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Discussion between R. Messner and his young daughter on his return from Antarctica

- What did you find down there ?

- Infinity.

- What's infinity like ?

- White, peaceful, still, and everything moves slowly.

- So, is that like Heaven ?

- Perhaps that is Heaven.

-Did you look for Heaven in the Antarctic?

-No, | wasn’t looking for anything there, but | discovered white infinity there.

-What do | have to do to see white infinity?

-Fight all your life to make sure that people don’t put up buildings and electricity pylons, or

burrow around or divide up the last wilderness amongst themselves.

From "Antarctica, Both Heaven and Hell" by Reinhold Messner. Translated by Jill Neate. The
Crowood Press. Ramsbury, Wiltshire. 381pp.
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GEOLOGICAL EVOLUTION OF WESTERN H.U. SVERDRUPFJELLA,
DRONNING MAUD LAND, ANTARCTICA

ABSTRACT

The oldest rocks of western H.U. Sverdrupfjella, the Jutulrora Formation, consist of
interlayered mafic to felsic ortho- and paragneisses thought to represent calc-alkaline volcanic
and clastic sedimentary rocks. These rocks are structurally overlain by the largely paragneissic,
carbonate- dominated Fuglefjellet Formation which may represent a miogeosynclinal shelf facies.
This sequence is structurally overlain by the dominantly para-gneissic Sveabreen Formation
which may comprise a eugeosynclinal facies.

Three granitic bodies, the Roerkulten, Jutulrora and Brekkerista Granites intrude the Jutulrora
Formation. The trace element chemistry of these granites suggest that accessory minerals
played significant roles during their generation and crystallization. Various mafic intrusions, now
discordant amphibolites, and a phase of diorite veining are present.

The Dalmatian Granite was emplaced syntectonically with the 470Ma Pan-African (or Ross)
orogeny during D;. This granite was generated by crustal anatexis at > 5kb.

Jurassic age intrusions include alkaline complexes at Straumsvola and Tvora and numerous
dolerite dykes, some of which postdate the alkali intrusions.

Five episodes of deformation are recognised. The first two resulted in folds (F, and F,) which
are co-planar and coaxial resulting in type 3 interference structures. Low angle thrust faulting
occurred during D, Fold vergence and associated lineations suggest tectonic transport from the
southeast during D, and D,.

D; involved folding and reverse faulting. The orientations of the fault and axial planes of
these structures suggest transport from the west and north-west. D, involved open dome and
basin folding.

Ds involved normal faulting and jointing, adjacent and parallel to the Jutulstraumen Glacier in
the west. The joints affect the Tvora Alkaline Complex.

Three phases of metamorphism, related to the deformation, are recognised. The dominant
mineral assemblages are typical of medium to high grade metamorphism and define S, and S,
planar fabrics. Discordant mafic intrusions provide evidence of a long history of metamorphism.
M; mineral development, commonly represented by biotite, is oriented axial planar to D; folds.

Comparison of the geology of the area with that of southern Mozambique reveals many
similarities. These support reconstructions based on geophysical data which juxtapose Dronning

Maud Land and southern Africa prior to the break up of Gondwanaland.

viii



CHAPTER 1
INTRODUCTION

REGIONAL SETTING

The field work on which this study is based was conducted during the austral summers of
1983/1984, 1984/1985 and 1985/1986 under the auspices of the South African National
Antarctic Program. A total of 88 days was spent in the field with fieldwork being possible on 69
days. In addition, two field seasons {1987/1988 and 1988/1989) were spent in the
Sverdrupfjella to the southeast of the study area. The data collected during these subsequent
trips are not considered here but have provided more insight into the geology of the
Sverdrupfjella.

Each nunatak was mapped on a scale of approximately 1:10000 using either enlarged
segments of 1:250000 topographical sheets or aerial photographs having a scale of
approximately 1:10000. The geological maps are contained in a folder at the back of the thesis.

The study area is bordered in the west by the 40km wide Jutulstraumen Glacier which
occupies the northern portion of the Pencksokket (Penck Trough){Fig. 1.1). West of this glacier
relatively undeformed sedimentary and volcanic rocks of the Ritcherflya Supergroup {Wolmarans

and Kent, 1982) are exposed in the Ahlmanryggen and Borgmassivet (Fig. 1.1).
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Figure 1.1. Locality map of the study area.
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Mineral assemblages in the Ritcherflya Supergroup indicate that they have been metamorphosed
at greenschist facies (Ferreira, 1986).

The study area extends from 0°35'W to 1°E and from 71°57'S to 72°20’S and constitutes
the northwestern part of the H.U. Sverdrupfiella. The areal extent of the terrane is
approximately 2400 square kilometres (Fig. 1.2). Exposure is limited to isolated nunataks which
form less than 5% of the area, thus representing a maximum of 120 square kilometres of
exposure { Fig. 1.2.).

Gneissic terranes similar to those in the study area have been described in the Sverdrupfjella
main range (Hjelle, 1972; Roots, 1953,1 969), to the east in the Gjelsviksfjella (Ravich and
Solo’vev, 1966, van Autenboer, 1972) and to the southwest in the Kirwanveggan { Fig. 1.1,
Roots, 1953, 1969; Ravich and Solo’vev, 1966; Wolmarans and Kent, 1982).
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Figure 1.2. Map of distribution and location of nunataks in the study area.

PREVIOUS WORK IN AND ADJACENT TO THE STUDY AREA

The first geological investigation in the Sverdrupfjella was undertaken by the
Norwegian-British-Swedish Antarctic Expedition during the period 1949-1952 (Roots
1953,1969). This work was of a reconnaissance nature, covering the metamorphic terranes of

the Sverdrupfjella and the Kirwanveggan east of the Penck Trough, as well as the relatively



undeformed sedimentary and volcanic rocks and intrusions of the Ahlmannryggen terrane, west
of the Penck Trough (Fig. 1.1). Roots (1953, 1969) placed the metamorphic rocks of the
Sverdrupfiella and Kirwanveggan in the Sverdrupfjella Group. A thickness of at least 2000m for
the group was proposed. Roots (1953) indicated that the metamorphic rocks range from
chloritic slate and schist to migmatite and pegmatite and from amphibolite to acid gneisses. He
estimated that 80% of the rocks consist of banded gneisses of acid to intermediate
composition. The distribution of garnet was found to be highly variable, being ubiquitous in
some areas and rare in others. The garnets were reported to be grossular based on refractive
index studies.

Roots (1953,1969) described the overall structure of the gneissic terrane as variable with
foliations dipping between 10° and 40° to the southeast and northeast. Two generations of
pegmatite were recorded. The first generation was considered to comprise "replacement
pegmatites” developed during metamorphism and the second as "fracture-filling pegmatites”
which are undeformed. Roots (1953) reported the occurrence of hornblende syenite at
Gburektoppane. The nunataks at Gburektoppane were subsequently renamed and include Tvora,
Straumsvola, Storjoen and Joungane (Fig. 1.2). The hornblende syenite referred to by Roots
(1953) is exposed at Tvora. A poorly exposed angular unconformity at Barkleyfjella was
interpreted by Roots to represent either two periods of deformation separated by an interval of
erosion or a large scale thrust fault from the south. The name Barkleyfjella, used by Roots
(1953), refers to an area southeast of the study area in the central portion of the Sverdrupfielia
main range.

Studies by Russian workers between 1959 and 1961 were of a broad regional nature (Ravich
and Solo’vev, 1966). The only nunataks in the study area to which reference was made are the
Gburek Peaks (Tvora and Straumsvola, map 1,2.) where post-tectonic syenites were noted.
Ravich and Solo’vev (1966) reported that the rocks in the study area are compositionally similar
to granulite grade gneisses in the Gjelsvikfjella to the east but noted that they have amphibolite
grade metamorphic assemblages. These authors reported that the rocks in the study area
include schists, gneisses, and migmatites as well as boudinaged layers of "calciphyres"
(carbonate-bearing rocks) and sheeted bodies of "metabasite”. Ages of approximately 500Ma
(K-Ar) have been obtained from biotites from the gneisses whereas ages of between 170 and
200Ma were recorded for the Tvora and Straumsvola Alkaline Complexes (Ravich and Solo’vev,
1966).

van Autenboer (1972) reported on the geology of Dronning Maud Land east of the study
area. Two generations of gneisses were recognized in the metamorphic terrane of Dronning
Maud Land. In general, the younger sequence comprises marbles, dolomites, calc-silicates,
pyroxenites, graphitic schists, micaceous quartzites and amphibolites. The younger sequence

(structurally?) overlies a gneiss complex which is virtually devoid of calcareous rocks. The



gneiss complex is dominated by medium-grained homogeneous augen or banded gneisses of
granitic to granodioritic composition comprising biotite-, biotite-hornblende and
biotite-hornblende-garnet gneisses. These gneisses were considered to be of sedimentary origin.
The rocks were reported to show strong small scale folding. The migmatisation of the gneisses
reportedly involved at least two stages in which the formation of veinlets, lenses and eyes of
granitic leucosome were followed by later intrusion of aplite, granite and pegmatite. The only
reference to nunataks in the study area was the report of a faulted zone characterized by
chlorite and epidote on Jutulrora ( Fig. 1.1).

The most detailed previous work in the study area was that conducted in 1971 by Hjelle
(1972). Besides reporting similar rock-types to those described by earlier workers, Hjelle (1972)
recognized two periods of folding, namely, F, folds with shallow plunges toward the
north-northeast and south-southwest and F, folds with plunges of 10-30° toward the south-
east overprinting F,. Hjelle (1972) also noted an apparent increase in metamorphic grade toward
the southeast which contrasted with the observation that stratigraphically higher lithological
units appeared to be present as one traversed towards the southeast.

In the Kirwanveggan ( Fig. 1.1) a well-stratified suite, consisting predominantly of
leucogneisses, garnet-biotite plagiogneisses, amphibolites and hornblende plagiogneisses, has
been reported (Wolmarans and Kent, 1982). Calc-silicate rocks have a restricted development.
Within the metamorphic rocks there are minor granitic pegmatites, augen gneisses, pre- or
syn-tectonic plutonic bodies of gabbroic and charnockitic compositions. A large scale thrust
dipping 20° to the southeast is present at Tverrega in the Kirwanveggan and indicates thrusting
toward the northwest (Wallace, 1980). This thrusting is related to an earlier phase of folding
(Wallace, 1980). High angle normal or reverse faults with northeasterly and northwesterly
strikes were also recognized (Gavshon and Erasmus, 1975; Heard, 1976; Meinecke, 1976).
Rb/Sr whole rock isochrons indicate ages between 1173 and 876 Ma for gneisses from the
Kirwanveggan (Wolmarans and Kent, 1982). K- Ar ages on biotite from the Kirwanveggan

indicate a later metamorphic episode at approximately 500 Ma (Wolmarans and Kent, 1982).

STRATIGRAPHY

Formal steps to draw up a stratigraphic column in the study area were initiated by Roots
(1953,1969) who placed all the metamorphic lithologies in the Sverdrupfijela Group without
subdivision into formations. Hjelle (1972) considered that the Sverdrupfjella Group could be
subdivided into four formations (Table 1.1) of which all but the Rootshorga Formation are
represented in the study area.

Hjelle (1972) suggested that a discrete Fuglefiellet Formation might not be justified because

it was distinguished from the Jutulrora Formation only by the presence of calcareous rocks



Wolmarans and Kent (1982) subdivided the metamorphic terrane into the Sverdrupfjella Group
and the Basic Meta-intrusive Suite which includes syn-tectonic charnockites, gabbros and

dolerites intrusive into the Sverdrupfjella Group.

Sveabreen Formation Mainly almandine-bearing (augen-) granite gneisses in part
sillimanite-bearing.

Rootshorga Formation Pelitic and granitic gneisses with some sillimanite aimandine and
cordierite.

Fuglefjellet Formation  Biotite-hornblende plagiogneisses with discontinuous beds and layers of
marbles and skarns.

Jutulrora Formation Biotite-hornblende gneisses with epidote, biotite gneisses, and granite

gneiss. Calcareous rocks not recorded.
Table 1.1. Stratigraphic units recognized by Hjelle (1972) in the H.U.Sverdrupfjella.

LATE INTRUSIONS

Kirwanveggan Dolerites
Straumsvola/Tvora Alkaline Complexes
Sheet Granites

Dalmatian Granite

METAMORPHOSED INTRUSIVE ROCKS
A3 Amphibolite

Diorite Dykes

A2 Amphibolite

A1 Amphibolite

Jutulrora Granite

Roerkulten Granite

Brekkerista Granite

SVERDRUPFJELLA GROUP
Sveabreen Formation (pelitic gneisses)
Fuglefjellet Formation (carbonates)

Jutulrora Formation (tonalitic Grey Gneiss and heterogeneous Banded Gneiss)

Table 1.2. Stratigraphic units recognized in the northwestern Sverdrupfijella.



Grantham et al. (1988) further classified the rock units into four broad groupings, namely, (i}
the Sverdrupfjella Group, (ii) Tabular granitoids, (iii) Mafic and intermediate intrusions and (iv)
Late- and post-tectonic intrusions. The separate status of the Fuglefjellet Formation was
maintained and the metamorphosed intrusive rocks were subdivided according to their temporal
relations to deformational events.

The stratigraphic table presented in Table 1.2 broadly follows Grantham gt al. (1988) and has
been compiled using the suggestions of previous workers and expanded further where
necessary. This stratigraphic table will be used as a framework for the discussion of the field

characteristics, petrography and geochemistry of the various units recognized.

ANALYTICAL METHODS

The major and trace element analyses presented in this thesis were made at the University of
Natal, Pietermaritzburg. The analytical techniques for these analyses are presented in appendix
1. The rare earth element (REE) analyses were undertaken at the University of Stellenbosch and
the electron microprobe analyses (discussed in chapter on the metamorphic history) were done
at the Universities of Cape Town and Pretoria. The normalizing values for the REE’s are those
of Wakita et al. (1971) and are used on the recommendation of Henderson (1984a, pp 9). A
compilation of partition coefficients (K,) is presented in appendix 3 along with the references
from which the K s were derived. The K,s used in the modelling in this thesis are, where
possible, largely average values for the types of rock involved, eg. acid or basic.

The Fe,0,/FeO contents were estimated using the method of Le Maitre (1976) for plutonic

rocks. The abbreviations of mineral names used in the thesis are those recommended by Kretz
(1983).



CHAPTER 2
LITHOSTRATIGRAPHY

INTRODUCTION

The field relations of the rock types, described in this chapter, have been used to construct
the stratigraphic table presented in Chapter 1. The oldest rocks in the study area are
represented by the Sverdrupfjella Group which consists in the study area of the Jutulrora,
Fuglefjellet and Sveabreen Formations. Intrusive into these formations are numerous bodies
displaying a great diversity of compositions including amphibolites, granitoids, syenites and
dolerites. These intrusive rocks are broadly divided into a) the metamorphosed intrusive rocks
and b) the late intrusions. The former incorporates those intrusions which display evidence of
deformation and the development of metamorphic minerals defining a planar fabric. The late
intrusions include those which appear to be undeformed and which display primary igneous

mineralogies.

THE SVERDRUPFJELLA GROUP

Introduction

The relative ages of the Jutulrora, Fuglefjellet and Sveabreen Formations of the Sverdrupfijella
Group cannot be determined because of the paucity of exposure and the fact that primary
structures in the Sverdrupfiella have been virtually totally destroyed by superimposed
deformation and metamorphic events. These formations display similar structural histories and

are therefore described from the structurally lowest to the structurally highest.

Jutulrora Formation

Two major lithological units are distinguished in the Jutulrora Formation and are termed the
Grey Gneiss Complex and the Banded Gneiss Complex, respectively. The distribution of the two
types is shown on map 1 (maps are located in a pocket at the back of the thesis). The rocks of
these two units are conformably intercalated and therefore no relative age between the units is
implied. The criteria for distinguishing the two unit types can best be described with reference
to figure 2.1. The Grey Gneisses are typically relatively homogeneous, dominantly intermediate
in composition (see chapter 3) and display a coarse layering with individual layers typically being
tens of metres thick. The compositional variation between layers in the Grey Gneiss Complex is
commonly minor and subtle, being defined by variations in the proportions of felsic and mafic
minerals. The Banded Gneisses show great compositional variation ranging from ultramafic to

felsic (see chapter 4) with layers commonly only a few metres thick.



Figure 2.1. An east-west vertical exposure on southern Jutulrora in which the sheet- like
Jutulrora Granite separates Banded Gneisses in the hanging wall from Grey Gneisses in the foot

wall. The exposure is approximately 400m high.

Figure 2.2. Deformed carbonates of the Fuglefjellet Formation at Fuglefjellet. Person at top right
for scale.



Rocks of granitic composition that intrude the Jutulrora Formation include the Jutulrora,
Roerkulten and Brekkerista Granites. At least three generations of rocks of mafic composition,
termed A1, A2 and A3 amphibolites, respectively, were emplaced into the Jutulrora Formation.
Post-metamorphic intrusions into the Jutulrora Formation include the Dalmatian Granite, the

Kirwanveggan Dolerites, the Sheet Granites and the Straumsvola and Tvora Alkaline Complexes.

The Fuglefiellet Formation

Exposures of this formation are restricted to Fuglefjellet and Dvergen; the former nunatak
being the type locality (see maps 1,4). The dominant characteristic of this formation is the
presence of calcareous and calc- silicate rocks. Interlayered with the carbonates are layers of
amphibolite, quartzofeldspathic gneikss, a metaconglomerate and tonalitic gneisses similar in
appearance and composition to those of the Grey Gneiss Complex (Fig. 2.2). The Fuglefjellet
Formation is intruded by mafic sheets which are classified as A2 amphibolites (see below).
Post-metamorphic intrusions into the Fuglefjellet Formation include the Dalmatian Granite and

the Kirwanveggan Dolerites.

The Sveabreen Formation

This formation forms a very small portion of the geology of the study area being exposed
only in the southeastern corner at Salknappen (Map 1). It is best exposed at Romlingane (1°
10'E, 72° 10’'S) which lies to east of the study area. The rocks of the Sveabreen Formation
within the study area are typically pelitic in composition with minor amphibolitic and
quartzofeldspathic layers. The Sveabreen Formation contains a porphyroclastic granitoid sheet
which may form part of the Vendeholten Granite Suite {Grantham et a/. 1988). No contact
between the sheet and the enclosing gneisses is seen because of a high degree of shearing.
Post- metamorphic intrusions into the Sveabreen Formation include the Kirwanveggan Dolerites

and the Dalmatian Granite.

THE META-INTRUSIVE ROCKS

Introduction

Within this group, rocks of basic, dioritic and granitic composition are distinguished.

Granitic intrusions

The earliest intrusive rocks recognized are granitic in composition and include the Jutulrora,
Brekkerista and Roerkulten Granites which are sufficiently extensive to form mappable units (see
maps 1, 2 and 3). Numerous smaller intrusions similar in appearance to these granites are also
present in the study area. It is not possible to determine the relative ages of the various

intrusions because they are never in contact and all display planar foliations concordant with
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those in the surrounding gneisses. Broadly, two varieties of granite may be distinguished,
namely equigranular medium-grained varieties (eg. Jutulrora and Roerkuiten Granites) and

porphyroclastic varieties (eg. Brekkerista Granite).
The Jutulrora Granite

The Jutulrora Granite is a sheet-like body intruded between Banded Gneisses and Grey
Gneisses of the Jutulrora Formation and is well exposed on a vertical cliff face on the
southeastern portion of Jutulrora (Fig. 2.1). The areal extent of the granite in plan is small, of
the order of 5000m? (map 2). The contacts of the granite with the country rock are not well
exposed, however at the northern contact (ie. the contact with the underlying Grey Gneisses)
xenolithic fragments of Grey Gneiss and amphibolite were noted in the granite. The granite is
intruded by mafic sheets up to 2m thick which have a planar foliation parallel to that in the
granite which serves to identify the mafic sheet as an A1 amphibolite. Kirwanveggan Dolerite
dykes of the Post-metamorphic Suite also intrude the Jutulrora Granite.

The Jutulrora Granite is medium-grained, equigranular, and pale pink to orange in colour and is

characterized by a strong planar foliation defined by biotite and hornblende.
The Roerkulten Granite

The Roerkulten Granite consists of two bodies, a westerly body which is poorly exposed and
an easterly body which forms a tabular body approximately 120m thick (Fig. 2.3). The granite
is, in appearance, very similar to the Jutulrora Granite but shows clear discordant contacts with
the enclosing Grey Gneiss at Roerkulten. The western contact of the easterly body is highly
irregular with numerous apophyses intruding the Grey Gneisses whereas the eastern contact is
relatively smooth and regular. However, just above the snow line in figure 2.3 at A, the contact
is deformed by a fold considered to be of F, age (see later). The closure of this fold is visible at
B (Fig. 2.3) where the Grey Gneiss is folded. The upper limb of this fold dips westward at
approximately 60° whereas the lower limb dips at a shallow angle (approximately 25°) to the
east defining a fold with an approximately horizontal fold axis and an axial plane which dips
approximately 25°W (see figure B on map 5 ). The western body is poorly exposed with only its
eastern contact being seen.

Mafic sheets, classified as A1 amphibolites, also intrude the Roerkulten Granite and are
indistinguishable from those intruding the Jutulrora Granite in terms of their foliation. The
Roerkulten Granite is intruded by undeformed pegmatites which are grouped with the Sheet

Granites of the Late Intrusions.

These granites are similar to the Jutulrora Granite, being medium- grained, equigranular, and
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pale pink to orange in colour. They are also characterized by a strong planar foliation defined by

biotite and hornblende.

Figure 2.3 Photograph of the eastern sheet of the Roerkulten Granite. The granite underlies the
left portion {leucocratic) of the buttress in the foreground and contains the folded mafic-sheets.
The right portion of the buttress and the background are underlain dominantly by Grey Gneisses,
crosscut by inclined pegmatitic sheets. The height of the fore-ground exposure is approximately
100m.

Provisional Rb/Sr isotopic data from whole rock samples suggest an age of approximately
926 + 31Ma (R, =0.70939) for the Roerkulten Granite {(Moyes and Barton, 1990).

The Brekkerista Granite

The Brekkerista Granite is pink to orange coloured, porphyroclastic and displays rodded
crystals of microcline up to 2cm in diameter. The rodded microcline grains define a strong
lineation which plunges steeply (40°) to the east (Fig.2.4 and stereonet K on map 2). The
granite is exposed in two discrete intrusions at Brekkerista. Their contacts with the enclosing

Banded Gneisses are concordant with the planar foliation and lithological layering of the Banded
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Gneisses. No unequivocal intrusive contacts were seen. The two bodies of Brekkerista granite

are considered to represent portions of the same sheet repeated at the level of exposure by

folding.

Figure 2.4. Porphyroclasts in the Brekkerista Granite. The pencil is approximately 10cm long.
The left hand part of the photograph shows the foliation defined by the rodded feldspars

whereas the right hand side displays a different orientation perpendicular to the feldspar rods.

This conclusion is based on the recognition of M folds in the Banded Gneisses separating the
two bodies. These M folds are interpreted to indicate the existence of a major antiformal closure
separating the two bodies. The Brekkerista Granite is intruded by mafic sheets, pink granitic
veins and grey dioritic veins. Foliations in the mafic sheets are parallel to both those in the
Brekkerista Granite and in the surrounding gneisses. The mafic sheets are therefore considered
to be belong to the A1 amphibolites (see below). The mafic sheets are themselves cut by grey
dioritic veins which are in turn cut by pink granitic veins. The latter have a chemical composition

similar to the Dalmatian Granite (see later).
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Mafic Intrusions

Three generations of discordant mafic sheets and one generation of discordant mesocratic
grey dioritic aplite have been identified, all of which have been metamorphosed to varying

degrees. These bodies are not large enough to be shown on any of the maps.

A1 Amphibolite

The recognition of the first generation mafic sheets is based on the development of a planar
fabric, S,, which is parallel to the enclosing gneisses. A sketch of an example of this generation
is shown in figure 2.5. The stereographic projection showing the structural data pertaining to
this mafic sheet is presented on map 2 as stereonet H. Although this sheet was not seen to be
discordant, the orientation of the various portions of the boudinaged sheet suggest that the
body is discordant because they are oriented at right angles to the planar foliation which is
generally concordant to the layering. Quartz veins developed in this amphibolite define folds
which have axial planar foliations. Other examples of the A1 amphibolites include the mafic

sheets which cut the Jutulrora, Roerkulten, and Brekkerista Granites.

DEFORMED DYKE ON JUTULRORA EAST

+ +| Grey gneiss

Amphibolite /// Foliation

® o

Figure 2.5. Sketch of a mafic sheet discordant to foliation in Grey Gneisses at Jutulrora.
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A2 Amphibolite

The second generation of mafic sheets is recognized by having either foliations which are
discordant to the S, planar foliation in the intruded host rocks or the mafic sheets clearly cut
quartzofeldspathic leucosomes in the gneisses (Fig. 2.6). These leucosomes are either arranged
parallel to the S, foliation in the gneisses or define F, folds indicating that the leucosomes were
pre- or syntectonic. Examples of this variety of mafic sheet are recognized at Brekkerista,
Roerkulten, Fuglefjellet and Straumsvola. These mafic intrusions may include more than one
generation but it has not been possible to distinguish them using their field relations. Attempts

to distinguish these amphibolites based on their chemistry will be made in chapter 10.

Figure 2.6. A2 amphibolite intruded discordantly to layering and foliation in Grey Gneiss at
Roerkulten.

A3 Amphibolites

The recognition of this generation of amphibolite is based on the absence or local
development of a planar fabric. The third generation of discordant mafic sheets is represented

by examples at Brekkerista and Straumsvola. The amphibolite at Brekkerista locally has a planar
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fabric defined by hornblende and biotite but elsewhere it is not foliated. A coarse fracture
cleavage is also developed. The mafic sheet has relict plagioclase phenocrysts up to 2cm long
(Fig. 2.7) which have been recrystallized to an aggregate exhibiting granoblastic textures and
consisting of plagioclase and garnet. These garnets are restricted to area of the relict plagioclase
phenocrysts.

The A3 amphibolites from Straumsvola show no planar fabric and have relict sub-ophitic

textures.

Figure 2.7. Relict plagioclase phenocryst in A3 amphibolite at Brekkerista.

Dioritic sheets
The dioritic sheets are up to 30 cm thick and intrude the Brekkerista Porphyroclastic Granite.

The diorite is a medium-grained grey rock which displays a weak planar fabric defined by biotite

and amphibole.

SYN TO POST-TECTONIC INTRUSIONS

Introduction

The post-tectonic intrusions include rocks of granitic, basic and alkaline (nepheline-bearing

syenites to alkali granites) compositions. The ages of these intrusions range from approximately
450Ma to 170Ma (Moyes and Barton, 1990).
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The Dalmatian Granite

On Brekkerista discordant sheets of leucogranite up to 10m thick cross-cut both the Grey
Gneiss and Banded Gneiss (Map 2). A feature of this granite is the development of nodular
structures up to 10cm in diameter having a melanocratic core and a leucocratic rim (Fig. 2.8).
The mafic mineral in the dark cores is tourmaline. The leucocratic rim is characterized by
muscovite, whereas the granite typically contains both muscovite and biotite.

Similar granites have been recognized at Fuglefjellet and Dvergen. At Dvergen a granite sheet
was found to contain poikilitic tourmaline nodules where the granite intruded carbonates of the
Fuglefjellet Formation. The granite is devoid of tourmaline away from the carbonate-rich country
rocks and is characterized by porphyritic magnetite crystals surrounded by a leucocratic rim of
quartz, feldspar and muscovite. Preliminary whole rock Rb/Sr isotopic data from the Dalmatian

Granite suggest an age of approximately 470Ma.

Figure 2.8. Nodular structure in the Dalmatian Granite.

Sheeted Granites
Granitic sheets occur as discordant layers up to 2 m thick (see Fig. 2.3 where pegmatites
cut the Roerkulten Granite), are aplitic to pegmatitic in texture, and vary in colour from white to

dark pink. The aplite veins are up to 30cm thick and intrude as dykes and subhorizontal sheets
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into the Grey Gneisses at Jutulrora, Salknappen and Dvergen. Preliminary geochemistry shows
that some samples of these rocks and the Dalmatian Granite are compositionally very similar.
Others, however, have distinctive chemistries suggesting that there is possibly more than one
generation of aplitic granites.

Included in the group of sheeted granites are pegmatites which locally are
tourmaline-bearing. Granitic phases in these pegmatites are chemically distinct from the pink
aplite veins and pink granite sheets by virtue of their more sodic compositions (see later). These
pegmatites are best exposed at Jutulrora where they intrude the Grey Gneisses, at Roerkulten
where they intrude the Grey Gneisses and the Roerkulten Granite, and at Holane where they
intrude the Grey Gneisses. These sheet granites will be described and discussed in the same

chapter as the Dalmatian Granite (Chpt. 10).

Kirwanveggan dolerites

Although some of these dykes clearly intrude the Straumsvola Alkaline Complex (Fig. 2.9),
the presence of xenoliths of dolerite in the Straumsvola Complex provides evidence that other
dolerite dykes predate the complex as well. These undeformed dykes vary from a few
centimetres to 30m in width (Map 2). The wider dykes commonly display a strong textural
variation from fine grained margins to coarse olivine gabbros in the centres of the dykes. The
thin, fine-grained dykes commonly display vesicles which typically are filled by calcite or
prehnite or a combination of both these minerals. Two varieties of dyke are recognized, namely
an olivine-bearing variety and an olivine-poor variety. The olivine-bearing dykes are distinguished
from the olivine-poor types by their high content of opaque minerals, zonation in titanaugite
grains, and the presence of euhedral to anhedral olivine and accessory red brown biotite. The
olivine- bearing dykes display only incipient alteration which contrasts with the more intense
alteration of the olivine-poor dykes which are characterised by extensive saussuritization of

plagioclase.

The Straumsvola and Tvora Alkaline Complexes

The Straumsvola Alkaline Complex underlies Storjoen, much of Straumsvola, and a small
portion of Joungane whereas the Tvora Complex is restricted to Tvora (Maps 1, 5, 6 and 7).
The ages of the Straumsvola and Tvora Complexes are approximately 170-180Ma (170-200Ma
K/Ar, Ravich and Solo’vev, p220, 1966; 170 +4 Ma. unpublished Rb/Sr whole rock data, A.R.
Allen, 182Ma Ar/Ar age on amphibole from Straumsvola, unpublished data, |. Evans). The
Straumsvola and Tvora Alkaline complexes are clearly intrusive with numerous veins of syenite
intruding the metasomatised gneisses surrounding the complexes. Xenoliths of the gneisses are
common although sparsely distributed. At Tvora two generations of syenite are recognized,

namely, an earlier mesocratic variety and a later leucocratic variety.
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Figure 2.10. Layering in the central portion of the Straumsvola Alkali Complex. The layers have
a mean thickness of ~5m (C. Harris, unpublished data) and therefore the slope shown in the

photograph is ~100m high.
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Coarse-grained veins of leucocratic syenite intrude the mesocratic syenite and xenoliths of the
mesocratic syenite are commonly found in the leucocratic syenite. Mineralogically the two
varieties of syenite are similar with the darker colour of the mesocratic variety resulting from the
presence of dark brown feldspars. The brown colour of the feldspars is considered to result from
alteration because adjacent to the contacts of trachyte dykes intruded into the syenite, the
feldspar grains become lighter in colour.

At least three intrusive phases have been identified in the Straumsvola Alkaline Complex. A
central layered phase (Fig. 2.10). An inner and outer coarse-grained leucocratic phase and a
mesocratic phase which separates the inner and outer coarse-grained leucocratic phase from
each other. The age relations of the various phases will be discussed later in the appropriate
chapter.

Associated with the alkaline complexes are numerous dykes which intrude the Straumsvola
and Tvora Alkaline Complexes and adjacent country rocks. These dykes range in composition

from alkali granites to lamprophyres and trachytes.
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CHAPTER 3
THE GREY GNEISS COMPLEX

INTRODUCTION

The scale of banding in, and the field relationships of, the Grey Gneiss Complex were

described in Chapter 2. In this chapter the general field appearance, petrography and chemistry

of the Grey Gneisses and associated granitic gneisses will be described and these data utilised

to propose an origin for the Grey Gneisses.

FIELD APPEARANCE

The gneisses of the Grey Gneiss Compiex are dominantly leucocratic, although they vary

from mafic to felsic. The gneisses are generally medium-grained and equigranular, consisting of
varying proportions of plagioclase, K-feldspar, quartz, hornblende, biotite, epidote, zoisite,
sphene, apatite and, in some samples, opaque minerals. Rare layers containing coarse
plagioclase feldspar grains {1cm) have been observed (Fig. 3.1). The coarse feldspars are found
only in layers. The Grey Gneiss Complex is characterised by lenticular epidote +
magnetite-bearing pegmatites which are typically approximately 15cm long but may be up to Tm
long (Fig. 3.2). The pegmatites display consistent orientations which locally are discordant to
the lithological layering. At Roerkulten measurements of the pegmatite lenses indicate that they
are oriented axial planar to F, folds (stereonet D on map 3). At Fuglefjellet the lenticular
pegmatites are clearly folded by an F; fold (Fig. 3.3).

The Grey Gneisses contain concordant interlayers of two types. Amphibolite layers, typica'lly
2m thick, constitute less than 5% of the total volume of the Grey Gneiss. The amphibolite
layers are commonly boudinaged (Fig. 3.4) and display textural variations. Some layers are
banded, reflected by differences in grain size but others are homogeneous. A crude foliation is
present, aligned concordantly with that in the enclosing Grey Gneisses.

The second type of interlayered gneiss is granitic in composition. These gneisses are
distinguished by their pale pink colour in the field as well as the absence of hornblende in thin
section (see later). The contacts and planar foliations in the granitic gneisses are conformable
with those in the enclosing Grey Gneisses.

Inclusions are rarely distributed in the Grey Gneisses although zones rich in inclusions are
present (Fig. 3.5). One such zone is located stratigraphically very close to a contact with the
Banded Gneiss Complex. The compositions of the inclusions are, however, unlike the Banded
Gneisses but are similar to, and span the range of compositions represented in the Grey
Gneisses. Other than the inclusions, the concordantly layered nature and the presence of

porphyroclastic layers, no other structures of possibly primary origin were recognised in the

Grey Gneisses.
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Figure 3.1. A thin layer of Grey Gneiss containing coarse grains of feldspar at Jutulrora. Pen at

centre for scale.

Figure 3.2. Lenticular epidote-bearing pegmatites in Grey Gneiss at Roerkulten. These

pegmatites are probably the replacement pegmatites described by Roots (1953).
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Figures 3.3. Lenticular pegmatites folded by F; at Fuglefjellet.

Figure 3.4. Boudinaged concordant amphibolite in Grey Gneiss at Jutulrora. The amphibolite is

approximately 2m thick.



Figure 3.5. Inclusions or autoliths in Grey Gneiss at Jutulrora.

Figure 3.6. Photomicrograph of Grey Gneiss showing biotite partially replacing hornblende
(Sample JE9). Field of view is 4mm. E =epidote, B=biotite, A =amphibole. The colourless

{white) minerals are quartz and feldspar.
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PETROGRAPHY

Representative modal analyses (based on approximately 1000 points per thin section) of the

dominant minerals in the Grey Gneiss are presented in table 3.1. Mineralogically, the Grey
Gneisses are fairly monotonous, the dominant minerals being plagioclase, K-feldspar, quartz,
hornblende, biotite, epidote, and sphene. Varying proportions of these minerals result in some
samples being amphibolitic or hornblende-rich (JE12, JE57), others granitic (JE10, JE25) with
most being tonalitic (Table 3.1). In summary, the quartz content ranges from 4 to 32%,
hornblende 1 to 28%, biotite 4 to 32%, sphene 0 to 3.5%, epidote 0 to 5.6% and feldspar 37
to 68%.

Sample No. Qtz Feld Hbl Bt Spn Ep |
|
JES 15.0 57.8 12.2 12.7 0.5 1.8 '
JE10 24.3 54.4 8.8 10.9 0.0 1.6 !
JE12 9.3 53.0 27.8 6.0 1.2 2.7 !
JE13 15.3 49.9 13.6 17.3 0.6 3.3 i
JE16 20.4 52.6 10.1 14.5 0.4 2.0 !
JE18 11.5 59.3 10.2 17.3 0.3 1.4 d
JE24 13.2 58.6 8.8 16.8 0.4 2.2 I
JE25 32.0 57.1 1.1 7.0 0.0 2.8 !
JE26 24.0 47.3 8.1 17.9 0.3 2.4 '
JE41 14.0 66.1 12.1 4.0 1.0 2.8 !
JE42 15.3 37.7 11.9 31.7 2.0 1.4 |
JE43 8.3 55.1 12.3 21.7 0.2 2.4 1x=2.4
JE57 7.5 47.7 26.5 14.3 3.5 0.5 1s=1.08
Jwll g.0 55.0 13.0 19.7 0.3 3.0 in=22
JW2 10.6 52.0 12.0 22.0 0.3 3.1 !
JW3 14.6 52.0 12.1 17.1 0.3 3.9 !
JW4 9.1 50.1 21.7 16.7 0.2 2.4 !
JW5 1.6 58.7 22.2 10.8 0.9 5.6 !
JW6 13.9 53.6 8.3 20.9 0.3 3.0 !
JW9 12.7 55.7 13.4 15.6 0.4 2.2 !
JW17 13.8 63.0 10.1 11.1 0.5 1.5 !
BK3 21.5 61.0 9.0 7.3 0.1 1.1 -
RK11 28.8 65.4 1.4 4.1 0.2 0.1 !
RK12 23.3 67.4 3.5 5.8 - - !
RK13 4.3 33.2 28.0 32.5 2.0 - 1x=0.23
RK18 6.8 68.0 16.3 8.3 - 0.6 is =0.26
RK25 13.8 62.8 12.6 10.6 - 0.2 in=6
RK27 10.7 63.8 6.3 18.6 0.1 0.5 -
H2 9.1 54.8 22.3 13.2 0.1 0.5 !
H9 15.3 56.0 19.0 9.7 - - 1x=0.38
H10 7.1 60.3 21.6 10.7 - 0.3 is =0.4
H12 8.7 59.1 22.7 8.3 0.1 0.1 in=5
H13 6.7 61.3 19.1 11.7 0.2 1.0 -

Table 3.1. Modal mineralogy (vol%) of samples of Grey Gneiss. Plagioclase and orthoclase are
combined under feldspar. The numbers on the right of the column represent the number of

samples (n), the mean epidote content (x) and its standard deviation (s). Feld =feldspar

In the modal estimates alkali feldspar and plagioclase are considered together because,
without resorting to staining techniques, it is difficult to estimate their relative proportions. The

reasons for this are that albite twinning is not present in all sections thus preventing easy
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identification of plagioclase and, secondly, the alkali feldspar in many sections is orthoclase
which is largely indistinguishable from the untwinned plagioclase. The granitic gneisses
associated with the Grey Gneisses are distinguished from the more acid Grey Gneisses by the
absence of hornblende.

The Grey Gneisses typically have a granoblastic texture with a strong planar foliation defined
by aligned grains of amphibole and biotite. Hornblende occurs as xenomorphic poikiloblastic
grains typically pleochroic light green to dark green locally exhibiting a blueish tinge.

Khaki-brown to olive-green biotite appears to replace the amphibole and, when this occurs,
the alignment of the biotite flakes is oblique to that of the earlier amphibole (Fig. 3.6). The
planar fabrics typically defined by amphibole are axial planar to F, and/or F, folds, whereas the
axial planar fabrics to F, folds are commonly defined by aligned biotite flakes only (see chapter
on structure).

Biotite is locally partially to completely altered to green chlorite with the chlorite and biotite
commonly forming interstratified layers. Sphene is present in varying proportions whereas
opaque ore minerals are present in very few samples. Sphene is commonly poikiloblastically
enclosed in hornblende and plagioclase.

Plagioclase has compositions of Ang 4, (determined by the Michel-Levy method) and locally
shows partial to complete sericitisation. Plagioclase exhibits patch antiperthite and locally
encloses quartz poikiloblastically. Replacement of plagioclase by microcline is observed locally
and is indicated by coalescence of patch antiperthite. Myrmekitic intergrowths are also present.

The K-feldspar is commonly microcline with characteristic cross-hatched twinning but locally
orthoclase is dominant, showing no twinning. Quartz, plagioclase, and microcline are commonly
poikiloblastically included in laths of hornblende. Quartz occurs as rounded grains and exhibits
undulatory extinction.

Epidote occurs as idiomorphic to xenomorphic grains and is commonly (Fig. 3.6) adjacent to,
or included in, biotite. The epidote is typically zoned and appears to partially replace hornblende

locally.

METAMORPHISM

The mineral assemblage of the Grey Gneiss may be defined as hornblende + epidote +
biotite + plagioclase + K-feldspar within which two mutually exclusive assemblages occur.
Assemblage 1 consists of K-feldspar + hornblende + plagioclase and is characteristic of the
hornblende amphibolite facies or medium grade of metamorphism. Assemblage 2 consists of
biotite + epidote. These assemblages are shown in figure 3.7 where it may be seen that the

tie-lines linking epidote and chlorite/biotite intersect the tie-line linking plagioclase and

hornblende.
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Figure 3.7. ACF diagram for the Grey Gneisses.

From the regional map (Map 1) it may be seen that Grey Gneisses are exposed at most of
the nunataks in the area. The proportion of epidote in the Grey Gneiss appears to decrease from
the west toward the north and east such that samples of Grey Gneiss at Jutulrora, Straumsvola
and Brekkerista (in the west) have a mean epidote content of 2.4% (n=22, s=1.08, Table 3.1).
At Holane (in the north) and at Roerkulten (to the east) the mean epidote contents are 0.38%
(n=5, s=0.4,) and 0.23% (n=6, s=0.26) respectively {(see table 3.1). The common
association of biotite and epidote replacing amphibole retrogressively suggests the following
reaction:
6CaAl,Si,05 + Ca,(Mg,Fe,Al)Si,AlO,,(OH), + 2KAISi,0 + 3H,0 ->
K2(Mg,Al,)SisAl,0,,(0H), + 2Ca,FeAl,Si;0,,(0H), + 2Ca,Al,Si,0,,(0OH), + 7Si0,
ie. 6 An + Hbl + 2 Or + 3 water-> Bt + 2 Ep + 270 + 7 Qtz

Modelling of this reaction using the program THERMO developed by Powell and Holland (1988)
vields the following reactions:-

I Phl + Zo = An + Hbl + Kfs + Qtz + H,0 (aH,0=1)

Il Ann + Zo = An + ferro-hbl + Kfs + Qtz + H,0 (aH,0=1)

Il Phl + Zo = An + Hbl + Kfs + Qtz + H.O (aH,0=.01)
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IV  Ann + Zo = An + ferro-hbl + Kfs + Qtz + H,0 {aH,0=.01)
V  Phl + Zo = An (aAn=.3) + Hbl + Kfs + Qtz + H,0 {aH,0=1)

which occur under the physical conditions shown in figure 3.8.

Pressure kb

Hbl + Kfs + Qtz + H,0

2 T T T T
300 400 500 600 700 800
Temperature C

Figure 3.8. Physical conditions for the reactions |-V described above.

The presence of both the reactants and products of this reaction shows that the reaction has
not proceeded to completion. Possible causes for this are that pH,0 < P, and therefore the
reaction may have been buffered by the activity {a) of H,O or alternatively the reaction was
frozen by a rapid rate of cooling. If the activity of H,0 < 7 then the temperatures of reaction
can be adjusted to lower levels. The possible influence of the MgO/MgO + FeO ratio of the Grey
Gneisses is shown with the reaction being displaced to higher temperature with increasing Mg
content. Another factor influencing this reaction would be the activity of An in the plagioclase.
The reactions are modelled with an activity of 1 except for reaction V {Fig.3.8) which shows
that with a more sodic, plagioclase the reaction is displaced to lower temperatures. These

alternatives will be explored further in Chapter 14 on the metamorphic history.
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GEOCHEMISTRY

Introduction
Forty-five samples of Grey Gneiss were analyzed for 9 major and 15 trace elements. Also

included are data for seven samples of the granitic gneisses which form concordant layers

within the Grey Gneiss. The major element data are shown in order of increasing Si0O, content in

table 3.2.

Major element chemistry
The major element analyses for the Grey Gneisses and associated granitic gneisses (table 3.2)

reveal that the Grey Gneisses include rocks of a broad range of compositions with SiO, contents
ranging from 49 to 75%. Based on SiO, contents six samples may be described as being
basaltic in composition having SiO, contents between 49% and 55%. Thirty two samples have
Si0, contents between 55% and 66% and may therefore be described as intermediate in
composition. Five samples of Grey Gneiss have SiO, contents >66% and may therefore be
described as acid.

On the basis of SiO, content therefore, the Grey Gneisses are dominantly intermediate in
composition with subordinate basic and acid varieties.

Harker diagrams show systematic variations of elements with SiO, as do the major element
oxides plotted against the Differentiation Index (D.l.) of Thornton and Tuttle (1960) (Figs. 3.9
and 3.10). The D.I. was selected because it is based on the variation of normative alkali-bearing
minerals with the alkalis generally being enriched in residual liquids of crystallization. The use of
the Mg number (Mg/Mg + Fe) and related indices would have been of little use since the Mg
number varies very little between samples (see AFM diagram later).

The Harker and the D.l. diagrams show FeO, TiO,, MgO, MnO, P,0, and CaO contents
decreasing with increasing SiO, or D.l. respectively whereas K,O shows a sympathetic increase
with SiO, (Fig. 3.9). The decreasing contents of FeO, TiO,, MgO, MnO and CaO in relation to
SiO, are described by negative correlation coefficients <-0.7 (table 3.3). Na,O and Al,O, show
no coherent variations with SiO, or D.|. (Fig. 3.10). However strong correlation between these
two oxides (r=0.84, table 3.3) suggests that plagioclase dominated the distributions of these
elements.

From table 3.3 it may be seen that FeO, CaO, MnO, and MgO have correlation coefficients
>0.7 showing coherent linear variations with one another. These coherent linear variations are
consistent with the varying mafic mineralogy where these elements form a structural or trace

component in biotite, hornblende and epidote. TiO, varies linearly with FeO, MnO, SiO, and
P,0Os.
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JW2
JW16
RK22
JE13
JE41
H2
H13
Sv43
JE18
JE43
JE16
JE18
JE24
JW9
JW3
JE28
JES
JE12
JW15
JW15
H12
JW6
JW17
RK25
JwWl
JG10
BK3
JE15
JE25
JE10

JE17
JE21
JE32
JE6
JE7
H8
JE4

49.75
53.55
53.79
54.02
54.64
54.81
57.75
58.40
58.93
59.15
59.48
59.54
59.91
60.03
60.15
60.21
60.22
60.26
60.58
60.87
60.89
60.90
60.94
61.28
61.31
61.37
61.56
61.69
61.90
62.15
62.55
62.66
62.77
63.06
63.85
64.94
65.24
66.48
66.56
71.64
72.92

75.00
74.68
74.06
72.73
76.01
74.74
73.43

Al,0,

14.04
12.20
19.71
15.14
15.08
16.28
17.67
18.07
17.29
17.13
17.46
16.44
16.71
17.61
16.69
17.50
16.60
16.66
16.32
16.79
17.52
16.75
17.40
17.40
16.99
15.96
15.99
16.96
16.03
16.91
16.59
17.60
16.33
16.45
15.73
15.36
14.73
15.39
12.92
14.22
14.92

Granitic gneisses associated

12.81
13.66
14.42
13.85
13.50
13.36
14.05

2.84
2.31
1.92
2.717
2.62
2.00
1.66
1.65
1.75
1.68
1.58
1.69
1.73
1.50
1.64
1.57
1.71
1.61
1.47
1.46
1.43
1.45
1.42
1.52
1.52
1.54
1.58
1.45
1.41
1.36
1.33
1.36
1.39
1.38
1.31
1.23
1.22
1.09
1.29
0.55
0.28

0.35
0.30
0.32
0.52
0.22
0.41
0.36

FeO

11.62
9.48
5.79
8.85
7.89
7.20
5.96
5.57
5.57
5.70
5.36
5.72
5.21
5.07
5.56
4.74
5.80
5.74
4.96
4.66
4.85
4.91
4.53
4.84
5.14
5.21
5.02
4.64
4.77
4.88
4.78
4.11
4.45
4.41
4.43
3.91
3.67
3.27
5.06
1.58
0.67

0.95
0.77
0.85
1.41
0.57
1.17
1.01

MnO

0.22
0.25
0.15
0.22
0.21
0.17
0.14
0.14
0.15
0.14
0.13
0.14
0.12
0.13
0.12
0.14
0.14
0.14
0.21
0.11
0.13
0.11
0.11
0.12
0.12
0.12
0.12
0.11
0.11
0.11
0.11
0.08
0.11
0.11
0.11
0.09
0.09
0.07
0.09
0.04
0.01

0.02
0.02
0.02
0.04
0.01
0.02
0.02

NDNONNONDPDNONNMNNONNONNONDONNNODNONNMNOMNWNWNWWNDWNWWELAWOWOM
o>
~

0.26

0.46
0.36
0.32
0.60
0.17
0.42
0.65

Ccao

9.34
9.07
7.717
6.34
6.73
8.65
6.89
6.65
5.85
6.00
6.34
5.55
4.87
6.25
5.75
5.13
6.03
6.20
6.29
5.04
5.12
5.66
4.90
5.00
5.52
5.60
5.16
5.00
5.15
5.01
5.11
4.56
4.66
4.96
5.00
4.26
4.23
3.09
6.38
1.97
1.03

with

1.20
0.89
1.17
1.76
1.14
1.49
1.98

Na,0

WNOWWNDNWWWHLWLWWWWWWWRWWWWWWWWWWWLWWWWWWLWWWWRON RN

.41
.50
.38
.40
.87
.12
.60
.77
.38
.15
.60
.09
.43
.95
.20
.99
.44
.42
.74
.63
.39
.18
.46
.48
.20
.22
.04
.44
.01
.34
.11
.10
.12
.08
.10
.84
.65
.19
.98
.32
.74

K,0

1.58
1.88
2.46
3.41
3.52
1.69
1.83
1.84
2.93
2.79
2.24
2.65
3.15
2.04
2.73
2.66
2.12
2.05
2.30
3.01
2.75
2.64
3.15
2.76
2.63
2.62
3.12
3.08
2.71
2.36
2.42
2.90
3.43
3.26
3.02
3.40
3.19
3.65
3.88
5.43
5.54

Tio,

2.44
0.87
0.85
1.28
2.02
0.94
0.78
0.73
0.87
0.81
0.76
0.80
0.73
0.71
0.77
0.66
0.61
0.77
0.71
0.70
0.69
0.73
0.69
0.69
0.75
0.68
0.75
0.71
0.68
0.65
0.65
0.61
0.65
0.65
0.66
0.56
0.72
0.48
0.71
0.28
0.18

the Grey Gneisses

NNNWWNDN

.06
.26
.54
.01
.55

.24
.13

5.97
6.54
4.74
4.96
6.18
5.60
5.56

0.22
0.19
0.18
0.26
0.09
0.20
0.18

0.06
0.05
0.06
0.08
0.02
0.05
0.07
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TOTAL

100.57
100.89
100.61
99.75
100.55
99.95
100.07
100.19
100.00
100.04
100.08
99.31
99.84
100.34
99.72
99.88
100.27
100.02
99.29
99.03
99.69
99.43
99.33
100.10
100.27
99.81
99.44
99.79
98.73
99.70
99.80
100.53
99.68
99.86
99.66
99.18
99.98
98.67
100.62
98.81
99.61

99.10
99.72
99.67
99.22
100.46
99.70
99.44

Table 3.2. Major element chemistry (wt%) of the Grey Gneiss Complex. FeO/Fe,0; contents

were estimated after le Maitre (1976).
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Figure 3.9. Si0, and D.I. vs FeO, MgO, Ca0, K,0, MnO, P,0g and TiO, for the Grey Gneisses.
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Figure 3.10. SiO, and D.l. vs Na,O and Al, O, for the Grey Gneisses.
Al,0, FeO MnO MgO CaO Na,0 K,0 Tio, PO
sio, -0.19 -0.91 -0.90 -0.79 -0.90 -0.01 0.75 -0.75 —O.65A
Al,0, XXXX -0.17 -0.08 -0.32 0.02 0.84 -0.37 -0.20 0.19
FeO XXXX 0.90 0.87 0.89 -0.33 -0.64 0.84 0.60
MnO XXXX 0.83 0.85 -0.19 -0.64 0.71 0.58
MgO XXXX 0.81 -0.39 -0.56 0.58 0.31
cao XXXx -0.18 -0.80 0.66 0.51
Na, O XXXX -0.22 -0.24 0.11
K, O XXXX -0.36 -0.42
Tio, XXXX 0.75

Table 3.3. Table showing inter-element correlation coefficients for the Grey Gneisses (excluding

the associated granitic gneisses). Those values >0.7 or <-0.7 are underlined.

Trace element chemistry

The trace element chemistry of the Grey Gneisses is shown in Table 3.4. The data are

organised in the same sequence as the major elements thus permitting easy comparison. In

Table 3.5 inter-element correlation coefficients for the trace elements are shown. Al,O; and

Na,O vary linearly with Sr suggesting control by plagioclase whereas K,O varies linearly with Rb,

Th and to a lesser degree, Ba, suggesting control by K-feldspar and/or biotite.



No.

JE44
RK15
JW5
JE42
RK28
Sv44
HO9
H10
JE26
Jw4
RK18
JW2
JW16
RK22
JE13
JE41
H2
H13
Sv43
JE18
JE43
JE16
JE18
JE24
JWO
JW3
JE28
JES
JE12
JW15
JW15
H12
JW6
JW17
RK25
JWl
JG10
BK3
JE15
JE25
JE10

JE17
JE21
JE32
JE6
JE7
H8
JE4

Table 3.4 Trace element chemistry (ppm) of the Grey Gneiss Complex. ND = Not detected.

142
147
126
131
123
113
106

Sr

285
174
860
426
416
582
718
834
475
466
754
416
473
842
437
663
468
621
500
475
625
455
476
707
439
468
392
478
409
762
754
818
414
608
572
403
491
646
262
583
203

282
241
221
275
134
325
449

Rb/Sr

0.08
0.25
0.05
0.29
0.24
0.09
0.07
0.05
0.16
0.15
0.08
0.22
0.17
0.07
0.18
0.14
0.15
0.09
0.12
0.17
0.12
0.17
0.16
0.10
0.18
0.16
0.22
0.15
0.27
0.13
0.12
0.10
0.22
0.14
0.12
0.22
0.23
0.13
0.49
0.16
0.70
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11.9
14.4
6.3

5.7

10.3
30.5
22.4

Granitic

0.50
0.61
0.57
0.48
0.92
0.35
0.24

33.
25.
27.
15.
24.
17.
17.

OO WwWwoWm

Zr Y
182 34
84 27
222 29
230 43
223 38
71 29
158 28
154 34
184 29
160 34
154 23
174 28
155 23
163 23
170 26
142 23
167 28
145 23
150 27
183 27
171 21
155 27
177 28
148 19
183 25
163 25
168 30
181 28
155 27
135 24
133 43
248 25
156 25
143 22
152 24
154 23
207 25
114 17
187 24
196 11
157 7
gneisses
129 10
100 9
104 28
198 15
88 7
175 11
125 8

11.8
16.5
15.6
13.9
14.8
15.8
18.7
15.2
10.5
14.2
14.4
9
11.1
14
6.5
12.2

associated with Grey Gneisses

Ba

202

229

1092
1206
1069
662

953

672

1195
1240
881

928

1250
933

1029
1011
613

1004
1150
1356
1373
995

1276
1484
1077
1004
994

1415
1068
1079
1106
1367
1285
1339
1270
1041
1032
2009
€09

3137
1082

1541
1034
1013
1155
308

1601
2700

Sc

41.6
42.6
17.6
26.7
24.6
28.1
20.1
18.4
16.9
21.4
15.7
16.8
16.7
14.3
17
13.1
22.4
20.9
16.6
13
11
18.1
15
12.1
16.9
20.9
17.3
16.1
14.5
11.6
12.7
9.1
13
10.8
12.2
14.3
12.7
9.4
18.4
1.6
0.9

.9
9

OWNWNEFN
Qb Ho

1
1

La

15
20
29
46
42
27
43
40
29
32
56
39
31
42
25
27
48
45
31
41
25
28
27
36
31
45
29
32
37
25
30
96
30
37
37
36
33
56
37
77
20

46
33
53
48
3

74
24

\Y

449
288
154
225
221
187
153
159
153
172
130
147
155
146
171
113
164
190
124
101
114
155
96

108
142
190
143
116
132
147
128
85

118
120
83

100
121
84

164
18

17

16
ND
12
17
10
16
20

Cu

162

11

NINDH WA

33

(@]

. o

O

o

NNRPRPNWLWODLDPORLRONRFROOVOENO-ON®
[

WhwhWwWNh W

32

Zn

134
123

139
128
90
88
84
75
76
74
80
84
82
75
90

84
76
63
77

60
71
71

68
67
70
71
74
70
62
64
65
62
76
41
69
23
25

The Rb/Sr ratio for the Grey Gneisses has a mean value of 0.18 (n=44) and varies from 0.05

to 0.7. There appears to be a very weak tendency for the higher values to be associated with

the more siliceous gneisses. This trend is consistent with increasing Rb content with Si0,

(r=0.63, Table 3.5) whereas the Sr content shows no obvious variation with Si0,. The
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interlayered granitic gneisses have a mean Rb/Sr value of 0.52 (n=7), significantly higher than
the mean value for the Grey Gneisses. Zinc, V, Sc and, to lesser degrees, Ni, Y and Cr show
strong positive correlations with FeO, MgO, MnO, TiO, and Ca0 and strong negative
correlations with Si0,. These particular trace elements also show strong linear variations with
each other eg. Y/Zn, V/Ni, V/Zn, V/Sc, V/Cr, Sc/Ni, Sc/Zn and Cr/Ni. These consistent variations
generally involve major and trace elements which are either structural components in or are
compatible in the dominant mafic mineral in the Grey Gneisses, namely, amphibole (see
appendix 3).

The consistent linear variations in the chemistry of the Grey Gneisses should enable the
identification and characterisation of the original precursors of the Grey Gneisses. This question

is addressed below.

Rb Sr Th Zr Y Nb Ba Sc Cr La \% Cu Ni Zn

Sio, 0.63 -0.06 057 0.04 -0.76 -032 0.60 -0.81 -053 0.29 -0.81 -036 -0.53 -0.90
Al, O, -0.33 0.73 -0.21 0.10 0.07 0.20 0.06 -0.28 -0.40 0.06 -0.27 -0.19 -0.56 -0.08

FeO .0.50 -0.19 -0.49 -0.04 0.75 0.28 -0.63 0.91 0.65 -0.29 0.95 0.43 0.71 0.93
MnO 051 -0.12 -0.52 -0.10 0.73 0.30 -055 0.83 0.46 -0.31 079 0.39 0.59 0.90
MgO  -0.45 -0.28 -0.42 -0.24 056 009 -061 0.88 070 -0.32 081 0.25 0.87 0.82
CaO -0.68 0.02 -0.62 -0.19 0.67 0.15 -070 0.85 0.57 -0.30 0.83 0.25 058 0.82
Na,0 -0.23 0.63 -0.12 0.10 -0.13 0.05 008 -0.40 -0.31 0.08 -0.38 -0.22 -0.46 -0.18
K,0 0.76 -0.34 0.73 0.33 -0.49 -0.06 066 -0.58 -0.35 0.24 -0.58 0.04 -0.30 -0.59
Tio, -0.31 -0.21 -0.36 0.23 0.68 0.29 -0.43 071 0.60 -0.23 0.85 0.68 0.58 0.80
P,0, -0.17 0.22 -0.40 0.29 0.68 0.43 -0.33 042 0.29 -003 050 0.59 0.17 0.72
Rb XXXX -0.34 053 0.31 -0.25 0.19 0.32 -0.49 -0.28 0.11 -0.47 0.04 -0.30 -0.36
Sr XXXX -0.10 0.01 -0.09 0.00 0.22 -0.31 -0.38 0.39 -0.28 -0.33 -0.44 -0.08
Th XXXX 0.36 -0.39 0.05 055 -0.44 -0.31 0.52 -0.48 -0.20 -0.22 -0.43
Zr XXXX 0.28 0.45 0.25 -0.17 -0.06 0.40 -0.05 0.37 -0.08 0.09
Y XXXX 0.67 -0.44 066 0.39 -0.14 064 051 0.34 077
Nb XXXX -0.13 0.20 -0.14 0.11 0.16 0.36 -0.11 0.40
Ba XXXX -0.64 -0.50 0.51 -0.66 -0.10 -0.48 -0.62
Sc XXXX 0.69 -0.34 0.89 0.34 0.75 0.81
cr XXXX -0.27 0.70 0.29 0.82 0.56
La XXXX -0.36 -0.07 -0.22 -0.24
Y XXXX 0.40 0.74 0.84
Cu XXXX 0.30 0.43
Ni XXXX 0.64

Table 3.5. Inter-element correlation coefficients for the Grey Gneisses. The correlation

coefficients >0.7 and <-0.7 are underlined.

Rare Earth Element Chemistry

Five samples from the Grey Gneisses were analyzed for the rare earth element contents
(REE). The samples were selected so as to represent rocks with a range of SiO, contents in
intermediate compositions similar to those recorded in the Grey Gneisses.

It may be seen from table 3.6 and figure 3.11 that the REE contents generally decrease with
increasing SiO, contents. Broadly, the samples are characterised by relatively steep LREE and
flat HREE patterns. Samples JW6, JE42, BK3 and JE13 are characterised by weak negative Eu

anomalies whereas sample JE10 has no Eu anomaly.
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Figure 3.11. REE profiles for 5 samples of Grey Gneiss. The shaded area represents the range of

REE values recorded for orogenic andesites with SiO, contents 55-62% SiO, from Gill (1981).

La

JE42 53.74
JE13 35.88
JW6 39.94
BK3 48.5

JE10 24.95

Ce Pr

105.11 13.5
64.29 7.96
65.23 8.03
78.2 9.82
56.5 3.69

Nd

56.46
31.75
29.76
37.22
11.86

Sm

10.5
5.94
5.60
5.78
1.8

Eu

2.37
1.45
1.22
1.4

0.51

Gd

8.45
5.02
4.43
4.23
1.35

Dy

8.16
5.02
4.55
3.27
1.3

Ho

1.69
1.07
0.94
0.72
0.29

Er

4.56
2.93
2.58
1.82
0.80

Yb

4.31
2.83
2.48
1.59
0.77

Table 3.6 REE chemistry of the Grey Gneiss Complex. The SiO, contents are shown for

comparison.

ORIGIN OF THE GREY GNEISSES

Introduction

sio,

54.02
60.15
62.77
66.48
72.92

The question of the origin of the Grey Gneisses must begin with a discussion of their field

characteristics and field relationships because these factors influence the interpretation of the

gneisses as ortho- or paragneisses and, if the former, whether the gneisses can be interpreted as

being originally intrusive or extrusive in origin.



35

Discussion of field characteristics and relationships.

Although the Grey Gneisses are layered, the thicknesses of layers (up to 50m} and the
compositional homogeneity within layers are considered more likely to represent orthogneisses
rather than paragneisses. This conclusion is also supported by the consistency of the chemistry
(described above).

Acceptance of the Grey Gneisses as orthogneisses raises the question whether they were
intrusive or extrusive. The concordant compositional layering is consistent with an extrusive
origin if it is assumed that the layering is a primary feature. The presence of porphyroclasts of
plagioclase in some layers suggests that the layering is primary (Fig. 3.1). These porphyroclasts
could be interpreted as relict volcanic phenocrysts in a finer matrix. On the contrary presence of
autolithic fragments (Fig. 3.5) in the Grey Gneisses could be used to argue in favour of an
intrusive origin but their mineralogical consanguinity with the enclosing Grey Gneisses suggests
that they are not xenoliths of adjacent Banded Gneisses. They may represent agglomeratic
fragments which is the preferred interpretation at present. The lack of unequivocal evidence for
either an intrusive or extrusive origin mitigates against drawing conclusions from field evidence

alone.

Comparison of the Grey Gneisses with modern volcanic rocks.

Chemically, the Grey Gneisses display coherent chemical trends (Fig. 3.9, see above) which
display strong similarities with trends for calc-alkaline rocks (Gill, 1981). Figure 3.12 shows that
the Grey Gneisses define a consistent calc-alkaline trend. Brown (1982) states that
"Calc-alkaline granitoids from magmatic arcs have geochemical characteristics paralleled by the
characteristics of associated volcanic rocks" and thus are chemically indistinguishable. Ewart
(1982) calculated correlation coefficients for the chemistry of calc-alkaline volcanic suites.
Comparing these coefficients with those for the Grey Gneisses (Tables 3.3 and 3.5), positive
correlations are seen for FeO vs MgO, V vs FeQ, MgO vs V, MnO vs V, MgO vs Ni, TiO, vs P,0Oq
and Cr vs Ni. Correlations greater than 0.5 calculated by Ewart (1982) but not found in the Grey
Gneisses include K,0 vs P,Og, Ba and Sr, TiO, vs Rb, Rb vs Sr and Ba, Sr vs Ba, and Zr vs Ba
and La.

These discrepancies may suggest that the Grey Gneisses are not comparable with calc-alkaline
volcanic rocks.

However, the positive correlations recognised by Ewart (1982) are for unmetamorphosed
rocks, and largely involve trace elements generally accepted as being mobile in the medium to
high metamorphic grades eg Ba, Sr and Rb (Heier and Thoresen, 1971; Barbey and Cuney,
1982). Therefore the lack of significant correlations for these elements is not unexpected. The

original definition of calc-alkaline rocks was based on Peacock’s (1931) alkali-lime index.
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Calc- Alkaline / Tholeite Division
A~ Tonga - Mariana - S.Sandwich Trend
B Aleutlans - Lesser Antilles Trend
C Cascades - N.Chile - New Guinea Trend

Figure 3.12. AFM diagram with calc-alkaline tholeiite division after Irvine and Barager (1971) for
the Grey Gneisses. The trendlines A,B and C are from Brown (1982). The + symbols are the

granitic gneisses associated with the Grey Gneisses.

Calc-alkaline rocks were defined as those rocks having SiO, contents between 56% to 61% and
CaO/(Na,0 +K,0) =1. The Grey Gneisses have alkali-lime index values of between 54% and 62%
Si0, (Fig. 3.13). Also shown in figure 3.13 is the field of normal calc-alkaline andesites from Brown
(1982). Figure 3.13 indicates that the Grey Gneisses are comparable to calc-alkaline andesites in
terms of their silica contents and alkali/lime ratios.

Brown (1982) recognises an increasing arc maturity from AFM diagrams with curve A (Fig.
3.12) representing the least mature arcs whereas curve C, having a higher Mg/Mg + Fe ratio, is
representative of more mature arcs. Brown {1982) related the maturity of the arc to the crustal
thickness at the time of genesis. The intermediate SiO, contents of the Grey Gneisses in general

suggests that in terms of volcanic rocks, they are likely to have been andesitic to dacitic in

composition.
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Figure 3.13. CaO/Na, +K,0 vs SiO, for the Grey Gneisses. The field for normal orogenic andesites

is from Brown (1982).
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FeO MnO Na,0 K,O TiO, P,0s Rb Sr ir Ba Cr Ni
MnO 0.63 XXXX
TioO, 0.35 XXXX
P,0q 0.37 0.71 0.495 XXXX
Rb 0.64 0.49 XXXX
Sr 0.54 0.49 0.60 XXXX
Zr 0.45 0.33 0.42 0.38 0.38 0.33 XXXX
Ba 0.53 0.43 0.58 0.73 0.57 XXXX
Cr 0.66 XXXX
v 0.54 0.40
Ni 0.81 XXXX
La 0.32 0.57 0.49
MgO 0.65

Table 3.7. Table showing inter-element correlation coefficients for Tertiary to Recent orogenic

volcanic rocks (from Ewart, 1982).

Brown (1982) states that the volume ratio of basic to intermediate and acidic members increases
with arc maturity with andesitic and dacitic lavas being characteristic of the more mature western
American continental arcs. Based on these criteria (Brown, 1982}, the Grey Gneisses have
compositions which are comparable to calc-alkaline rocks from a mature arc environment.

Ewart (1982) has studied the chemistry of basaltic to andesitic {(52-63% SiO,) orogenic volcanic
rocks of Tertiary to Recent age and has recognised three subdivisions based on K,0 vs SiO,
contents (Fig. 3.14). The Grey Gneisses have K,0 vs Si0O, contents comparable with those from
the high K series (Fig. 3.14). Comparison of the contents of Ba, Sr and Zr in the Grey Gneisses
with Ewart’s (1982) data for basaltic and andesitic lavas (Fig. 3.15) reveals that the contents in
the Grey Gneisses are similar.

Nickel contents in the Grey Gneisses are typically lower than those reported by Ewart (1982) for
Tertiary to Recent basalts and andesites (Fig. 3.14) whereas Cr contents of the Grey Gneisses
straddle Ewart’s field. The concentrations of MgO and Ni in the Grey Gneisses are, however, similar
to those recorded for orogenic andesites by Gill {1981) (Fig. 3.16).

The REE patterns of the Grey Gneisses are similar to those for high-K orogenic andesites reported
by Gill (1981) but samples from the Grey Gneisses have slightly steeper LREE slopes than those
reported by Gill (1981)(Fig. 3.11). The five Grey Gneiss samples exhibit a greater range of REE
contents than the data from Gill (1981). A possible reason for this is that the Grey Gneiss samples
represent rocks with SiO, contents between 54 and 72% whereas the data of Gill (1981) include
rocks with SiO, contents of 55% to 62% SiO,.

It was noted above that the REE contents decreased with increasing SiO, contents. If it is
assumed that the variation of the SiO, values are the consequence of fractional crystallization, then

the increasing depletion of REE in general would reflect the crystallization of a phase or phases in
which the REE are compatible.
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The greater variation of the HREE may reflect the involvement of either garnet or hornblende
because both these minerals preferentially accommodate the HREE, garnet to a far greater extent
than hornblende (see K,'s for garnet and hornblende in appendix 3). However the relatively flat
HREE patterns suggests that garnet was neither a fractionating nor residual phase. The greater
HREE variation with relatively flat HREE profiles may reflect minor hornblende fractionation or the
presence of residual hornblende. The REE patterns for samples JE42, JE13, JW6, and BK3 are also
characterised by small negative Eu anomalies which may indicate that plagioclase was also a
fractionating or residual phase.

The above discussion has indicated that the Grey Gneisses are chemically similar to calc-alkaline
igneous rocks. The genesis of such rocks is beyond the scope of this thesis and is addressed to

varying degrees in Gill, {1981); Brown, (1982) and Ewart (1982).
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Figure 3.16. MgO vs Ni for the Grey Gneisses. The field of orogenic andesites is taken from Gill

(1981). Those samples with SiO, contents between 60 and 66% lie within the andesitic field
defined by Gill (1981).
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Conclusion

The Grey Gneisses show wide ranges in chemical composition. Within the widely varying
chemistry, coherent linear relationships between many of the trace and major elements are seen.
The chemistry broadly reflects the varying proportions of minerals, the number of mineral species in
the Grey Gneisses being relatively few.

Broadly, variation diagrams demonstrate that, compositionally, the Grey Gneisses show many
similarities to calc-alkaline rocks of volcanic and plutonic origin. Interpretation of field

characteristics and relationships suggest that a volcanic rather than a plutonic origin is more likely.
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CHAPTER 4
BANDED GNEISS COMPLEX

INTRODUCTION
The field relationships of the Banded Gneiss Complex (BGC) were described in Chapter 2.

The field appearance of the BGC is shown in figure 4.1. from which it can be seen that the
Banded Gneisses are characterised by a great variety of lithologies including amphibolites, and
various quartzofeldspathic, magnesian and calcareous rocks. The latter two lithologies are

typically subordinate.

Figure 4.1 Photograph showing the field appearance of the Banded Gneisses at the northern part
of Brekkerista. The fold is D, in age.

The description and discussion of the various rock-types will be initiated with a broad summary
of the chemistry of the Banded Gneisses followed by a more detailed description of the
petrography and chemistry of the various compositional classes present. The variety of rock-
types facilitates a better understanding of the metamorphic history of the area. Therefore, the

stability and history of the metamorphic assemblages recorded from the various rock types will
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also be discussed.

CHEMISTRY, PETROGRAPHY AND METAMORPHISM

Introduction

The chemistry of the Banded Gneisses, like that of the Grey Gneisses, is highly varied. SiO,
contents range from 44% to 81%, Al,O, from 1.67% to 21.76%, FeO from 0.4% to 16.87%,
MgO from 0.25% to 27%, CaO between 1.1% to 15.34%, Na,O from below the limits of
detection to 5.35% and K,O from 0.12 to 5.6% (Table 4.1). However the Banded Gneisses do
not show the same coherent linear relationships which characterised the Grey Gneisses and
therefore no Harker diagrams or D.l. variograms are shown. On an AFM diagram the Banded
Gneisses describe a broad calc-alkaline trend (Fig.4.2) although most mafic samples lie in the

tholeiitic field. The samples which are largely tholeiitic in character constitute the mafic group

(see later).

(1) CALC-ALKALINE/
THOLEIITE DIVISION

¢ Quartzofeldspathic
| Mafic

A Magnesian

Figure 4.2. AFM diagram of the Banded Gneisses with the calc-alkaline- tholeiite division after
Irvine and Barager (1971).



5i0, Al,0, Fe,0; FeO
MAGNESIAN ASSEMBLAGES
SvV16 55.82 1.95 1.29 6.11
BK23 57.30 1.67 1.94 7.46
BK11l 56.04 3.14 1.89 5.68
BK10 57.61 2.67 1.75 6.31
sv3 51.00 12.26 2.02 7.27
SV7 55.61 4.34 0.97 7.82
MAFIC ASSEMBLAGES
JE37 48.15 14.28 3.21 9.14
JE40 47.55 17.03 2.8% 9.80
JW19 50.34 14.22 2.47 10.11
JwWw23 50.96 15.93 1.85 7.09
svs 51.19 13.57 2.68 10.98
Sv13 49.19 13.22 2.91 11.93
SV15 49.09 13.86 2.39 10.21
SK5 51.80 7.95 2.21 10.45
SVl 49.55 14.31 2.21 10.46
TV29 49.66 13.59 2.79 10.71
JG8 53.30 9.40 2.04 9.63
BK8 56.13 10.18 2.07 9.08
BK12 46.92 16.61 2.83 10.19
sS4 53.27 14.68 2.80 16.87
s3 48.08 21.76 2.36 9.60
QUARTZOFELDSPATHIC ROCKS
Jwlg 73.01 13.73 0.70 1.88
JW24 73.97 14.46 0.30 0.82
BK13 72.59 15.51 0.38 1.22
JW26 72.65 12.71 1.20 3.42
JW20 72.19 14.77 0.50 1.42
BK9 72.84 15.32 0.46 1.46
JE36 80.95 11.91 0.09 0.40
JGS 70.76 12.65 1.36 4.86
BK7 72.57 15.03 0.39 1.18
Jwll 58.17 17.91 1.74 5.54
SK2 65.19 14.74 1.59 5.72
JE33 64.79 14.33 1.61 5.80
JW27 63.93 10.99 1.44 4.89
JW25 60.66 13.66 1.68 6.44
JE33 64.45 14.88 1.70 5.76
SK1 61.68 14.30 2.25 7.63
SK3 68.57 15.93 0.93 3.36
JE35 69.18 12.15 1.64 7.21
JW10 65.37 16.41 1.1C 3.50
CALC-SILICATE
Sv12 81.57 1.92 0.29 2.35

MnO

0.31
0.22
0.16
0.18
0.23
0.20

[ecNeNoNoNeol
N
(@)

0.23
0.18

0.68
0.25

0.05
0.03
0.02
0.06
0.02
0.02
ND

0.10
0.02
0.16
0.04
0.12
0.08
0.18
0.13
0.14
0.04
0.13
0.10

0.38

MgO

19.28
24.02
27.217
26.87
14.14
24.93

10.88
5.48
6.45
7.95
5.67
7.07
9.43

13.96
7.26
6.04

10.99
8.43
6.47
6.75
6.24

0.25
0.37
0.57
0.34
0.84
0.89
0.38
3.80
0.63
3.24
3.70
3.84
9.95
6.27
3.79
4.45
1.75
3.85
1.82

4.12

CaO

15.34
6.17
3.55
2.83
9.80
4.04

7.71
8.55
9.98
11.31
9.56
9.90
11.44
11.23
11.06
10.62
11.13
10.05
10.22
2.22
6.47

1.31
1.37
2.42
1.57
2.30
2.45
2.53
1.10
1.90
5.62
3.18
2.63
2.83
5.47
2.57
2.56
3.20
1.86
4.05

7.89

Na,0

0.45
0.12
0.05
ND

2.24
0.14

2.19
3.39
2.85
2.83
2.72
2.63
2.38
0.60
2.23
3.35
1.54
1.96
3.07
0.10
1.53

2.55
3.01
4.65
3.28
3.38
5.29
4.08
1.86
5.35
3.49
2.29
2.19
1.33
2.13
2.54
1.87
3.68
1.70
3.53

0.57

K,0

0.12
0.63
1.79
0.95
0.93
2.03

3.41
2.19
1.00
1.18
1.12
0.92
0.55
1.04
0.34
1.06
0.45
0.87
1.50
1.29
2.27

5.62
5.36
2.08
4.28
4.12
1.37
0.20
3.38
1.66
2.71
3.13
3.18
2.99
2.07
3.17
3.72
2.07
2.26
3.17

0.10

TioO,

0.21
0.13
0.15
0.13
0.33
0.17

1.11
1.91
1.87
1.06
i.71
1.70
0.82
0.57
1.39
2.08
0.81
0.86
1.33
0.60
0.37

0.31
0.17
0.29
0.55
0.34
0.30
0.05
0.28
0.30
0.78
0.77
0.76
0.68
0.73
0.75
0.86
0.71
0.70
0.52

0.25

ND

0.04
0.01
0.02
0.07
0.01

0.32
0.60
0.22
0.23
0.25
0.21
0.10
0.08
0.17
0.23
0.12
0.16
0.45
0.15
0.07

0.06
0.05
0.09
0.11
0.10
0.12
0.03
0.05
0.10
0.35
0.15
0.16
0.17
0.17
0.17
0.16
0.19
0.18
0.24

0.04
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TOTAL

100.88
99.70
99.73
99.32

100.29

100.24

100.58
99.60
99.71

100.55
99.67
99.99

100.47

100.24
99.27

100.43
99.64
99.97
99.78
99.41
99.00

99.47
99.91
99.82
100.17
99.98
100.52
100.62
100.20
99.13
99.71
100.50
99.41
99.28
99.46
99.91
99.62
100.43
100.86
99.81

99.49

Table 4.1. Major element chemistry of the Banded Gneisses. ND = not detected. Oxides in
weight percent.

The discussion of the Banded Gneisses will be arranged according to the following groups

namely Magnesian Rocks, Mafic Rocks, Quartzofeldspathic Rocks and Calc-silicate Rocks.
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Chemistry, Petrography and Metamorphism of the Magnesian Rocks

Introduction

Magnesian rocks are defined as those having >14% MgO contents. The rocks may have
high Ca or Al contents but not both. Generally rocks of this nature originate from ultramafic

igneous precursors.

Petrography

The mineralogy of these rocks (table 4.2) is dominated by the following minerals; phlogopite,
diopside, olivine, tremolite-actinolite, cummingtonite, talc, and anthophyllite with subordinate
plagiociase, carbonate, and chlorite. Table 4.2 shows that the rocks generally contain
moderately high contents of colourless to pale-green amphiboles including anthophyliite,
cummingtonite, and tremolite. The amphiboles exhibit granoblastic textures and are either
randomly oriented or show a weak planar foliation. Phlogopite, present in almost all samples in

variable proportions, is pleochroic from pale brown to colourless.

Phl Act Cum Ath Di Tlc Pl Mgs Ol

SV16 80 20

BK23 5 5 90

BK11 40 60

BK10 10 70 17 3

sv3 7 3 90

sv7 40 50 10

BK6 5 50 12 8 25
JG4 5 80 15

JG5 5 92 1 2

Table 4.2 Table of the estimated modal mineralogy (vol%) of the magnesian gneisses

The textural relationships of phlogopite differ widely. In some samples the phlogopite laths are
subparallel but clearly crosscut amphibole grain boundaries. In others phlogopite is randomly
oriented whereas in still others phlogopite laths are aligned parallel to the amphibole grains. Talc
replaces anthophyilite in sample BK23 whereas in sample BK10 the assemblage talc +
anthophyllite + phlogopite defines a strong schistose fabric. In the latter sample, a later
generation of talc is oriented across the planar fabric.

Olivine, present only in sample BK6, is partially replaced by phlogopite and anthophyllite and
locally contains inclusions of carbonate presumed to be magnesite. Carbonate in sample BK6
also occurs interstitially and is intergrown with tremolite (Fig. 4.3). Considering the highly
magnesian nature of these rocks the carbonate is likely to be either dolomite or magnesite.

Diopside, present only in sample SV16, defines an equigranular granoblastic texture with
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cummingtonite. Plagioclase forms accessory phases in the gneisses and is commonly partially

saussuritised.

Chemistry

The chemistry of this group is characterised by high MgO (14-28%) with low to high
contents of CaO (2-15%) and typically low Al,O, contents (except for SV3) (Table 4.1). The
SiO, contents in this group have a limited range from 51% to 57%.

The magnesian gneisses are characterised by high contents of Cr and Ni which vary between
1825ppm to 3010 and 326 to 1683ppm, respectively. The gneisses have low Zr, Ba, La and Sr

contents (see Table 4.3).

Rb Sr Th Zr Y Nb Ba Sc Cr v Cu Ni Zn
svie 1 32 ND 12 19 3 ND 52 2809 174 13 326 121
BK10 64 6 1 12 19 4 96 7 1855 37 3 1595 151
BK1ll 64 S 1 12 15 5 106 17 3010 58 3 1205 115
BK23 33 7 ND 11 19 1 25 6 2427 41 3 1683 165
Sv3 33 145 1 47 16 4 167 33 1825 154 8 605 125
sv7 121 7 ND 5 4 3 117 20 2316 74 ND 1408 124

Table 4.3 Trace element chemistry in ppm of the magnesian gneisses. ND =not detected.

Figure 4.3. Microphotograph of carbonate intergrown with tremolite in sample BK6. Field of

view is 2mm wide. The intergrowth (I} shows diamond-shaped amphibole (white) enclosed in
(grey) carbonate. T= tremolite.
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0l

Figure 4.4. ACF diagram of the Magnesian Gneisses showing the bulk rock compositions and

the various mineral phases recorded in these gneisses.
Metamorphism

The assemblages present are broadly characteristic of medium grade or amphibolite facies
metamorphic conditions. Generally, the mineral assemblages developed in magnesian-rich rocks
can be useful indicators of the nature of the fluid phase present during metamorphism. If it is
assumed that the rocks were originally igneous in origin and had typical igneous mineral
assemblages, then such assemblages may broadly approximate the C.I.P.W. normative or
catanorm mineralogy. The normative minerals are shown in table 4.4. from which it may be
seen that the original rocks were possibly pyroxenitic (SV16, BK23, BK11, BK10 and SV7) and
gabbroic (SV3). Of the major normative phases, olivine, clinopyroxene and plagioclase are the
only minerals still present in the gneisses although this does not imply that they are necessarily

relics of primary igneous minerals.



C.ILP.W. ! CATANORM
SV16 BK23 BK11 BK10 SV3 SV7 SV16 BK23 BK11 BKI1O SV3  SV7

Ap 0.10 0.02 0.05 0.17 0.02 0.09 0.02 0.05 0.16 0.02
IIm 0.40 0.25 0.29 0.25 0.62 0.32 0.28 0.18 0.20 0.17 0.45 0.23
Or 0.70 3.73 10.61 5.65 5.48 11.96 0.69 3.63 10.10 5.41 5.36 11.49
Pl 6.69 3.18 3.49 4.51 39.49 6.38 6.81 3.15 3.35 4.32 39.77 6.20
Mag 1.85 2.82 2.75 2,55 292 1.40 1.31 1.98 1.89 1.76 2.06 0.97
Cpx 57.61 22.59 11.49 7.57 22.23 11.74 57.03 21.99 11.08 7.28 21.47 11.32
Opx 30.56 61.62 70.25 74.14 11.03 63.13 31.89 63.77 72.68 76.28 12.34 65.01

Qtz 1.93 5.57 5.15 1.99 5.21 4.72
Fo 0.86 13.17 3.93 0.62 1472 4.07
Fa 0.12 4.77 0.95 0.06 3.68 0.68

99.74 99.86 99.88 99.87 99.88 99.84 100.00 100.01 100.00 100.01 100.02 100.00

Table 4.4. C.I.P.W. and catanorm mineralogy of the magnesian gneisses.

Figure 4.5 was calculated using the computer program GEOCALC (Brown et a/. 1988) for the
system Ca, Mg, Al, Si, O, H, C and K at 5kb. A pressure of 5kb was chosen because
thermobarometers applied (see the chapter on metamorphism) indicate pressures of this
magnitude. The following reactions (abbreviations after Kretz, 1983) are numbered in figure
4.5:-

1. 5Srp = 6Fo + 1Tlc + 9H,0

5Ath + 4H,0 =9Tlc + 4 Fo

8 Fo + H,0 + 9 CO, = Ath + 9 Mgs

2Srp + 3CO, = 1Tic + 3 Mgs + 3 H,0

Ath + H,0 + CO, = Mgs + Tlc

6Fo + 13Di + 4H,0 + 10CO, = 5 Dol + 4 Tr
4Fo + H,O + 5C0O, = 5Mgs + Tlc

5Kfs + 3Tr + 6 CO, + 2H,0 = 24 Qtz + 5 Phl + 6 Cal
8Fo + 2Dol + H,0 + 9CO, = 13 Mgs + Tr
.5Tr + 12Fo + 8H,0 + 2Qtz = 10 Dol + 13 Tic
. Tr+ 3Mgs + H,0 + CO, = 2 Dol + 2 Tlc

.Tr + 4CO, = Tlc + 4 Qtz + 2 Dol

- Tle + 3CO, = 4 Qtz + 3 Mgs + H,0

+2Fo + 11Di +3H,0 + 5C0, = Cal + 3 Tr

© o N o kL

— -
A W N = O

Table 4.2 shows that the mineralogy of the magnesian rocks is dominated by anthophyllite,
cummingtonite or tremolite. Figure 4.5 shows that tremolite + dolomite + calcite would form
from diopside + forsterite + H,0 + CO, at between approximately 600°C to 680°C {reactions
6 and 14). Anthophyllite + magnesite + tremolite would form from olivine (forsterite) &+
dolomite at temperatures of 550°C to 670°C (reactions 2,3 and 9). These reactions could

therefore have been responsible for the formation of the observed Mg-rich amphibole-dominated
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assemblages. The presence of anthophyllite indicates temperatures during the earlier stages of
metamorphism of greater than approximately 600°C (Fig. 4.5). The low content of carbonate in
these rocks may be indicative of a relatively H,0-rich fluid phase because, if this phase had
contained significant quantities of CO,, most of the reactions shown in figure 4.5 (eg. reactions
3-12) would result in the generation of carbonate - dolomite and/or magnesite.

Reactions 1 and 4 constrain the stability field of serpentine. The absence of serpentine in thin
section shows that either the fluid phase had X.,,> 0.06 or that retrogressive reactions ceased
before the stability field of serpentine was reached.

The interpretation from thin section that phlogopite developed late in the genesis of the
mineral assemblage could be due to a reaction such as tremolite + 5 K-feldspar + 6 CO, + 2
H,0 = 5 phlogopite + 24 quartz + 6 calcite (Fig. 4.5) which occurs at temperatures between
500°C and 580°C. A problem with this reaction is that no free quartz nor calcite are observed. A
possible reason for this is that the generation of phlogopite is the consequence of open system

behaviour resulting from introduction of K* + water and that K-feldspar was not present as an

independent phase.

650
l:/J 600
W
C
3
4 i
H sso
L
©
o
T
5004
450 -
400 T T T T T T T T T
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
X(CO02) at P = 2000 bars
Figure 4.5. T-X

coz diagram showing reactions of relevance to the magnesian gneisses.
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However, reaction 8 does serve to provide some idea of the physical conditions related to the
stability of phlogopite in these rocks. The stable presence of talc in some of the rocks indicates
temperatures at least in excess of 450°C and less than approximately 650°C (Fig. 4.5).

The reactions discussed above suggest that the fluid phase was a mixture of H,0 and CO,
and that the temperatures prevailing during the formation of the amphibole-dominated
assemblages were of the order of 600°C. The formation of phlogopite and talc would appear to
require slightly lower temperatures, of the order of 450-5680°C and may be interpreted to have
formed from a retrogressive influx of H,0 and K*.

The system discussed above contains no Fe. Table 4.1 shows that the Fe content of the
magnesian rocks is not insignificant. The presence of Fe in the magnesian rocks would result in
lower temperatures of reaction of the order of 10°C {(Winkler, 1976, p163). Therefore it is
concluded that the reactions in figure 4.5 provide a reasonable estimate of the physical

conditions under which the observed mineral assemblages may have formed.

The Petrography, Chemistry and Metamorphism of the Mafic Rocks

Petrography

The dominant minerals of the mafic rocks are hornblende and plagioclase with varying
proportions of subordinate diopside, garnet, quartz, sphene, biotite, chlorite, epidote,
cummingtonite, and opaque minerals (Table 4.5; Fig. 4.6). The rocks are medium- to

fine-grained {0.5mm to 2mm grain size).

Hbl Pl Di Ep Spn Grt Bt Qtz chl Opaque

TV25 50 30 20

TV23 40 40 20

TV27 30 39 20 7 3 1
JE37 45 34 20 1

JE40 50 30 1 3 15 1
JW1S &5 36 3 5 1
Jw23 37 55 2 2 3 1
SV5 50 40 1 5 2 2
Svi3 50 42 1 5 2
sSvV1s5 80 16 3 1

SK5 93 2 5

svi1 60 32 5 3
sVo 45 40 10 4 1
TV29 65 25 3 3 2
JGs8 70 20 2 5 3

BKS8 49 30 5 1 15

BK12 55 38 1 3 2 1
S4 20 20 15 45

s3 1 25 15 59

Table 4.5, Estimated modal mineralogy (vol%) of the mafic rocks.

Hornblende and plagioclase generally define a granoblastic texture. The weakly to strongly

developed foliation, interpreted as an S, and/or S, foliation, is defined by aligned hornblende
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laths. Biotite typically crosscuts this foliation suggesting its development occurred at a later
stage. Pleochroic light to dark green hornblende commonly forms subidiomorphic laths and
exhibits a poikiloblastic texture resulting from inclusions of quartz, plagioclase and sphene.
Plagioclase is generally untwinned but exhibits variable extinction resulting from zoning.
Measurements of extinction angles of rare albite twins yielded compositions in the range An to
An,;. Plagioclase is commonly partially to completely saussuritized and commonly includes small
{0.2mm) grains of quartz.

Diopside, when present, is rimmed by hornblende which appears to be replacing diopside.
Diopside is pale green in colour and defines a planar fabric. Sphene forms small (0.5mm)
subidiomorphic grains which are commonly included in hornblende. Garnet when present forms
ragged poikiloblastic grains which are not seen in contact with hornblende. Associated with
garnet are biotite, magnetite and a pale green mineral considered to be zoisite. In samples S3
and S4 garnet is partially altered to chlorite.

Pleochroic, light to dark brown biotite is commonly partially chloritized. Biotite shows
variable textural relationships; in some sections it crosscuts the planar fabric defined by
hornblende whereas in others biotite is oriented parallel to the foliation. Chlorite is colourless to
pale green and occurs commonly along fractures. It also partially replaces hornblende and
biotite. Accessory minerals include small idiomorphic sphene grains and an idiomorphic to
xenomorphic opaque mineral, presumed to be magnetite.

The mineralogies of the first two samples listed in Table 4.5 (TV25 and TV23), are
considered to be anomalous because of their high contents of clinopyroxene and biotite and
absence of hornblende. A possible cause of the anomalous mineralogies is the close proximity of

the Tvora Syenite intrusion (see map 7).

Chemistry

The major element chemistries of the mafic gneisses are typical of basic rocks, having Sio,
contents of 47 to 56%, a wide range in Al,O; (8 to 22%) and high FeO + MgO contents (table
4.1). The FeO content is approximately constant, varying between 9 and 11%, whereas the
MgO content shows great variation ranging from 5 to 14%. The high MgO content of sample
SK5 may be related to the fact that rock consists almost entirely of hornblende. CaO contents
are mostly high ranging from 6 to 12%, except for sample S4 which has ~2% CaO. Na,0
contents are low varying between 0.6 and 3.35% except for sample S4. Trace element
contents are highly variable (table 4.6). Rb/Sr ratios vary from 0.04 to 2.4, Nb from 3 to
26ppm, Ba 47 to 518ppm, Cr 46 to 2105 ppm, Cu 3 to 223ppm and Zn 9 to 172ppm. The Cr
content of 2105ppm in sample SK5 correlates with the high MgO content in the rock.
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Metamorphism

The characteristic assemblage of the mafic rocks is shown in figure 4.6 and consists of
hornblende + plagioclase + clinopyroxene + quartz + garnet + sphene + biotite + chlorite +

cummingtonite + opaque minerals.

./

Figure 4.6. ACF diagram of the mafic gneisses showing the characteristic minerals.

D F

It is difficult to attach specific conditions of metamorphism to the above assemblage for the
following reason, outlined by Yardley (1989, pp. 100- 101), that mafic "rocks generally contain
few phases and these are made up of a large number of components (Na,0, K,0, CaO, MgO,
FeO, Fe,0,, Al,O,, Si0O,, H,0, CO,)". Consequently, reactions are likely to be continuous and
will vary because of solid solutions involving the dominant minerals eg. CaO and Na,O in
plagioclase and amphiboles, FeO, Fe,0;, Al,0, and MgO in amphiboles and biotite.

The mineral assemblage of plagioclase + diopside + hornblende represented in figure 4.6 is
iypiéal of medium grade or amphibolite facies metamorphism and, more particularly, the
presence of clinopyroxene and the absence of epidote indicate upper amphibolite facies. The
assemblage clinopyroxene + plagioclase + quartz, present in samples TV27, SV9, BK8 and
SV 15, is significant for barometry because of increasing solubility of Ca-Tshermacks molecule in

clinopyroxene with pressure. This aspect will be explored further in the chapter on the
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metamorphic history.

Rb Sr Th Zr Y Nb Ba Sc Cr La V Cu Ni Zn
JE37 173 242 1.5 136 24 10.3 572 14 652 25 127 10 468 128
JE40 75 530 1.3 158 39 26.3 518 23 25 51 355 57 125 147
JW19 24 261 1.8 114 29 8.8 122 43 159 1 392 59 5§ 105
Jw23 25 469 3 69 20 4.8 149 42 464 3 254 45 104 80
SV5 30 156 3 155 37 9 190 31 131 17 315 223 96 127
sv1l3 25 93 0.8 97 30 7.3 93 44 197 6 352 72 82 132
svls 11 94 ND 39 21 3 85 47 445 10 307 15 188 122
SK5 37 15 4 131 48 11 47 35 2105 9 209 3 391 111
sVl 9 170 ND 81 25 5.7 50 41 257 6 305 46 133 97
T™vV29 22 217 1.2 125 34 10 135 42 121 7 398 44 60 172
JG8 7 48 1.7 69 27 5.2 31 34 1130 ND 274 33 274 99
BK8 6 139 1.7 79 17 5.4 81 33 574 14 284 3 115 112
BK12 23 423 ND 103 29 11.3 252 30 46 22 348 240 52 97
sS4 49 50 16 133 35 17 249 16 856 32 134 22 234 128
s3 72 520 29 135 36 20 504 20 860 49 100 30 166 9

Table 4.6. Trace element chemistry of the mafic rocks (Values in ppm). ND = not detected.

The Petrography, Chemistry and Metamorphism of the Quartzofeldspathic rocks

Petrography

The mineralogy of the quartzofeldspathic gneisses is presented in table 4.7. rocks are
medium to fine-grained (0.5 to 2mm grain size). The gneisses generally display granoblastic
textures with a planar foliation defined by the mafic minerals. The characteristic feature of these
rocks is their quartz content which is associated with a high feldspar content. In some samples
microcline, displaying typical tartan twinning, is common whereas in other samples twinning is
rare making it difficult to distinguish untwinned plagioclase and orthoclase. Feldspar grains
commonly show incipient sericitisation.

Pink to colourless garnet, when present, is generally sub-idiomorphic and typically
poikiloblastic containing numerous inclusions of quartz and opaque minerals. The inclusions in
the garnet do not define any planar fabrics. The planar foliation is wrapped around the garnet
porphyroblasts suggesting that the garnet grew pre-tectonically.

Hornblende is pale-green to dark green in colour and forms subidiomorphic grains. Biotite is
light brown to reddish brown in colour. Muscovite replaces plagioclase and is interpreted as a
secondary retrogressive product. The presence of muscovite + quartz in some of the samples
is significant for thermobarometry because it indicates that the reaction of muscovite + quartz
-> K-feldspar + Al,SiOy + H,0 was not reached.

Sample TV26 consists largely of perthitic feldspar, xenomorphic poikiloblastic hornblende and
biotite. The rock is highly recrystallized. The perthitic nature of the feldspars and the

recrystallization are considered to result from fenitization caused by the intrusion of the Tvora
Alkaline Complex.
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otz Pl Or Mc Bt Grt Hbl Chl Aln Ms Spn opaque

Jwis 35 20 30 9 5 1

JwW24 20 20 50 7 2 1

BK13 20 50 20 5 5

Jw26 30 15 20 10 10 .5 5 5
Jw20 30 23 35 10 2

BK9 20 75 5

JE36 20 307 25 20 2 3
JG9 30 40" 30

BK7 20 60 10 5 5

JWl2 25 60 10 3 2
SK2 25 68 5 2

JE33 20 45" 25 10

Jw27 30 20" 30 20

JW25 25 23 15 25 2
JE32 25 20 50 2 1 2

SK1 25 58" 25 2

JE27 30 22 35 3 10
SK3 25 68" 10 2

JE39 25 25" 12 15 15 3 5
JE38 40 45" 10 5

BK25 30 25 35 5 5

BK21 28 35 35 1 1

BK19 25 30 31 8 5 1

BK17 30 30 31 1

SV10 10 75 15

SK4 35 25 30 5 3 2
JG7 35 30 35

BK15 25 32 33 5 1 4
JE34 20 30" 20 25 5

TV26 20 60" 10 5 5

s1 30 407 30 5 5
svil 30 35" 20 10 5

Table 4.7. Estimated modal proportions of minerals (vol%) in the quartzofeldspathic gneisses. *
indicate samples in which the feldspars show no twinning and therefore the proportion for

plagioclase includes that for K-feldspar.

Chemistry

The quartzofeldspathic gneisses have intermediate to high SiO, contents ranging between
58% and 81% with twelve of the eighteen samples having between 65% and 75% SiO, (Table
4.1). Like the Grey Gneisses, the major element oxides in these rocks display a wide range of
concentrations. FeO varies from 0.4% to 7.63%, MgO from 0.25% to 9.95%, CaO from 1.1%
to 5.62%, Na,O from 1.33 to 5.35%, and K,O from 0.2% to 5.62%. Whereas the Grey
Gneisses were characterized by coherent linear variations with correlation co-efficients > 0.7 or
<-0.7, systematic co-variance between oxides is less common in the quartzofeldspathic banded
gneisses {(Table 4.8). Negative coherent linear variations between SiO, and FeO, MgO, CaO,
TiO, and P,0; are indicated by correlation coefficients <-0.7. These may be related to the
closure effect recognised by Chayes (1964). FeO shows positive linear relationships with MgO
and TiO, and a negative relationship with Na,0. MgO shows a negative relationship with Na,O

whereas CaO and TiO, show positive relationships with P,0;.
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Al,0, FeO MnO Mgo Cca0 Na0 K,O TiO, P,0s
sio, ~-0.33 =-0.81 0.35 -0.69 -0.69 0.49 -0.10 -0.88 =0.82
Al,0, XXXX -0.09 -0.34 -0.36 0.48 0.49 0.00 0.16 0.53
FeO XXXX -0.15 0.72 0.37 -0.74 0.05 0.88 0.58
MnoO XXXX =-0.07 0.10 0.06 -0.51 -0.29 -0.21
MgO XXXX 0.37 =0.71 -0.07 0.64 0.40
cao XXXX -0.01 -0.34 0.52 0.78
Na, 0 XXXX -0.43 -0.54 -0.14
K,O XXXX 0.05 -0.12
TiO, XXXX 0.75

Table 4.8. Inter-element correlation coefficients for the major element chemistry of the

quartzofeldspathic gneisses.

Rb Sr Th Zr Y Nb Ba Sc Cr La \Y/ Cu Ni Zn
BK7 45 396 2.8 135 7.4 3.8 223 2 8 12 20 2 4 29
Jwl8 117 169 13 295 36 23 2262 5.1 ND 117 13 1 ND 61
JW24 149 214 20 93 9.1 6.1 1349 2.3 1 20 16 1 1.7 17
BK13 47 408 16 176 35 27 717 3 5 101 11 1 8.4 25
JWll 86 725 ND 184 28 11 1502 17 29 23 159 1 11 106
JwW10 72 617 5.7 114 17 8.5 1560 9 9 28 78 1 5 54
JE33 150 249 8.8 168 30 23 512 21 33 39 151 13 124 74
Jw26 91 158 24 613 89 44 1145 6.2 8 117 12 9 4 56
JW25 62 283 5.3 156 26 12 507 18 449 28 149 14 127 135
Jw27 87 114 8.1 140 31 11 374 19 372 24 139 3 114 67
JE36 106 234 ND 121 40 14 52 1 19 3 20 1 10 5
JE33 144 271 9.6 193 32 23 513 22 364 39 142 16 143 82
JW20 78 423 15 191 7 9 1092 3 11 57 17 10 7 35
SK3 83 404 17 409 39 23 1477 12 36 133 65 33 12 64
BK9 41 548 9 172 11 6 312 3 6 51 31 S 7 42
JE36A 10 124 5 183 2 2 338 15 347 35 137 6 120 57
JG9 160 102 6 92 9 13 426 13 577 10 105 8 150 96

SK1 141 140 10 162 29 11 917 27 445 79 194 10 132 34
SK2 137 169 14 173 30 14 781 26 416 58 155 13 138 41

Table 4.9. Trace element chemistry of the quartzofeldspathic gneisses {Values in ppm}. ND=
not detected.

Trace elements show wide variations in concentrations. Rubidium ranges from 41 to
160ppm, Sr from 114 to 725ppm, Ba from 52 to 2262 ppm, Sc from 1 to 27 ppm, Cr from
below detection to 577 ppm, La from 3 to 133 ppm, and Ni from 4 to 150 ppm (Table 4.9).
There are however few linear relationships between the various major and trace elements as
shown by correlation coefficients >0.7 or <-0.7 (Table 4.10).

The linear covariance of Na,O with Rb may be related to the substitution of Rb for Na in the
alkali feldspar lattice. Similar covariance between Th, Zr, Y, Nb, and La may be related to the
concentration of these elements in accessory phases such as zircon, apatite and sphene (see
appendix 3, high K,'s for these elements in zircon, apatite and sphene are given). The linear
relationships between Sc, Cr, V, and Ni may result from the accommodation of the elements in
the ferromagnesian minerals namely amphiboles, biotite and garnet. The linear variations of Ca0

and P,Og together with the sympathetic behaviour of Th, Y, Nb, and La suggests that apatite
influenced these linear relationships. ’
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Rb Sr Th Zr Y Nb Ba Sc Cr La \") Cu Ni Zn
Si0, -0.36 -0.24 0.31 0.17 -0.19 -0.04 -0.06 -0.64 -0.28 0.17 -0.65 -0.19 -0.34 -05
ALO, -0.06 0.84 0.00 -0.04 -0.14 -0.06 0.44 -0.03 -0.46 0.15 -0.01 0.09 -0.40 0.06
FeO 0.53 -0.18 -0.34 -0.11 -0.33 0.16 0.21 0.67 0.49 -0.21 0.65 0.25 0.54 035
MnO -0.40 -0.24 -0.32 -0.08 -0.27 -0.30 -0.24 0.22 0.31 -0.19 0.35 -0.03 0.34 0.15
MgO 0.27 -0.27 -0.37 -0.31 0.06 -0.11 -0.37 0.62 0.61 -0.37 0.65 0.13 0.62 0.43
Ca0 -0.28 0.56 -0.39 -0.12 -0.04 -0.19 0.10 0.42 0.12 -0.16 0.54 0.17 0.12 0.59
Na,0 -0.70 0.58 0.06 0.13 -0.24 -0.15 0.02 -0.54 -0.57 0.17 -0.48 -0.13 -0.58 -0.27
K,0 0.69 -0.24 0.53 0.18 0.37 0.33 0.64 -0.06 -0.14 0.25 -0.21 -0.15 -0.16 -0.09
Ti0O, 0.40 0.05 -0.14 0.12 0.46 0.28 -0.01 0.66 0.23 0.04 0.59 0.42 0.34 0.31
Rb XXXX -0.41 0.20 -0.09 0.17 0.25 0.17 0.39 0.28 -0.05 0.26 0.15 0.38 0.05

Sr XXXX -0.25 -0.09 -0.19 -0.20 0.25 -0.27 -0.56 -0.07 -0.16 -0.11 -0.56 0.07
Th XXXX 0.62 0.46 0.58 0.44 -0.16 -0.23 0.72 -0.27 0.41 -0.29 -0.07
Zr XXXX 0.79 0.78 0.38 -0.10 -0.28 0.77 -0.27 0.41 -0.29 0.07
Y XXXX 0.89 0.21 0.06 -0.17 0.57 -0.12 0.20 -0.14 0.04
Nb XXXX 0.26 0.01 -0.19 0.67 -0.13 0.30 -0.09 0.10
Ba XXXX -0.10 -0.38 0.55 -0.20 0.01 -0.45 -0.07
Sc XXXX 0.71 -0.05 0.96 0.41 0.83 0.49
Cr XXXX -0.26 0.72 0.25 0.90 0.45
La XXXX -0.26 0.41 -0.27 -0.10
Vv XXXX 0.29 0.82 0.56
Cu XXXX 0.32 0.32
Ni XXXX 0.46

Table 4.10 Inter-element correlation coefficients for the major and trace element chemistry of

the quartzofeldspathic banded gneisses.

Metamorphism

The dominant mineral assemblage of the quartzofeldspathic gneisses is K-feldspar +
plagioclase + garnet + hornblende + biotite (table 4.7, Fig. 4.7). The presence of hornblende
and plagioclase (An, ) indicates that the rocks have been metamorphosed under medium grade
or amphibolite facies conditions. In the A’KF diagram (Fig. 4.7) the dominant assemblage is
garnet + biotite + K-feldspar + muscovite. The coexistence of muscovite and biotite in some
samples is a product of retrogression as is indicated by the intersecting tie-lines of

biotite-muscovite and garnet-K-feldspar in the A’KF diagram (Fig. 4.7). This relationship
suggests the reaction:-

Ms + Bt + 3Qtz -> Alm + Kfs + 2H,0

This reaction has been modelled using the computer program THERMO (Powell and Holland,
1988) in a Fe-bearing system (Fig. 4.8). Figure 4.8 shows two curves, one where aH,0=1
(squares) and another where aH,0=0.5 (asterisks). An additional factor which would shift the
reaction to higher temperature is the MgO content of the biotite. Figure 4.8 shows that aH,0 <1
would shift the reaction to lower temperatures. A preliminary estimate of metamorphic
temperature and pressures derived from figure 4.8 is of the order of 500-600°C. A full

discussion of metamorphic temperature will be given in chapter 14.



Figure 4.7. ACF and A’KF diagrams of the quartzofeldspathic gneisses.
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Figure 4.8. Physical conditions of metamorphism for mineral assemblages in the

quartzofeldspathic gneisses.
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Petrography and chemistry of the calc-silicate gneisses

Petrography

These rocks are medium to fine-grained (0.5-2mm grain size). Their mineralogical composition
comprises variable proportions of diopside, quartz, hornblende, plagioclase and a green isotropic

mineral considered to be grossular (table 4.1 1).

Di Grs Qtz Hbl Pl Spn
svi2 30 15 50 4 1
JG3 20 5 5 70 1

Table 4.11. Estimated modal mineralogy (vol%) of the calc-silicate gneisses.

The rocks have a granoblastic texture. Grossular is characterized by a green colour and locally is
partially replaced by hornblende (Fig. 4.9). Pale green diopside is partially replaced by
hornblende which is characterized by a dark green colour. Plagioclase is partially saussuritized.

Sphene is an accessory mineral occurring as small (<0.3mm) subidiomorphic grains.
Chemistry

The single analysis of a calc-silicate gneiss (SV12) does not permit a detailed discussion of
the chemistry of this group. SV12 has high SiO, and CaO accompanied by low contents of
ALO,, Na,0, and K,O (see table 4.1). The trace element chemistry of the calc-silicate gneisses

is characterized by high Cr and Ni and low contents of Sr and Ba (Table 4.12).

Rb Sr Th 2Z2r Y Nb Ba Sc Cr La \Y Ni Zn

svli2 6 32 1 18 7 2 21 12 1241 3 67 297 26

Table 4.12. Trace element chemistry of sample SV12 (Values in ppm).

Metamorphism

The calc-silicate gneisses have a mineral assemblage consisting of plagioclase +
clinopyroxene + hornblende + quartz + grossular {table 4.11). This assemblage is shown in
figure 4.10. The bulk composition of sample SV 12 falls on the diopside-grossular tie-line,
consistent with the low content of hornblende and absence of plagioclase. The presence of
grossular is surprising in view of the low Al,O, content in sample SV12 but its presence is
significant with respect to the conditions of metamorphism. Figure 4.11 was calculated using

the program GEOCALC developed by Brown et a/. (1988).



Figure 4.9. Microphotograph of grossular (G) enclosed by diopside (D)(right) and hornblende
(H){dark}{left) in sample SV12. Field of view is approximately 2mm.
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Figure 4.10. ACF diagram for the calc-silicates.

59



60

The presence of grossular is defined by the following reactions which are labelled or numbered
on figure 4.11.

1. 420 + Qtz = 5 An + Grs + 2 H,0

3. Qtz + 2Cal + An = Grs + 2 CO,

8. 6Cal + 3Qtz + 2Z0o = 3Grs + H,0 + 5 CO,

The following reactions may constrain the coexisting diopside and amphibole.

5.2Qtz + Tr+ 6Zo =5Di + 9 An + 4H,0
9.6Z0 + Tr + 2C0O, = 9 An + 4 Di + Dol + 4 H,0O

At a pressure of 5kb grossular is stable above approximately 550°C (reactions 5 and 8, Fig.

4.11) and its stability is also restricted to H,O-rich conditions (Fig. 4.11).
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_Figure 4.11. Stability field of grossular-bearing assemblages calculated using the program
GEOCALC developed by Brown et a/. {1988).

ORIGIN OF THE BANDED GNEISSES

It has been emphasised that the Banded Gneisses are characterised by a great variety of
lithologies including amphibolites (basic rocks), quartzofeldspathic rocks (including semi-pelitic

gneisses), magnesian rocks and calcareous rocks. On an ACF diagram (Fig.4.12) analyses of the
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Banded Gneisses lie in fields which are considered to be characteristic of ultramafic rocks, basic

to intermediate igneous rocks, greywackes and pelitic rocks.
Magnesian Gneisses

The compositions of the magnesian gneisses lie in the field for ultramafic igneous rocks on an
ACF diagram (Figs. 4.4 and 4.12). Paragneissic calc-silicate rocks could conceivably yield similar
chemistries, particularly those characterised by high concentrations of both CaO and MgO.
Distinguishing between a paragneissic or an orthogneissic origin for these rocks is assisted by a
study of their trace element chemistries. The magnesian-rich nature of these rocks suggests
either an ultramafic igneous origin or a paragneissic calc-silicate origin. The former alternative is
preferred and is supported by the high contents of Cr and Ni which vary from 1825 to 3010ppm
and 326 to 1683ppm, respectively (table 4.3). The low Ba and Sr contents are also
characteristic of ultramafic rocks rather than paragneissic calc-silicate rocks because the latter
would be expected to have relatively high contents of these elements. The low La contents are

also characteristic of ultramafic rocks (see table 4.3).

1 ULTRABASIC ROCKS

2 BASALTIC AND
ANDESITIC ROCKS

3 GREYWACKES

4 CLAYS AND SHALES
WITH 0-35% CARBONATE

C

Figure 4.12. ACF diagram of the Banded Gneisses with boundaries for ultramafic rocks (field 1),

basic to intermediate igneous rocks (field 2), greywackes (field 2, thin boundary line) and pelitic
rocks (field 4, thick boundary line) after Winkler (1976, p.46).
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Accepting an igneous origin for the magnesian gneisses raises the question of their source and
whether they were extrusive or intrusive. The magnesian rocks are not seen to crosscut the
general layering of the gneiss complex and therefore do not appear to be intrusive and the
magnesian gneisses may represent volcanic rocks. Alternatively, the apparent absence of
intrusive contacts may be the result of high strains resulting in intrusive sheets of ultramafic

material being rotated into parallelism with the gneissic layering.
Mafic Gneisses

The bulk compositions of the mafic gneisses are plotted in figures 4.% and 4.12 from which it
may be seen that the rock compositions plot in the area typical of basic to intermediate rocks.
Taking the heterogeneous layered nature of the Banded Gneisses into consideration, rocks of

this composition are most likely to have been volcanic in origin.
Quartzofeldspathic gneisses

The compositions of the quartzofeldspathic gneisses lie in fields (Fig. 4.7 & 4.12)
characteristic of greywackes and shales (Winkler,1976, p. 46). However, the Al,O, contents are
not as high as would be expected in pelitic rocks. The high SiO, content of sample JE36 is
atypical of an orthogneiss and it is possibly more characteristic of a sandstone. In view of the
intermediate to acid compositions of these rocks greater coherency might have been expected

between Na,0, K,0 and CaO, if the rocks had a common origin.

Calc-silicates gneisses

The high CaO contents are typical of the calc-silicate gneisses and, together with their high
Si0,, suggest that the rocks originated as a calc-arenite. However the trace element chemistry
of the calc-silicate gneisses are unusual in that they are characterized by high Cr and Ni
concentrations and low contents of Sr and Ba. High Cr and Ni concentrations are characteristic
of ultramafic or Mg-rich assemblages whereas high Sr and Ba contents would be expected in
paragneissic calc-silicate rocks. Assuming isochemical metamorphism, the high SiO, content of
sample SV12 seemingly precludes an ultramafic origin and contrasts with its high Cr and Ni. A
possibility which could satisfy the requirements of high CaO and SiO, contents as well as high

Cr and Ni would be that the rocks are derived from a highly altered or silicified mafic to
ultramafic rock,
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CONCLUSIONS

The Banded Gneisses are highly variable in mineralogy and chemistry. The mafic and
magnesian-rich assemblages are considered to be derived from igneous precursors, the strongly
layered nature suggesting a volcanic origin. The quartzofeldspathic gneisses are chemically
variable and do not show coherent linear relationships. This may indicate that they are, at least
in part, of sedimentary as well as volcanic in origin. Mineral assemblages in the various rock
types are broadly consistent with medium to high grade metamorphism with temperatures of the
order of 550- 650°C being indicated by assemblages in the magnesian, quartzofeldspathic and
calc-silicate gneisses. Temperatures of this magnitude for the mineralogy of the
quartzofeldspathic gneisses suggest that pH,0 ~ Pload (Fig. 4.8). The presence of grossular also
indicates that the fluid composition was H,0-dominated although the presence of carbonate in

the magnesian gneisses also provides evidence of a minor component of CO.,.
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CHAPTER 5
THE FUGLEFJELLET FORMATION

INTRODUCTION
The Fuglefjellet Formation is dominated by carbonate rocks with subordinate calc-silicate,

quartzofeldspathic, mafic and magnesian-rich gneisses. Tonalitic gneisses similar to the Grey
Gneiss Complex form a significant component of the quartzofeldspathic gneisses. The
Fuglefjellet Formation is exposed at Fuglefjellet and Dvergen {(maps 1 and 4). In this chapter, the
mineral assemblages, metamorphism and chemistry of the various rock-types comprising the

Fuglefjellet Formation will be described followed by a discussion of their origins.

PETROGRAPHY

The petrography and mineralogy for each of the various chemical classes will be described

and discussed.

The quartzofeldspathic rocks

The mineralogy of these rocks, shown in table 5.1, is highly variable but is dominated by
quartz and feldspar. The rocks display a gneissose fabric, typically defined by biotite and to a

lesser extent, hornblende.

No. Feldspar Qtz Bt Hbl Spn Ep Cpx Grt Chl Mag Cal Ms
FG1 65 5 7 20 1

FG5 63 30 2 2 3
FG7 45 20 15 15 3 2

FG10 55 15 12 12 4 2

FG12 60 15 15 5 5

FG13 59 20 20 1

FG15a 15 20 5 5 5 5 25 20

FG22 70 25 3 2

FG23 65 7 13 15

FG24 65 28 5 2
FG28 60 25 13 2
FG50 50 25 15 10

FG59 57 20 10 10 3

FG60 55 15 7 20 3

FG61 60 15 5 10 5 5

FG62 55 20 12 8 2 1 2
DVG10 53 25 10 10 2
DVG1ll 60 25 10 5

DVG1l2 57 30 10 1 2

Table 5.1 Modal estimates (vol%) of the mineralogy of the quartzofeldspathic rocks.

The rocks are typically fine- to medium-grained (0.5-2mm grain diameters) and show

granoblastic textures. Quartz and feldspar form rounded xenomorphic grains. ldentification of
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plagioclase is hampered by the fact that plagioclase is commonly untwinned. K-feldspar occurs
dominantly as microcline with tartan twinning and less commonly as untwinned orthoclase.
Locally single grains show both varieties. Muscovite occurs as minor alteration of feldspar.
Biotite, the most common mineral after quartz and feldspar, is pleochroic brown to dark-brown
and partially replaces hornblende, which builds pleochroic green to dark blue-green, poikiloblastic
laths. Quartz inclusions in hornblende locally define a vermicular intergrowth. In some sections,
relict cores of clinopyroxene are preserved in the hornblende.

Sample FG15A is unusual and consists of quartz, garnet, plagioclase, sphene, clinopyroxene,
hornblende, epidote and an opaque phase presumed to be magnetite. The epidote and
hornblende form vermicular masses which separate magnetite and/or clinopyroxene from
plagioclase feldspar. Hornblende partially replaces clinopyroxene. Sphene forms rims around
idiomorphic grains of magnetite. Locally, garnet adjacent to plagioclase is rimmed by
zoisite-quartz symplectites.

In summary, the characteristic mineralogy of the quartzofeldspathic gneisses consists of
quartz + feldspar + biotite + hornblende + sphene with local development of epidote,

clinopyroxene, garnet, chlorite, magnetite, calcite and muscovite.

The carbonate rocks

The mineralogy of the carbonate rocks is shown in table 5.2.

Sample No. Cal/Dol Tr Tlc Phl Brc Mtc Srp Qtz
FG20 80 10 10

FG1l1 80 9 10 1

FG6 50/40 5 5

FG54 35/40 10 10 5
FG56 70/0 10 10 5 5

Table 5.2 Estimates of the modal mineralogy (vol%) of the carbonate rocks.

The carbonate rocks range in grain sizes from fine- to coarse-grained (0.5 - 10mm) and are
characterised by a granoblastic texture. The mineralogy is dominated by carbonates ie. calcite
and dolomite with subordinate silicate minerals including tremolite, talc, phlogopite, monticellite
and brucite. Talc rims tremolite and is partially intergrown with brucite in some samples.
Serpentine and brucite form a zoned aggregate in sample FG56 with serpentine forming in the
cores with marginal brucite. Textures in the serpentine mimic the fracture pattern of olivine
suggesting that it was derived from olivine. Talc forms discrete grains and is also located
adjacent to the brucite-serpentine aggregates. Monticellite is rimmed by brucite. The silicate
minerals define a very weak planar fabric. Samples FG6, FG54 and FG56 were studied using
X-ray diffraction to determine the nature of the carbonates present. Sample FG56 was found to

contain only calcite whereas samples FG6 and FG54 contain doiomite and calcite in similar
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proportions. The identification of the carbonates was done by Ms. S. Verryn in the Department
of Geology, at the University of Pretoria.

In summary the characteristic mineralogy of the carbonate rocks is calcite + dolomite +
tremolite + talc with local development of phlogopite brucite, monticellite, serpentine, and

quartz.

Calc-silicate rocks

The rocks are medium- to coarse-grained (0.5mm to 6mm). The mineralogy of the samples is

shown in Table 5.3.

Di Hbl Pl Qtz Spn Scp Mc cCal Bt Ep/Zo Chl
FG26 5 30 15 1 15 30 1 3
FG53 40 14 2 1 1 40 1l 1
FG58 13 15 5 2 2 3 60
FG52 40 20 30 5 1 2 2
FG16 10 24 1 65
FG17 10 15 70 2 1 2
FG18 10 4 80 1 1 4
FG19 5 12 75 1 1 1 5
DVG3 20 14 25 1 2 35 1 2
DVGA 70 20 10
FG2 40 5 50 3 2

Table 5.3. Estimates of the modal mineralogy (vol%) of the calc-silicate gneisses.

Diopside, calcite, amphibole, plagioclase, quartz, and sphene are present in almost all
samples whereas epidote, scapolite, microcline, biotite and chlorite are present in some samples.
The proportions of quartz, calcite and sphene are generally very low (<5%) whereas plagioclase
is a major constituent. The gneisses typically have a granoblastic texture defined by hornblende,
feldspar (plagioclase and/or microcline when present), scapolite and diopside. Pale-green
diopside forms ragged poikiloblastic grains which enclose grains of quartz and plagioclase.
Diopside is commonly partially replaced by amphibole. The amphibole is variable in colour, in
some sections being pale-green to colourless whereas in others it is dark green. Plagioclase
commonly shows albite twinning and, locally, albite/Carlsbad combination twins. Scapolite is
partially to completely enclosed in zoisite suggesting that it is pseudomorphed, at least in part,
by zoisite. Biotite is commonly pleochroic, colourless to pale-brown indicating a phlogopitic or
magnesian composition. The biotite grains transect the granoblastic texture suggesting that they
have grown later. Accessory minerals in these gneisses include subidiomorphic to idiomorphic
sphene, and xenomorphic calcite and apatite. The apatite, present in two samples, occurs as
relatively coarse grains up to Tmm in diameter. Calcite commonly fills voids between grains.
Where epidote forms a major constituent of the rock, it occurs as fine to coarse grains 0.5 to

3mm in diameter but in other samples it forms a net-like mesh separating grains of plagioclase
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from one another. Banding or layering in the gneisses on a centimetre scale is reflected by the
presence of alternating hornblende-rich and diopside-rich layers.

in summary the characteristic mineralogy of the calc-silicate gneisses is diopside +
hornblende + plagioclase + quartz + sphene + calcite with local development of microcline,

scapolite, biotite, epidote, zoisite and chlorite.
Basic Rocks

These rocks are generally medium-grained (2-3mm grain size) with a granoblastic texture.
The mineralogy is dominated by plagioclase, hornblende and biotite with quartz, epidote, garnet,
chlorite, calcite, apatite, tourmaline, clinopyroxene, sphene and opaque minerals forming minor

phases (Table 5.4).

Sample No. Pl Bt Hbl OQtz Spn Ep Cpx Grt Chl Mag Cal Ap Tml

FG3 22 20 40 5 1 10 1 1
FG4 50 10 35 2 3
FG31 20 5 50 3 1 5 1 15

Table 5.4. Modal estimates {vol%) of the mineralogy of the mafic rocks

Hornblende is green to dark-green, and partially replaces clinopyroxene. Plagioclase is
characterised by zoning and albite twinning. Red-brown to brown biotite commonly defines a
weak planar foliation and transects the granoblastic texture indicating a later development.
Biotite is partially replaced by chlorite. Garnet forms poikiloblastic grains which are partially to
completely replaced by an aggregate of chlorite, opaque minerals and epidote. Tourmaline is
pleochroic, and has a yellow-brown colour toward the outer portions of grains whereas the
cores are commonly blue-green in colour. Tourmaline locally contains inclusions of quartz.

In summary, the characteristic mineral assemblage of the mafic rocks is plagioclase + biotite
+ hornblende + quartz with local development of sphene, epidote, clinopyroxene, garnet,

chlorite, magnetite, calcite, apatite and tourmaline.

Magnesian Gneisses

Modal estimates of the mineralogy of the Mg-rich rocks (table 5.5) show that the mineralogy
is variable without a characteristic mineral assemblage being recognised. The olivine in sample
FG59 occurs as coarse (5mm) poikiloblastic grains with inclusions of magnetite, cummingtonite
and phlogopite. Phlogopite and cummingtonite define a planar fabric which cross-cuts grains of

olivine, and serpentine. Olivine poikiloblasts are partially to completely replaced by



yellowy-brown serpentine. Carbonate, presumably magnesite, fills voids and cracks.
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Table 5.5. Modal estimates of the mineralogy (vol%) of the magnesian gneisses.

Sample FG51 and FG30 are similar, both being dominated by pale-green hornblende and
red-brown phlogopite. They have a granoblastic texture with a strong planar fabric defined by
the phlogopite laths. The plagioclase in sample FG51 is untwinned. Sample FG55 consists
essentially of serpentine and talc and is devoid of a planar fabric. The talc and serpentine are

completely intergrown.

METAMORPHISM

The quartzofeldspathic rocks

The characteristic mineral assemblage of the quartzofeldspathic gneisses is quartz +
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plagioclase + K-feldspar + biotite + hornblende + sphene (Fig. 5.1) with local occurrences of

epidote, clinopyroxene, garnet, chlorite, muscovite, carbonates and opaque minerals.

C

A

ém
Spn

D

Figure 5.1. ACF diagram for the quartzofeldspathic gneisses.
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The metamorphic mineral assemblage of these rocks is comparable to that of the Grey Gneiss
Complex hence it is reasonable to assume that similar metamorphic conditions prevailed.
However their are exceptions, marked by the general absence of epidote and the presence of
clinopyroxene in some samples of the Fuglefjellet Formation.

The absence of epidote suggests that the reaction:-
(' 6An + Hbl + 20r + 3H,0-->Bt + 2Ep + 2Z0 + 7 Qtz

recognised in the Grey Gneiss Complex did not occur, possibly indicating a somewhat higher
grade of metamorphism at Fuglefjellet. The presence of relict clinopyroxene is consistent with
this conclusion.

In chapter 3 (Fig. 3.8, page 27) it was shown that the above reaction is displaced to lower
temperatures where aH,0 < 1. It would be reasonable to expect the aH,0 < 1 in the
Fuglefjellet Formation because of the significant production of CO, during metamorphism of
carbonate rocks. Therefore, the preservation of clinopyroxene and the absence of epidote may
imply a lower aH,0 or higher temperatures. These possibilities will be discussed further in the
chapter 14,

The mineralogy and textures seen in sample FG15A suggest the following reactions:-

(I 5An + Grs + 2H,0 -> 4Z0 + Qtz

(I 10An + 4Hd + 4H,0 ->3Qtz + Hbl + 6Z0

(IV) 4lim + 9Grs + 31An 14H,0 -> Hbl + 4Spn + 2620
(V) 3llm + 5Hd + 2An + 3Qtz + 2H,0 ->2Hbl + 3 Spn

Modelling these reactions using the computer program THERMO by Powell and Holland
(1988) indicates that all these reactions occur at similar physical conditions ie. at temperatures

>500°C assuming pressures of the order of 5kb (Fig. 5.2, see later).

The carbonate rocks

The characteristic metamorphic assemblage of the carbonate rocks is calcite £ dolomite +
tremolite + talc + serpentine + brucite + monticellite (Fig. 5.3). The silicate minerals
recognised as part of the characteristic assemblage described above are all hydrated to varying
degrees. It is significant that wollastonite does not appear to have formed despite the availability
of quartz because it suggests that the fluid phase was sufficiently dominated by CO, to inhibit

the reaction calcite + quartz = wollastonite + CO, which would occur at >700°C at 5kb and
Xco2 > 0.15.
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Figure 5.3 Ca0, MgO and OH diagram for carbonate rocks.
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The formation of forsterite (reaction 11 below Fig. 5.4) would have required temperatures of
approximately 550 to 600 °C over a broad range of fluid compositions. Reaction 12 (Fig. 5.4
and list above) indicate that tremolite is stable above temperatures of ~500°C for most fluid
compositions (X¢o, > 0.2). The more hydrated minerals (brucite, serpentine and talc) are
interpreted to have involved retrogressive rehydration at the expense of tremolite, monticellite
and, possibly, olivine at temperatures <500°C (Fig. 5.4 and reactions 1,3,6 and 9) because
they either rim tremolite and monticellite (talc, brucite) or form pseumorphic textures after
olivine (serpentine, brucite). The development of brucite and serpentine in particular is
consistent with the prior existence of olivine (reaction 1, Fig. 5.4) and suggests that the fluid
phase during cooling was increasingly dominated by H,0. Serpentine was formed where it is

stable under fluid compositions of X.,, ~ 0.0 to 0.07 (Fig. 5.4).
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Figure 5.4. P-T-fluid conditions applicable to the system Ca0-MgO-SiO,-H,0 (for the carbonate

rocks) modelled using the computer program GEOCALC by Brown et al. (1988). The relevant
reactions are listed below.

{(1). 34 Fo + 51 H,0 = 20 Brc + Atg
(2). Brc + Cal + CO, = Dol + H,0
(3). Atg = 4 Tlc + 18 Fo + 27 H,0
(4).2Tle = 5Qtz + 3Fo + 2 H,0



72

(6). 13 Cal + 8 Fo + 9 CO, + H,O0 = Tr + 11 Dol

(6). 13 Atg + 40 Dol = 20 Tr + 282 Fo + 383 H,0 + 80 CO,
(7). 3 Dol + 4 Qtz + H,0 = Tlc + 3 Cal + 3 CO,

(8).3Cal + 2Tc = Tr + Dol + H,O0 + CO,

(9). 2 Atg + 15 Tr + 60 CO, = 47 Tic + 30 Dol + 30 H,O
(10). 2 Tr + 8 CO, = 13 Qtz + 3 Fo + 4 Dol + 2 H,0

(11). 10 Dol + 13 Tlc = 5 Tr + 12 Fo + 8 H,0 + 20 CO,
{12). 2 Dol + 4Qtz + Tlc = Tr + 4 CO,

(13).6Cal + 4Qtz + 5Tc =3 Tr + 2H,0 + 6 CO,

The calc-silicate gneisses

The characteristic metamorphic mineral assemblage of the calc-silicate gneisses is (Fig. 5.5)
diopside + hornblende + plagioclase + quartz + sphene which is typical of the upper

amphibolite facies or medium grade of metamorphism.

A

Figure 5.5. ACF diagram showing the mineralogy of the calc-silicate rocks.

Superficially, the mineralogy of the calc-silicate rocks suggests that they are basic in origin,
as they are characterised by relatively high contents of hornblende, diopside and plagioclase.

However, the presence of significant amounts of microcline (samples FG26, FG23, DVG3) and
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quartz (FG26, FG16) serve to distinguish these rocks from basic rocks. The abundance of
plagioclase in samples FG17, FG18 and FG19 is high which distinguishes these samples from
basic rocks.

Many of the textures observed in these rocks may be interpreted to be the result of
late-stage retrogressive hydration. Textures considered to indicate this are the net-like zoisite,
the partial replacement of diopside by hornblende, and the development of transgressive biotite.
Reactions 1-9 modelled using the computer program GEOCALC by Brown et a/. {1988) are
shown in the list below and figure. 5.6. Reactions 1,2,3,5,7 and 8 may have been responsible
for the late stage formation of zoisite during cooling and/or due to variation of the fluid phase
composition to a more H,O-rich compaosition.

The development of amphibole during retrograde metamorphism may possibly be ascribed to
reactions 5,6,7 and 8 that involve cooling and hydration (reaction 5 and 8), and/or cooling

(reaction 6).
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Figure 5.6. P-T-fluid conditions applicable to the mineralogy of the calc- silicate rocks.

1) An + 6Grs + Phl + 8H,0 = 18 Zo + Mc + 3 Di
2) Scp + H,0 = 2Zo + CO,

3)Qtz + 4Zo = Grs + bAn + 2H,0

4) 2Scp + Qtz = Grs + BAn + 2C0,
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5)Mc + 3Tr + 12Zo = Phl + 12Di + 18 An + 8H,0

6) Mc + Tr = 4Qtz + Phl + 2Di

7) 5Phl + 24Qtz + 12Zo = 3Tr + bMc + 18An + 8H,0

8) 2Qtz + Tr + 6Zo = 5Di + 9An + 4H,0

9) Phl + Grs + 21 An + 9CO, = 3Di + 9Scp + 2Mc + 4H,0

The development of phlogopite may result from cooling and/or hydration involving reaction 7.
The presence of calcite filling voids suggests that it formed late, hence the fluid phase can be
assumed to have contained CO,.

The presence of scapolite is particularly significant since figure 5.6 shows that scapolite +
quartz is a stable assemblage in rocks when the fluid phase contains significant CO,, ie X, >
0.55 (reaction 4, Fig. 5.6). Under more hydrous conditions grossular + zoisite is stable at higher
temperatures (>620°C), whereas at lower temperatures {<600°C) zoisite + quartz are stable
(reaction 6, Fig. b.6). Figure 5.6 assumes that scapolite is pure meionite (Ca-rich). With an
increasing marialite component (Na) in the scapolite, its stability field is increased under more
H,0-rich conditions. The presence of scapolite + diopside + microcline suggests temperatures

of approximately >575°C at X.,,=0.6 and at 5kb (Fig. 5.6).

The Basic rocks

The characteristic metamorphic assemblage in the basic rocks is plagioclase {>An23) +
hornblende + clinopyroxene + sphene + quartz + garnet (Fig. 5.7). This assemblage is typical
of the amphibolite facies or medium grade of metamorphism and as such may be stable between
approximately 500°C and 650°C. As for the Banded Gneisses (Chpt. 4), it is difficult to attach
more specific conditions of metamorphism to the above assemblage for the reason outlined by
Yardley (1989, pp. 100-101) that mafic "rocks generally contain few phases and these are
made up of a large number of components (Na,O, K,0, Ca0O, MgO, FeO, Fe,0;, AlLO,, Si0,,
H,0, CO,)". Consequently, reactions are likely to be continuous and will vary because of solid
solutions involving the dominant minerals eg. CaO and Na,O in plagioclase and amphiboles, FeO,
Fe,0s, Al,0; and MgO in amphiboles and biotite. An unusual constituent is tourmaline which
also may occur in medium to high grade metamorphic conditions (Povondra and Novak, 1986).

The tourmaline may have originated as a result of boron metasomatism from the adjacent

carbonates.

The Magnesian gneisses
The metamorphic mineralogy of the magnesian gneisses (Fig. 5.8, table 5.7) is highly

variable. Figure 4.5 (p. 49), is applicable to the Magnesian Gneisses in the Fuglefjellet
Formation.



Figure 5.7 ACF diagram for the basic rocks.
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Figure 5.8. ACF diagram for the magnesian rocks.
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Interpretation of the textures described above suggests that a planar fabric defined by
phlogopite and cummingtonite clearly postdates and crosscuts the olivine. The partial to
complete replacement of olivine by serpentine does not show a planar fabric and therefore
appears to represent post-tectonic hydration. The magnesite, present with serpentine and
occurring in voids and cracks, is also interpreted as a late feature and could result from reaction
4 (Fig. 4.5, p. 49; p. 48).

The textures of the rocks are typical of retrogressive hydration with the later development of
hydrous minerals eg. phlogopite, cummingtonite, talc, and serpentine. The development of
serpentine is particularly significant since the stability of serpentine is constrained by reactions 1
and 4 (figure 4.5). These reactions suggest a fluid phase with X.,, < 0.05. The coexistence of
serpentine + talc in sample FG55 and of magnesite and serpentine in sample FG59 suggests
that the fluid phase was internally buffered by reaction 4 during the retrogressive hydration.
Reactions 1 and 10 (Fig. 4.5, p. 51) constrain the stability field of olivine to >550°C with any

fluid composition (ie pure CO, to pure H,0) in the fluid phase.

CHEMISTRY

Nineteen samples of quartzofeldspathic and calc-silicate gneisses and together with one
magnesium-rich rock from the Fuglefjellet Formation were analyzed for major and trace
elements. The analyses are presented in table 5.6.

The calc-silicate rocks are characterised by relatively low SiO, contents, comparable to those
of basic to intermediate igneous rocks. The CaO contents are typically high whereas XFeQ,
MgQO, Na,0, K,0 and TiO, vary greatly. The trace element abundances in the calc-silicate rocks
are highly variable with most showing wide ranges. The Cr, Cu and Ni contents are however
consistently low. The quartzofeldspathic rocks have Si0, contents comparable with acid to
intermediate igneous rocks. The FeO and MgO abundances are low whereas CaO, K,0O and
TiO, are highly variable. Sodium has a limited range between ~3.3 and 5.5%. The trace
element contents of the quartzofeldspathic rocks are highly variable with most elements
showing wide ranges. Barium is typically present in amounts > 1000pm whereas the
abundances of Zn, Cu, Ni, Cr are low (i.,e. <b50ppm).

Sample FG30, the only magnesian rock analyzed, has high MgO and CaO (18% and 10%)
respectively and is characterised by low SiO, and Al O, contents as may be expected. Sample

FG30 is characterised by high Cr, Ni and Ba and low Th, Zr and La.

ORIGIN OF THE FUGLEFJELLET FORMATION

The Fuglefjellet Formation consists predominantly of metamorphosed chemical sedimentary
rocks and thus differs from the other stratigraphic units of the Sverdrupfjella Group. The

presence of highly deformed conglomerates supports the sedimentary origin of these rocks.
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sio, Al,0, Fe,0, FeO MnO Mgo0 Ca0 Na,O0 K0 TiO, P,0; TOTAL

CALC-SILICATE ROCKS
FG2 53.76 13.85 2.67 10.96 0.21 3.58 7.32 2.13 2.25 2.26 0.53 099.52
FG17 59.39 12.72 0.6 1.63 0.07 7.91 9.1 6.06 0.8 0.71 0.22 99.21
FG26 57.31 13.90 1.37 5.83 0.07 4.27 9.55 1.98 3.77 0.76 0.21 99.02
FG53 56.76 13.47 1.30 5.90 0.12 4.50 10.39 2.13 4.26 0.69 0.17 99.69
FG58 50.63 16.56 2.20 9.39 0.25 4.51 8.75 2.81 3.04 0.95 0.23 99.32
FG52 52.79 8.86 1.85 7.89 0.23 10.69 13.29 2.15 0.55 0.56 0.25 99.11

QUARTZOFELDSPATHIC ROCKS

FG1 71.12 15.06 0.52 1.27 0.04 0.5 1.74 3.32 5.54 0.35 0.09 99.55
FG23 60.88 16.68 1.88 4.14 0.22 1.77 3.59 4.38 5.16 0.59 0.31 99.60
DVG10 71.28 13.79 0.51 4.17 0.04 1.01 1.62 4.99 1.81 0.53 0.11 99.86
DVG1l1l 73.69 14.72 0.09 0.76 0.02 0.19 0.89 3.88 5.50 0.11 0.04 9S5.8S
DVG1l2 66.87 15.89 0.48 3.88 0.09 1.58 2.92 4.42 2.79 0.63 0.22 99.77
FG7 61.35 16.46 1.4 3.58 0.11 2.51 4.91 4.48 3.86 0.86 0.28 99.80
FG50 61.64 17.21 0.61 4.94 0.14 1.87 2.66 4.7 4.99 0.53 0.3 99.59
FG61 60.70 17.52 0.53 4.32 0.08 2.65 4.72 65.54 2.46 0.87 0.34 099.73
FG62 63.36 14.38 0.82 6.65 0.13 3.64 2.56 4.77 2.89 0.66 0.22 100.08
FG59 64.39 16.69 0.45 3.61 0.06 1.71 3.13 4.42 4.29 0.69 0.27 99.71
FG10 62.25 15.65 1.23 3.7 0.08 2.44 5.8 5.64 0.99 1.43 0.47 99.68
FG13 66.72 14.14 1.42 4.04 0.08 2.83 1.46 4.43 2.42 0.58 0.25 98.37
FG60 61.14 17.49 0.53 4.31 0.08 2.56 4.42 5.24 3.01 0.86 0.29 99.93

MG-RICH ROCKS
FG30 49.15 8.95 2.33 7.44 0.19 18.35 9.75 0.6 2.75 0.5 0.29 100.3

No. Rb Sr Th Zr Y Nb Ba Sc Cr La v Cu Ni Zn
CALC~-SILICATE ROCKS
FG2 45 595 8 357 45 26 1039 19 ND 84 363 17 5 109
FG17 14 215 11 200 23 11 58 14 104 4 122 1 46 15
FG26 131 495 9 137 37 11 974 22 135 nd 189 13 100 100
FG53 186 694 4 122 31 11 1315 14 136 nd 179 14 96 99
FG58 75 338 nd 102 25 7 1571 25 101 nd 191 12 46 237
FG52 10 123 nd 84 33 9 156 28 181 nd 232 9 114 30

QUARTZOFELDSPATHIC ROCKS
FG1 163 392 38 431 5

8 1663 1 ND 127 19 3 1 32
FG23 126 232 7 73 21 6 1840 14 14 28 107 11 7 72
DVG10 89 203 7 355 75 15 313 16 ND 28 37 ND 16 16
DVG1l1l 191 315 26 110 11 5 1377 1 ND 61 6 2 ND 39
DVG1l2 103 368 13 179 38 8 1127 12 5 54 65 ND 1 54
FG7 84 584 8 153 19 5 1724 15 30 22 120 5 1 27
FG50 122 297 &6 72 23 4 1779 14 10 35 83 ND 5 53
FG61 72 601 5 151 22 4 895 17 17 31 128 5 4 39
FG62 60 273 4 74 20 4 1228 34 116 22 219 3 19 48
FG59 95 621 13 160 21 6 1762 12 4 46 83 13 1 28
FG10 25 265 8 253 31 9 282 19 6 11 184 15 3 21
FG13 53 269 3 74 17 5 1283 24 81 ND 175 3 22 40
FG60 113 463 8 146 21 5 1044 14 23 30 112 16 7 42

MG-RICH ROCKS
FG30 125 128 1 31 13 3 695 34 1725 ND 235 1 603 87

Table 5.6. Major and trace element chemistry (concentrations in wt% and ppm respectively) of

the Fuglefjellet Formation. ND = not detected. nd =not determined.

The origin of the interbedded mafic, calc-silicate, magnesian and quartzofeldspathic gneisses is
less clear. The high MgO and CaO and low Si0, and Al, O, contents of the single analyzed

sample of magnesian rock are consistent with an ultramafic igneous origin even though
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the bulk composition falls in the field for basaltic and andesitic rocks (Fig. 5.9}. This conclusion
is supported by the high Cr and Ni contents (table 5.6). Relatively high Rb, Sr and Ba contents
in the sample appear to conflict with this conclusion because ultramafic rocks are characterised
by low contents of these elements. The elements in question are however known for their
mobility in high grade metamorphic environments (Heier and Thoresen, 1971; Barbey and
Cuney, 1982). More specifically Sr and Ba are commonly enriched in carbonates and therefore
could have been introduced in sample SV30 from adjacent carbonates.

Three of the calc-silicate gneisses lie within the field for basaltic and andesitic rocks (field 2,
Fig. 5.9). whereas the remainder lie outside and below this field indicating Al,O, concentrations
less than those typical of volcanic rocks. The low Cr, Cu and Ni contents of the calc-silicate
gneisses could be taken as evidence that these rocks are sedimentary in origin because igneous

rocks would normally have greater abundances of these elements.
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* CALC-SILICATE AND
MAFIC ROCKS

+ MAGNESIAN ROCKS

0 QUARTZO FELDSPATHIC
ROCKS

1 ULTRABASIC ROCKS

2 BASALTIC AND
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3 GREYWACKES

4 CLAYS AND SHALES

WITH 0-35%
CARBONATE

c F

Figure 5.9. Bulk composition of the rocks of the Fuglefjellet Formation plotted on an ACF

diagram with the fields of various compositions shown. The fields are those defined by Winkler
(19786, p. 46).

The SiO, contents of the calc-silicate gneisses are, at most, 10-15% higher than might be

expected for basaltic rocks. It is possible that silicification may have occurred. Whereas this
process may have affected the abundance of Al,O; it is unlikely to have had a similar effect on

elements such as Cr, Ni, and Cu. Consequently, it is proposed that the calc-silicate rocks may
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represent impure calc-arenites.

All but three of the samples of quartzofeldspathic gneiss lie in the sedimentary fields (3 and
4) whereas the remainder plot in the basaltic/andesitic field (field 2, Fig. 5.9). Some of these
rocks are indistinguishable from the Grey Gneisses in the field, forming relatively homogeneous
layers. It is concluded that the quartzofeldspathic gneisses in the Fuglefjellet Formation were

derived from a mixed assemblage of volcanic and sedimentary protoliths.

CONCLUSIONS

The lithologies comprising the Fuglefjellet Formation are dominated by carbonates with
subordinate quarztofeldspathic, calc-silicate, mafic and magnesium-rich rocks. The rocks are
considered to represent a sediment- dominated sequence with subordinate intercalated volcanic
material. The rocks have been altered by medium grade or amphibolite facies metamorphism
with temperatures >550°C followed by retrogressian involving partial hydration of the medium
grade mineral assemblages. The fluid composition during the medium grade metamorphism
contained a significant CO, content (X.,, >0.30). During the later retrogression the fiuid

composition appears to have been almost pure H,0 with X,,, ~ 0.93 or X.,, ~ 0.07.
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CHAPTER 6
THE SVEABREEN FORMATION

INTRODUCTION

The Sveabreen Formation underlies Salknappen, the most easterly nunatak in the area. These

rocks form a small part of the geology of the study area (Map.1). The Sveabreen Formation in
the study area comprises three dominant rock types, namely, biotite-rich gneisses, mafic rocks
and a porphyroclastic granitoid body. The mafic rocks occur as boudinaged masses within the
biotite-rich gneisses. The contacts of the porphyraoclastic granitoid body with the other rocks are
highly sheared. In the cores of the granitic bodies, the rocks display virtually undeformed
porphyritic textures but become more sheared and finer-grained towards their margins.
Associated with the shearing, the grain size of the coarse feldspars (up to 2 cm) decreases until
it is no longer possible to recognise relict phenocrysts, at which point the appearance of the

granitoid resembles adjacent sillimanite-bearing, biotite-rich gneisses.

PETROGRAPHY AND MINERALOGY

The mineralogy of the Sveabreen Formation is presented in table 6.1.

BIOTITE-RICH GNEISSES
Bt Sil Qtz Grt Ms Chl feldspar

SAl 30 15 25 10 20
SLK55 25 5 25 3 42
SA7 5 40 10 5 40
SA3 15 24 10 1 50
SAA 55 40 5

SAl2 5 20 10 5 60
SA6 5 5 50 15 5 20
SAS 10 20 5 2 63
SA4 30 15 20 5 5 25

MAFIC ROCKS

Bt Qtz Grt Hbl Cpx Spn feldspar opaque

SLK50 1 5 50 20 12 1 10 1
SAl3 1 5 15 40 37 2
SLK52 10 10 50 27 3

GRANITOID ROCKS

Bt Opx Qtz Grt Hbl feldspar

SAS8 15 30 5 50
SA9S 15 25 10 7 45
SAl0 10 3 25 2 5 45

Table 6.1. Modal estimates of the mineralogy (vol%) of the Sveabreen Formation.
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Biotite-rich gneisses

These rocks are medium to fine-grained (0.5-2mm) and generally have a strong foliation
defined by aligned flakes of biotite and needles of sillimanite (where present). The mineral
assemblage of these rocks is biotite + quartz + feldspar + garnet + sillimanite + muscovite +
chlorite (Table 6.1). The sillimanite is generally fibrolitic but also forms prismatic crystals (Fig.
6.1).

Two textural varieties of garnet have been recognised. In the first type garnet is intergrown
with quartz (sample SAA, table 6.1). This intergrowth forms knots displaying no planar fabric
and about which the S,/S, foliation is wrapped. In the second type, the garnets are poikiloblastic
with small inclusions of quartz, biotite and opaque minerals. These inclusions show evidence of
rotation and thus appear to have grown syn-tectonically either during D, or D,. Both types of
garnet are partially surrounded and replaced by green biotite. In these rocks the biotite which is
not spatially associated with garnet is typically red-brown in colour, which is reportedly
characteristic of high grade metamorphism and also high TiO, contents (Jackson, 1976; Binns,
1969). Two generations of muscovite are recognised. In sample SA4 muscovite coexists with
quartz apparently in stable equilibrium. The rock also contains fibrolitic sillimanite which is

partially replaced by muscovite.

Figure 6.1. Fibrolite sillimanite (F) in the biotite-rich gneisses (sample SA4). Field of view is

4mm. B= biotite. The clear (white) areas are quartz and feldspar.
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Mafic rocks
These rocks are generally slightly finer-grained than the biotite-rich gneisses (0.5-1Tmm) and

do not display a planar fabric. Samples SLK13 and SLK52 have similar mineralogies which differ
from that in SLK50 which is characterised by abundant garnet. The characteristic assemblage of
the mafic gneisses is hornblende + plagioclase + quartz + garnet + clinopyroxene + biotite
(Table 6.1). Red-brown biotite is randomly oriented. Garnet, when present, forms xenomorphic
poikiloblastic grains enclosing quartz. Sphene forms xenomorphic accessories. Hornblende is
commonly intergrown with quartz suggesting that these two minerals are possibly the product
of a reaction such as clinopyroxene + plagioclase -> hornblende + quartz. Opaque minerals
form vermicular structures spatially associated with biotite or hornblende. Plagioclase is
equigranular, untwinned, zoned and locally intergrown with quartz. Sample SLK50 contains the
assemblage garnet + clinopyroxene + hornblende + plagioclase + quartz. Plagioclase forms
zoned xenomorphic grains and is present as vermicular grains in symplectitic intergrowths with
amphibole. Clinopyroxene is partially replaced by brown-green hornblende and is clouded with
fine inclusions which are characterised by low birefringence. These inclusions are interpreted to
be the result of orthopyroxene exsolution. Small xenomorphic garnets are separated from
clinopyroxene by symplectitic intergrowths of anorthite plagiociase and a pale green amphibole
indicating an unstable reaction relationship between garnet and clinopyroxene (see Fig. 14.2).
Accessory biotite partially replaces hornblende and may represent a late stage introduction of
K-bearing fluids. The assemblages garnet + hornblende + plagioclase + quartz and
clinopyroxene + plagioclase + quartz in SLK50 have granoblastic textures and are interpreted
to be stable associations. These assemblages are useful for thermobarometry and have been
chemically analyzed using an electron microprobe, the results of which are discussed in chapter
14.

Granitoid rocks

These rocks are medium- to coarse-grained (0.5mm-10mm). The rocks have a strong planar
foliation defined by biotite + hornblende. The characteristic mineral assemblage of the granitic
rocks is quartz + plagioclase + K-feldspar + garnet + biotite + hornblende + hypersthene.
Garnet occurs as ragged poikiloblastic grains with inclusions of quartz. K-feldspar forms
porphyroclasts up to approximately 10mm in diameter with rims of myrmekite.

Plagioclase in the groundmass commonly shows a trellis pattern antiperthite where K-feldspar
exsolution lamellae commonly form up to 30% of the mineral. Hypersthene, seen only in thin

section SA10, is partially rimmed by hornblende suggesting that the hornblende is replacing
orthopyroxene (Fig. 6.2).
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Figure 6.2. Hypersthene (H) partially replaced by hornblende (A) in the granitic gneisses (Sample

SA10). Field of view is 4mm. The clear areas are quartz and feldspar.

CHEMISTRY

Ten samples from the Sveabreen Formation have been analyzed. Major and trace element
analyses are given in table 6.2. The granitic rocks are characterised by SiO, contents of 64 to
67% with TiO, = 1.0%, Al,0; ~14%, and P,0, ~0.35%. The granitoid has high Fe/Fe + Mg
ratios. The average C.I.P.W. normative composition of the granitoid is orthoclase 25%,
plagioclase 37%, quartz 22%, apatite ~0.9%, ilmenite 2.3%, corundum.01%, magnetite
2.5%, diopside 1.5% and orthopyroxene 9%. The relative proportions of quartz, orthoclase and
plagioclase indicate that the rock is granodioritic or enderbitic in composition.

The chemistry of the biotite-rich gneisses is variable with some samples having Al,O; and
TiO, >16% and > 1% respectively (SLK55 and SA4). Samples SA6 and SLK54 are more
siliceous with SiO, >71% In addition they have high Fe/Fe + Mg ratios. The mafic rocks are
characterised by SiO, contents of ~50%, relatively higher FeO, MgQO, TiO, and CaO

concentrations than the other rock types. They are typically basic in composition.
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sio, Al,0, Fe,0, FeO MnO Mgo Ca0 Na,0 K,0 TiO, P,0; TOTAL

E-RICH GNEISSES
giggéT 63.4 16.11 0.8 6.51 0.07 3.10 2.22 3.18 3.49 1.16 0.15 100.19
SA4 64.86 16.91 0.96 7.78 0.12 2.96 0.61 0.26 3.84 1.15 0.20 99.65
SA6 72.01 13.23 0.81 6.55 0.20 1.03 0.85 2.30 2.80 0.32 0.04 100.14
SLK54 71.39 14.91 0.33 2.67 0.14 0.76 1.53 2.47 5.54 0.13 0.06 99.93

MAFIC ROCKS

SLK50 50.45 15.65 1.22 9.91 0.21 7.96 12.44 0.78 0.53 1.07 0.11 100.33
SLK51 50.07 15.77 1.26 10.19 0.27 7.97 12.37 0.51 0.68 1.04 0.10 100.23
SLK52 50.08 15.97 1.17 9.49 0.19 8.83 11.46 0.79 0.74 0.91 0.04 99.67

GRANITOIDS
SA8 67.39 14.17 1.50 4.52 0.12 0.95 2.96 2.47 4.54 1.00 0.32 99.94
SA9 64.45 14.25 1.88 6.00 0.20 1.33 3.65 2.67 3.87 1.34 0.41 100.05

SA10 64.3 14.21 1.97 5.93 0.13 1.33 3.83 2.65 4.19 1.35 0.40 100.29
Rb Sr Rb/Sr Th Zr Y Nb Ba Sc Cr La V Cu Ni 2Zn

BIOTITE-RICH GNEISSES

SLK55 144 258 0.55 10 228 24 13 720 28 189 17 271 23 67 152
SA4 191 60 3.18 13 256 42 16 689 37 198 23 212 22 78 158
SA6 64 107 0.59 16 429 89 10 2273 18 19 28 22 ND 3 18

SLK54 116 344 0.34 64 329 54 3 2139 15 16 74 38 13 12 29

MAFIC ROCKS

SLK50 5 120 0.04 ND 62 24 3 18 57 140 ND 308 ND 64 137
SLK51 15 64 0.23 ND 53 24 4 56 63 141 ND 297 49 50 209
SLK52 14 51 0.27 3 38 23 1 31 51 182 ND 262 9 12 79
GRANITOIDS

SA8 108 274 0.39 2.8 564 35 19 1828 17 14 41 41 9 5 118
SA9 111 300 0.37 ND 464 49 21 1854 22 23 39 &3 11 6 160
SA10 107 293 0.36 8.7 466 56 20 1681 20 21 46 52 10 5 151

Table 6.2. Major and trace element chemistry (concentrations in wt% and ppm respectively) of
the Sveabreen Formation. ND = not de<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>