture. The garnets
are corroded and do not display an obvious kelyphite rim. (Sample

T4, plane-polarised light.)

The appearance of the primary amphibole in eclogites. Note
apparent equilibrium contact with the garnet at the top of the

picture. (Sample T3, plane-polarised light.)

Photograph of a sample of eclogite at Svartnakken (985618)
containing a vein of omphacitic clinopyroxene which itself contains

porphyroblastic garnets.






PLATE 7.3

(a) Corona texture in a metadolerite. Partially amphibolitised initial
clinopyroxene lies at top left, surrounded by a thin rim of garnet.
The clear area to the right is polygonal plagioclase containing

small, sub-idioblastic garnets. (Sample D41, plane-polarised light.)

(b) Metadolerite displaying a 'fish-net' texture. Pigmented clino-
pyroxenes are indicated. The garnets have replaced laths of plagio-
clase. Note the partial retrogression of the rims of the clino-
pyroxene. The opaque phase at the top of the picture is rutile.

(Sample 286, plane-polarised light.)

(c) Orthopyroxene in the garnet-peridotite displaying profuse needles
of magnetite, on the right of the picture. Magnetite is also seen
adjacent to the olivine in the centre of the picture. The large
magnetite contains a grain of dark green pleonaste spinel. (Sample

185, plane-polarised light.)

(d) Symplectite development in the garnet-peridotite. Mica at top left,
then a thin band of garnet (extinct) developing a fine symplectite
of spinel + opaques + amphibole adjacent + an olivine at bottom
right. Note the coarsef orthopyroxene-opaque symplectite below
the large grain of magneti;e right of centre. (Sample 184, cross-

pclarised light.)






CHAPTER 8

SUMMARY OF CONCLUSIONS

In Chapter 1 it was stated that two specific problems were to be
tackled in this study:

(i) the discrimination between the basement and ‘'cover' rocks, if
they existed, on the Molde Peninsula;

(ii) an attempt to unravel some of the controversy over the origin
of the eclogite rocks in the area.

With regard to the first of these problems, several of the ideas
put forward in this work contradict those of earlier workers. Firstly,
there appear to be two distinct units of Archaean basement rocks on the
Peninsula. The oldest is the Heterogeneous Quartzo-Feldspathic Gneiss
Unit, and possibly the rocks of the Moldefjord coast and the Tingvoll
Group of rocks on Bolspy. These are considered to be a calc-alkaline
suite, with sediments, deposited in an Andean-type continental margin
A 2000 * 300 m.y. ago (Chapters 5 and 6). The other basement unit is
the Augen Gneiss Unit, which is considered to have been intruded into
the older rocks at 1477 * 21 m.y. ago. This Unit appears to be related
to the extensive anorthosite-rapakivi suite of rocks which was intruded
in tensional crustal conditions at that time (Chapter 4).

Both of these basement Units lie in the Frei Group of Hernes (1955)
which is considered to be of Svecofennian age (v 1700 m.y.) (Rgheim,
1972). However, it can be seen that this age of metamorphism can only
be applied to the older calc-alkaline rocks. The rocks of the Moldefjord
coast are not envisaged to be of Palaeozoic age as suggested by Carswell
(1973).

The 'cover' rocks have been identified definitely at one locality

on the Tverrfjella mountains and possibly also on Bolsdy. The two
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localities may be related lithologically although direct comparison of
the rock types is hindered by the profound retrogression suffered by the
rocks on Bolsgy. The rocks on the Tverrfjella mountains are interpreted
as an allochthonous unit, of marginal basin derivation, possibly related
to similar units in the Trondheim region, to the NE. The suggestion
that these rocks are perhaps only v 500-600 m.y. is a major departure
from the interpretation of Hernes (1954b) who considered the rocks to be
part of the Precambrian-aged Frei Group (Chapter 3).

With respect to the eclogites, two distinct types have been
recognised on the Molde Peninsula. The type occurring as relatively
small pods is considered to be the result of the metamorphism and dis-
ruption of a swarm of tholeiite dykes which were intruded ~ 1200-850 m.y.
ago under the tensional crustal conditions which instigated the intrusion
of the precursors to the Augen Gneiss Unit. A layered basic intrusion
was also emplaced at this time, now represented by the garnet-peridotite
at Kolmannskog. The interpretation of these eclogites as meta-igneous
rocks is in opposition to the idea of Lappin & Smith (1978) that they
are tectonically introduced fragments of rocks equilibrated at upper-
mantle conditions (Chapter 7). The other type of eclogite is the large
Garnet-Granulite of the Tverrfjella Unit which sporadically preserves
relict eclogite facies assemblages. This rock is'interpreted as a
volcaniclastic deposited in a marginal basin environment with other
metasediments, including limestones. The production of an eclogite-
facies mineralogy in these postulated sedimentary rocks is again
jndicated as evidence for eclogite-facies metamorphism in the crust
kChapter 3).

The major conclusions of this study can be placed in chronological

order:
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1. Formation of a calc-alkaline suite of orthogneisses with meta-
sediments in a subduction zone ‘'plate' margin at v~ 2000 *+ 300 m.y. ago.

2. Metamorphism in the Svecofennian orogeny ~ 1800-1700 m.y. ago
(Pidgeon & Raheim, 1972), with formation of some migmatites.

3. Intrusion of the precursor to the Augen Gneiss Unit as a
rapakivi-like, anorogenic pluton at 1477 * 21 m.y. in the extensional
crustal regime dominant in northern Europe and America at that time.

4. Possible metamorphism during the Sveconorwegian orogeny (v 1100
m.y. ago) although the effects may not have extended this far north.

5. Intrusion of the precursors to the eclogites, metadolerites
and garnet-peridotite as dykes, sills and layered gabbroic bodies during
the waning stages of the extensional tectonics at v 1200-850 m.y. ago.

6. Initiation of a compressional crustal regime during the
closure of the Iapetus Ocean, subduction on the margins of this ocean
resulted in the formation of a marginal basin environment: the precursor
to the rocks of the Tverrfjella Unit.

7. Continent-continent collision during the Caledonian with
extreme crustal thickening as a result of continental plate under-
thrusting and compression of a nappe pile. One of the thrust units in
this nappe pile ultimately formed the Tverrfjella Unit,.

8. Metamorphic culmination at ~ 425 m.y. ago gave P-T conditions
of N 7500—8000C and v 18-20 kbar, and the formation of eclogite facies
assemblages. The formation of the early flat-lying foliation was at
this time.

9. Rapid uplift of the gneiss terrain resulted in several retro-
grade reactions: symplectite clinopyroxenes and kelyphite garnets in the
eclogites and Garnet-Granulite of Tverrfjella, and magnetite symplectites

in the garnet-peridotite of Kolmannskog. Oxidising conditions prevailed
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at this time assisting in the formation of the clinopyroxene symplectites
and magnetite symplectites. Partial melting in the pelites also occurred.

10. Large scale folding accompanijed this uplift; the steep-limbed
syncline in the S of the area assisted in the hydration of the rocks
there; these rocks are also locally mylonitised. Continuing oxidising
conditions during hydration resulted in the formation of orthite-
clinozoisite zoned epidote minerals.

11. High temperatures 750° must have been retained during this
hydration event to allow for the development of the extensive veining by

pegmatites and other granite veins throughout the area.
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APPENDIX A

ANALYTICAL METHODS

This appendix briefly describes the geochemical methods employed to
obtain the whole-rock and mineral analyses used in this study, and the
difficulties encountered. Also presented is the method for the Rb-Sr
isotopic dating of the augen gneiss, and the method of mineral separation
for sample 1428 of the garnet-granulite from Tverrfjella dated by Griffin

& Brueckner (1980) using the Sm-Nd isotopic method.

A.l WET CHEMICAL METHODS

The analyses were performed on powdered rock. The samples were
initially crushed into small chips using a jaw-crusher then 'TEMA' ground,
for v 20 seconds, to a powder. Care had to be taken to prevent any
contamination from the steel components of the jaw-crusher, although Co
contamination from the tungsten 'TEMA' grinder could not be prevented.
prolonged grinding of the powder is considered to cause partial oxidation
of the rock, although no evidence for such was found in this study.
conversely, short periods of grinding does not commimite the rock
sufficiently for it to be fully digested in the acids used in the analy-
tical methods. The resulting p&wders were oven-dried at 110°C for 24

hours prior to any analysis.

A.l.l1l Combined water

Determined using 'Penfield's' method. Approximately 0.5 g of
sample was placed at the end of a Penfield tube (~ 20 am long, ~ 0.5 cm
diameter) which was then strongly heated with a Meker burner for 10
minutes to drive off any water, which condensed in the cooler part of

the tube. The tube was then drawn into two parts and that part contain-



ing the sample discarded. The remainder of the tube was stoppered, to
prevent evaporation, allowed to cool and weighed. The tube was then
oven-dried at 110°C for at least 1 hour, cooled and weighed. The differ-

ence in the weights was the weight of water given off.

$H.0 = weight of water given off (g) x 100
2 -
sample weight (g)

A.l.2 Ferrous iron

As the X-ray fluorescence spectrometry analysis of rocks gives total
Fe as Fe203, and as Fe can also exist as Fe0O, the latter oxide had to be
determined by chemical methods. Two methods were used: hot-digestion
and cold-digestion.

For hot-digestion, approximately 0.5 g of sample was weighed into a

O, 5 ml of 50% H.SO, and

30 ml Pt crucible, and a little distilled H 250,

2
iO ml of 40% HF were added. The crucible was covered with a well-fitting
Pt 1id and heated until the mixture boiled; gentle boiling was continued
for 7 minutes. The crucible and lid were then immediately plunged into

250 ml of 5% H3Bo3, 10 ml of indicator were added and the solution

titrated with a standard K2Cr207 solution to a stable purple end-point.

$FeQ = 0.2(K2Cr207 titre (ml)) x 100

weight of sample (mg)

The cold-digestion method is after Wilson (1955) in which the

sample was placed in a polythene container with HF and NH4VO3 (ammonium

metavanadate) and put to one side until the sample is digested. During
5+ 3+ . 3+
digestion the V is reduced to V' , which replaces the Fe in the

5+
sample, and the remaining V' is titrated for. The original amount of

v5+ in the NH4VO solution was initially measured by titration against a

3

standard Fe(NH4)SO46H20 solution.
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The original method of Wilson is for rocks with up to 20 wt. % FeO.
some of the rocks in this study have large quantities of FeO, up to
25 wt. %, and to allow for this 5 ml of NH4VO3 solution were added to
each sample rather than 4 ml as stipulated by Wilson.

A disadvantage experienced with the hot digestion method was the in-
complete breakdown of refractory phases, such as garmet and rutile,
within the 7 minutes boiling time. 1In an attempt to assist the digestion
boiling was sometimes continued for up to 15 minutes, although beyond
this time there was a danger of oxidation of the sample as the acids
evaporated. Many difficulties were also experienced with the cold diges-
tion method thereby demanding many repeats of some samples before satis-
factory analyses were obtained. As with the hot digestion method, it
was found that incomplete breakdown of refractory phases occurred. 1In
the original method of Wilson (1955) 2-4 days is given as the recommended
digestion period, although it was found necessary to extend this to 5 or
6 weeks to obtain a maximum FeO value. However, it was found that when
samples were left for these long periods, deterioration of the solution
and oxidation of the sample often occurred, resulting in low FeO values.
This oxidation was visible as a loss of the blue colour, which developed
during digestion, from V compounds, the more FeO present, the darker tﬁe
blue colour. This oxidation appeared to be totally random between
samples and no satisfactory explanation could be found such as badly
fitting lids, impurition in the vanadium solution or oxidising agents in
the samples.

In an attempt to accelerate the process of digestion and retain a
closed environment, trials with 'Teflon' pressure digestion vessels were
attempted. Here the sample, NH4V03 solution, and HF were placed in a

'Teflon' 'bomb', with a screw 1id, and heated in an oven at ~ 160°C for
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5 hours. After this time the 'bomb' was removed, allowed to cool and
the contents titrated in the manner described above. Although the
digestion appeared to be complete, from the lack of garnet residue, low
FeO values were once again recorded.

It is suggested the more rapid, hot~digestion method is suitable
for rocks without refractory phases such as garnet, rutile and chromite
which cannot be adequately digested in the short boiling time. The cold-
digestion method is probably better for rocks containing these refractory
phases as they are better dissolved over a longer period of time, althouch
care must be taken with the fitness of the polythene containers used, to

prevent oxidation of the sample.

A.l.3 Carbon diocxide

As an initial test, a small amount of sample was mixed with a little
HCl1 to see if any gas would be ewolved; if so, that sample would be
analysed for CO2 although the gas produced may have been SO2 or st.

Two methods were used: absorption by soda asbestos and non-aqueous titra-
tion.

For the absorption method, approxcmately 0.5 g of sample was heated
in a flask with 25 ml H P04, the gas evolved passed through a condenser
and into the absorption train. This consisted of a small flask of
sulphuric/chramic acid mixture to absorb water, a U-tube, half-filled
with magnesium perchlora~te and-half with manganese dioxide to remove any
S0, and So3 respectively, and two U-tubes of one-third calcium chloride

and two-thirds soda asbestos. The calcium chloride removed any remain-

ing traces of water, whilst the soda asbestos absorbed the CO To

9
ensure complete absorption, a small pump was used to draw the gases

through the train. The two tubes of soda asbestos were weighed before
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and after the evolution of gas and any weight increase was calculated as

co2 evolved.

= weight increase of tubes (mg) x 100
sample weight (mg)

tmz

The non-aqueous titration is a method modified after: carbon method
4 in B.S. Handbook No. 19 (1970). The gases evolved were passed into a
fixed burette containing a mixture of: 150 ml dimethylforamide, 5 ml mono-
ethanolamine and 2 ml of O.1l% thymolphthalein (indicator), which absorbed
the carbon. The titrant was tetra-n-butyl ammonium hydroxide. Both of
these chemicals are toxic and give off fumes which attack rubber, con-
sequently only polythene tubing was used. As before, approximately 0.5 g

of sample was heated with 25 ml of H3P20 and the gases passed through a

4

consenser. An absorption train of silica gel, calcium chloride, magnesium

0, SO, or SO, whilst a

perchlorate, and magnesium dioxide absorbed any H 2 3

2
U-tube of soda asbestos placed before the reaction vessel absorbed any
atmospheric COZ' After the burette the gases passed through a tower of
charcoal where any organic fumes were removed. A small pump was used to
assist the flow of gas through the train. 1Initially, air was drawn through

the system to flush out any residual CO,; on titration the dimethyl-

2
foramide and butyl ammonium hydroxide form a blue colour when there is
no a)z present. The sample was then reacted with the acid and the CO2
evolved removed the blue colour, after 10 minutes heating, the butyl
ammonium hydroxide was titrated back to the blue end-point. Air was then
drawn through the system for a further 5 minutes to ensure that all the
mz had been evacuated, and titrated further if necessary.

8CO. = ml of titrant x 4.4
weight of sample (g) x 10
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The standard limestone: KH and a synthetic carbonate: K2003 were analysed
as standards and gave acceptable values.

The first method is fairly slow with each analysis taking 30-40
minutes, although this time can be shortened by using two sets of U-tubes.
The absorption of HZO by the CaCl2 causes the grains to aggregate into a
cement-like substance which is very difficult to remove from the U-tubes.
The only way to circumvent this problem is to replace the CaCl2 at
frequent intervals although this slows down the procedure.

The non-aqueous titration is more rapid with each analysis taking

about 20 minutes. A disadvantage of this method is the noxious nature

of the chemicals involved which requires careful handling of the apparatus.

A.l.4 Scodium (Nasz

Approximately 0.1 g of sample was weighed into a very clean Pt
c¢rucible followed by 1 ml of 50% sto4 and 5 ml of 40% BF. The crucible
wés heated until most of the HF had been removed and the H2S04 started
to fume; the heat was then increased until the mixture was dry. Once
cool, one drop of 50% H2804 was added, and the crucible three-quarters
Filled with distilled water. This was warmed until most of the residue
had gone into solution and then washed into a graduated flask (generally
1000 ml) . This solution was then analysed on a Perkin-Elmer atomic
absorption spectrophotometer using a monochramatic light source and
standard solutions of ' OH. The latter were used to calibrate the

instrument, which calculated a concentration curve from them, against

which the unknown samples were compared. Each sample was analysed three
times.

a0 = 100 x concentration of Na,0 (mg/ml) x dilution factor

(capacity of flask in ml)
sample weight (mg)
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care had to be taken with these analyses to prevent contamination of the

solutions by Na from the skin, particularly the fingers.

A.2 INSTRUMENTAL METHODS

A.2.1 X-ray fluorescence spectrometry

The elements: Mg, K, Fe, Mn, Ti, Si, Ca, Al, P and S were determined
using a fusion technique modified after Norrish & Hutton (1969) with
glass specimens; these reduce matrix absorption effects and eliminate
mineral grains. A quantity of lanthanum oxide was added to all the
specimens, this as a heavy absorber of X-rays and thus dilutes the rocks'
absorption and lessens the variation in the mass absorption coefficients
in different rocks, thereby enabling calibrations to be made on a wide
range of rock types. During analysis, background values were determined
on a 'blank' specimen of spec-pure silica prepared in an identical way to
the rock samples. Background intensities were measured at the analysis
peak positions so that the unknown rock specimens need only be measured
for the peak ocounts, thus saving a large amount of instrument time.

Specimens were prepared by fusing a mixture of: 0.373 g of sample
with 0.027 g of NaNO3 and 2.0 g of flux (a mixture of La203, Lizco3 and
L123404 ignited at lOOOOC) at 1000°C in a Pt-Rh-Au alloy crucible. After
heating for 10 minutes the crucible was allowed to cool and reweighed,
any weight loss was corrected for the loss due to the decomposition of

the NaNO. the remaining loss was due to oxidation of Fe and S, and loss

3
of volatiles: HZO' C02, SOZ' The mixture was then re-heated for 5
minutes until molten and poured onto a grpahite disc kept at 230°c on a
hot plate. An aluminium plunger, also kept at 230°C was immediately

brought down to quench the molten glass and form a disc approximately

31 mm in diameter and 1.5 mm thick. Before analysis the discs had to be
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polished to remove any surface 'bloom' resulting from hydration of the
hydrophilic flux.

The analyses were performed on a Phillips 1220 spectrometer using a
Cr X-ray tube under standard operating conditions. One of the four
sample positions in the spectrometer was always occupied by the standard
glass FS48. For each batch of samples the silica blank was included as
the first and last specimen analysed. During fusion, element oxidation
occurs, principally affecting the Fe and S which were measured as Fe203

and SO. respectively. In natural rocks a certain proportion of the Fe

3
occurs in the ferrous state and S generally in sulphides. Consequently,
the determined Fe203 was adjusted to include the FeO from the wet-chemical
analyses, whilst SO3 was corrected to oxygen equivalent S. As NaNo3 was
used as an oxidising agent it waé not possible to determine Na in the
analyses. However, trials with other oxidising agents (e.g. NH4N03)

were undertaken during the project which permitted the determination of

Na.O by X.R.F.

2
As fusion discs give lower X-ray intensities than powders, a con-
sequence of dilution of the sample by the flux, their increased absorption

and interference from La lines, the glass discs are not suitable for the
determination of many heavy elements occurring as traces in the samples.
Consequently, the elements: V, Cr, Mn, Ni, Cu, Z2n, Rb, Sr, Y, Zx, Ba,
Pb, Ce, Ga, No and Th were determined using undiluted, self-supporting,
pressed powder pellets.

Several samples were analysed for trace elements at Glasgow University
on a similar machine, although the method of preparation of the samples
was slightly different. The rock powder was mixed with resin (phenol

formaldehyde), pressed at 30 tons for 1 minute and baked at llo°C to

cure the resin.
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A.2.2 Electron microprobe analyses

The constituent minerals of selected samples were analysed in
carbon-coated polished thin sections by standard techniques on a Cambridge
Instruments Microscan IX electron microprobe using a 15 kV accelerating
voltage. The calibrating standards used were natural and synthetic
minerals and pure metals. The counts were corrected for X-ray absorption,
characteristic fluorescence and atomic number effects (ZAF correction).
The silicates were analysed for: Si, Ti, Al, Fe, Mg, Mn, Ca, Na, K, Cr,

S and Cl. Total Fe was determined as FeO.

A.2.3 Rb-Sr isotopic analyses

This work was performed at the Mineralogisk-Geologisk Museum, Oslo.
'The samples were prepared by: weighing approximately 500 g of powder into
a 100 ml 'Teflon' beaker and adding a little distilled water. The follow-
ing quantities and types of acids were successively added and evaporated

off: 20 ml HCl; 5 ml HNO, plus 5 ml HF; 5 ml é6M HCl. Finally, 3-5 ml of

3
2.5M HCl were then passed through a series of ion-exchange columns to
separate the Sr. The final, very small, amount of sample was loaded onto
a tungsten filament and placed in the spectrometer.

The analyses were performed on a V6 micromass 30 mass spectrometer

88 87 86
which measured peaks for Sr, Sr and =~ Sr. Variable mass discrimination

89 L 8 8
in 87Sr/ Sr was corrected by normalising 6Sr/8 Sr = 0.1194 (Faure &
Hurley, 1963). Regression lines were calculated, using the technique of

York (1969) and the ISOCH VO2-02 computer program made available at the

Museun.

A.3 MINERAL SEPARATION

The methods employed followed the descriptions in Hutchison (1958,

p. 113). Five samples of eclogite: D8, D37, Hl, 182 and 1428 were put



through the process in order to separate the garnets and clinopyroxenes
for Sm-Nd dating. The rock samples were ground in a similar way to those
for whole-rock analyses, but only as far as small chips and not 'TEMA'
ground to a powder. The intention was to obtain a size fraction which
would be mainly composed of monomineralic grains. To reduce contamination
from the jaw-crusher, only short bouts of crushing were done on small
amounts of sample. After sieving through mesh sizes: 100, 120, 150 and
170 the crushing was repeated, until sufficient sample was obtained. The
monomineralic grains occurred in the 150 and 170 mesh fractions; the
portion finer than 170 mesh, although monomineralic, was too fine to work
with. After washing with acetone to remove dust from the crushing the
initial separation was made by removing magnetite (and any steel from the
crusher) with a hand magnet. Mica was removed by rolling the grains down
a piece of filter paper, the platey grains were trapped in the 'flock'.
Much of the separation was done with a Franz isodynamic magnetic
separator. The forward slope was set at 25° and the side tilt at 15°
whilst the amperage on the magnets was varied in accordance with the table
of mineral susceptibilities given in Rosenblum (1958) . By starting at
low amperages, rutile was removed first, then garnet and pyroxene, leaving
hornblende, plagioclase and quartz. However, it was found that the
garnet and pyroxene contaminated éach other, having similar magnetic
susceptibilities, whilst hornblende and plagioclase contaminated the
pyroxene, usually through the grains not being monomineralic as a result
of secondary alteration. To separate the pyroxene and garnets further,
methylene iodide (di-iodo-methane, CHZIZ) was used in a heavy liquid
sepération technique. With this liquid of specific gravity 3.325, at
2o°c, it was found that both garnet (S.G. ~ 3.5-4.3) and pyroxene (S.G. "

3.2-3.7) had a tendency to sink whereas the pyroxene/feldspar grains
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floated, as did hornblende. To separate the garnet and clinopyroxene the
CH212 was cooled in ice-water which increased its S.G. Even so it was
found that hand picking was still necessary to remove any grains with

inclusions. Of the five samples put through this process only one (1428)

had separates of sufficient purity for isotopic dating.
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APPENDIX B

TEMPERATURE, PRESSURE AND MINERAL CALCULATIONS

Because of the number of geothermometers and geocbarometers used in
different parts of this study, it was considered that some outline of
these methods should be given as a separate section rather than repeatedly
referring to them in the text. Similarly, because of the necessity to
calculate mineral formulae, including allowances for Fe3+, at various
points in the text, an outline and discussion of these methods is also

given here.

B.1l PRESSURE AND TEMPERATURE CALCULATIONS

A number of experimentally calibrated mineral thermometers and baro-
.ﬁeters are currently available and a review article by Essene (1982)
discusses many of the methods.

Many of the geothermometers are based upon the exchange of elements.
Essentially, two types of exchange thermometry exist: the interchange of
two similar atoms between different sites in one mineral (intracrystalline
exchange) or between sites in two different minerals (intercrystalline).
The AV (volume change) of these exchanges is small and therefore they
make good thermometers, although they are prone to resetting by element
diffusion (Essene, 1982).

Intercrystalline exchange is usually formulated as:

K, = (m/n) ¢
(m/n) P

where m and n are mole fractions of chemical components in phases C and

D. The relationship between KD' T and P is:
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AR° - mas® + (P-1)AVC + RTInK  + RTINK = O
Y

The superscript 'o' denotes a hypothetical end-member and K is the ratio
Y

of activity coefficients:

c
(am/an)

D
(am/an)

: Avo is small and can be ignored for thermometers. Hence, Aﬁo, Aso and K
must be known and can be derived from thermodynamic data. However,
solution models of varying complexity can be devised for KY' depending
upon the assumptions ﬁade, resulting in the value of KY being only an
approximation because of the large number of camponents involved, even
in a simple exchange system (Essene, 1982).

It is important that care is exercised when using these calculation
me;hods since certain assumptions are made in their construction which
would result in meaningless or misleading temperatures if the method
chosen is not applicable to the rocks under investigation,

(i) The system should be well calibrated with reversal of the

(ii) The system should be calibrated at the expected P-T conditions

of the rocks under investigation since extreme extrapolation to lower,
or higher, P-T could introduce large errors. A common fault, in this
respect, is the application of calibrations for garnet-peridotites of
sub-crustal origin to rocks in crustal ranges of P and T for which the
methods are not calibrated.

(iii) Solid solution models are greatly simplified and some compo-
nents, not accounted for in the model, could have a large effect on the

calculated P-T if’they were to be included.



(iv) Minerals with variable structural states prove very difficult
to use, e.g. feldspars.

(v) Petrography is very important to ensure that the phases under
investigation are truely in equilibrium and that any resetting by sub-
sequent metamorphism is accounted for (Essene, 1982). Furthermore, if
sufficient phases are present it may be possible to estimate the equi-
libration conditions from critical assemblages to provide a cross-check

on any calculated P-T values.

B.1.1 Intercrystalline exchange

One of the most widely studied exchange systems is Mg & Fe2+, and

several geothermometers have been calibrated for different mineral pairs.

. B.l.1(a) Garnet-clinopyroxene

This method is based on the reaction:

Mg3A12513012 + 3CaFe51206 -+ Fe3AlZSi3O12 + 3CaMg81'.206

pyrope hedenbergite almandine diopside
panno (1970) noted that Fe was partitioned preferentially to garnet from

clinopyroxene and he defined KD for the reaction as:

(Fe2+/M )gnt

(Fe2+/Mg)ch
He predicted that KD would be sensitive to T but not greatly to P. The
thermometer was first suécessfully calibrated by R3heim & Green (1974) ,
using glasses of tholeiitic composition, in the range: 600°C—1400°C and
20 Kbar-40 Kbar thereby intending the calibration for eclogites of
pasaltic composition. During the experiments all Fe was retained as
2+

Fe“' . The calibration showed that KD was rather more P dependant than

predicted by Banno (1970). They also showed that the bulk composition,



expressed as: Mg/(Mg + Fe), did not perceptibly affect the KD in the range:

0.06 < Mg/ (Mg + Fe) <0.85. The derived expression was:

(%K) = 3686 + 28.35 P(kbar)
anD + 2.33

Although the garnets produced in the experiments were Ca-poor (v7%) and
the pyroxenes were Na-poor (v4%), atypical of eclogite mineralogies
(Essene, 1982 and see Table 3.6, Chapter 3). Raheim & Green (1975) and
Rgheim (1975) used the calibration on eclogites with Ca-rich garnets and
Na-rich pyroxenes and at lower P-T conditions than used for the calibra-
tion necessitating extrapolation from experimental conditions.

Banno (1970) also considered that the KD would be dependant upon
additional components in the phases such as grossular (Ca) in garnet and
jadeite (Na) in pyroxene. Ellis & Green (1979) recalibrated this thermo-
meter with the intention of testing to see if any such dependance existed.
Their experiments were conducted in glasses in the system: Ca0O-MgO-FeO-
A1203—Sio2 in the range 750°C—13000C at 24 kbar-30 kbar. All Fe was kept
divalent. Again, no dependance of KD upon bulk composition was found
(cf. Rgheim & Green, 1974) nor was there any effect from the Na in the
clinopyroxene. However, there was dependance upon the Ca-content of the

garnet such that the derived expression was:

r(°k) = 3104 xzzt + 3030 + 10.86 P(kbar)
InK_ + 1.9034

This calibration is suitable for a large range of compositions: Ellis &
Green demonstrated that calculated temperatures agreed well with those
for garnet-peridotites, a conclusion also reached by Medaris (1980).
Krogh (1982) has recalibrated this thermometer using further
experimental data in the temperature interval 600°C-1500°C, i.e. lower

temperatures than used by Ellis & Green (1979) to give:
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gnt

7 (°k) = 3104 X2o + 2443 + 10.86 P (kbar)

anD + 1.5049

for a rectilinear relationship, and:

gnty 2 | 6555 x9°t, 1869 + 10.86 b (kbar)
Ca Ca

anD + 1.3963

r(°k) = -5708 (X

for a curvilinear relationship. Both these expressions are valid for:

gnt

ca < 0.5, and both give temperature values NSOOC lower than the

0.1 <X
method of Ellis & Green.

Mori & Green (1978) have also calibrated this method for ultra-
mafic compositions at 950°C-1500°C and 30 kbar-40 kbar, using artificial
pyrolite (minus 40% olivine), synthetic glasses and mineral mixes from
natural garnet lherzolites. The KD was calculated using total Fe as
Fe2+, although the experimental methods did not control the oxygen
fugacity.

7(°k) = __ 2800

anD +1.19
An important point here is that there is no pressure dependance factor
included in this formulation.

From a comparison of these methods, Rgheim & Green (1974) and Mori
& Green (1978) seem to work best on minerals of similar compositions,
equilibrated at similar P-T conditions to those in the experiments, and
not at lower P-T.conditions (Carswell & Gibb, 1980b; Essene, 1982).

Ellis & Green's (1979) method appears to work best in granulites

(Essene, 1982).

Saxena (1979) calibrated this method in the system: MgO-FeO-MnO-
—Na20-5102 in the temperature interval 800°C-l400°C, and incorporated

A1203

mixing parameters. Carswell & Gibb (1980b) considered that this method
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gave erratic results, especially at low temperatures, for garnet
lherzolites. Indeed, Saxena did not take into account the effect of Na
in the clinopyroxene which would be present in some quantity as jadeite
in pyroxenes formed at high grade conditions. Consequently, this method
gives errors for jadeite-rich pyroxenes at T <800°C. Carswell & Gibb
(1980b) found that the method gave very low temperatures whereas the
calibration of Ganguly (1979) gave consistently high temperatures.

An important consideration to be made when employing these calibra-
tions is the nature of the experimental procedure used, since this will
have a bearing on the amount of Fe3+ present and the value of the KD.
Medaris (1980) and Carswell (198l) have discussed this factor in relation
to the garnet-clinopyroxene thermometers and point out that Mori &
Green (1978) formulated their KD by taking all the iron in the garnet
and clinopyroxene as Fe2+, although it was likely that these phases
contained some Fe3+. By contrast, Rgheim & Green (1974) and Ellis &
Green (1979) controlled the oxidation state of their samples thereby
preventing the conversion of Fe2+ to Fe3+. Consequently, when calculat-
ing the KD for Mori & Green's method, it is preferable to regard all
the iron in the garnet and clinopyroxene as Fe2+ and to allow for the
presence of Fe3+ in these phases (by calculation if using EMP analyses:

see section B.2.1) when using the other two methods.

B.1.1(b) Garnet-olivine

This method is based on the reaction:

3Fezsi4 + 2Mg3A12813012 +> 2F3A12SL3012 + 3Mg28104

fayalite pyrope almandine forsterite

and has been calibrated by O'Neill & Wood (1979, 1980) with KFe—Mg
. gnt-oliv

as:
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gnt

Fe )

ol
(ng) (X

ol gnt
(xFe)(XMg )

In their experiments Fe2+ remained divalent. Although it is accepted that
this method is not as sensitive as that for garnet and clinopyroxene (as
noted by Mori & Green (1978) who also gave a calibration for garnet-
olivine from their experiments) olivine is a simple binary solid solution
and therefore does not suffer from solution with substantial amounts of
Ca, Fe3+ or Al. However, the KD is strongly dependant upon the Fe/Mg

ratio and Ca content of the garnet (0'Neill & Wood, 1979).

902 + DV + (x:; - x;i) (498 + 1.51) (P(kbar)-30)T(°K) =

gnt gnt gnt
- - + 4
98(xMg XFe ) 1347 xCa

lnK + 0.357

where DV is a volume expression for almandine, pyrope, forsterite and

fayalite components (0'Neill & Wood, 1980) :

-462.5[1.091 + (T-1073) (2.87 x 107)] (p-2.63 x 10™°p%-29.76)

-262.4[1.0292 + (T-1073) (4.5 x 107°)] (p-3.9 x 10™*p%-20.65)
+454[1.020 + (T-1073) (2.84 x 107°)] (p-2.36 x 10™*p2-29.79)
+278.3[1.0234 + (T-1073) (2.3 x 10'5)] (P-4.5 x 10 *p%-29.6)

(P in kbar)

The method works best when K >>1 and is good for peridotites formed
at T §l300°c, but not good for Fe-rich compositions at any T or Mg-rich
compositions at T >>1300°C (0'Neill & Wood, 1979). Carswell & Gibb
(1980b) used this method on kimberlite nodules and found that the derived
temperatures agreed well with other element partition calibrations and
the two-pyroxene solvus methods (see section B.1l.2(a)). O'Neill & Wood

(1979) compared the calibration with that of Wells (1977) for the two-
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pyroxene solvus and also found good agreement although they considered
the garnet-olivine method to be superior at low temperatures and the two-
pyroxene method to be superior at higher temperatures when the pyroxene
miscibility gap is smaller. At higher pressures, large differences
appear between the figures derived from the two methods due to a widen-
ing of the pyroxene miscibility gap (Mori & Green, 1978) which affects

the solvus thermometer (Carswell, 1980).

B.1.1l(c) Garnet-biotite

This mineral pair has long been regarded as a potential thermometer

and is based on the reaction:

KMg3Si3AlOlo(OH)2 + Fe3A12$i3012 > KFe3Si3AlOlO(OH)2 + Mg3A12$i3012

phlogopite almandine annite pyrope

This has been calibrated by Ferry & Spear (1978) by using synthetic
garnet and biotite at 600°C and 700°C at 2.07 kbar. Their derived

formulation was:

(°K) = 12454 + 0.057P(kbar) + 3RTLnK
2.662

2+. gnt
where K = (Mg/Fe )g

(Mg/FeZ+)bi

They also showed that Mg and Fe mix ideally in biotite and garnet solid
solutions in the compositional range: 0.8 < Fe/(Fe + Mqg) < 1.00.
However, K is also a function of Ca and Mn in garnet, and Ti and AlVI'in
biotite. Consequently, Ferry & Spear suggest that the thermometer is
best used for garnet compositions where (Ca + Mn)/(Ca + Mn + Fe + Mg) <
0.2 and for biotite compositions where (AlVI + Ti)/(AlVI + Ti + Fe + Mg)

é 0.15. This method gives temperatures m50°c higher than those from
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the oxygen isotope thermometer of Goldman & Albee (1977); although a
comparison with the empirical thermometer of Thompson (1975), based on
field observations in conjunction with critical mineral assemblages, gave
very close values.

A major prcblem is that Fe3+ in biotite can be present up to 20 wt. %-
30 wt. & (Essene, 1982), such that using total Fe as Fe2+ in the K wvalues
results in significantly lower temperatures.

The method appears to be valid for rocks of moderate grades of
me tamorphism, but at amphibolite-granulite facies the biotites incorporate

Ti, F and Cl giving erratic results (Bohlen & Essene, 1980).

B.1.1(d) Scapolite-plagioclase

Scapolite minerals appear in many rocks, including high-grade meta-
morphics; early workers suspected an increase in S content with grade
(Knorring & Kennedy, 1958).

Newton & Goldsmith (1975, 1976) made a study of scapolite in general
whilst Orville (1975) found that meionite-scapolite (Ca) was unstable at
750°c and 4 kbar. In further experiments Goldsmith & Newton (1977) found
that pure meionite (Ca4A16816024C03) was unstable at temperatures >875°¢C
at all pressures and that there was a temperature-dependant Na-Ca
partitioning between scapolite and plagioclase. However, this dependance
was only appropriate for plagioclase compositions >An 70% since the more
Na-plagioclases have more complex relationships with scapolite due to
the non-ideality of the solid solution and the slower reaction kinetics.
In the Ca-rich range above N700°C, the plagioclase-meionite activities

are probably nearly ideal.

SCAP

Goldsmith & Newton (1977) expressed these relationships on T—XA
n

diagrams in the temperature range 800°c-1300°C where:
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o _ plag, ,scap + £ plag
T(C) = fl(xAn )xMe 2(xAn )

plag + C(xplag)Z

where A
An An B ¢

f =A+ BX

fl 5179 -9023 6518
£ -3968 10842  -8313

They also experimented with 5042— scapolites which exhibited a temperature
dependance, but required greater amounts of Na for stabilisation result-
ing in non-ideality even at temperatures as low as lBOOOC. The temperature
relationship is identical to that for the co32— scapolites, but the A, B

and C parameters for the 'f'-polynomial are different:

A B C
fl 1164 -413.4 1296
f2 -883.2 4826 -4531

The evidence suggests that the partioning of Na and Ca is roughly
proportional between the sulphate and carbonate end-members of scapolite.
Consequently, after the temperature is calculated for the 5042' and CO32'
end-members the temperature for the whole sulphate-carbonate-plagioclase
assemblage can be calculated by proportioning these two values in the

same ratio as the CaCO3/(CaCO + CaSO4) value for the scapolite. This

3
is only applicable for assemblages where plagioclase is between An 70%-
98% (Goldsmith & Newton, 1977).

Rollinson (1980) has used these expressions for a scapolite co-
existing with plagioclase of An 45 and An 46 and obtained very high
temperatures as these plagioclase compositions lie outside the limit
imposed by Goldsmith & Newton. Rollinson attempted to calculate the

activity of An in scapolite, to allow for these more Na compositions, by

assuming the substitution NaSi = AlCa and ideal mixing on the anion site.
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With the thermodynamic data of Goldsmith and Newton (1977) he obtained
temperatures in broad agreement with other thermometers applied to the

rocks. His distribution coefficient was:

K= a
scap
(a. )a. )
plag CaCI)3
_ ,Ca 4 CaCo )
where ascap = Me) (xAnio%) (cf. Orville, 1975)

- . 1
and the activity coefficient yinag = 1.2 (from Windom & Boettcher, 1976),

in the expression:
AH~TAS + (P-1)AV = -RT1nK

10332 + 574 cals at 875°C

where AH

AS = 9 + 5 cals/°c

AV = 1.22 cm3(approaches 0 at high T)

He also formulated a similar expression for the sulphate end-menmbers

where:
K = a
scap
(a )3(a )
plag CaSO4
_ Ca, 4, Caso
where ascap - Me) (xAnioﬁ)

Here there is a pressure dependance, and

AH = 11833 at 875°C and 9 kbar

AS = 9 + 5 cals/°c

3
AV 1.22 cm™ (approaches O at high T)

B.l.1l(e) Orthopyroxene-clinopyroxene

The earliest experimental work on the enstatite (Mgzsi206)-diopside

(CaMgsi,O.) system was by Boyd & Schairer (1964) and Davis & Boyd (1966)



B12

who considered it to be sensitive to changes in T but not to P, and only
suitable as a thermometexr above NQOOOC. In order to extend the applic-
ability of the thermometer to natural assemblages, which contain consider-
able amounts of FeO, Wood & Banno (1973) developed a semi-empirical
extrapolation of the solvus data using an ideal two-site mixing model in

the pyroxenes:

T(OK) = -10202
1nK-7.65x°P¥+ 3.88(x
Fe

opx

2
Fe ) -4.6

where K = agﬁz (and in all subsequent formulae for this mineral pair)

cpx
2Ens

In a further development of the solvus, Wells (1977) used simple
mixing models to derive a semi-empirical equation over the temperature
range 875°C—15000c. Besides allowing for solubility of Fe, this formula-
tion is applicable to Mg-rich assemblages, unlike that of Wood & Banno
(1973); and is best applied in the compositional range: X;gx = 0.0-1.0

and A1203ch = 0-10%. His derived eduation was:

r(°k) = 7341
3.355 + 2.44 x°P¥ _ 1k
Fe

From their application of this method, Carswell & Gibb (1980b) found that
it gave slightly underestimated temperatures, possibly due to the failure
of the method to allow for the effect of pressure on the form of the
solvus as found by Mori & Green (1978).

Mori & Green (1978) have also calibrated this thermometer, based on
experiments on natural systems of garnet-lherzolites over a range of:

950-1500°C and 30-40 kbar such that:
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-6860
1nk - 3.03

T

This calibration lacks a correction for Fe, shown to be an important
component of garnet-peridotites (Wood & Banno, 1973), and is only
strictly applicable to orthopyroxenes with 0.04 < Fe/(Fe + Mg) < 0.13.
Furthermore, the method appears to overestimate temperatures (Carswell

& Gibb, 1980b).

B.1l.1(g) Albite-K-feldspar/ternary feldspars

The alkali-feldspar solvus has been studied by several workers in
an attempt to locate the limbs in relation to temperature, pressure
and bulk composit?on (Bowen & Tuttle, 1950; Orville, 1963; Luth &
Tuttle, 1966; Morse, 1970; Goldsmith & Newton, 1972 - see review by
Parsons, 1978). The location of the limbs is uncertain due to
experimental difficulties of unmixing an homogeneous feldspar, and
the effect of Al-Si disorder which varies with temperature (Essene,
1982) . The two-feldspar exchange has received more attention as a
geothermometer.

The partition of albite between plagioclase and K-feldspar, in
the ternary feldspar system, as a function of T was first propésed
by Barth (1961) based on field calibrations and some experimental
work. This early thermometex was based on the distribution co-

efficient:
- xksp/xplag
KD Ab An

which he considered to be a function of T, but not P, Al-Si order,

or the bulk composition of the feldspars. However, Iiyama (1966)
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showed that KD is not constant at any temperature. Perchuk &
Ryabchikov (1968) investigated the ternary feldspars as a double-
binary system (i.e. Or-Ab and Ab-An) and demonstrated that the
composition of the feldspars was a function of temperature. Similarly,
Stormer (1975) realised that it was not possible to calculate
chemical potentials or activity coefficients for the ternary
system, and he assumed that there is no solubility of Or in plagio-
clase or An in K-feldspar, thereby reducing the ternary system

to a douwble binary. 1In his formulated thermometer, Stormer (1975)
further assumed that the mixing of Ab in plagioclase would be
ideal. Such ideality is unlikely in Na-rich compositions and so
Whitney & Stormer (1977) attempted to improve the solution model

by taking this into account. Their expression is:

ksp ksp, 2
= - . + .
T E’7973.1 16910.6X | 9901.9(X )

ksp ksp, 2=
+ (0.11 - 0.22%, % + 0.11(x °F) “B]/

ksp, ,_plag _ ksp ksp, 2 ksp
EJ”9872 ln(xAb )/aAb ) + 6.48 21.58xAb + 23.72(xAb ) - 8.62(XAb )3]

29 = —l/R'r(l—x:;Z"-’)2[wglag + le;;p(wgr )

1
where lnyib G

ksp

As xAb approaches O then Yplag approaches 1, since xksP

Ab Ab IS generally

la
small Yib 9 n0.99-1.0.

Powell & Powell (1977) have also attempted to improve
Stormer's (1975) thermometer by taking into account An in K-
feldspar.

Brovn & Parsons (198l) have reviewed the various formulations for
feldspar thermometers and have compared them to Seck's (1971) work on

the ternary system fram which they derived the correct form of a graphical
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thermometer. However, before accurate estimations of temperature can be
gained from this me thod improved thermodynamic data must first be used to
calibrate it correctly. With regard to the thermometer of Whitney &
stoxrmer (1977), Brown & Parsons consider that the exclusion of Or in
plagioclase and An in K-feldspar is not sufficiently realistic, unless
these components are present in very small amounts. Furthermore, Whitney

& Stormer's method is very sensitive to the values of the Margules para-
meters (W) and Brown & Parsons consider that these values are insufficiently
known even for a binary thermometer let alone a double binary.

The formulation used in Powell & Powell's (1977) method is almost
jdentical to that of Stormer (1975) except that there is a choice as to
whether An be added to Ab or to Or. As Brown & Parsons point out Powell &
| powell did neither of these and effectively ignored the effect of An in
the K-feldspar. In relation to the work of Seck (1971) this formulation
has little application (Brown & Parsons, 1981).

When using the thermometer formulated by Brown & Parsons it is
necessary to ensure that the feldspars involved are in equilibrium, and
they have suggested several chemographic and petrographic methods to test
for this. With regard to metamorphic rocks they considered that the
method was restricted to upper-amphibolite/granulite facies rocks since
at higher temperatures the exact form of the ternary feldspar solvus is
jnsufficiently known. Furthermore, the calculation of temperatures of
unmixing of perthites is unreliable as done by O'Hara & Yarwood (1978)
and Rollinson (1982) since the reconstruction of the pre-existing feld-
spar may not be a true composition due to loss of Na on exsolution (Brown

& Parsons, 1981; Essene, 1982).



B16

B.l.2 Geobarometry

Solid-solid reactions are suited to use in geobarometry since their
position in P-T space is not dependant upon the presence of a fluid phase.
Although solid-solid reactions generally have a dependance upon T as well
as P, which requires an estimate of T for the calculation of P, those
pest suited to geobarometry have a small dependance on T. Major problems
with their use are the corrections for solid solution activities, and
assumptions therein, and evaluation of the thermodynamic data for the

reactions (Essene, 1982).

B.l.2(a) Garnet-orthopyroxene

The earliest experimental work on the enstatite (Mgsi03)—pyrope

(Mg3A125i3012) system was by Boyd & England (1964) via the reaction:

Mg251206 + MgAlZSiO6 - Mg3A12Si3O12

enstatite Mg- pyrope
tschermakite

which has a iarge AV. They showed that the Al content of the ortho-
pyroxene decreases with decreasing temperature or increasing pressure
and therefore the Al content of enstatite in equilibrium with pyrope
could be used as a geobarometer.

Subsequently, Green & Ringwood (1967b) demonstrated that the solu-
pility of A1203 in pyroxenes was lower in model assemblages (pyrolite)
than in the simple system. As a result of adding olivine to the garnet-
orthopyroxene assemblage, the above reaction took place at lower pressures.

Wood & Banno (1973) attempted to reconcile the discrepancies
petween the model and simple systems by formulating a thermodynamic
method from simple mixing models of orthopyroxene and garnet solid solu-
tion which took into account the effect of CaO and FeO on the system.

Wood (1974) conducted further experiments on the solubility of Al in
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orthopyroxene at 8-30 kbar and 800-1200°C which gave results in good

agreement with the model of Wood & Banno. The formulation of Wood (1974)

is:
M
p(bar) = RT(CK)1n (X'0) (1-x) + 7012 - 3.897°%)-c (x_)  (1-zx'h
v Al R Fe’ opx Al
v
r (l—y)3 r
gnt

where Avr = AV of above reaction, this value depends on XMl

Al’ and can be

found from Table 1, in Wood (1974).

2+ 2+
= Fe
(XF ) / (Fe + Mg)

3 - gnt gnt, 3, _gnt, 2
(1-y) gnt [(X Fel © ngl) (xAlZ) ]

C = 10450 bars

xii is taken as half the number of Al atoms present. If a correction is

made for the substitution of Al by Cr, the calculated pressure decreases
by a small amount (<1 kbar) which is insignificant considering other

uncertainties in the method. One of these uncertainties is that XMl is

Al
dependant upon both P and T such that any errors in the calculated
temperature will be compounded in the calculated pressure (Carswell &
Gibb, 1980a). Carswell & Gibb (1980b) also consider that this formula-
tion does not adequately take into account the effect of varying Cr/(Cr + Al)
ratios on the garnet-orthopyroxene equilibria which will affect the
accuracy of the calculated pressures, especially in the 5-phase assembl-
age: garnet-clinopyroxene-orthopyroxene-olivine-spinel. MacGregor (1970)
has shown that the stability field of such an assemblage appears to
increase in size with increasing Cr/(Cr + Al) in the bulk composition.

O'Neill (198l) has studied the spinel lherzolite-garnet lherzolite
transition in the CMAS and CMASCr systems and found that Cr_O., is heavily

273
partitioned into spinel resulting in a wide transitional S-phase stability
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field. However, the relationship is further complicated by Cr entering
garnet with increasing pressure, and non-ideal mixing of MgAl MgCrzo4

spinels. His derived relationship between P and XCP was:
- r

P(kbar) = Po(kbar) + a(xzi + XSP )

+
Fe3

27.9, from experimental work

where o

P = experimental pressure

o} . . .
P = invariant reaction pressure

2O3 also has to be taken into account as it behaves in a similar manner

to Cr He also calculated the effect of FeO on the two systems from

203.
published data on Fe-Mg partitioning between olivine-'mineral' pairs.
This indicated that the spinel lherzolite-garnet lherzolite transition
occurs at lower pressures with increasing bulk FeO content.

Harley & Green (1982) have extended the work of Wood (1974) to include
FeO in the system (i.e. to give FMAS and CFMAS) over the range of bulk
compositions appropriate to crustal granulites at 800-1150°C and 5-20 kbar.
They retained the simple solution model for orthopyroxenes (cf. Wood &
Bénno, 1973) but used ternary regular solution models for the Ca-Mg-Fe
garnets (cf. O'Neill & Wood, 1979). Their derived expression was:

P(kbar) = [®ink - 2.93)T(°k) + 5650 + 5157(1- x )(1 2x ) x
AV
r

gnt gnt+ xgnt)2]]

- 6300 [x7 X-_

where K = [XMl(l-X )/ (1 Xgnt)3]

ML, . M1 -1
= - . + . -
av_ = -[183.3 + 178.98(x (1, 1))] cal kbar
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B.l.2(b) Garnet-plagioclase-clinopyroxene-quartz

This assemblage is fairly common in granulite facies rocks and arises

in the reaction:

. . 2 . 1l
+ . .
CaA1251208 CaMg51206 -+ §Ca3A12513012 + §Mg3A12813012 + SJ.O2

anorthite diopside grossular pyrope

which has a large AV and therefore is suitable for a geobarcmeter.
Newton & Perkins (1982) have constructed an expression for this

reaction:

P(kbar) + 675 + 17.179 T(OK) + 3.5962 T(OK)an

2 gnt
where K = (a__. g)
pl cpx
(aCa)(aCaMg)

from measured thermodynamic quantities. The major difficulty with this
method is the evaluation of the activities of the various components of
the phases. Here they are based upon calorimetry (for the garnets) or an
jdeal two-site model for the pyroxene (cf. Wood & Banno, 1973). Due to
non-ideal mixing of Mn with Mg, Fe2+ and Ca in the garnets, which cannot
pe easily formulated, this method is not suitable for assemblages where
Mn 3_M§/3 in the garnet. The thermodynamic values used give the follow-

ing expressions for the activity coefficients in garnet:

2
RTanCa (3300 - 1.5T)(XMg + ngxFe)

2
(3300 - l.ST)(XCa + X )

and RTlnYMg ca¥Fe

and for plagioclases:

2 2
a, = xAn(l + xAn) exp (l-XAn) (2025 + 9442xAn)

. 4
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and for clinopyroxene:

a = M2 ML
Di ca’"Mg

Using the expression on Krogh's (1980b) data, gave a calculated
pressure of ~13 kbar compared to 18 + 3 kbar from Krogh. The method
appears to underestimate the pressure, perhaps due to re-equilibration
during uplift or the inadequacy of the thermodynamic expressions (Newton &
perkins, 1982). A possible refinement of the method could lie in the
calculation of the activity of the clinopyroxene, perhaps by using a sub-
regular solution model (cf. Currie & Curtis, 1976 - see next section)

rather than the ideal model.

B.1l.2(c) Albite-jadeite-quartz

A sub-regular solution model has been applied to the clinopyroxene in

the reaction:

NaAlS:L3O8 -+ NaA131206 + 8102

albite jadeite

by Currie & Curtis (1976) assuming that aiiag = 1.

Although a pyroxene can contain five or more components, which would
result in at least 10 binary solutions, some of these components mix
jdeally which simplifies the situation. From the assumptions made in
this method, the clinopyroxene can be reduced to three components: jade-
ite, diopside and hedenbergite. Their deriwved equation calibrated with

o
experimental data (Tin 'K and P in bars):

= 7.63T - 36 - 0.406P + R
0 = 7.63T Tin(X & %a1p)
2 3
+ [2, + X 07 - 20K, + X 07 - 2% XgqXyq = 05 - X))

2
- (XDi + XHd)(O.SZ(Xm) - Z(men)) + 1,5(XDi + XHd)ZX;J(lOT - 7987 - 0.026P)

)7 -, v x 0%+ x X (

+ [?(xni tX Di HA Di“Hd

Ha - 0.5 - IX )

2 e
t 2R+ X ) (052X T = B X)) - 0.5(x), + X, )Ix ]0.1136p - 12850)
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From this formulation Currie & Curtis were able to show that omphacitic
pyroxenes cannot contain more than 40% jadeite component, and that jade-
ite-rich pyroxenes cannot contain more than trace amounts of hedenbergite

and diopside.

B.1.2(d) Garnet-plagioclase-Al-silicate-quartz

This assemblage, with the Al-silicate being one of: kyanite, silli-
manite or andalusite is common in regionally metamorphosed rocks. It was

Ghent (1976) who first recognised the potential of the reaction:

3CaA1251208 > Ca3A12513012 + 2A125105 + SlO2

anorthite grossular Al-silicate

as a geobarometer. He formulated an expression frorﬁ the thermodynamic

data on the reaction, including the activities of garnet and plagioclase:

0 = -3272 + 8.3969 - 0.3448 (P(bar)- 1) + log K_
7(°K) 7(°K)

gnt

where log KD = (3 log agross

In this formulation Ghent took the garnet to be aAsimple, ideal, grossular-
almandine binary (i.e. y = 1), and the activity coefficient of anorthite
was taken as 1.276 (Orville, 1972). The values of log KD vary with the
Al-silicate polymorph: -0.5 to -1.4 for kyanite and -2.1 to -3.4 for
sillimanite and andalusite. |

Ghent et al. (1979) improved on this method by including a parameter

for the activity coefficient of garnet:

0 = -3272 + 8.3969 - 0.3448 (P(bar)- 1) + log K_ + log K
T( K) T( K)
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_ ,.9nt 3, 'plag,3
where K, = (Xgross) /(Xan )
_ ,.gnt 3 lag, 3
and Ky N (Ygross) /(an )
To obtain Ygzzss' Ghent et al. used a value of wCa—Fe = lKcal/mole in the

standard equation:

2
= (1- 1Y
nYgross ( gr) Ca-Fe

RT

1

which results in y > 1 except for Ca-rich compositions. A problem with
this assumption of simple mixing is that in natural parageneses the
grossular content in complex garnets is at small concentrations, which
results in its activity being significantly larger than its mole frac-
tion (i.e. vy >> 1 - Ganguly & Kennedy, 1974). The mole fraction of

grossular in garnet is taken as:

xg:t = ca/(Ca + Mg + Fe + Mn)

gnt

which results in a maximum value for xCa

and hence a maximum pressure.
However, if Fe3+ is calculated and assigned to an andradite component
with the necessary amount of Ca, the value of xg:t is reduced, as is the
calculated pressure.

Newton & Haselton (198l1) have attempted to formulate an expression
for this reaction using more complex binary mixing models for the garnet

(cf. Newton & Perkins, 1982 and the garnet-clinopyroxene-plagioclase-

quartz geobarometer section B.1.2(b)). Their expression is:

o o 3 -
AGA + RT( K)ln (a r) + P(bar)AV = O
(a_)
an
O. 0O O
where: AG; = -P AV, (P° (kbar) = -2.1 + 0.02327(°C) for kyanite)

(o]
(P~ (kbar) = -0.6 + 0.0236T(°C) for sillimanite)
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)

2
= (3300 -~ 1.5T) (X + X X
RTlanr ( ) ( DY oyal

2 2
= + 1 -X
a . xan(l xan) exp ( ) 7 (2050 + 9392xan)

RT
Some difficulty was experienced in applying this method. Although
the procedure for the calculation of the mineral activities was well set
out in the paper, the calculated pressure values could not be obtained
from the given data. There are three major problem; not fully explained
in the text.

(i) The volume change for the reaction (sz) is quoted in cm3 in
the text although units of cals bar-l are used in the calculation; to
convert, divide value in cn3 by 41.83.

(ii) Only the volume change for the reaction producing kyanite is
given in the text (-66.2 cm’, or 1.582 cal bar 1); if the method is
applied to a sillimanite-bearing assemblage a value of -54.58 cm3, or
1.3045 cal bar © mst be used (from Schmid & Wood, 1976).

(iii) The derivation of the value of AV is not made clear. This is
o

obtained thus: sz - Vgr + vgr i.e. the volume change for the reaction

in cm3, depending upon the Al SiO5 polymorph formed, minus the partial

2
molal volume of grossular minus the partial molal volume of the grossular
garnet in the assemblage under investigation. The values for V;r and
Ggr are obtained from Cressey et al., 1978. The value for AV is then
converted to cal bar_l.
Due to uncertainty over the interaction of Mn in garnets this

method is restricted to garnets with Mn :_Mg/3. The method was compared
by Newton & Haselton to published data on this four-phase assemblage and
gave good agreement with the Alzsios-polymorph stability diagram of

Holdaway (1971).
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B.2 MINERAL CALCULATION

The calculation of structural formulae and theoretical end-members
from EMP analyses of minerals, as done in this study, is intimately
connected with the estimation of the Fe3+ content necessary for the
calculation of many of the geothermometers and geobarometers outlined in

the previous sections.

3+

Some minerals, such as olivine contain negligible amounts of Fe™ |,

others such as garnet and orthopyraxene contain a little, yet others can
contain appreciable amounts, e.g. biotite and clinopyroxene.

One method of estimating the Fe3+ content of a mineral is by assum-
ing that the mineral is stoichiometric, i.e. there is an equal number of
cations and anions in the structure, e.g. for clinopyroxene (R28i206)
this charge is 12. When the structural formula is calculated on the
basis of cations, any discrepancy from the expected charge number can be
attributed to the unaccounted - for Fe3+ which of course contains one
more cation charge than Fe2+. This is the charge-balance method, and
was used for the calculation of Fe3+ in the spinels in this study. For
phases such as mica and amphibole, which contain other anions besides o
in their structures (e.g. F or Cl ), this method is difficult to apply
because of the unknown contents of these anions which cannot be analysed
by EMP.

Naturally, the initial premise that the mineral is stoichiometric
may not hold true. Furthermore, due to the closure of the analysis (i.e.
the sum of cations is finite, therefore the number of cations on one
element effectively controls the total number of the remaining cations)
the cation charge is susceptible to errors of analysis in the generally
most common element: Si. Ryburn et al. (1976) showed that an error in
the analysed 3102 value of 1% would propogate as an error of 100°c in

the calculated temperature, using the method of Rgheim & Green (1974).
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B.2.1 Pyroxenes

The charge-balance method is the basis of a computer program (PYROX)
written by Neumann (1976) which has been widely used for the calculation
of Fe3+ contents in omphacitic pyroxenes from eclogites (e.g. Krogh,
1977; Krogh, 1982; Griffin et al., 1982), here the assumption is that a
charge of 12 is present. However, Cawthorn & Collerson (1974) have
shown that the total number of cations in Ca-Tschermakitic and jadeitic
pyroxenes deviates from the expected member of 4, causing the total
charge on these cations to deviate from 12.

An alternative method is to calculate the structural formula on the
basis of 6 oxygens with all the Fe as Fe2+. During the process of calculat-
ing the proportions of theoretical end-members, Fe3+ is determined by
the amount of acmite formed (NaFe3+81206). However, the structural
fomula no longer conforms to 6 oxygens. The whole procedure is then
iterated until the formula approaches 6 oxygens and there is no further
increase in Fe3+ (cf. Mysen & Griffin, 1973). This is the basis of a
computer program by D.A. Carswell.

Rgheim & Green (1975) and Ryburn et al. (1976) have used both of
these calculation methods on the same data and found that when applied
to the geothermameter of Rgheim & Green (1974) the charge-balance method
gave generally lower temperatures by about 30°C-40°C. With clinopyroxenes
having low iron contents the charge-balance method gives erratic results
(Griffin et al., 1983).

Recently, Rossi (1982, Clermont-Ferrand Conference) has studied the
site occupancies of low-temperature omphacites and considers that the
tetrahedral site is occupied solely by Si and that all the Al exists as
AlVI. As a consequence, in the calculated theoretical end-members

Tschermaks molecules are zero (RALSizos) and the maximum AlVI value



B26

results in a maximum value for jadeite, any excess Na from jadeite forms
3+
acmite. The calculated amount of Fe will therefore be lower than in

2+ _
the other methods, consequently Fe~ is higher, as is the Kgnt cpx

value
and the calculated temperature is lower.
Papike et al. (1974) also provide a charge-balance method for

, , 3+
estimating Fe :

3+ 3+ 4+ 2
AlVI + Fe + Cr + 2Ti = AlIV + NaM

where the left-hand-side is the sum of the elements in the Ml site, and
the right-hand-side is the sum of Al in the tetrahedral site and Na in
the M2 site. It was found that this method gave very erratic results,
deperding upon how siliceous the pyroxene was, since this controlled the

AlIV content.

B.2.2 Garnets

The Fe3+ contents in this mineral are variable depending upon the
dominance of particular end-members within the structure. Andradite
(Ca3Fe3+ Si3012) has substantial Fe3+ contents and grossular (Ca3AlZSiBOlz)
has fairly high contentsy which forms a continuous series with andrc»ﬂftz
The majority of the garnets analysed in this study are of pyrope-
almandine types both of which contain very little Fe3+ (Deer et al.,
1963, vol. I, p. 97). In general, low Fe3+ were expected in the analysed
minerals and the charge-balance method used here reflects this. Although
the resulting structural formulae are stoichiometric, the sum of the
oxides is generally >100% for the garnets. It is suspected that this
consistent error arises from the calibration of the EMP with a standard
garnet which is not of a sufficiently similar composition to the minerals
analysed. As with the pyroxenes the major source of analytical error is

probably in the Si.
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The end-members were calculated by the method of Rickwood (1968)
using a computer program written by D.A. Carswell. The end-members of

particular interest were:

Andradite Ca3Fe3+ Si3012
Pyrope Mg3AIZSi3012
Spessartine Mn3A128i3012
Grossular Ca3Alzsi3012
Almandine Fe§+AlZSi3O12
Schorlomite Ca3Ti28i3O12
Uvarovite Ca3Crzsi3O12

Many other theoretical end-members are included in Rickwood's
calculation procedure but they are irrelevant here since they contain
elements not analysed for (e.g. goldmanite:V, or kinzegite:Zr). The only

major omission is hydrogrossular as H_O is not analysed by EMP.

2

B.2.3 Amphiboles

Leake (1978) has presented a formal classification scheme for amphi-
boles using various chemical parameters:(Ca‘+ Na)B, NaA, Ti, Mg/ (Mg + Fe2+),
Si and Fe3+/Al3+ (the subscripts A and B refer to the sites in the
mineral structure). Consequently, the Fe3+ content of the amphiboles

analysed in this study were estimated solely to assist the classification

of the minerals.

In his paper Leake suggests two methods for the estimation of Fe3+.

one is by calculating the formula on the basis of 23 anions, assuming

that Na + Ca + K are all in the A- and B-sites and that the cations in
_ . VI _ 3+ _ 2+ |

the C-site (containing A1 ~, Fe” , Fe" , Mg and Mg) sum to 5. Any

excess over 5 in the C-site was allocated to Fe3+. The procedure was
then iterated so that IC approached 5. The other method was charge-

balance, although a major difficulty here is to know the expected charge
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(42, 43 or 44) due to variations in A-site occupancy and the possible
occurrence of Fe and Mn in the B-site (Neumann, 1976). To remove part
of this problem Neumann (1976) suggested that the cations Si + Al + Ti +
Fe + Mg + }Mn be calculated to sum 13 thereby ignoring the A- and B-sites
although there is still the problem of the value of the expected charge.
Papike et al. (1974) also give a charge-balance method, similar to

the formulation for the pyroxenes (see previous section) where:

3+
a+ K +Al_ + + 2Ti = +
(N )A c Fe c 2T1C AlT NaB

this is performed iteratively.

The method used here is the iterative process of Leake (1978) which
is incorporated into a computer program written by R. Kanaris-Sotiriou.
This method is suitable for Ca-rich amphiboles, as found in the rocks of
this study, since the assumption of all Ca, Na and K in the A- and B-
sites maximises the amount of (Ca + Na)B which has to be > 1.34 for Ca-
amphiboles in the classification of Leake (1978). However, since (Ca + Na)B
is a maximum, it follows that another diagnostic criterion: NaA will
also be a maximum.

Although this method gave apparently acceptable results, in that
there were no instances of negative Fe3+ or Fe3+ > Fe2+ contents, it was
felt that the mineral names derived from Leake's classification were

perhaps too exact and did not reflect the nature of the analyses (lacking

- - , 3+
F, Cl and H2O) and the estimated Fe contents.

B.3 NORMATIVE MINERAL CALCULATION

The normative mineral compositions were calculated using a Fortran IV
program (NORM) written by R. Kanaris-Sotiriou. Some care has to be
exercised when interpreting the normative mineral compositions calculated

fran analyses of metamorphic rocks, because of disturbances of the



BZD

chemistries resulting fram P, T, fo and fluid activities. For instance,
2
the degree of silica saturation (reflected by the presence of normative

g * hyorne) is dependant upon not only the SiO, content, but also the

2
Fe203/Feo ratio of the rock. If there has been secondary oxidation during
metamorphism this ratio will be high, resulting in an increased value of
magnetite in the calculated norm. This, in turn, results in less mafic
silicates being calculated, which in turn gives more q. Therefore, as

the Fe203/FeO ratio increases the normative calculation moves from ne-

to hy * q, to g-normative. 1In addition, the rocks of this study may have
underestimated FeO values, resulting from difficulties experienced in

the chemical analysis of this oxide, giving higher Fe /FeO ratios. A

%3
possible remedy for these unknown factors would perhaps be to adopt a
standard value for the Fe203/Fe0 ratio (cf. Cox, Bell & Pankhurst 1976,
.p. 413) although this would probably give unrealistic normative mineral
values in those rocks which may have suffered oxidation/reduction
reactions during their formation.

Furthermore, the degree of silica saturation in the norm depends

upon the Na20 arnd K2O contents of the rock, with increases in (Na O + KZO)

2

resulting in the calculated mineralogies moving from q to hy * g, to ne-
normative, i.e. the reverse of the effect of oxidation on the rock.

Such increases in Na20 and KZO are most likely to result from metasomatic

effects in metamorphic rocks, often during hydration of pre-existing an-
hydrous assemblages.
The normative mineral values given in the Tables of whole rock

analyses in this thesis sum to less than 100% due to the omission of H,0

2

and CO2 which are not included in the normative calculation.
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