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Abstract

The Sgr Rondane Mountains in the eastern Dronning Maud Land, East

Antarctica is inferred to be situated within an orogen which is a collision

boundary of Gondwana amalgamation at late Neoproterozoic to early Cambrian.

The mountains have been recognized as the key area for the reconstruction of

Gondwana super-continent and geological activity during the formation of

super-continent. In this context, the author has carried out petrological and

geochronological studies of the metamorphic rocks in the central Sgr Rondane

Mountains.

Metamorphic rocks in the central part of Sgr Rondane Mountains are

classified into at least three types based on petrological characteristics as

follows: (1) Metamorphic rocks mainly from Austkampane area preserve ca.

800 °C and 0.4-0.5 GPa peak metamorphic condition followed by the

decompression and subsequent isobaric cooling accompanying with hydration

(A-type). (2) Rocks from the Brattnipene area preserve peak metamorphic

temperature of ca. 800 °C similar-T with Austkampane but relatively higher

pressure at 0.7-0.8 GPa. They also experienced compression after peak

metamorphism and subsequent isobaric cooling with hydration (B-type). (3)

Rocks in Lunckeryggen and couple of other areas preserve signatures of



prograde metamorphism and amphibolite-facies peak metamorphic condition

(L-type).

Rutile exsolution in quartz was found from the retrograde hydrated

gneisses widespread in central Sgr Rondane Mountains. Recovered

pre-exsolution Ti concentration in quartz combined with Ti-in-quartz

thermometer indicates that >700-800 °C peak metamorphic conditions are

pervasive in the NE terrane (Austkampane, Brattnipene and Menipa areas). On

the other hand, <600 °C of the metamorphic condition is recognized in the SW

terrane (mainly Lunckeryggen area).

U-Pb zircon SHRIMP and U-Th-Pb monazite EPMA datings suggest that

ca. 640-600 Ma event is the timing of peak granulite-facies metamorphism for A-

and B-type rocks and that ca. 570-550 Ma event is also detected which being

interpreted as timing of hydration. Contact metamorphism locally recognized in

A-type rocks occurs at ca. 500 Ma. Timing of amphibolite-facies metamorphism

of L-type rocks is ca. 550 Ma. L-type rocks lack ca. 640-600 Ma events,

indicating that A- and B-type rocks and L-type rocks share the geological event

after 550 Ma.

L-type unit is structurally apparently overlain by B-type unit. The



boundary between B-type unit and L-type unit seems nearly-horizontal and
parallel to the foliation observed in both units. This implies that nappe-like
structure, A- and B-type units thrust up onto L-type unit, is essentially prevailing
in the central Sgr Rondane Mountains. Such nappe-like structure has been also
proposed for EAAO related areas including Mozambique, central Dronning
Maud Land and Sri Lanka, and nappe structure should be dominant tectonics in

the EAAO region.



Chapter 1 Introduction

1.1. Significance of the Sgr Rondane Mountains in the framework of the

Gondwana reconstruction

The concept of “Gondwana” super-continent is proposed that it existed

in the Paleozoic and broke apart in the Late Mesozoic as South America, Africa,

India, Australia and East Antarctica on the bases of the observations in the

present-day distribution of Permo-Carboniferous glacial sediments, plant fossils

and other geological features (e.g. Wegener, 1966). Evidence for the birth of

Gondwana and its nature of geological events during the formation of the

super-continent have been provided by basement geology in the Gondwana

fragments.

According to compilation of geochronological studies, basement rocks

can be divided into the cratons of the Archean and Paleoproterozoic ages and

mobile belts which were formed after 1600 Ma and united the cratons together

(Fitzsimons, 2000). These mobile belts indicate three broad tectonic events;

Grenville-age mobile belts (1400-900 Ma), Pan-African mobile belts (700-500

Ma) and Early Paleozoic tectonism (550-450 Ma) (e.g. Fitzsimons, 2000).

Several authors suggested a two-stage assembly of Gondwana based

on paleomagnetic data and basement geology (e.g. McWilliams, 1981; Rogers



et al., 1995). In West Gondwana which is composed of South America and Africa,

Pan-African mobile belts are abundant, whereas East Gondwana, which is

composed of India, Australia and East Antarctica, appears to be dominated by

Grenville-age mobile belts. Such difference of the age population of mobile belts

have been interpreted as East Gondwana assembled at 1400-900 Ma and then

combined with the West Gondwana at 700-500 Ma. The East African Orogen is

generally assumed to be a collision boundary between East and West

Gondwana (Stern, 1994).

In recent studies, two models for the assembly of East Gondwana have

been proposed. Jacobs and Thomas (2002, 2004) considered that Pan-African

event develops as a broad linear orogen from East Africa to southern East

Antarctica (East Africa Antarctic Orogen (EAAO). On the other hand, Meert

(2003) emphasized that two overlapping orogens, older East Africa Orogen and

younger Kuunga Orogen, are recognized during the assembly of east

Gondwana. These two models are based on two stages of Pan-African

orogenesis, at 750-620 Ma and 570-530 Ma (Meert, 2003; Jacobs et al., 2003).

However it is still unclear which model is more realistic.

Around East Antarctica, most of the high-grade metamorphism and



plutonic activity had been considered to occur 1400-900 Ma as the results of

dating with whole rock RDb-Sr technique (Tingey, 1991 and references therein)

and these ages were used as evidence for a Grenville-age mobile belt

surrounding the coast of East Antarctica, so-called the Circum-East Antarctic

mobile belt (Yoshida, 1995). Signature of Early Paleozoic tectonism had been

limited mainly in the Ross orogen, situated in present-day Transantarctic

Mountains (e.g. Adams, 1987; Tingey, 1991). Hoffman (1991) interpreted these

early geochronological works as that the fragments of East Gondwana

amalgamated along the Circum-East Antarctic mobile belt at 1400-900 Ma and

then remained as a coherent block until the Gondwana breakup. However

Shiraishi et al. (1994) reported 500-600 Ma of zircon U-Pb ages from East

Antarctica. This shows, for the first time, the existence of a Cambrian orogenic

belt within the East Antarctic Shield. After that, Fitzsimons (2000) emphasized

that there are two Pan-African age mobile belts, Liutzow-Holm Belt and Prydz

Belt, cutting across the East Antarctica based on the accumulation of zircon

U-Pb age data. When the East Antarctica was finally united is still in argument.

Thus, although widespread geochronological works have been performed on the

Dronning Maud Land, the timing of magmatic and metamorphic events have not



been sufficiently correlated with the formation of Gondwana.

The Sgr Rondane Mountains, which is located in the eastern Dronning

Maud Land, have been considered to be situated in the central part of the

inferred orogens, therefore the mountains have been recognized as the key to

clarify the reconstruction of Gondwana super-continent in the context described

above. Investigation of tectonic evolution of the Sgr Rondane Mountains should

play an important role to build up precise tectonic process during formation of the

super-continent.

1.2. Previous works on the Sgr Rondane Mountains

The Sgr Rondane Mountains were one of the large exposures in the

Dronning Maud Land, East Antarctica (Fig. 1.2). The Mountains were found from

the air in 1937 by Norwegian expedition, and then U.S. Navy Antarctic

Expedition made a topographical map of 1:250,000 scale during 1946-1947 that

was published by the Norwegian Polar Institute in 1957. Pioneer work for

geological, glaciological and geomorphological studies was carried out by

Belgian geological reconnaissance parties during 1958 to 1960 (Michot, 1961,

1962; Van Autenboer, 1964; Picciotto et al., 1964). On the basis of these

investigations, a geological map was published in 1:500,000 scale by Van



Autenboer (1969).

On Japanese activity, the 25th Japanese Antarctic Research Expedition

(JARE) started geological survey in the central part of the Sgr Rondane

Mountains in 1984 (Member of the Sgr Rondane Reconnaissance Party, 1985).

Field survey in the Sgr Rondane Mountains was carried out by following seven

expeditions (JARE-26 (1984-1985) to -32 (1990-1991)) covering the whole

region of the mountains using Asuka Station. The results of these field

investigations have already been published by National Institute of Polar

Research, Japan, as the Antarctic Geological Map Series of Balchenfljella

(Sheet 31: Asami et al., 1991), Widrgefjellet (Sheet 32: Shiraishi et al., 1992a),

Bergersenfjella (Sheet 33: Ishizuka et al., 1993) and Brattnipene (Sheet 34:

Osanai et al., 1996).

The Sgr Rondane Mountains are composed of medium to high-grade

metamorphic rocks with various intrusions of plutonic rocks and minor mafic

dykes (e.g. Shiraishi et al, 1991, 1997a). The mountains are divided into

Northeastern (NE) and Southwestern (SW) terranes by an inferred tectonic line,

the Sgr Rondane Suture (SRS: Osanai et al.,, 1992). The NE terrane is



characterized by the occurrence of granulite-facies metamorphic rocks, whereas

the SW terrane is composed of amphibolite-facies and lower-grade metamorphic

rocks. Syn- to post- orogenic plutonic rocks and dykes intrude metamorphic

rocks in both terranes.

Metamorphic conditions of the NE terrane have been estimated

(Shiraishi and Kojima 1987; Asami and Shiraishi, 1987; Grew et al., 1989;

Ishizuka et al., 1995, Asami et al, 1990; 1992; 2007). The NE terrane was

metamorphosed under granulite-facies conditions (800 °C and 0.7-0.8 GPa),

with subsequent amphibolite-facies retrogression (530-580 °C and 0.55 GPa)

within the kyanite stability field. In contrast, such high-T metamorphism has not

been recognized in the SW terrane. Peak metamorphic conditions are estimated

as up to amphibolite-facies conditions and followed by pervasive retrograde

metamorphism accompanying mylonitization (Shiraishi and Kojima, 1987).

In 1960s, many Rb-Sr and K-Ar geochronological studies in both

terranes have yielded ages younger than 500 Ma which is attributed to late

thermal event associated with plutonic activity in the early Paleozoic (Picciotto et

al., 1964, Takahashi et al., 1990, Grew et al., 1992, Shiraishi and Kagami, 1992,

Shiraishi et al., 1997a). Shiraishi and Kagami (1992) reported older mineral and



whole-rock isochron ages. They considered the timing of granulite-facies

metamorphism in the NE terrane to be ca.1000 Ma, on the basis of Sm-Nd and

Rb-Sr whole-rock isochron ages from orthogneisses. In contrast, internal mineral

isochrons yielded 560-620 Ma ages for Rb-Sr and Sm-Nd systems, which are

attributed to a series of thermal events accompanying granitic intrusions. Asami

et al. (1996, 1997, 2005) proposed different interpretation on the basis of dating

of monazite and zircon with chemical Th-U-total Pb isochron method (CHIME)

using electron micro probe analyzer (EPMA). Monazites in granulite facies

metamorphic rocks yielded the age ranging from 550 to 510 Ma, and 1100-1200

Ma ages were obtained from the cores of zircons. The authors concluded that

granulite-facies metamorphism and high-strain deformation took place at

540-530 Ma and 1100-1200 Ma ages should correspond to the formation of

protoliths. Recently, Shiraishi et al. (2008) reported SHRIMP zircon U-Pb ages

and compilation of Nd model ages for new and published data from the

widespread area in the Sgr Rondane Mountains. According to them, ca. 1130

Ma, 1000 Ma and 800 Ma magmatic activities are recognized as the ages

obtained from the cores of zircon in both terranes. Abundant and widespread

metamorphic growth at ca. 600 Ma was recognized in the NE terrane, whereas

10



in the SW terrane, ca. 600 Ma is lacking and ca. 550 Ma is common. Based on

these age distributions, they concluded that 1000-1200 Ma and 700-800 Ma of

magmatism and/or sedimentaion were recognized and the main metamorphism

of the NE and the SW terranes should be ca.600-650Ma and ca. 550Ma,

respectively.

1.3. Summary of the previous studies and targets of this study

Summary of previous works and unresolved scientific targets in the Sgr

Rondane Mountains are described as follows.

* Metamorphic evolution was proposed by Asami et al. (1992) as peak

granulite-facies metamorphism (800 °C, 0.7-0.8 GPa) accompanied by

decompression and later stage retrogression (530-580 °C and 0.55 GPa) and

local heating associated with granite intrusion (Fig. 1.3).

However proposed P-T path is organized on the basis of the idea of that

whole area of the Sgr Rondane Mountains should be subjected to several

thermal events as a single geological unit. However it is hard to confirm because

of lack of the lithological continuity due to surface denudation by glacier.

Therefore investigation for each area should be essential. Recent studies

11



indicate that different P-T paths within the NE terrane (Baba et al., 2008; Osanai

et al., 2008; Hokada et al., 2008), which support the requirement of area-specific

investigation. In Chapter 3, re-investigation of the difference of P-T paths for the

area-scale is discussed.

« The mountains are divided into two terranes; the NE terrane where

granulite-facies metamorphic rocks are distributed and the SW terrane which is

composed up to amphibolite-facies rocks (e.g. Osanai et al., 1992).

Metamorphic rocks in the Sgr Rondane Mountains are widely subjected

to retrograde hydration, resulting in that initial metamorphic condition is modified

to several extend. This overprinting makes it difficult to estimation the primary

metamorphic condition in the Sgr Rondane Mountains. Rutile exsolution is found

in the retrograde rocks widespread throughout the NE terrane. T dependence of

Ti solubility in quartz has been experimentally confirmed (Wark and Watson,

2006; Kawasaki and Osanai, 2008), indicating that the rutile exsolution in quartz

should be records of prior high-grade metamorphic event. In the Chapter 4,

assessment and application of Ti in quartz as the method for estimation of the

metamorphic process of the retrogressed rocks is discussed.

12



* The ages obtained from the metamorphic rocks are clustered at ~1000 Ma,

700-800 Ma, 650-600 Ma and 570-550 Ma with several methods.

To build up precise tectonic process, comparison of the isochronal

phenomena within the mountains is essential. Previous studies have clarified to

cluster the ages at ~1000 Ma, 700-800 Ma, 650-600 Ma and 570-550 Ma.

However interpretation of each age is still in argument (summarized in Table 1.1).

The controversy suggests that the correspondence the ages to P-T conditions is

required, i.e., age interpretation based on the precise petrography is necessary.

In Chapter 5, dating with SHIRIMP zircon U-Pb method and monazite EPMA

U-Th-total Pb method is performed on the rocks of which P-T processes are

constrained in Chapters 3 and 4 and the age interpretations are discussed.

On the basis of the results of the preceding chapters and previous works,

the possible tectonic process of the Sgr Rondane Mountains is proposed in

conclusion (Chapter 6).

13
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Chapter 2 Geology of the Sgr Rondane Mountains

2.1. General geology

The Sgr Rondane Mountains is located between 22° to 28° E and 71.5°

to 72.5° S in East Antarctica. The Sgr Rondane Mountains comprise medium to

high-grade metamorphic rocks with various intrusions of plutonic rocks and

minor mafic dykes (e.g. Shiraishi et al, 1991, 1997). The mountains are

considered to be divided into the NE and the SW terranes by an inferred tectonic

line so-called the Sgr Rondane Suture (Osanai et al., 1992) (Fig. 2.1). The NE

terrane is considered to be mainly composed of granulite-facies metamorphic

rocks of pelitic, psammitic and intermediate compositions, whereas the SW

terrane is composed of amphibolite-facies and lower-grade metamorphic rocks

of mainly intermediate composition, including large volume of meta-tonalite.

Plutonic rocks and dykes of various sizes intrude metamorphic lithologies in both

terranes, and composed of syn- to post-orogenic granite, syenite, diorite and

alkaline mafic dykes.

Basic and intermediate igneous rocks in the central part of the

mountains indicate that magmatic protoliths have geochemical affinities with

oceanic, island arc, accretionary complex and continental margin arc settings in

modern plate tectonics (Osanai et al., 1992). Ishizuka et al. (1996) reported that

17



ultramafic metamorphic rocks in the NE terrane suggested a MORB-like origin.

Meta-tonalite from the SW terrane is characterized by relatively high Na,O/K,0,

K/Rb. Sr/Y and (La/Yb)y, low CaO/Na,O and low initial Sr isotopic ratios, being

attributed to originate from a hot subducting plate (Ikeda and Shiraishi, 1998).

Metamorphic P-T conditions of gneisses from the NE terrane have been

estimated by several authors (Shiraishi and Kojima 1987; Asami and Shiraishi,

1987; Grew et al., 1989; Ishizuka et al., 1995, Asami et al, 1990; 1992; 2007).

The NE terrane was metamorphosed under granulite-facies conditions (800°C

and 0.7-0.8 GPa), with subsequent amphibolite-facies retrogression (530-580°C

and 0.55 GPa) within the kyanite stability field. Subsequently, the rocks were

recrystallized at lower pressures, as indicated by the presence of andalusite in

several localities (Asami and Shiraishi, 1987; Asami et al., 1992, 1993). Recently,

Asami et al. (2007) reported sapphirine+kyanite and spinel+kyanite composite

inclusions in garnet from Balchenfjella. These inclusions indicate the peak

conditions of granulite-facies metamorphism as 860-895 °C and 1.2 GPa (Asami

et al., 2007). In contrast, such high-T metamorphism has not been recognized in

the SW terrane. Peak metamorphic conditions of gneisses at Vengen ridge and

northern Walnumfjelle have been estimated as upper amphibolite-facies. These

18



gneisses have experienced subsequent pervasive retrograde metamorphism

accompanying mylonitization (Shiraishi and Kojima, 1987).

2.2. Structural geology

Structural evolution of the central part of the Sgr Rondane Mountains is

divided in to seven stages, from D1 to D7, based on their characteristics of

deformation, metamorphism and igneous activity (Table 2.1, after Toyoshima et

al., 1995). The deformations of three early stages (D2 to D4) are not regional.

The metamorphic-deformation history is divided into three stages, prograde

metamorphic peak stage (D1) related to flattening type deformation, retrograde

metamorphic stage (D2 to D6) related to exhumation and mylonitization, and

contact metamorphic stage (D7). The metamorphism of the former two stages

has occurred not only related with ductile deformation but also with various

magmatic intrusions.

Foliation of metamorphic rocks trends variously in the central part of the Sar

Rondane Mountains as well as the eastern part where NE-SW and NW-SE

trending folds develop (Ishizuka et al., 1993). In contrast, E-W to NE-SW

trending and southward dipping foliation is the most prominent structure in the
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western part of the Sgr Rondane Mountains (Shiraishi et al., 1992a). Multiphase
folding (D4 to D6) has been observed as various orientation of foliation in the
central Sgr Rondane Mountains (Toyoshima et al., 1995). Discontinuity of fold
axes of WNW-ESE trending antiform and synform implies N-S trending fault in

the Gjelbreen (Shiraishi et al., 1991).
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Chapter 3. Petrology and metamorphism of the central Sgr Rondane

Mountains.

3.1. Introduction

Metamorphic evolution in the Sgr Rondane Mountains was proposed by

Asami et al. (1992). This P-T path is organized on the basis of the idea of that

whole area of the Sgr Rondane Mountains should be subjected to several

thermal events as a single geological unit. However following regional

characteristics based on  petrography were pointed out; (1)

orthopyroxene-bearing metamorphic  rocks, indicating granulite-facies

metamorphism, are distributed in the NE terrane, whereas such granulite-facies

rocks are not found in the SW terrane (e.g. Osanai et al., 1992), (2) within the NE

terrane, occurrence of the aluminosilicate minerals are different from each area,

for example, prograde kyanite occurs in Balchenfjella, retrograde kyanite in

Brattnipene and Menipa area and retrograde andalusite in Austkampane area

(Ishizuka & Kojima, 1987; Asami & Shiraishi, 1987; Asami et al., 1989). Recent

petrological studies support difference of P-T paths in each area. Baba et al.

(2008) found sapphirine + spinel inclusion in garnet and orthopyroxene +

sillimanite + quartz paragenesis in pelitic gneisses from Brattnipene area. These
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parageneses imply pressure increase near the temperature peak condition. On

the other hand, in Austkampane area, textures indicating decompression near

peak conditions are reported as orthopyroxene + plagioclase symplectite after

garnet + hornblende (Osanai et al., 2008), cordierite after garnet + sillimanite +

quartz and Al zoning of orthoamphibole (Hokada et al.,, 2008). Such

petrographical regionality implies that P-T path of each area could be different,

and area-specific petrological analyses must be required.

In this chapter, petrography and mineral chemistry are described in each

area, and then metamorphic conditions are estimated using

geothermobarometers. Based on these results, P-T evolution for rocks in each

area will be discussed.

Samples described in this study and their localities are shown in Fig.3.1.

Distributions of the key minerals and textures are shown in Fig. 3.2.

3.2. Brattnipene area

3.2.1. Field relationship in Brattnipene area

Brattnipene area comprises mainly of felsic gneiss (hornblende-biotite

gneiss, garnet-biotite gneiss, etc.) intercalated with pelitic gneiss
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(garnet-orthopyroxene-biotite gneiss, garnet-biotite-sillimanite gneiss,

garnet-corundum-biotite gneiss, etc.), marble and mafic gneiss (Fig. 3.4a-g).

Orthopyroxene-bearing quartzofeldspathic gneiss and mafic granulites are

dotted in the area, and these granulite-facies metamorphic rocks commonly

surrounded by lower grade rocks. Metamorphic rocks are intruded by the

undeformed pegmatite and granite striking NNE-SSW accompanying mylonite

formation (Fig. 3.3a). Foliations and lithological boundaries are monotonously

striking E-W and dipping S to SWS except the southern part. In the southern part

of Brattnipene area, large-scale fold zone is developed (Fig. 3.3b).

3.2.2. Petrography of representative lithologies in Brattnipene area

Garnet-orthopyroxene-biotite gneiss (AO07123001E, A07123001F,

A07123001R)

This quartzofeldspathic rock is mainly composed of garnet,

orthopyroxene, biotite, plagioclase, K-feldspar and quartz with minor amount of

iimenite, magnetite, apatite and zircon (Fig. 3.5a,b). This rock type is found in the

northern part of the area.

Garnet has commonly rutile exsolution texture (Fig. 3.5d). Rutile needles
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are oriented in three directions. Garnet in this rock type shows no clear

replacement texture. Orthopyroxene occurs in matrix. Occasionally rim of

orthopyroxene is replaced by fine-grained biotite and quartz (Fig. 3.5e). Biotite

occurs in the matrix and is random oriented. The grain in the matrix is relatively

large and commonly contains ilmenite needles oriented in three directions.

Apatite in this rock type commonly contains monazite needles oriented in one

direction (Fig. 3.5c).

Garnet-biotite-corundum gneiss (A07123001P, BC08010302B)

This pelitic rock occurs as thin layer in the host pelitic rocks. This rock

type is composed of garnet, biotite, corundum, sillimanite, spinel, K-feldspar and

plagioclase with minor amount of magnetite, rutile, monazite and zircon. (Fig.

3.6a,b). Samples A07123001P and BCO08010302B occur as thin layer

intercalated with orthopyroxene bearing lithologies and garnet-sillimanite-biotite

gneiss, respectively.

Quartz is typically absent. Spinel commonly occurs as inclusion in garnet

and corundum (Fig. 3.6¢,d). Minor amount of spinel is also present in the matrix.

These spinel grains never have contact with sillimanite. Corundum commonly
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has contact with garnet. Sillimanite is present in the domain where spinel is

absent. Garnet does not contain rutile needles. Biotite is present both in matrix

and as inclusions in garnet and corundum.

Orthopyroxene-hornblende mafic granulite (A071230011, AO7123001N)

These rocks are mainly composed of orthopyroxene, hornblende,

garnet/clinopyroxene, biotite and plagioclase with minor magnetite, ilmenite and

apatite (Fig 3.6e,f). Garnet is contained in sample A07123001I, and

clinopyroxene is in sample A07123001N. These rocks show granoblastic texture

and rare signatures indicating retrogression can be observed.

Garnet-biotite-sillimanite gneiss (07120402A, BC08010302C,

BC08010401B, 84021904B, 85011511B)

These pelitic rocks are mainly composed of garnet, biotite, sillimanite,

K-feldspar, plagioclase and quartz with minor amount of magnetite, rutile, apatite,

monazite and zircon (Fig. 3.7a,c,f, Fig3 3.8a). This rock type mainly occurs in the

southern part of the area. Sample 07120402A is collected at the northeastern

part of the area, and the other samples are collected in the southern part.
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Samples 84021904B and 85011511B were collected by JARE-25 and 26 parties.

Garnet contains spinel and sillimanite inclusions. Garnet is commonly

replaced rim of grain by two-type aggregates: corona of biotite+plagioclase (Fig.

3.7b) or radial aggregate of biotite+sillimanite/kyanite (Fig. 3.7d.,f). Kyanite

bearing aggregate is found in samples 84021904B and 85011511B. Kyanite and

sillimanite are observed in the same aggregate. There are no clear textures

which identify anteroposterior relationship between kyanite and sillimanite (Fig.

3.7f). Sillimanite also occurs in matrix, commonly preferred oriented with biotite.

Such sillimanite is certainly present at the peak condition. In the sample

BC08010302C, andalusite occurs associated with clay minerals in the strongly

altered portion (Fig. 3.8b). Spinel is present as inclusion in garnet. Biotite occurs

in the matrix, as inclusions in garnet and as aggregates replacing rim of garnet

grain.

Garnet-biotite gneiss (A07123001AF, BC08010302A, BC08010502B)

These quartzofeldspathic rocks are mainly composed of garnet, biotite,

K-feldspar, plagioclase and quartz with minor magnetite, apatite and zircon. This

rock type is commonly strongly deformed and includes porphyroclastic garnet
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and plagioclase and ribbon of quartz. (Fig. 3.8c,d,f). This rock type is one of the

widespread lithologies in this area. Sample A07123001AF is collected at the

northern part, samples BC08010302A and BC08010502B are collected at the

southern part of the area.

Garnet is commonly replaced its rim portion by biotite+plagioclase

aggregate. Quartz in sample BC08010302A contains rutile exsolution. Rutile

needles are oriented in three directions, interpreted as exsolution origin (Fig.

3.8e), however the grains in the other samples contain no needles.

Hornblende-biotite gneiss (A07123001AC, BC08010504A)

This felsic rock is composed mainly of hornblende, biotite, plagioclase

and quartz and/or epidote with minor ilmenite, magnetite, allanite and zircon (Fig.

3.93,c).

The sample A07123001AC is a layer from which this rock was collected

apparently overlies the layers composed of orthopyroxene-bearing lithologies,

for example, A07123001E, A071230011, AO7123001N and A07123001R. Rare

replacement or alteration signatures can be observed. Hornblende and biotite

are weakly aligned and form foliation.
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The sample BCO08010504A was collected at the southern part of
Brattnipene. This rock has no clear texture indicating retrogression. Hornblende,
epidote and biotite are random oriented. Epidote shows subhedral shape and
has contact with other mafic minerals. These textures indicate minerals in matrix

should coexist as peak assemblage.

3.2.3. Mineral chemistry in Brattnipene area
Garnet

Grains in felsic~pelitic samples escaping retrograde hydration commonly
show slight increase of grossular component rimward. Grains in samples
subjected to hydration commonly show the increase of almandine and
spessartine components and decrease of pyrope component rimward (Fig. 3.14,
3.15). Grain in sample BC08010502B has different compositional characteristics
from other samples: obviously high grossular (20 mol%) and spessartine (14

mol%) contents and low pyrope content (5 mol%).

Orthopyroxene, spinel, hornblende, biotite
Orthopyroxene in Brattnipene area have Xyg ranging 0.58-0.63 and

Al,Os; ranging 1.66-3.97 wt% (Fig. 3.16). The grains are compositionally
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homogeneous in throughout the samples.

Spinel grains have Xyg = 0.21-0.43 and ZnO = 5-12 wt%.

Hornblende grains occurring in the northern part of the area have Xyg
ranging 0.52-0.71. On the other hand, grain occurring in the southern part, which
coexists with epidote (BC08010504A), has much lower Xyg (0.30-0.32) (Fig.
3.17).

Biotite grains, which occur as inclusion and in matrix of the samples less
affected by retrogression, have Xyg of > 0.7. Grains in matrix of retrogressed
rocks have Xyg ranging 0.5-0.7. Biotite in the samples BC08010502B and
BC08010504A shows much lower Xyg value (0.34-0.37). Relation between Xyqg
value, Ti, AlY and F contents is unclear (Fig. 3.18). Concentration of these

elements in biotite could be controlled mainly by bulk composition.

3.2.4. Metamorphism and P-T estimation in Brattnipene area

In Brattnipene area, orthopyroxene-bearing rocks are recognized,
suggesting granulite-facies metamorphism in this area. Garnet grains in
garnet-orthopyroxene-biotite gneisses (e.g. A07123001E, A07123001R) have

chemical zoning with increase of grossular content rimward. This chemical
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variation qualitatively implies pressure increase near peak metamorphic
conditions.  Garnet-orthopyroxene  thermometer (Harley, 1984) and
garnet-orthopyroxene-plagioclase-quartz barometer (Newton & Perkins, 1982)
give 750-770 °C, and 0.7-0.8 GPa using compositions of rim of garnet and
homogeneous orthopyroxene and plagioclase. Two-pyroxene-bearing rocks
(07121003A, A07123001N) also occur adjacent to garnet-orthopyroxene-biotite
gneisses. Pairs of two-pyroxene yield 800-810 °C assuming 0.8 GPa with
two-pyroxene thermometers (Wells, 1977; Taylor, 1998). These P-T conditions,
750-810 °C, and 0.7-0.8 GPa, are consistent with the orthopyroxene-bearing
mineral parageneses which suggest granulite-facies metamorphism (Fig. 3.19).

Also in orthopyroxene-free lithologies, reaction texture indicating
pressure increase near peak  condition can be observed.
Garnet-biotite-corundum gneiss (A07123001P, BC08010302B) has mineral
paragenesis as garnet, corundum, spinel and sillimanite. Corundum commonly
has contact with garnet. Spinel dominantly occurs as inclusion in garnet and
corundum and small amount of spinel grains occurring in matrix never have
contact with sillimanite. Additionally Xug value of garnet is equivalent to that of

spinel inclusion in garnet (Fig. 3.16). These textual and chemical relationships
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imply the reaction as follows;

spinel+sillimanite => garnet+corundum (1)

P-T condition of the reaction (1) above was confirmed experimentally by Shulters
and Bohlen (1989). The reaction (1) curve using Xwg values of the garnet and
spinel in this area is shown in Fig. 3.19. It can be assumed that inclusions in
garnet preserve chemical composition which was obtained at the reaction (1)
because of equivalence of Xyq4 values of the garnet and spinel inclusion in garnet
(Fig. 3.16). Garnet-biotite thermometer (Holdaway, 2000) gives 750-770 °C
using compositions of the core of garnet and biotite grain in matrix.
Consequently, reaction (1) in Brattnipene area should occurs at ca. 750 °C and
0.7 GPa during compression process. This P-T condition is slightly lower P and T
condition than estimated with orthopyroxene-bearing rocks, indicating that the
reaction (1) should precede peak metamorphism.

Textures indicating several stages of retrograde metamorphism are
recognized widely in the area. Radial aggregate with biotite and
sillimanite/kyanite replacing garnet is found locally. This texture implies following
hydration reaction;

garnet+K-feldspar+H,O => biotite+sillimanite/kyanite+quartz (2)
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P-T condition of the reaction (2) is experimentally reported (Breton & Thompson,

1988), and it intercepts sillimanite/kyanite transition around 720 °C, 0.85 GPa;

shown in Fig. 3.19). There is rare texture which reveal anteroposterior

relationship between kyanite and sillimanite, for example, cross-cut relation and

replacement relation. In several aggregates, kyanite and sillimanite have contact

with each other. Consequently kyanite and sillimanite could be interpreted to be

formed around the same period. Since the intercept of reaction (2) and

sillimanite/kyanite transition situates slightly lower-T side than peak condition of

Brattnipene area, it suggests that local hydration (related to partial melting?)

during isobaric cooling process after peak metamorphism.

Most widespread retrograde signature is corona of biotite and

plagioclase replacing rim of garnet. P-T condition of the hydration is hard to be

constrained, however, it might be a one of the product of lower-T stage

retrogression.

Andalusite is also found with clay minerals in highly altered portion of

garnet-sillimanite-biotite gneiss (BC08010302C). Occurrence of andalusite

indicates that the rocks were finally subjected to hydration in the andalusite

stability field (Fig. 3.19).
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3.3. Menipa area

3.3.1. Field relationship in Menipa area

In Menipa area, felsic~intermediate orthogneiss, pelitic~psammitic

gneiss and marble are dominantly distributed lithologies (Fig. 3.4n,0). In the

northwestern part of this area, granite intrudes into metamorphic rocks. Foliation

defined by lithological boundary is E-W strike and gently dipping synform is

observed in the middle part of this area. Felsic orthogneiss is apparently overlain

by pelitic~psammitic gneiss and marbles (Fig. 3.3d).

3.3.2. Petrography of representative lithologies in Menipa area

Garnet-biotite gneiss (AC08011301M)

This psammitic gneiss is mainly composed of garnet, biotite, plagioclase,

K-feldspar and quartz with minor rutile, ilmenite and zircon. No obvious texture

indicating retrogression can be observed (Fig. 3.12c).

Biotite is random-oriented. Garnet and quartz contain a large amount of

rutile needles with shape-preferred orientations in three directions (Fig. 3.12 d,e).

The needles occur throughout the host grains, are interpreted to be of exsolution

origin.
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Hornblende-biotite gneiss (AC08012001A)

This felsic gneiss is mainly composed of hornblende, biotite, plagioclase
and quartz with minor magnetite, allanite, titanite, apatite and zircon (Fig. 3.12f).
No clear texture indicating replacement or alteration can be observed in this rock.
Hornblende is weakly elongated and defines foliation with biotite. Quartz

contains small amount of rutile needles.

Biotite gneiss (AC08011601A)

This felsic gneiss is mainly composed of biotite, plagioclase, K-feldspar
and quartz with minor magnetite, apatite and zircon. No clear texture indicating
replacement or alteration can be observed in this rock. Biotite is random oriented.

Quartz contains sparse mineral inclusions.

3.3.3. Mineral chemistry in Menipa area

Garnet

Garnet in sample AC08011301M shows slight increase of grossular component
rimward (Fig. 3.14, 3.15)). It is similar trend to grains in Brattnipene. Xyqy value is

ranging from 0.34 of the core to 0.32 of rim.
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Biotite and hornblende

Biotite in sample AC08011301M has 0.58 of Xug and 0.67 of Al (0=22). Grains
in felsic rocks of AC08011601A and AC08012001A show lower Xyg (0.38-0.39)
and Al" (0.36) than that of sample AC08011301M. These values of felsic rocks
are similar to the composition of the grain in Lunckeryggen area (see description
below) (Fig. 3.18).

Hornblende in sample AC012001A has 0.38 of Xug, 0.66 pfu of Al and 0.12 pfu
of Ti (O=23). These concentrations are within the range of hornblende in

Lunckeryggen area (see description below) (Fig. 3.17).

3.3.4. Metamorphism and P-T estimation in Menipa area

In the investigated samples in Menipa area, any obvious retrograde
textures cannot be recognized.

The peak metamorphic assemblage of the garnet-biotite gneiss
(AC08011301M) is garnet+biotite+plagioclase+K-feldspar+quartz.
Garnet shows increase in grossular content rimward. It qualitatively implies rise
in pressure near peak condition. A pair of garnet rim, biotite and plagioclase in

matrix yields 750 °C, 0.72 GPa using garnet-biotite thermometer (Holdaway,
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2000) and garnet-biotite-plagioclase-quartz barometer (Wu et al., 2004).

On felsic gneisses (AC08011601A, ACO08012001A), the peak
assemblages are biotitethornblende+plagioclasetK-feldspar+quartz.
A pair of hornblende and plagioclase in AC08012001A yields 620 °C using
hornblende-plagioclase thermometer (Holland & Blundy, 1994) assuming at 0.7
GPa, interpreted as peak metamorphic condition. Estimated temperature
condition is considerably lower than the peak condition of garnet-biotite gneiss
occurs in this area. Consequently it is found that relatively low-grade
metamorphic rocks (AC08011601A, AC08012001A) are apparently overlain by

high-grade metamorphic rock (AC08011301M).

3.4. Austkampane area
3.4.1. Field relationship in Austkampane area

In Austkampane area, pelitic gneiss (garnet-cordierite-biotite gneiss,
garnet-sillimanite-biotite gneiss and so on) is the dominant lithology. Marble and
mafic rocks are intercalated with pelitic gneiss. Felsic gneisses (garnet-biotite
gneiss, hornblende-biotite gneiss and so on) are also distributed mainly at the

southern part of this area (Fig. 3.3c). Granitic intrusions are observed locally.
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Foliation defined by lithological boundary is E-W~NE-SW strike and gently

dipping N or S, which forms syn- and anti- form in the southern part of this area

(Fig. 3.4h-m).

3.4.2. Petrography of representative lithologies in Austkampane area

Garnet-cordierite-biotite/orthoamphibole gneiss (AC07121303E,

AC07121701C, AC07121801H, AC07121701M)

This pelitic rock is mainly composed of garnet, biotite, cordierite,

sillimanite, plagioclase, K-feldspar and quartz with minor rutile, ilmenite,

monazite, apatite and zircon (Fig. 3.10a-d).

Commonly garnet grains are surrounded by cordierite (Fig. 3.10a-c). In

this case, garnet never has contact with sillimanite in matrix. Cordierite

commonly has contact with garnet. Biotite occurs in matrix and as inclusion in

garnet. Garnet and quartz contain exsolved rutile needles orientated in three

directions (Fig. 3.11e,f).
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Garnet-biotite-sillimanite gneiss (AC071213028B, BC07122801D,

BCO07122804A)

This pelitic rock is composed of garnet, sillimanite, biotite, plagioclase,

K-feldspar and quartz with minor ilmenite, rutile, monazite, apatite and zircon

(Fig. 3.a,c). In this rock type, foliation defined by oriented biotite and sillimanite is

well-developed.

Garnet contains spinel and sillimanite inclusions, and a large amount of

exsolved rutile needles. Garnet is commonly replaced rim of grain by two-type

aggregates: corona of biotitetplagioclase or radial aggregate of

biotite+sillimanite (Fig. 3.11b). Kyanite is not found in the aggregate.

Occasionally andalusite is present in matrix. Andalusite includes sillimanite,

indicating transition from sillimanite (Fig. 3.11d). Quartz contains exsolved rutile

needles orientated in three directions.

Garnet-corundum-spinel/sillimanite gneiss (AC07121702B)

This aluminous rock occurs as thin layer in the host pelitic rocks. This

rock type is composed of garnet, biotite, corundum, sillimanite, spinel, K-feldspar

and plagioclase with minor amount of magnetite, rutile, monazite and zircon (Fig.
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3.10e,f). Quartz is absent. Garnet shows subhedral shape. The grains in this
rock type show few replacement textures. Garnet includes biotite and spinel.
Corundum commonly has contact with garnet. Spinel occurs in matrix and as
inclusion in garnet and corundum (Fig. 3.10e,f). Spinel grains in matrix never
have contact with sillimanite. Sillimanite is present in the domain where spinel is
absent. Biotite is present both in matrix and as inclusions in garnet and

corundum (Fig. 3.10e).

Hornblende-biotite gneiss (AC07121901A)

This felsic gneiss is mainly composed of hornblende, biotite, epidote,
plagioclase, K-feldspar and quartz with minor magnetite, apatite and zircon (Fig.
3.12b). No obvious texture indicating retrogression can be observed.
Hornblende and biotite are random-oriented. Quartz contains sparse mineral

inclusions. Epidote commonly has clear contact with biotite.

Garnet-biotite gneiss (BC07122805C)

This felsic gneiss contains dark-color enclaves and cuts across the

foliation of surrounding gneisses in the field observation, which indicates

41



probably to be of syn-metamorphic intrusion. This rock is mainly composed of
garnet, biotite, plagioclase, K-feldspar and quartz with minor ilmenite, apatite,
monazite and zircon (Fig. 3.12a). This rock is characterized by the plagioclase

elongated porphyroclast. Few retrograde signatures can be observed.

3.4.3. Mineral chemistry in Austkampane area
Garnet
Most garnet grains from Austkampane area show commonly increase of
almandine and spessartine components and decrease of pyrope component (Fig.
3.14, 3.15).
Grain in sample BC07122805C, which is metamorphosed syn-metamorphic
intrusion, has different compositional characteristics: obviously high grossular

(20 mol%) and extremely low pyrope content (2 mol%).

Cordierite, spinel, biotite, hornblende
Cordierite in Austkampane area shows Xyg values ranging 0.69-0.77
(Fig. 3.16).

Most spinel grains have Xyg = 0.24-0.42 and ZnO = 2-13 wt%. Grains in
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sample AC07121702B show much lower Xyg value (0.07-0.15), and have ZnO =
4-5 wt%.

Hornblende is contained in felsic gneiss (AC07121901A), and has Xyg =
0.39 (Fig. 3.17).

Biotite does not show clear relationship between chemical composition
and mode of occurrence of the grains. Relation between Xyg value, Ti, Al and F
contents is also unclear. Biotite in sample BC07122805C has obviously low Xyg

contents (0.12-0.14) (Fig. 3.18).

3.4.4. Metamorphism and P-T estimation in Austkampane area

Occurrence of cordierite in pelitic gneisses is a characteristic feature for
rocks of Austkampane area. Cordierite commonly occurs associated with garnet.
These garnet grains have never contact with sillimanite in matrix, indicating the
reaction as follows;

garnet+sillimanite+quartz => cordierite (3)
Xwmg value of cordierite in the reaction (3) is a potential indicator of the pressure
condition (Holdaway & Lee, 1977). According to Holdaway and Lee (1977),

cordierite with 0.7 of Xug, Which is representative value in Austkampane area, is
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stable under 0.5-0.6 GPa assuming P20 = 0.4-1.0 Pia conditions. Pairs of

coexisting garnet and cordierite in samples AC07121701C and AC07121801M

yield 750-780 °C using garnet-cordierite thermometer (Perchuk & Lavrent’'eva,

1983). Consequently, metamorphic rocks in Austkampane area probably

experienced decompression around 750-780 °C, 0.5-0.6 GPa near peak

condition (Fig. 3.19).

Textures indicating several stages of retrograde metamorphism are also

recognized widely in the area. Radial aggregate with biotite and sillimanite

replacing garnet is found locally, and this texture implies following hydration

reaction;

garnet+K-feldspar+H,O => biotite+sillimanite+quartz (2)

The reaction (2) curve locates slightly lower T side of peak metamorphic

condition estimated above. It might imply that the radial aggregate of biotite and

sillimanite was formed after peak metamorphism. This suggests local hydration

near peak condition (Fig. 3.19).

Mineral paragenesis of garnet, corundum, spinel and sillimanite is also

found in Austkampane area (AC07121702B). Textual and compositional

relations are similar to those of Brattnipene area, and they imply the reaction as
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follows;

spinel+sillimanite => garnet+corundum (1)

P-T condition of the reaction (1) using Xyg values of the garnet (Xug=0.10) and
spinel (Xug=0.07) in this area is shown in Fig. 3.19 (Shulters and Bohlen, 1989).
Garnet-biotite thermometer (Holdaway, 2000) gives around ca. 600 °C using
compositions of the core of garnet and biotite grain in matrix, which is
considerably lower than peak T condition in this area. Combined with P-T
condition of reaction (1) and T estimation, the reaction (1) in Austkampane area
occurs at around 550-560 °C and 0.4-0.5 GPa. It is probably during isobaric
cooling process (Fig. 3.19).

Most widespread retrograde signature is corona of biotite and
plagioclase replacing rim of garnet in pelitic gneisses. It certainly is hydration
reaction, implying a regional scale water supply. P-T condition of the hydration is
not well-constrained, however it might be a product of lower-T conditions.

In Austkampane area, andalusite replacing sillimanite occurs in pelitic
rocks which associated with granite intrusion. Andalusite commonly replaces
sillimanite. This suggests such rocks are subjected to retrogression under the

andalusite stability, probably related to heating by granite intrusion (Fig. 3.19).
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3.5. Lunckeryggen area

3.5.1. Field relationship in Lunckeryggen area

In Lunckeryggen area, felsic~intermediate gneisses

(garnet-hornblende-biotite gneiss, hornblende-epidote-biotite gneiss, etc.) are

distributed (Fig. 3.3p-s). Syenite and granite interpreted as post-orogenic

magmatism (e.g. Sakiyama et al., 1988) intrude into metamorphic rocks at the

southern part of the area. In the northern part, folding of which axe steeply

dipping is observed. In the middle part, foliations and lithological boundaries are

dominantly striking E-W and dipping S to SWS (Fig. 3.3e).

3.5.2. Petrography of representative lithologies in Lunckeryggen area

Garnet-biotite gneiss (B080122011, B08012203A, B08012204, B08012304C,

B08012304E)

This felsic rock is composed of garnet, hornblende, biotite, plagioclase,

quartz and/or hornblende, epidote with minor magnetite, ilmenite, apatite and

zircon (Fig. 3.13a-d,f). The grains in this rock type are relatively finer than those

in rocks occurring in other areas (most grains are 300 ym to 1 mm). Foliation

defined by tabular biotite and elongated hornblende is clear. Garnet occasionally
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shows zoning suggested by the change of color from transparent in the core to

reddish in the rim. Epidote is present in matrix in samples B08012204,

B08012304C, and hornblende is present in matrix in sample B08012201lI,

B08012204, B08012304E. Epidote shows subhedral shape and has contact with

quartz.

Hornblende-biotite gneiss (B08012302A, B08012304D)

This intermediate~mafic rock is composed of hornblende, biotite,

plagioclase, quartz and/or garnet, epidote with minor magnetite, titanite, apatite

and zircon (Fig. 3.13e). Weak foliation defined by alignment of hornblende is

observed. No clear reaction texture can be recognized. Epidote is present in

matrix in sample B08012302A, and garnet is present in matrix in sample

B08012304D. Epidote has contact with quartz.

3.5.3. Mineral chemistry in Lunckeryggen area

Garnet

Garnet in Lunckeryggen area has obviously high grossular (up to 29

mol%) than and spessartine (up to 40 mol%) contents and low pyrope content
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(less than 13 mol%) compared with Brattnipene, Menipa and Austkampane
areas (Fig. 3.14, 3.15). The trends of compositional variation are also different
from other areas. Most garnet grains in felsic gneisses in Lunckeryggen area
show considerable increase of grossular and spessartine components rimward
with constant almandine and pyrope components. The grain in sample
B08012304E increases with pyrope and almandine contents and decrease with

spessartine content rimward, which indicate preservation of prograde condition.

Hornblende, biotite, epidote

Hornblende has Xwg ranging 0.29-0.40. The grains in garnet-bearing
samples show relatively higher Al (0.74-0.85 pfu based on O = 23) than those in
garnet-free samples (0.31-0.57 pfu). Ti content is ranging 0.06-0.1 pfu
regardless of mineral paragenesis (Fig. 3.17).

Biotite grains show compositional unity compared with the other areas;
Xwmg = 0.25-0.40, Ti = 0.25-0.39 pfu and A" = 0.40-0.62 pfu (0=22) (Fig. 3.18).

Epidote has pistacite (CasFe>*Al,Si3012(OH)) component ranging 78-87

mol%. Pistacite content is independent from mineral paragenesis.
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3.5.4. Metamorphism and P-T estimation in Lunckeryggen area

In Lunckeryggen area, any obvious retrograde textures cannot be

recognized, suggesting that the rocks preserve prograde or near peak condition.

Peak metamorphic mineral assemblage in this area is

garnet+hornblende+biotitetepidote+plagioclase+quartz.

Epidote+quartz paragenesis is recognized widely in the area. Liou

(1973) and Liou et al. (1983) reported experimental study on epidote stability

and suggest that epidote (+quartz) break down to

garnet+plagioclase+magnetite+H,0 around 680 °C at 0.3 GPa and 750 °C at 0.5

GPa at hematite-magnetite buffer. Stability limit of epidote with 78-87 mol% of

pistacite component, which is compositional range in Lunckeryggen area, is

confirmed by Liou (1973) as shown in Fig.3.19. Presence of epidote+quartz

paragenesis in the area indicates that peak metamorphic temperature should not

be reached over 700 °C which is near upper T limit of the epidote break down

reaction.

Garnet grains in this area have clear growth zoning showing bell-shape

pattern of Mn content (Fig. 3.14), implying preservation of prograde metamorphic

conditions. Common chemical variation of garnet is increase of grossular and
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spessartine contents rimward, however almandine content is constant (Fig. 3.15).

This possibly indicates that consumption of clinozoisite component in epidote

involves garnet growth. Increase of pistacite component, i.e. decrease of

clinozoisite component, in epidote makes epidote stability shift to higher T side

(Liou, 1973), therefore it also can be interpreted as prograde signature in this

area.

Garnet-hornblende  thermometer (Graham & Powell, 1984),

hornblende-plagioclase thermometer (Holland & Blundy, 1994) and

garnet-hornblende-plagioclase-quartz barometer (Kohn & Spear, 1990) are

applied to coexisting garnet-hornblende-plagioclase-quartz in sample

B080122011, B08012204 and B08012304E. Estimated P-T range is 550-700 °C

and 5-8 kbar, being interpreted as peak metamorphic condition of this area.

These conditions are consistent with presence of epidote+quartz paragenesis

described above (Fig. 3.19).

3.6 Walnumfjella area

3.6.1. Field relationship in Walnumfjella area

Walnumfjella area is divided into the northern and the southern parts by
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inferred shear zone (Main Shear Zone: MSZ, Kojima & Shiraishi, 1986). The

northern part comprises mainly quartzofeldspathic gneisses

(garnet-hornblende-biotite gneiss, etc.), whereas in the southern part,

meta-tonalite are dominant. Mafic schist and marble are intercalated with such

dominant lithologies (Fig. 3.4t,u). Foliations and lithological boundaries are

monotonously striking E-W and steeply dipping S to SWS (Fig. 3.3f).

3.6.2. Petrography of representative lithologies in Walnumfjella area

Garnet-hornblende-biotite gneiss (BC08010604A, BC08010604E)

This quartzofeldspathic rock is collected from the northern part of this

area. This rock type is composed of garnet, hornblende, biotite, plagioclase and

quartz with minor magnetite, ilmenite, apatite and zircon. Mylonitic texture

characterized by porphyroclastic garnet and plagioclase is recognized (Fig.

3.9d-f). Garnet is replaced by biotite and at rim portion. Apatite with monazite

needles is included in garnet. Quartz contains small amount of rutile needles

oriented in three directions. It can be interpreted as exsolution origin (Fig. 3.9f).
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Garnet-biotite gneiss (BC08010602J)

This felsic rock is collected from the southern part of this area. This rock
type is composed of garnet, biotite, epidote, plagioclase and quartz with minor
magnetite, apatite and zircon (Fig. 3.9c). Foliation defined by biotite is clear. The
grains in this rock type are relatively finer than those in rocks occurring in other
areas (most grains are 300 ym to 1 mm). Quartz contains sparse mineral

inclusions.

3.6.3. Mineral chemistry in Walnumfjella area
Garnet
Garnet grains in northern part of the area are characterized by increase
of spessartine contents and decrease of pyrope and almandine contents
rimward is also observed. Grossular content is constant (17-19 mol%). Grain in
southern part of the area has similar trend to grains in Lunckeryggen,

considerable grossular increase rimward (Fig. 3.14, 3.15).

Hornblende, biotite, epidote

Hornblende has Xug ranging 0.40-0.49. Values of AlY" and Ti are due to
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samples (Fig. 3.17).
Biotite shows clear relation between Xyq4 0.43-0.46. Values of Ti, Al" and
F vary according to samples (Fig. 3.18).

Epidote has pistacite component ranging 23-25 mol%.

3.6.4. Metamorphism and P-T estimation in Walnumfjella area

In Walnumfjella area, petrographical characteristics differs northern part
and southern part.

Rocks from northern part show retrograde hydration signature, for
example, biotite replacing garnet. Additionally monazite exsolution in apatite and
rutile exsolution in quartz are found, which are well-recognized in relatively high
grade metamorphic rocks. A pair of rim of garnet and rim of hornblende yields
610 °C using garnet-hornblende thermometer (Graham & Powell, 1984),
interpreted as condition of retrogression.

On the other hand, rocks from southern part have little retrograde
signature and are resemble rocks from Lunckeryggen area in compositional
variation of garnet and presence of epidote. Even though metamorphic condition

of rocks from southern part is hard to estimate, rocks from each part in
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Walnumfjella area might be formed under different condition.

3.7 Summary of the metamorphism in the central Sgr Rondane Mountains

As pointed out by previous studies, P-T paths differ according to area in

the Ser Rondane Mountains (Fig. 3.19). In Brattnipene area, peak metamorphic

condition is estimated to attain 750-850 °C and 7-8 kbar with compression. Then

rocks were subjected to retrograde hydration in kyanite stability field during

isobaric cooling process. Even though P-T path is not well constrained,

metamorphic temperature and compression near peak condition of

pelitic~psamitic gneiss from Menipa area appears to be similar to that of

Brattnipene. In Austkampane area, decompression near peak condition is

recognized, and peak metamorphic condition is estimated as 750-800 °C and

4-5 kbar, of which pressure condition is lower than Brattnipene area. Rocks in

Austkampane area probably experienced retrograde hydration during isobaric

cooling process and finally were subjected contact metamorphism

accompanying granite intrusion in andalusite stability. Even though mode of

pressure change near peak condition is different between Austkampane area

and Brattnipene and Menipa area, peak temperature condition and isobaric
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cooling path after peak condition are common in these areas. Additionally garnet

gains in pelitic gneisses from Brattnipene and Austkampane areas commonly

include spinel with 5-12 wt% of ZnO and sillimanite inclusions. The combination

of these mineral inclusions can be interpreted as the products of staurolite break

down in the sillimanite stability field. This implies that prograde process might be

also similar between Brattnipene area and Austkampane area.

Whereas metamorphic rocks in above areas show clear retrograde

signature, rocks in Lunckeryggen area certainly preserve prograde condition in

matrix minerals. Additionally peak metamorphic temperature, estimated as

550-700 °C, is obviously lower than the three areas. These differences imply a

possibility that rocks in Lunckeryggen area probably have experienced different

geological history from those in other areas.

Rocks which show relatively low peak temperature and have little

retrograde signature, are also distributed locally in Brattnipene, Menipa and

Austkampane areas. In the central Sgr Rondane Mountains, retrograde

hydration and deformation are pervasive in whole area. Therefore it is possible

that such apparently low-grade metamorphic rocks would be intensely modified

products during retrogression. To distinguish initially low-grade rocks from

55



re-equilibrated rocks during retrogression, it is required that metamorphic

conditions are estimated with thermobarometers calibrated using an element

and mineral which is insusceptible to retrogression. Metamorphic P-T conditions

can be obtained limited lithologies using classical thermobarometers, therefore it

is required to estimated with thermobarometers which are applicable much

common minerals for putting constraint on regional distributions of metamorphic

condition.
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Fig. 3.3. Long-distance views of the central Sgr Rondane Mountains. (a) Brattnipene area from Hitosashiyubi Ridge. The
lithological boundary is monotonously dipping southward. (b) Large-scale fold in the southern part of Brattinilene. This indicates
compression N-S direction. (c) The southern part of Austkampane area. The dipping of the foliation appears almost horizontal.
(d) The northern part of Menipa area. The lithological boundary appears almost horizonrtal. (e) The view of Lunckeryggen area.
The Sgr Rondane Suture is inferred around between this area and Brattnipene area. (f) The view of Walnumfjellet area. The
lithological boundary is relatively steeply dipping southward. The Main Shear Zone is condidered as the large tectonic boundary
in the SW terrane.
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Fig. 3.4. Field occurrence of the metamorphic rocks in Brattnipene area. (a) Mode of occurrence of Grt-Sil-Bt gneisss
(07120402A). (b) Mode of occurrence of Grt-Opx-Bt gneiss (A07123001E, A07123001F and A07123001R). (c) Field relation
between Grt-opx-Bt gneiss and Opx-Hbl madic granulite (A07123001N). (d) Mode of occurrence of Hbl-Bt felsic gneiss
(A07123001AC). This rock was located on apparently upper than the granulites. (e) Mode of occurrence of Grt-Bt gneiss
(A07123001AF). This rock is highly deformed. (f) Mode of occurrence of Grt-Sil-Bt gneiss (BC08010302C) in the southern part
of this area. (g) Mode of occurrence of Grt-Bt gneiss (BC08010502B) at the southern part of this area.
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Fig. 3.4, continued. Field occurrence of the metamorphic rocks in Austkampane area and Menipa area. (h) Mode of occurrence
of Grt-Crd-Bt gneisss (AC07121701C) in the northern part of Austkampane. (i) Mode of occurrence of Grt-Crn-Bt gneiss
(AC07121702B) in the northern part of Austkampane. (j) Mode of occurrence of Grt-Crd-Oam gneiss (AC07121801M). (k)
Close-up photograph of (j). (I) Mode of occurrence of Grt-Bt felsic gneiss (BC07122805C) in the southern part of Austkampane.
This meta-intrusive rock truncates gneissose metamorphic rocks. (m) Mode of occurrence of Hbl-Bt gneiss (AC07121901A) in
the southern part of Austkampane. (n) Mode of occurrence of Grt-Sil-Bt gneiss (AC08011301M) in Menipa. (0) Mode of
occurrence of Hbl-Bt gneiss (AC08012001A2) in Menipa. This rock is apparently overlain by Grt-Sil-Bt gneiss.
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Fig. 3.4, continued. Field occurrence of the metamorphic rocks in lunckeryggen area and Walnumfjellet area. (p) Mode of
occurrence of Grt-Hbl-Bt gneisss (B08012201l) in Lunckeryggen. (q) Mode of occurrence of Grt-Hbl-Bt gneiss (AC08012304E)
in Lunckeryggen. (r) Mode of occurrence of Grt-Bt gneiss (BC08010602J) in the southern part of Walnumfjella. (s) Close-up
photograph of (r). (t) Mode of occurrence of Grt-Bt felsic gneiss (BC08010604E) in the northern part of Walnufjella. This rocks is
highly mylonitized and contains cm-order porphyroclastic Grt. (u) Mode of occurrence of Grt-Hbl-Bt gneiss (BC08010604A) in
the northern part of Walnumfjella.




Fig. 3.5. Photomicrographs of metamorphic rocks in Brattnipene area. (a) Texture of Grt-Opx-Bt gneiss
(A07123001E). Signature of retrogression is little recognized in this rock. (b) Texture of Grt-Opx-Bt felsic
gneiss (A07123001R). (c) Mnz exsolution in Ap of Grt-Opx-Bt gneiss (A07123001E). Mnz needles are
oriented in one direction. (d) Rt exsolution in Grt of Grt-Opx-Bt gneiss (A07122602F). Rutile needles
areoriented in three directions. (e) Bt+Qtz aggregate replacing Opx (A07123001F). (f) IIm needles in Bt
occuring in matrix (A07123001E).
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Fig. 3.6. Photomicrographs of metamorphic rocks in Brattnipene area. (a), (b) Texture of Grt-Crn-Bt gneiss
(A07123001P). Crn occurs highly associated with Grt. Sil only occurs as inclusion in Grt. (c), (d) Texture of
Grt-Crn-Bt gneiss (BC08010302B) in the southern part of Brattnipene. Spl occurs as mainly as inclusions
in Grt and Crn. Spl and Sil never have contact with each other. (e), (f) Grt-Sil-Bt gneiss (BC08010302C) in
the southern part of Brattnipene. In the highly altered portion in this rock, And occurs associated with clay
mineral.
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Fig. 3.7. Photomicrographs of Grt-Sil-Bt gneisses in Brattnipene area. (a) Texture of 07120402A. (b) Bt+PI
aggregate replacing the rim of Grt in 07120402A. (c) Texture of BC08010401B. (d) Bt+Sil aggregate
replacing the rim of Grt. (e) Texture of 84021904B. (f) Bt+Ky/Sil aggregate replacing the rim of Grt. It is
unclear which is the primary phase, kyanite or sillimanite.
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Fig. 3.8. Photomicrographs of metamorphic rocks in Brattnipene area. (a), (b) Grt-Sil-Bt gneiss
(BC08010302C) in the southern part of Brattnipene. In the highly altered portion in this rock, And occurs
associated with clay mineral. (c) Texture of Grt-Bt gneiss (A0O7123001AF). This rock is overlain by
Opx-bearing lithologies and is highly deformed. (d) Texture of Grt-Bt gneiss (BC08010302A) in the
southern part of Brattnipene. The rim of Grt is replaced by Bt+PI. (e) Rt exsolution in Qtz (BC08010302A).
Rt needles are oriented in three directions. (f) Grt-Bt gneiss (BC08010502B) in the southern part of
Brattnipene. Porphyloclastic Pl is recognized.
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Fig. 3.9. Photomicrographs of metamorphic rocks in Brattnipene area and Walnumfjella area. (a) Texture
of Hbl-Ep-Bt gneiss (BC08010504A) in the southern part of Brattnipene. (b) Texture of Hbl-Bt gneiss
(A07123001AC). This rock occurs at the same outcrop as A07123001AF (Fig. 3.x (c), (d)). (c) Texture of
Grt-Ep-Bt gneiss (BC08010602J). (d) Texture of Grt-Hbl-Bt gneiss (BC08010604A). (e) Texture of
Grt-Hbl-Bt gneiss (BC08010604E). This rock shows mylonitic deformation texture. (f) Rt exsolution in Qtz
in Grt-Hbl-Bt gneiss (BC08010604E).
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Fig. 3.10. Photomicrographs of metamorphic rocks in Austkampane area. (a) Texture of Grt-Crd-Bt gneiss
(AC07121303E). Grt and Sil never have contact with each other. (b) Texture of Grt-Crd-Bt gneiss
(AC07121801H). (c) Texture of Grt-Crd-Bt gneiss (AC07121701C). Sil is only observed as inclusion in Grt.
(d) Euhedral Mnz in Grt-Crd-Bt gneiss (AC07121701C). (e) Texture of Grt-Crn-Bt gneiss (AC07121702B).
Spl and Sil never have contact with each other. (f) Close-up photograph of (e). Spl is observed in Crn and
Grt.
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Fig. 3.11. Photomicrographs of metamorphic rocks in Austkampane area. (a) Texture of Grt-Sil-Bt gneiss
(AC07121302B). (b) Close-up photograph of (a). The rim of Grt is replaced by random-oriented Bt+Sil. (c)
Texture of Grt-Sil-Bt gneiss (BC07122801D) in the southern part of Austkampane. (d) Mode of occurrence
of retrograde And in Grt-Sil-Bt gneiss (AC07121302A). (e) Rt exsolution in Grt in Grt-Crd-Bt gneiss
(AC07121701C). (f) Rt exsolution in Qtz in Grt in Grt-Crd-Bt gneiss (AC07121701C).
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Fig. 3.12. Photomicrographs of metamorphic rocks in Austkampane area and Menipa area. (a) Texture of
Grt-Bt gneiss (BC07122805C) in the southern part of Austkampane. Grt in this rock have relatively high
Grs content (see text). (b) Texture of Hbl-Bt gneiss (AC07121901A) in the southern part of Austkampane.
(d) Texture of Grt-Bt gneiss (AC08011301M) in Menipa area. (d) Rt exsolution in Grt in AC08011301M. Rt
needles are oriented in three directions. (e) Rt exsoltion in Qtz in AC0801301M. Tiny Rt needles are
oriented in three directions. (f) Texture of Hbl-Bt gneiss (AC07121901A) in Menipa area. Signatures of
retrogression are little observed.
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Fig. 3.13. Photomicrographs of metamorphic rocks in Lunckeryggen area. (a) Texture of Grt-Hbl-bt gneiss
(B08012201l). (b) Texture of Grt-Bt gneiss (B08012203A). (c) Texture of Grt-Hbl-Ep gneiss (B08012204).
(d) Texture of Grt-Ep-Bt gneiss (B08012304C). (e) Texture of Grt-Hbl gneiss (B08012304D). (f) Texture of
Grt-Hbl-Bt gneiss (B08012304E).
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Fig. 3.19. P-T diagram showing P-T paths of the central Sgr Rondane Mountains. (a) P-T path of
Austkampane area. Crd (Xvg=0.7) forming reactions are after Holdaway&Lee (1977). Crn forming reaction
is calcurated after Shulter&Bohlen (1989). Bt dehydration reaction curve is after LeBreton&Thompson
(1988). (b) P-T path of Brattnipene area. (c) P-T conditions of Lunchkeryggen. Prh and Ep-outreaction
curves are after Liou (1973) and Liou et al. (1983).
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Chapter 4. Titanium behavior in quartz during metamorphic process

4.1. Introduction

Recent experimental studies have noted the temperature dependence of

Ti solubility in quartz. Wark and Watson (2006) and Kawasaki and Osanai (2008)

developed calibrated Ti-in-quartz thermometers that enable estimates of the

temperature conditions of igneous and metamorphic rocks. In high-temperature

metamorphic terranes, rutile exsolution is commonly observed in silicate

minerals such as quartz, garnet, orthopyroxene, sapphirine, K-feldspar, and

osumilite (e.g., Osanai et al., 2001; Osanai and Yoshimura, 2002). Rutile

exsolution is generally considered to occur when a Ti-rich precursor precipitates

excess Ti in response to decreasing Ti solubility during cooling or

decompression (e.g., Kawasaki and Motoyoshi, 2007; Zhang et al., 2003).

Accordingly, the chemical composition of pre-exsolution quartz probably

preserves a record of metamorphism prior to the final equilibrium conditions.

The Sgr Rondane Mountains, East Antarctica, is a high-grade

metamorphic terrane that contains voluminous late-stage igneous rocks (e.g.,

Kojima and Shiraishi, 1986). The area is subdivided into the Northeastern (NE)

and Southwestern (SW) terranes, with the former containing
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orthopyroxene-bearing metamorphic rocks (Osanai et al., 1992). However, the

orthopyroxene-bearing gneisses are commonly surrounded by

orthopyroxene-free gneisses. Moreover, in large parts of the NE Terrane, felsic

and pelitic rocks are strongly retrogressed, resulting in modification to the

original mineral assemblages and chemical compositions attained at the peak

metamorphic conditions. This overprinting makes it difficult to recognize the

primary distribution of granulite in the Sgr Rondane Mountains. Rrutile

exsolution textures in the retrograde rocks are found, the textures are

widespread throughout the NE Terrane (Fig. 4.1). The exsolution probably

indicates an early high-grade metamorphic event; consequently, it may

represent a key in understanding the granulite metamorphism observed in the

Sor Rondane Mountains.

In this chapter, orthopyroxene felsic gneiss (OPG) and

hornblende-biotite felsic gneiss (HBG) collected from the same outcrop, where

HBG occurs as a narrow 1-2 m zone at the boundary between OPG and a

pegmatite intrusion were investigated. Field relation indicates that OPG was

converted to HBG by the effects of pegmatite intrusion. Rutile exsolution in

quartz is found only in HBG. A comparison of Ti behavior between OPG and HBG,
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combined with data regarding petrogenetic relationships, enables us to consider

those factors that controlled the occurrence of rutile exsolution. Measurement of

Ti concentrations in quartz was performed using an electron probe

micro-analyzer (EPMA) and Ti-in-quartz thermometers were applied to

exsolution-free OPG, exsolution-bearing HBG and several samples collected

from the broad area of the central Ser Rondane Mountains. Based on the results,

the implications of rutile exsolution for metamorphism in this region are

discussed.

4.2. Field relationships

Samples of OPG (sample 07121003A) and HBG (sample 07121003B)

were collected from the Koyubi Ridge in the western part of the Brattnipene area

in the Sgr Rondane Mountains. At this outcrop, the host rock, brownish OPG, is

intruded by K-feldspar-plagioclase-quartz-mica pegmatite (Fig. 4.2a). These two

rock types are not in direct contact, as grayish HBG occurs along the

OPG—-pegmatite boundary (Fig. 4.2b). A foliation, oriented oblique to the

lithological boundary, is continuous from OPG to HBG (Fig. 4.2c). Based on

these observations, it can be interpreted that HBG is the hydrated (bleached)
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equivalent of OPG.

Shiraishi and Kagami (1992) reported a similar relationship at a

neighboring outcrop in the Brattnipene area. The authors reported Sm-Nd and

Rb-Sr ratios of orthopyroxene-bearing enderbitic gneisses and bleached

hornblende-biotite-bearing felsic gneisses. Sm-Nd and Rb-Sr isochrones for

whole-rock samples of the two lithologies yielded ages of 978 £ 52 Ma and 961 +

101 Ma, respectively. Shiraishi et al. (2008) reported zircon U-Pb ages from the

enderbitic gneisses: 951 £ 17 Ma from oscillatory zoned prismatic cores and 602

+ 15 Ma from unzoned rims, interpreted as the timing of magmatism of the

protolith and granulite facies metamorphism, respectively.

4.3. Petrography, whole-rock chemistry, and mineral chemistry

4.3.1 Petrography and mineral chemistry

The mineral assemblages within the analyzed samples are listed in

Table 4.1. Mineral compositions were analyzed using an EPMA (JEOL

JXA-8200) with a 5 ch wavelength-dispersive X-ray analytical system (WDS), as

installed at the National Institute of Polar Research, Japan. Representative

mineral compositions are listed in Table 4.2. The analyses were performed at 15
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kV accelerating voltage, 12 nA probe current, and 2 ym probe diameter. Mineral
abbreviations are after Kretz (1983), and amphibole nomenclature is after Leake

et al. (1997).

4.3.1-1 Orthopyroxene felsic gneiss

OPG (sample 07121003A) is composed mainly of quartz, plagioclase,
orthopyroxene, clinopyroxene, hornblende, biotite, ilmenite, and magnetite, with
accessory apatite and zircon. Orthopyroxene (Xmg = 0.41) makes up a large
portion of the mafic minerals in OPG (Fig. 4.3a). Orthopyroxene grains are up to
1 mm in diameter. Clinopyroxene (Xug = 0.55) is 300-500 ym in size, and is
present in the matrix. Hornblende (Xug = 0.37, TiO, = 2.1 wt%) is brownish,
classified as ferro-pargasite, and 0.5—1 mm in size. Biotite (XMg = 0.41, TiO, =
4.2 wt%) is rare and relatively fine grained (< 300 pm). Plagioclase (1-3 mm)
shows antiperthitic texture (Fig. 4.3b). Host plagioclase is of anorthite—albite
solid solution with a minor orthoclase component (An3pAbgsOr,), and K-feldspar
blebs have a composition of OrgsAbsAn<;. Quartz (1-3 mm) contains sparse
mineral inclusions (Fig. 4.3d). Apatite in this sample includes monazite needles

with a shape-preferred orientation (Fig. 4.3b).
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4.3.1-2 Hornblende-biotite felsic gneiss

HBG (sample 07121003B) is composed mainly of quartz, plagioclase,
hornblende, biotite, iimenite, and magnetite, with accessory apatite, allanite, and
zircon. Hornblende can be divided into two types based on mode of occurrence
and composition. Type 1 consists of relatively large grains (up to 2 mm) with Xyg
= 0.30 and TiO; concentrations varying from 2.1 wt% in the core to 0.8 wt% in
the rim (Fig. 4.4a). The mineral color changes from brownish in the core to
greenish in the rim. Type 2 consists of a greenish and fine-grained (up to 40um)
aggregate with quartz, with Xug = 0.32 and TiO» < 0.3 wt% (Fig. 4.4b). Biotite
(Xmg = 0.34, TiO, = 2.6 wt%) shows a radial shape, is 1-2 mm in size, and is
commonly in contact with hornblende. The TiO, content of biotite in HBG is lower
than that in OPG. Plagioclase (1-3 mm) is antiperthite (Fig. 4.4c). The host
plagioclase and K-feldspar blebs have compositions of AnysAb;;0r; and
OrgsAb7An.;, respectively. The proportion of blebs in HBG appears to be less
than that in OPG. Quartz (1-3 mm) contains rutile needles with shape-preferred
orientations in three directions (Fig. 4.4d). The needles, which are less than 1

pm thick and occur throughout the host grains, are interpreted to be of exsolution
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origin.

4.3.2. Whole-rock chemistry

Bulk chemical analyses were carried out using a RIGAKU RIX3000

X-ray fluorescence spectrometer installed at the National Institute of Polar

Research. The procedures followed in sample preparation and analysis are

given in Seno et al. (2002), and the results are listed in Table. 4.1. For HBG, |

also present values normalized to Al, which is generally thought to be relatively

immobile compared with other elements. As stated above, field relationships

indicate that HBG was formed from OPG during intrusion of the pegmatite. The

modal abundance of hydrous minerals (including hornblende, biotite, and

epidote) in HBG is higher than that in OPG, thereby indicating a supply of fluid

from the pegmatite. However, the bulk composition of OPG and the

Al-normalized bulk composition of HBG are similar, except for Si, K, and Fe,

suggesting that only limited chemical modification resulted from fluid filtration

from the pegmatite.
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4.4. Measurements of Ti concentrations in quartz

Recent experimental studies have revealed the temperature

dependence of the saturated concentration of Ti in quartz (Kawasaki and Osanai,

2008; Wark and Watson, 2006). Wark and Watson (2006) carried out synthetic

experiments at temperatures of 600-1000°C at 1.0 GPa, and Kawasaki and

Osanai (2008) calibrated Ti solubility using synthesized quartz at 1300 °C in

atmospheric pressure, combined with empirical data for natural quartz. Wark et

al. (2007) succeeded in applying this thermometer to natural rhyolite, thereby

indicating its applicability at least to felsic rocks such as OPG and HBG. In

addition, Kawasaki and Osanai (2008) reported a linear relation between

temperature and the logarithm of TiO, content in quartz, for several rock types

including quartzo-feldspathic rock, Mg-Al rock, and eclogite derived from a

mixed pelite—basalt protolith. This finding of a similar relation for different rock

types may indicate that the effect of bulk rock chemistry is of little importance,

suggesting in turn that Ti-in-quartz thermometers are potentially applicable to a

wide range of rock types. According to Wark and Watson (2006), the saturated

concentration of Ti in quartz is 526 ppm (TiO; = 0.088 wt%) at 1000 °C, and 140

ppm (TiO, = 0.023 wt%) at 800 °C. To quantify such low concentrations of Ti
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using EPMA requires the selection of an appropriate dispersive crystal,

measurement time, and standard for Ti.

4.4.1 Optimum analytical conditions in analyzing homogeneous domains

Measurements were performed using a JEOL JXA-8200 electron probe

micro-analyzer installed at the National Institute of Polar Research, at conditions

of 15 kV accelerating voltage, 150 nA probe current, and 2 um probe diameter.

4.4.1-1. Dispersive crystal and acquisition time

Quartz in OPG was fully scanned by WDS with normal PET and PETH

crystals at acquisition times of 10-50 seconds (Fig. 4.5). Compared with normal

PET, higher counts of Ti-Ka are obtained with PETH; however, a linear baseline

cannot be obtained. Because a linear background is essential to obtain precise

peak counts, | used a normal PET crystal for Ti analyses. Regarding acquisition

time, 50-second measurements at each step yield clearer peaks than those

obtained using 10-second measurements. For the unknown samples, acquisition

time was set to 150 seconds for both peak and background, which yielded a

detection limit of less than 10 ppm.
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4.4.1-2 Standard for Ti

Chromite (TiO2 = 0.120 wt%), spessartine (TiO2 = 0.108 wt%), and rutile

were considered for use as a standard for Ti, and | assessed the disparity

between the reference value and the measured value of standard spessartine

and chromite (Fig. 4.6). Calculated using a rutile standard, Ti content in

spessartine was estimated to be 3.3% less than that in the reference value,

whereas the content in chromite was 2.2% higher than that in the reference.

Calculations using a spessartine standard yielded over-estimates for both

spessartine (+0.6%) and chromite (+6.3%), whereas calculations using a

chromite standard yielded under-estimates (-6.7% for spessartine and —1.3% for

chromite). Given that the Ti-in-quartz thermometer provides the minimum

temperature, | selected chromite as the standard for Ti measurements, to

constrain the minimum concentration.

4.4.2 Analytical conditions and methods for the reintegration of Ti

concentration in pre-exsolution quartz

| examined a procedure to reconstruct the Ti concentration in
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pre-exsolution quartz. Several methods have been proposed in this regard:

estimation based on chemical composition data and the area ratio of the host

phase to the exsolved phase (e.g., Hokada, 2001; Raase, 1998), and estimation

of a large-area-averaged chemical composition using a defocused beam (e.g.,

Bohlen and Essene, 1977; Harley, 1986). In the present case, exsolved rutile is

less than 1 ym wide, making it difficult to calculate the area ratio. In addition, the

variable length of the needles means that it is not always true that the area ratio

of the rutile visible in the analyzed area is representative of the area ratio in the

entire host grain. These limitations make it difficult to apply the former method for

the reintegration. The large-area-averaged approach involves systematic

matrix-effect errors of up to 10% (Bohlen and Essene, 1977; Raase, 1998).

Taking these errors into account, | adopted the latter method due to the difficulty

in applying the former method to such fine exsolutions. To minimize the

mixed-matrix effect, measurements were performed with an accelerating voltage

of 25 kV to enable deeper penetration of the incident electrons into the sample.

The analytical conditions were as follows: 25 kV accelerating voltage, 150 nA

electron current, and 50 and 100 um probe diameter.
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4.4.3 Results

The Ti concentrations obtained for grains in OPG are largely independent of

probe diameter (0.018—-0.020 wt% on average; Fig. 4.7). The exsolution-free

area of a quartz grain in HBG vyields TiO, = 0.007 wt%, suggesting the

post-exsolution Ti content. The Ti concentrations obtained for HBG with settings

of 100 um and 25 kV are 0.018 wt% on average, with a similar range in data as

that obtained for OPG. The results obtained with 50 ym and 25 kV show a wide

scatter (Fig. 4.7), indicating that a probe diameter of 50 um is insufficient

considering the 20-30 pm intervals between needles, and indicating that these

results would not represent the composition throughout the entire grain.

4.5. Discussion

4.5.1 Metamorphic reactions and pressure—temperature conditions

Based on mineral textures and chemistry, the mineral assemblages of

OPG and HBG are interpreted as orthopyroxene + clinopyroxene + hornblende +

biotite + quartz + plagioclase, and hornblende + biotite + epidote + quartz +

plagioclase, respectively. The OPG sample probably records near-peak

metamorphic conditions, as there is no clear evidence of retrogression.
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Orthopyroxene—clinopyroxene thermometers (Taylor, 1998; Wells, 1977) yield
temperature conditions of 820-840 °C for OPG and HBG (Table 4.3), consistent
with the estimations described in previous chapter.

Type 1 hornblende in HBG has a near-constant Xyg value from core
(0.29) to rim (0.30), whereas Al,0O3; and TiO, contents show significant core—rim
variation (Al,O3, 11.2—12.34 wt%; TiO,, 2.1-0.8 wt%), possibly related to cooling.
Ti concentrations within the cores of type 1 hornblende in HBG are similar to
those in OPG. These observations suggest that the rims of Ti-rich type 1
hornblende (= hornblende in OPG) were replaced by Ti-poor hornblende via the

following reaction:

Hbl (Ti-rich) + Kfs + H,O = type 1-Hbl rim (Ti-poor) + Bt + Qtz (1)

In this reaction, the Ti in hornblende from OPG is possibly distributed in biotite.
Plagioclase in HBG contains a lower proportion of K-feldspar blebs than does
plagioclase in OPG, indicating consumption of the orthoclase component in
plagioclase via the above reaction.

Type 2 hornblende (Xyg = 0.32, TiO, = 0.3 wt%) has a much lower Ti
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content than does the rim of type 1 hornblende (Xug = 0.30, TiO, = 0.8 wt%),
although Xug values are similar between the two types. In addition, the mode of
occurrence of type 2 hornblende, which occurs as aggregates with quartz (Fig.

4.4b), indicates an origin via the break-down of orthopyroxene, as follows:

Opx + Pl + H,0 = type 2-Hbl + Qtz (2)

The low Ti concentration in type 2 hornblende is consistent with an origin after
orthopyroxene, which generally contains little Ti. | applied a
hornblende—plagioclase thermometer (Holland and Blundy, 1994) to the rims of
type 1 and type 2 hornblende, yielding equilibrium temperatures of 700-720 °C
and 670—680 °C, respectively (Table 4.3). The rims are therefore interpreted to
represent the products of intense hydration associated with intrusion of the
pegmatite, and these estimated temperatures constrain the minimum
temperature of the hydration event. These temperature estimates are about
100 °C higher than the previously estimated temperature of regional
retrogression (580-530 °C; e.g., Asami et al., 1992).

Clinopyroxene is present in OPG but absent in HBG, which contains
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epidote, suggesting the following reaction:

Cpx + Pl + H,O + O, = type 1-Hbl rim + Ep + Qtz (3)

The content of ferric iron in the rims of type 1 hornblende is higher than that in

the cores, and epidote contains significant amounts of ferric iron. These

observations indicate that oxygen entered the system in association with fluid

infiltration. Reaction (3) might lie on the lower-pressure side of reaction curve (a)

in Fig. 4.8, as proposed by Ellis and Thompson (1986), due to the presence of

iron in epidote. Consequently, it is inferred that HBG preserves hydration

conditions of around 650-700 °C and 0.6-0.8 GPa.

4.5.2 Temperature estimates based on Ti in quartz

Rutile exsolutions are distributed throughout the entire areas of quartz

grains. If intracrystalline diffusion is effective, TiO, located near the grain

boundary may be diffused out of the grain to form an exsolution-free rim;

however, such a rim is not observed in the quartz grains from HBG, thereby

indicating insignificant Ti diffusion. In addition, the bulk rock chemistry shows no
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significant variation in Ti concentration between OPG and HBG. Consequently, |

interpret that quartz in both OPG and HBG retains its pre-exsolution Ti

concentrations. Ti concentrations in homogeneous quartz in OPG are similar to

reconstructed concentrations calculated for quartz in HBG that contains rutile

exsolutions. This finding indicates that quartz in OPG and pre-exsolution quartz

in HBG had equivalent Ti concentrations.

The Ti concentration can be converted to temperature using a

Ti-in-quartz thermometer (Kawasaki and Osanai, 2008; Wark and Watson, 2006).

Using the thermometer of Kawasaki and Osanai (2008), | obtain a temperature

of 550 °C for the pre-hydration quartz and 440 °C for the post-hydration quartz

(Table 4.4). This thermometer requires the analysis of Ti-saturated rutile;

however, rutile is absent in both OPG and HBG, suggesting that these estimates

represent minimum temperatures. The thermometer proposed by Wark and

Watson (2006) is based on the degree of Ti saturation (arioz). Wark et al. (2007)

reported that felsic rocks have an arioz value of 0.6—1.0 in the presence of a

Ti-rich phase such as ilmenite or titanite. In the present study, ilmenite is present

instead of rutile in both OPG and HBG; therefore, values of 0.6-1.0 were

applied.
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Using the method of Wark and Watson (2006), | obtained temperatures

of 830 °C (arioz = 0.6) to 760 °C (atio2 = 1.0) for homogeneous quartz in OPG,

and 820 °C (arioz = 0.6) to 750 °C (afio2 = 1.0) for the reconstructed

pre-exsolution quartz composition in HBG, which is interpreted as the

pre-hydration temperature. These values are consistent with estimates obtained

using orthopyroxene—clinopyroxene thermometers (820-840 °C) for OPG. An

exsolution-free portion of a quartz grain in HBG yields a temperature of 690 °C

(atioz = 0.6) to 640 °C (atio2 = 1.0), which is interpreted as the temperature

during the hydration event, consistent with the temperature obtained using the

hornblende—plagioclase thermometer (670-720 °C) for HBG (Table 4.4 and Fig.

4.8).

The retrogression event had a marked effect on the chemical

composition of hornblende and plagioclase; however, the reconstructed

pre-exsolution quartz composition in HBG is probably a near-peak temperature.

This indicates that the Ti-in-quartz thermometer has the advantage of being able

to estimate the peak metamorphic temperature from intensely retrogressed

samples.
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4.5.3. Implications for rutile exsolution in HBG

The mechanism of exsolution is generally controlled by the degree of

super-saturation, which in turn is related mainly to cooling. In the case of the

studied samples, the rutile-exsolution-free quartz in OPG and the

rutile-exsolution-bearing quartz in HBG are thought to have experienced the

same pressure-temperature-time path. Moreover, Ti concentrations are similar in

quartz from both OPG and HBG. The main difference between OPG and HBG is

that the former shows little evidence of hydration, whereas the latter experienced

intense hydration during cooling. These observations suggest that intense

hydration may play a role in triggering the nucleation of rutile lamellae, and

thereby the occurrence of rutile exsolution. Although the mechanism of

nucleation of the lamellae, driven by hydration, is beyond the scope of this paper,

| note two ways in which hydration might influence nucleation: hydration results

in an increase in the degree of super-saturation, or a retrograde reaction within

HBG involved quartz. | found a wide distribution of rutile exsolution in quartz

across a large part of the NE terrane of the Ser Rondane Mountains (Fig. 4.1). If

retrograde hydration is related to the occurrence of exsolution, the widespread

distribution of exsolved rutile may indicate the extent of large-scale high-grade
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(granulite facies?) metamorphism and subsequent hydration.

Given that rutile exsolution has been reported in several minerals from

ultra-high pressure and/or ultra-high temperature metamorphic terranes, these

textures could be indicative of such extreme conditions (e.g., Osanai et al., 2001;

Zhang et al., 2003). However, in the present study, rutile exsolution occurred in

quartz during a temperature drop from <850 °C to 650-700 °C. This finding

suggests that ultra-high temperature is not essential for the development of rutile

exsolution in quartz.

4.5.4. Application of the Ti-in-quartz thermometer for the metamorphic

rocks in the central Sgr Rondane Mountains and its implication for the

metamorphic process.

The method with Ti-in-quartz thermometer tested in the previous section

was applied for the metamorphic rocks for the representative lithologies in the

central Sgr Rondane Mountains (Table 4.5, Fig 4.9). Based on these estimations,

temperature conditions of £800 °C are recognized regionally in the NE terrane.

These temperature estimations with Ti-in-quartz thermometer are consistent with

the estimation for the rocks which escape retrograde hydration and preserve
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peak mineral assemblage and composition. This widespread distribution of the

granulite-facies condition estimated using Ti-in-quartz thermometer suggests

that the granulite-facies metamorphism was certainly pervasive event in the NE

terrane. However the rocks, which do not record the granulite-facies condition,

also occur locally in the NE terrane. Although | have not have enough data for

field relationship between the granulite-facies rocks and lower-grade rocks in the

NE terrane, geochronological studies should provide a clue for the geological

relation of the both lithologies (see next chapter). Most of the metamorphic

conditions of the rocks in the SW terrane with Ti-in-quartz thermometer were

estimated as <600 °C except for 720 °C of the garnet-biotite gneiss

(BCO8010604A) from the northern Walnumfjella. These conditions are

consistent with the petrographical characteristics and thermometric result with

matrix mineral pairs. This indicates that metamorphism of which condition is

<600 °C should be regional event in the SW terrane. Such contrast of

metamorphic conditions between the NE and the SW terranes implies that the

two terranes had experienced different tectonic history.

In both terranes, rocks which do not show typical metamorphic

conditions in each terrane also occur locally. Although | have not have enough
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data for field relationship between the “proper” rocks and other rocks in each

terrane, geochronological studies should provide a clue for the geological

relation of the both lithologies (see next chapter).

4.6 Summary

1. Rutile exsolution in quartz was found in retrograde hornblende-biotite

gneiss derived (bleached) from orthopyroxene felsic gneiss.

2. The compositions of orthopyroxene and clinopyroxene in OPG

indicate a temperature of 840 °C, interpreted as the near-peak temperature. The

compositions of hornblende and plagioclase in HBG suggest temperatures of

670-700 °C, interpreted as the temperature of the hydration event.

3. Ti concentrations in quartz were 110 ppm (equivalent to 760-820 °C)

for homogeneous quartz in OPG and 35 ppm (650-700 °C) for an

exsolution-free area in quartz within HBG. The pre-exsolution Ti concentration in

quartz within HBG is 103 ppm, similar to the value in homogeneous quartz within

OPG.

4. Although the main constituent minerals in HBG record the conditions

of the hydration event, the reconstructed Ti content in pre-exsolution quartz
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within HBG records pre-hydration conditions. Thus, the Ti-in-quartz thermometer

has the potential to be a powerful tool in reconstructing the history of

metamorphic rocks modified by retrogression.

5. On the basis of the estimations with Ti-in-Quartz thermometer,

granulite-facies metamorphism should be pervasive event in the NE terrane. On

the other hand, <600 °C of the metamorphic condition is typically recognized in

the SW terrane. This contrast of the metamorphic condition between the two

tarranes implies that they had experienced different tectonic history.
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Fig. 4.2. Photographs of the sampled outcrop. (a) Large-scale field relationships among the studied rocks.
Hornblende-Biotite felsic gneiss (HBG; grayish color) occurs within a bleached zone (about 1-2 m wide) in
association with pegmatite veins (pinkish color), entirely within orthopyroxene felsic gneiss (OPG; red-
brownish color). OPG is never in direct contact with pegmatite. (b) Photograph of the contacts between the
three lithologies. (c) Close-up photograph of OPG and HBG. A foliation is continuous between OPG and

HBG.




Fig. 4.3. Photomicrographs of orthopyroxene felsic gneiss (OPG). (a) Mineral relationships in OPG. Ortho-
pyroxene is the main mafic mineral. (b) Occurrence of clinopyroxene and apatite. Clinopyroxene is present
in the matrix. Apatite includes monazite needles. (c) Mode of occurrence of plagioclase, showing antiper-
thitic texture. (d) Quartz in OPG containing scarce mineral inclusions.
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+% Type1 Hbl core_
(Ti02 = 2. 1wt%)™

Fig. 4.4. Photomicrographs of hornblende-biotite felsic gneiss (HBG). (a) Type 1 hornblende shows com-
positional zoning from a brownish core to a greenish rim. (b) Mode of occurrence of type 2 hornblende,
forming an aggregate with quartz. (c) Antiperthitic plagioclase in HBG. The proportion of K-feldspar blebs is

less than that in OPG. (d) Rutile exsolution texture in quartz. Rutile needles have a shape-preferred orien-
tation.
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Fig. 4.5. X-ray spectra of quartz in OPG, as obtained by electron probe micro-analyzer (EPMA) with
wavelength-dispersive X-ray analytical system (WDS) mode. PETH gives higher counts of Ti-Ka (top) than
does normal PET; however, a linear baseline cannot be obtained using this approach. With normal PET
using a 50-second measurement at each step, a linear baseline and sufficient counts are obtained
(middle); however, there is no clear Ti-Ka peak for 10-second measurements (bottom).
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Fig. 4.6. Difference in the measured concentration of Ti in quartz when calibrated using three different
standard materials. Dashed lines represent the reference values for the standards. Top: calibrated concen-
tration of standard chromite. Bottom: calibrated concentration of standard spessartine.
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Fig. 4.7. Ti concentration measured using various accelerating voltages and beam diameters. Shaded
boxes indicate the range of results for each setting. The values above each box are the weighted mean
average of TiO2 wt%. Chain line: average value obtained for OPG (0.018 wt%); dashed line: average
value obtained for HBG with a beam diameter of 2 ym and accelerating voltage of 15 kV (0.007 wt%).
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Fig. 4.8. Pressure—temperature conditions estimated for OPG and HBG. The dark and light grey thick lines
indicate the temperature ranges estimated using a Ti-in-quartz thermometer of OPG and HBG, respec-
tively (Wark and Watson, 2006). Reaction curve (a) is after Ellis and Thompson (1986). Temperature cali-
brations are as follows: H&B 94, Holland and Blundy (1994); T 98, Taylor (1998); W 77, Wells (1997).
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Table.4.5 Measured Ti contents in quartz and T estimation with Ti-in-quartz thermometers.
Analytical '

T Ti-in-Qtz (°C)

Area sample No. Rt Exs. Tiphase - content T range
condition (nnm)  atioz = 0.6ari0, = 1.0 o

07120402A n Rt F 49 668 ~670
F 107 822 756 820~760
07121003A - lim D 111 827 760  830~760
F 35 636 635  690~640
071210038 O lim D 103 817 751  820~750
AC07123001F . im F 72 770 709 770~710
. AC07123001R . im F 59 745 688 750~690
Brattnipene —X=07123001AF - lim F 43 709 655  710~660

F 29 668 ~670

BCO8010302A O Rt ; o i "oo0

F 32 627 ~630

BC08010302C O Rt ; o a0 %0
BC08010502B . Ttn F 15 604 561 600~560
BC08010504A ; Ttn F 4 501 467 500~470

F 21 650 ~650

AC08011301M O Rt 5 228 oo o
Menipa _ACO08011601A . : F 10 570 530 570~530

F - - -

AC08012001A O Ttn 5 s so 130 480450

F 29 618 ~620

AC07121302B o) Rt 5 s 854 Tee0

F 48 666 ~670

AC07121701C O Rt 5 ht 820 "os0
AC07121702B : : F 45 714 660 __ 710~660

F 22 593 ~590

Austkampane ~C07121801M O Rt D 186 828 ~830

F 22 593 ~590

BC07122801C O Rt 5 o oes a0
BC07122805C : Ttn F 6 530 494 530~490
F 17 615 571 620~570
BC07122903A O lim D 177 896 821  900~820
AC07121901A ; ; F 13 592 550  590~550
BC08010602J . . F 15 604 561 600~560
Walnumfielle F 24 648 601 650~600
BCO8010604E O lim D 46 716 662  720~660
BC080122011 . . F 8 552 514 550~510
BC08012203A : Im F 7 541 504 540~500
Lunckeryggen BC08012204 : m F 5 516 481 520~480
BC08012302A : Ttn F 3 481 249 480~450
BC08012304E : : F 3 481 449 480~450

T Tiin-atz- based on Wark & Watson (2006). D: with 100 ym of probe diameter and 25 kV of accerelating voltage, F: with 2 uym and 15 kV.
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Chapter 5. Geochronology

5.1. Introduction

In the early stage of geochronological works in the Sgr Rondane Mountains,

Rb-Sr and K-Ar dating were performed in the whole mountains, and gave ages

from 500 to 420 Ma, attributed to intense thermal event associated with plutonic

activity (e.g. Picciotto et al., 1964, Takahashi et al., 1990). Shiraishi and Kagami

(1992) reported ca. 1000 Ma from orthogneiss with Sm-Nd and RbDb-Sr

whole-rock isochron methods, and considered the timing of granulite-facies

metamorphism in the NE terrane. They also obtained internal mineral isochrons

from orthogneisses and paragneisses yielded 556 Ma and 624 Ma ages for

Rb-Sr and Sm-Nd systems, respectively. These ages were interpreted as the

timing of thermal events associated with granitic intrusions (Shiraishi & Kagami,

1992).

Asami et al. (1996, 1997, 2005) reported U-Pb monazite and zircon EPMA

ages in granulites from the Sgr Rondane Mountains. Monazite from

granulite-grade metamorphic assemblages yielded chemical Th-U-total Pb

isochron method (CHIME) ages that mostly range from 550 to 510 Ma,

interpreted as the granulite-facies metamorphism. The authors explained ca.
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1000 Ma as ages of the formation of protoliths, either of igneous or high-grade

metamorphic lithologies.

Recently Shiraishi et al. (2008) reported sub-grain U-Pb ages of zircon with

Sensitive High Resolution lon Micro Probe (SHRIMP-II) in widespread area of

the Sgr Rondane Mountains. According to them, granulite-facies metamorphism

in the NE terrane would be at ca. 650-600 Ma and amphibolite-facies

metamorphism in thee SW terrane at ca. 570-550 Ma.

However metamorphic rocks in the Sgr Rondane Mountains have

experienced complex thermal history as described previous chapters,

correspondence of metamorphic events to their timing should require precise

petrological investigation. In this chapter, U-Pb zircon SHRIMP dating and

U-Th-Pb monazite EPMA dating are performed. Analyzed samples were

selected based on the combination of petrography and metamorphic condition

estimated with Ti-in-quartz thermometer (Wark & Watson, 2006) which can

estimate initial metamorphic condition from even intensely retrogressed rocks

(see Chapter. 4). These results allow us to correlate metamorphic events with

the ages precisely.
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5.2. Sensitive High Resolution lon Micro Probe (SHRIMP IlI) zircon U-Pb
dating
Samples and analytical procedures

The present study compiles SHRIMP U-Pb zircon analyses for 14
samples obtained with the Sensitive High Resolution lon Micro Probe (SHRIMP
II) facilities at the National Institute of Polar Research, Japan. Data reduction
and processing was performed using the Excel add-in program SQUID (v.1.12a;
Ludwig, 2001) and plots were generated using ISOPLOT (v.3.50; Ludwig 2003).
For zircon analysis, abundance of U was calibrated against standard SL13
(238ppm), and U-Pb measurements were calibrated against ?**Pb-corrected
(Pb/U)/(UO/U)? values for standard FC1 (1099 Ma, Paces & Miller 1993). For
each standard dataset, scatter on (Pb/U)/(UO/U)? ratios and external
spot-to-spot errors are quoted with data from each sample in Tables 5.2-5.15.

All measurements on zircon were corrected for common Pb content
using measured ***Pb and a Stacey and Kramers (1975) model for ages
approximating those of standard and unknown zircon ages (see Ludwig 2001 for
details). Wherever possible, pooled ages were calculated from single analytical

sessions using the Concordia Age function of SQUID, which has the advantage
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of providing a test of concordance between pooled ?*°Pb/?®U and %*’Pb/**®Pb
ages. Mean 2?%Pb/?*®U ages for pooled data are also provided in the
Tera-Wasserberg plots. Errors on individual spot ratios and ages are quoted at 1
sigma, whereas pooled ages and concordia intercept ages are quoted at 95%
confidence levels. Concordia ages are always calculated separately from single
sessions with a standard calibration. Where pooled ages were obtained using
data from multiple sessions, mean ?*°Pb/**®U ages were calculated incorporating
errors from standard reproducibility in each session.

Samples selected for analyses are listed in Table 5.1. Localities are
shown in Fig. 5.1 and mode of occurrences of analyzed samples are shown in
Fig. 5.2. Zircon grains were separated from each sample, mounted in epoxy,
polished and coated in high-purity gold using an evaporative coater. Sub-grain
ion beam analysis of zircon with complex internal zoning requires careful
attention to  spot positioning, so backscattered electron and
cathodoluminescence imaging was performed with a Scanning Electron
Microscope before and after analysis, to identify spot positions overlapping
multiple growth zones, grain edges, cracks or damaged zircon. Representative

analyzed grains and spots are shown in Fig. 5.3. Data from analyses or sessions
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with analytical problems (such as ion beam instability) are not included in the

tables. On Tera-Wasserburg plots, data from spots on cracked or damaged

zircon or with strongly discordant isotopic ratios are marked with error crosses (1

sigma) and are excluded from interpretation.

5.2.1. Brattnipene area

BC08010302C

This pelitic gneiss is collected at the southern part of Brattnipene. This sample

is mainly composed of garnet, sillimanite, biotite, plagioclase, K-feldspar and

quartz with minor zircon, monazite, apatite, magnetite and ilmenite. Quartz in

this sample shows rutile exsolution texture, and the averaged Ti concentrations

of the pre-/post- exsolution are estimated as 88 and 15 ppm, respectively. On the

basis of these Ti concentrations, the temperature conditions of the pre-/post-

exsolutions are calibrated using Ti-in-quartz thermometer (Wark & Watson 2006)

as 800-730 °C and 600-560 °C, respectively (see the Chapter 4 for details).

Zircon grains have typical “soccer ball’-like morphology and internal structures

(Fig. 5.3). The majority are rounded sector-zoned portion, with prismatic and

oscillatory-zoned cores. These oscillatory-zoned cores are truncated by the
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sector-zoned portion. In the sector-zoned portion, the difference of the CL
brightness mainly associated with U concentration is recognized. However the
correlation between the ages and the CL brightness is not clear.

From this sample, total of 31 analyses from 25 grains (Table 5.2) were
obtained.

The oscillatory-zoned cores have U contents between 200 and 800 ppm and
Th/U ratios between 0.2 and 0.75. Ages from 5 cores define a concordia age of
105612 Ma (MSWD=2.4, probability of concordance = 0.12). The age is of
detrital zircon from an igneous source, probably of local derivation (see
discussion). Just 1 grain (analyses 41) indicates ca. 900 Ma. This core
preserves clear oscillatory zoning and show a concordance. This implies the
possibility of the sedimentation after ca. 900 Ma.

The sector-zoned portions are characterized by high U (180-1820ppm) and
relatively low Th/U (0.03-0.53). Most analyses indicate concordant ages, and
these ages are interpreted as metamorphic origin. However their 2°°Pb/%*8U
ages are scattered from 660 Ma to 580 Ma (Fig.5.4). The relative probability
205pp238Y age distribution curve indicate the intense 620-630 Ma age peak and

relatively small 580-590 Ma peak. Zircon textures or compositions in each age
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group cannot be distinguished, it is therefore uncertain whether each age group

represents a discrete metamorphic event in this sample alone.

07121003A

This felsic orthogneiss is collected at the northern part of the area. This
sample is mainly composed of orthopyroxene, clinopyroxene, hornblende, biotite,
plagioclase, k-feldspar and quartz with minor magnetite, ilmenite, apatite and
zircon. The averaged Ti concentrations in quartz are 107 ppm, indicating the
temperature conditions using Ti-in-quartz thermometer (Wark & Watson 2006)
are 820-760 °C.

Zircon grains preserve euhedral oscillatory-zoned cores truncated and
partially replaced by unzoned high-CL domains (Fig. 5.3).

From this sample, total of 21 analyses from 14 grains (Table 5.3) were
obtained.

The structureless high-CL domains have U content between 60-180 ppm and
Th/U ratio between 0.22 and 0.25. The ?*°Pb/?*®U ages are scattered around
650-600 Ma and their weighted mean averaged 2°°Pb/?**U age defines 627+15

Ma (MSWD=4.1) (Fig. 5.4). This age is interpreted as the timing of the
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metamorphism on this sample.

The oscillatory zoned cores have U contents ranging 110-850 ppm and Th/U
ratio between 0.18 and 0.34. Most of the core ages are discordant and their
208pp 238y ages are scattered between 670 and 990 Ma. However the
error-weighted regression (n=15, MSWD=2.2) gave an upper concordia
intercept at 990+55 Ma when the lower intercept is anchored at 627+15 Ma. This

age is interpreted as the magmatic zircon growth in the igneous protolith.

BC08010502B

This deformed granitic orthogneiss is collected at the southern part of the area.
This sample is mainly composed of garnet, biotite, plagioclase, microcline and
quartz with minor zircon, apatite, magnetite, ilmenite and titanite. The averaged
Ti concentrations in quartz are 15 ppm, indicating the temperature conditions
using Ti-in-quartz thermometer (Wark & Watson 2006) are 560-600 °C.

Zircon grains preserve euhedral oscillatory-zoned cores truncated and
partially replaced by unzoned low-CL domains (Fig. 5.3).

From this sample, total of 23 analyses from 20 grains (Table 5.4) were

obtained.
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The oscillatory zoned cores have U contents ranging 74-2800 ppm and Th/U

ratio between 0.07and 0.62. The core ages cluster around 800 Ma, especially

concentrate at ca. 780Ma. 8 data from 8 grains define a concordia age of 784+2

Ma (MSWD=0.72, probability of concordance = 0.40) (Fig.5.4). This age is

interpreted as the magmatic zircon growth in the igneous protolith.

The structureless low-CL domains have U content between 260-3620 ppm

and Th/U ratio between 0.07 and 0.50. With the exception of analysis 32.2

indicating 640 Ma, the majority of ages cluster around 700 Ma and they define a

concordia age of 692+6 Ma (MSWD=0.85, probability of concordance = 0.36, 6

data from 6 grain). This age is interpreted as the timing of the metamorphism on

this sample.

07121003D (pegmatite)

This undeformed pegmatite is collected at the Koyubi Ridge. This pegmatite

intrudes the orthopyroxene-bearing felsic gneiss (sample 07121003A) which is

converted into hornblende-biotite bearing felsic gneiss (sample 07121003B, see

chapter 4). This sample is mainly composed of quartz, plagioclase, K-feldspar

and biotite with minor zircon, apatite and monazite.
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Zircon grains have euhedral and prismatic shape. Most of them are partly
metamictized. CL emission is extremely low, and zonation is unclear (Fig. 5.3).

From this sample, total of 12 analyses from 7 grains (Table 5.5) were obtained.

The grains have very high-U content (4290-20150 ppm) and very low Th/U
ratio (<0.06). Most of the ages are discordant due to the matrix effect caused by
high-U content. However 2°’Pb/?°®®Pb ages cluster around 550 Ma and define
weighted mean averaged *°’Pb/*°°Pb age of 546+4 Ma (MSWD=1.3) (Fig.5.4).

This age is interpreted as the timing of the intrusion of this pegmatite.

BC07121703A (pegmatite)

This undeformed pegmatite is collected Hitosashiyubi Ridge. This pegmatite is
mainly composed of quartz, plagioclase, K-feldspar and biotite with minor zircon,
apatite.

Zircon grains have slightly rounded euhedral shape. Grains have vague sector
zoning and CL emission is commonly low (Fig. 5.3).

From this sample, total of 12 analyses from 12 grains (Table 5.6) were
obtained.

The grains have very high-U content (560-1130 ppm) and Th/U ratio between
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0.1 and 0.2. The ages define a concordia of 546+5 Ma (MSWD=0.67, probability

of concordance = 0.79) (Fig.5.4). This age is interpreted as the timing of the

intrusion of this pegmatite. And this age is highly consistent with the age of

sample 07121003D which is the pegmatite occurring at the other ridge in

Brattnipene area.

5.2.2. Austkampane

ACO07121901A

This felsic gneiss is collected at the southeastern part of Austkampane. This

sample is mainly composed of hornblende, biotite, plagioclase, K-feldspar and

quartz with minor zircon, apatite and titanite. The averaged Ti concentrations in

quartz are 13 ppm indicating the temperature conditions using Ti-in-quartz

thermometer (Wark & Watson 2006) are 550-590 °C.

Zircon grains have oscillatory zoned cores with unzoned low CL rim (Fig. 5.3).

From this sample, total of 76 analyses from 62 grains (Table 5.7) were

obtained.

The cores well-preserving the original oscillatory zoning have U contents

between 290 and 1540 ppm and Th/U ratios between 0.03 and 0.75. 11 analyses
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from 11 grains define a concordia of 887+2 Ma (MSWD=1.4, probability of
concordance = 0.24) (Fig.5.4). This age is interpreted as a timing of magmatic
zircon growth in the igneous protolith.

The grains indicate 800-850Ma are discordant and their internal textures are
vague compared with the concordant grains. This suggests incomplete
recrystallization or partial Pb resetting during the later stage events. The
unzoned rims have U contents between 120 and 3160 ppm and Th/U ratios
between 0.03 and 0.89. Most results are scattered between 650 and 550 Ma.
The relative probability 2°°Pb/?**U age distribution curve indicates the peak at
600 Ma and 550-570 Ma. Zircon textures or compositions in each age group
cannot be distinguished. These ages are interpreted as the timing of
metamorphism, however whether such event is discrete or continuous is not
unclear. Just 3 analyses indicate ca. 700 Ma concordant ages. Although the
number of analyses is sufficient, it might suggest the possibility of
metamorphism at this period.

BC07122805C
This felsic gneiss is collected at the southwestern part of Austkampane. This

sample is mainly composed of garnet, biotite, plagioclase, K-feldspar and quartz
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with minor zircon, apatite and monazite. The averaged Ti concentrations in

quartz are 6 ppm indicating the temperature conditions using Ti-in-quartz

thermometer (Wark & Watson 2006) are ca. 500 °C.

Zircon grains have oscillatory zoning and euhedral and prismatic shape. Few

grains have unzoned low-CL rim (Fig. 5.3).

From this sample, total of 26 analyses from 20 grains (Table 5.8) were

obtained.

The analyzed grains have U contents between 52 and 550 ppm and their Th/U

ratios concentrate around 0.25. The ages concentrate at ca. 640Ma and the age

difference between oscillatory zoned domain and structureless low-CL domain is

not recognized. The ages define a concordia of 634+5 Ma (MSWD=1.3,

probability of concordance = 0.24, 16 grains) (Fig.5.4). This age is interpreted as

a timing of magmatic zircon growth in the igneous protolith.

ACO07121501U (granite)

This undeformed granite is collected at the northern part of the Austkampane.

This granite is including large ultra mafic body (200 m200m). This rock is mainly

composed of quartz, plagioclase and K-feldspar with minor biotite, zircon, apatite

149



and monazite.

Zircon grains have euhedral shape and show oscillatory zoning which can be
observed with BSE. CL emission is commonly low (Fig. 5.3).

From this sample, total of 15 analyses from 15 grains (Table 5.9) were
obtained.

The grains have very high-U and Th contents (U: 4660-16390 ppm, Th:
1690-8060 ppm) except grains have relatively high CL (U: 240-760 ppm, Th:
240-340 ppm). Most of the ages are discordant due to the matrix effect caused
by high-U content. ?°’Pb/*°®Pb ages cluster around 500 Ma and define weighted
mean averaged %°’Pb/?®°Pb age of 502+4 Ma (MSWD=1.3) (Fig.5.4). This age is
interpreted as the timing of crystallization of zircons in this granite. Two grains
(analyses 15 and 17) which have concordant ages of ca. 1000Ma and ca. 850

Ma are explained as inherited grains in ca. 500 Ma magmatism.

ACO07121601A (granite)
This undeformed massive granite is collected Nordhaugen. This granite is
mainly composed of quartz, plagioclase, K-feldspar and biotite with minor zircon,

apatite and monazite.
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Zircon grains have euhedral and prismatic shape. Except a few grains which
have clear oscillatory zoning, most grains are structureless and their CL
emission is extremely low (Fig. 5.3).

From this sample, total of 19 analyses from 19 grains (Table 5.10) were
obtained.

Except a few grains, the grains have very high-U content (2390-9520 ppm)
and Th content between 709 and 5405 ppm. Most of the ages are discordant
due to the matrix effect caused by high-U content. *’Pb/*°®Pb ages from 13
grains define weighted mean averaged *’Pb/’®Pb age of 512+4 Ma
(MSWD=1.54) (Fig.5.4). This age is interpreted as the timing of the
crystallization of zircon in this granite. Just one grain (analysis 12) indicates ca.

1000Ma which is interpreted as an inherited zircon.

5.2.3. Menipa
AC08011301M

This quartzo-feldspathic gneiss is collected from at the southeastern part of
Menipa. This sample is mainly composed of garnet, biotite, plagioclase,

K-feldspar and quartz with minor zircon, apatite, rutile, magnetite and ilmenite.
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Quartz in this sample has rutile exsolution texture, and the averaged Ti

concentrations of the pre-/post- exsolution are estimated as 228 and 41 ppm,

respectively. On the basis of these Ti concentrations, the temperature conditions

of the pre-/post- exsolutions are calibrated using Ti-in-quartz thermometer (Wark

& Watson 2006) as 860 °C and 650 °C, respectively.

Zircon grains have rounded or elongated shape. Commonly oscillatory-zoned

cores are recognized with low-CL and vague internal texture rim (Fig. 5.3). At the

boundary between the oscillatory-zoned core and low CL domains, high-CL ring

iIs commonly found.

From this sample, total of 24 analyses from 18 grains (Table 5.11) were

obtained.

The oscillatory-zoned cores have U contents between 130 and 1330 ppm and

Th/U ratios between 0.06 and 0.67. The ages are highly scattered, and they

does not define any concordant or intercept ages (Fig.5.4). However most of the

ages obtained from the core are older than 1000Ma. Just 2 analyses (analyses

29.2 and 31.2) show the near concordant ages at ca. 780 Ma.

The combination of the zircon texture, composition and age distribution

indicates the origin as detrital zircon with several igneous sources. The youngest
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concordant age, ca 780 Ma, might imply the magmatism at this period and
subsequent sedimentation.

The structureless rims have U content between 280 and 650 ppm and
relatively low Th/U ratio (0.05-0.47). The ages from the rim are also highly
scattered, and they does not define any concordant or intercept ages. The
20%pp 238y ages from the structureless rim range between 670-580 Ma. This

might be interpreted as the timing of metamorphism.

ACO08012001A

This felsic orthogneiss is collected at the northern part of Menipa. This sample
is mainly composed of hornblende, biotite, plagioclase and quartz with minor
zircon, apatite, magnetite, ilmenite, titanite and allanite. The averaged Ti
concentrations in quartz are below detection limit (< 5 ppm) indicating the
temperature conditions using Ti-in-quartz thermometer (Wark & Watson 2006)
are <500 °C.

Zircon grains preserve oscillatory-zoned cores however intensely replaced by
unzoned low-CL domains (Fig. 5.3).

From this sample, total of 26 analyses from 22 grains (Table 5.12) were
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obtained.

The structureless low-CL domains have U content between 320-2350 ppm

and Th/U ratio between 0.05 and 0.4. Ages from 16 data from 14 grains define a

concordia age of 5643 Ma (MSWD=0.05, probability of concordance = 0.82)

(Fig.5.4). This age is interpreted as the timing of the metamorphism on this

sample.

The oscillatory zoned cores have low U and Th contents (U: 37-62 ppm, Th:

11-22 ppm). The core ages are highly ranging 730 to 890 Ma. Because of the

scattering of the age and the fewness of the data, it is difficult to discuss the

significance of these data.

5.2.4. Lunckeryggen

B080122011I

This intermediate orthogneiss is collected at lunckeryggen. This sample is

mainly composed of garnet, hornblende, biotite, plagioclase, microcline and

quartz with minor zircon, apatite, magnetite and ilmenite. The averaged Ti

concentrations in quartz are 22 ppm, indicating the temperature conditions using

Ti-in-quartz thermometer (Wark & Watson 2006) are 590-640 °C.
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Zircon grains commonly show oscillatory-zoning partially replaced by high-CL

domains at the rim portion (Fig. 5.3).

From this sample, total of 14 analyses from 13 grains (Table 5.13) were

obtained.

The oscillatory zoned cores have U contents ranging 360-3290 ppm and Th/U

ratio between 0.23and 0.77. The ages define a concordia age of 986+4 Ma

(MSWD=1.3, probability of concordance = 0.45) (Fig.5.4). This age is interpreted

as the magmatic zircon growth in the igneous protolith.

Partial replacement with the high-CL domains would be due to the late

metamorphism or related event, however they are too thin to analyze with

SHRIMP.

B08012304E

This intermediate orthogneiss is collected at Lunckerrygen. This sample is

mainly composed of garnet, hornblende, biotite, plagioclase and quartz with

minor zircon, apatite. The averaged Ti concentrations in quartz are estimated as

< 10 ppm . On the basis of these Ti concentrations, the temperature conditions

calibrated using Ti-in-quartz thermometer (Wark & Watson 2006) are < 500 °C.
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Zircon grains have prismatic and oscillatory-zoned cores truncated and
replaced by low-CL domains at the rim portion (Fig. 5.3). The low-CL domain is
structureless.

From this sample, total of 23 analyses from 14 grains (Table 5.14) were
obtained.

The structureless low-CL domains have high-U content (2780-7240 ppm) and
very low Th/U ratio (0.01-0.04). Most of the ages from this domain are discordant
due to the matrix effect caused by high-U content. However ?°’Pb/?®Pb ages
cluster around 550 Ma and 9 data from 9 grains define weighted mean averaged
207pp/2%°pp age of 546+6 Ma (MSWD=0.49) (Fig.5.4). This age is interpreted as
the timing of the metamorphism on this sample.

The oscillatory zoned cores have U contents between 490 and 4750 ppm, and
Th/U ratios between 0.12 and 0.31. Most of the core ages are discordant
however the error-weighted regression (n=12, MSWD=0.71) gave an upper
concordia intercept at 1000+16 Ma when the lower intercept was anchored at
54616 Ma. Such good regression indicates that these igneous cores are derived

from the single magmatic source; the protolith of this rock is magmatic origin.
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5.2.5. Walnumfjella

BC08010604A

This intermediate orthogneiss is collected at the northeastern part of

Walnumfjella. This sample is mainly composed of garnet, hornblende, biotite,

epidote, plagioclase and quartz with minor zircon, apatite, magnetite and

ilImenite. Quartz in this sample contains small amount of exsolved rutile, and the

averaged Ti concentrations of the pre-/post- exsolution are estimated as 46 and

24 ppm, respectively. On the basis of these Ti concentrations, the temperature

conditions of the pre-/post- exsolutions are calibrated using Ti-in-quartz

thermometer (Wark & Watson 2006) as 720-660 °C and 650-600 °C,

respectively.

Zircon grains have prismatic and oscillatory-zoned cores replaced by low-CL

domains at the rim portion (Fig. 5.3). The low-CL domain is structureless. At the

boundary between the oscillatory-zoned core and low CL domain, high-CL ring is

commonly recognized.

From this sample, total of 46 analyses from 39 grains (Table 5.15) were

obtained.

The structureless low-CL domains have U content between 490 and 2250
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ppm and relatively low Th/U ratio (0.02-0.33). Most of them are concentrated at
ca. 600 Ma, and they define a concordia age of 605+4 Ma (MSWD=0.85,
probability of concordance = 0.7, 7 analyses from 7grains) (Fig.5.4). This age is
interpreted as of timing of metamorphism. Several concordant ages are also
found around 780 Ma (analyses 13 and 13.2). These older metamorphic ages
imply at least two possibilities: the metamorphism on this rock prior to the 605
Ma metamorphism or the detrital grains derived from 780 Ma metamorphic body.

The oscillatory zoned cores have U contents between 280 and 2520 ppm, and
Th/U ratios between 0.34 and 0.67. Most of the core ages are discordant and
their 2°°Pb/?*®U ages are scattered between 860 and 1030 Ma. However the
error-weighted regression (n=31, MSWD=1.3) gave an upper concordia
intercept at 1015+12 Ma when the lower intercept is anchored at 605+4 Ma.
Several cores (analyses 8, 41, 47 and 52) show concordant ages at ca. 780 Ma
which is also found in the low-CL portion. Although the number of analyses is not

sufficient, it might suggest some geological event at this period.
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5.3. Electron Probe Micro Analyzer (EPMA) monazite Th-U-Pb dating

Samples and analytical procedures

U-Th-Pb ages for monazite are determined using an Electron Probe

Micro Analyzer (EPMA) at the National Institute of Polar Science, Tokyo. The

procedures followed in analyses and data assessment are given in Hokada &

Motoyoshi (2006). Samples selected for analyses are listed in Table 5.1.

Localities are shown in Fig. 5.1. Data of which measured PbO is lower than 0.1

wt% are not included in the interpretation because of large age error.

ACO07121701C

This pelitic gneiss is collected at the northwestern part of Austkampane. This

rock is mainly composed of garnet, cordierite, biotite, plagioclase and quartz with

minor apatite, magnetite, rutile, zircon and monazite. No obvious signatures

indicating retrogression can be observed.

Monazite occurs in matrix. Most grains show euhedral shape and faint internal

structure (Fig. 5.5).

From this sample, total of 52 analyses from 8 grains (Table 5.16) were

obtained.
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There is no clear relationship between the ages and the analytical spot within the

grain. The ages cluster around 650 Ma and the data define weighted mean

averaged age of 642.7£9.8 Ma (MSWD=0.4) (Fig.5.6). This age is interpreted as

the timing of the peak metamorphism on this sample.

AC07121801M

This pelitic gneiss is collected at the northeastern part of Austkampane. This

rock is mainly composed of garnet, cordierite, low-Ca amphibole, plagioclase

and quartz with minor rutile, zircon and monazite. No obvious signatures

indicating retrogression can be observed.

Monazite grains occur mainly as inclusion in cordierite. Commonly the grains

preserve internal structure due to the difference of chemical composition (Fig.

5.5).

From this sample, total of 140 analyses from 10 grains (Table 5.17) were

obtained.

There is no clear relationship between the calculated ages and the analytical

spot within the grain. The ages cluster around 600 Ma and the data define

weighted mean averaged age of 607.7+4.9 Ma (MSWD=0.5) (Fig.5.6). This age
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is interpreted as the timing of the peak metamorphism on this sample.

07120402A

This pelitic gneiss is collected at the northeastern part of Brattnipene.

This rock is mainly composed of garnet, biotite, sillimanite, plagioclase,

k-feldspar and quartz with minor rutile, apatite, zircon and monazite.

Textual signature of the retrogression can be observed as the replacement of the

rim of garnet by fine-grained aggregate of biotite and plagioclase.

Monazite occurs in matrix and as inclusions in garnet. The grains show complex

internal structure (Fig. 5.5). From this sample, total of 65 analyses from 10 grains

(Table 5.18) were obtained.

The ages are distributed in the range between 500 Ma and 700 Ma. The

ages obtained from the rim portion seem to be slightly younger than that from the

core (Fig. 5.5). The relative probability age distribution curve indicates intense

peak at 600-620 Ma and small peak at 550-570 Ma (Fig. 5.6).

5.4. Discussion - Interpretation of the ages and their implication for
geology of the central Sgr Rondane Mountains.

Population of zircon SHIMP age and monazite EPMA age identified in all
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17 samples, and the magmatic or metamorphic origin of zircon as determined

from mainly grain textures and compositions, are summarized in Fig. 5.7 and Fig.

5.8. Data reported by Shiraishi et al. (2008) also shown in Fig. 5.7and Fig. 5.8.

In both the NE and the SW terranes, magmatic zircons from metamorphic

rocks are commonly older than 700 Ma, and cluster at ca. 800 Ma and ca. 1000

Ma. It is consistent with Shiraishi et al. (2008). Most of the domains giving ca.

800 Ma and ca. 1000 Ma provide a detrital age signature for the terrane, with

magmatic activity at ca. 1000 Ma and ca. 800 Ma (Fig. 5.7). This detrital

signature possibly indicates that sediments are derived from local

syn-sedimentary volcanism or basement lithologies. Large amount of the Sgr

Rondane Mountains was formed as juvenile crust during ca. 1600-900 Ma based

on Nd model ages (Shiraishi et al., 2008). Absence of detrital zircon with age

older than ca.1100 Ma in this study is consistent with the results of Shiraishi et al.

(2008).

In Brattnipene area, ca. 550 Ma ages are also obtained from pegmatites.

These pegmatites are highly associated with the activity of normal fault,

indicating extensional tectonics. In Austkampane area, granites with ca. 500 Ma

occur locally. Intrusions with ca. 500 Ma have been reported from A-type granitic
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bodies including syenite (Takigami & Funaki, 1991; Tainosho et al., 1992).

Metamorphic ages from gneisses of which temperature is higher than

700 °C using Ti-in-quartz thermometer (Wark & Watson, 2006) concentrate

between 640 and 600 Ma. The samples 07041202A, AC07121901A and

BC08010502B also yield ca. 600 Ma although Ti contents in quartz give lower

than 700 °C. Such age population indicates that main metamorphic event,

associated with granulite-facies metamorphism, occurred at 640-600 Ma. Ages

younger than 600 Ma are characteristically obtained from the samples highly

affected by retrograde hydration (07120402A, BC08010302C), indicating

subsequent retrograde hydration occurred at 570-550 Ma. These ages are close

to the timing of pegmatite intrusion in Brattnipene area. It is likely that hydration

on the metamorphic rocks in the NE terrane is related to the extension and

subsequent magmatism. In Austkampane area, ca. 500 Ma granites are

recognized. Locally gneiss which records neither ca. 600 Ma nor temperature

higher than 700 °C is distributed in the NE terrane (sample AC08012001A). Lack

of ca. 600 Ma domains in zircon can be explained by at least two possibilities; (1)

the rocks have not experienced ca. 600 Ma or (2) the domains formed by ca. 600

Ma event were completely modified during later retrograde metamorphism at

163



570-550 Ma. The grains from AC08012001A preserved oscillatory-zoned

igneous cores, and such cores yield ages older than 700 Ma. It is unlikely to

overprint just only metamorphic domain completely, therefore possibility (1)

would be reasonable. Such low-grade gneiss with no ca. 600 Ma signature in the

NE terrane has been also reported from Isachsenfijella (sample 90102801A)

(Shiraishi et al., 2008).

In the SW terrane, metamorphic domains of zircon with ca. 550 Ma are

common, otherwise grains have no clear metamorphic growth. Shiraishi et al.

(2008) reported 570-520 Ma of U-Pb titanite SHRIMP ages from the samples of

which zircon are without clear metamorphic growth. This age concentration

indicates that ca. 550 Ma should be the timing of metamorphism of the SW

terrane. Most important point is lack ca. 640-600 Ma event in most of the SW

terrane. The grains yielding ca. 550 Ma also preserve the clear igneous domain.

As described above, these rocks certainly have not experienced ca. 600 Ma

event. Gneisses in the SW terrane show different petrological signatures from

the gneisses in the NE terrane (see Chapter 3 and 4 in details). These

petrological and geochronological differences between the NE and the SW

terranes imply that there are at least two geological units in the Sgr Rondane
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Mountains, and the two units probably have shared a common history after ca.

550 Ma.

However, Gneiss from Walnumfjella (BC08010604A) record ca. 600 Ma

metamorphism. Additionally signature of high-grade condition (> 700 °C) is

recognized from adjacent sample (BC08010604E) with Ti-in-quartz thermometer

(Wark & Watson, 2006). These indicate affinity with the gneisses of the NE

terrane.

Roughly speaking, the NE terrane comprises high-grade (> 700 °C) rocks

metamorphosed at ca. 640-600 Ma, whereas the SW terrane comprises

relatively low-grade (< 700 °C) rocks metamorphosed at ca. 550 Ma. However,

rocks which do not show “proper” characteristics of occurring terrane also

distributed in both terranes (Fig. 5.7, 5.8). To explain such comprehensive

distribution of the metamorphic grade and metamorphic ages in the central Sgr

Rondane Mountains, it is unreasonable to infer a high-angle tectonic boundary

between the two terranes.

5.5. Summary of the geochronology in the central Sar Rondane Mountains

1. ca. 640-600 Ma obtained from the metamorphic zircon and monazite is

interpreted as the timing of high-grade (> 700 °C) metamorphism in the NE
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terrane. 570-550 Ma, which is characteristically recognized in intensely

retrogressed rocks, should be the timing of hydration in the NE terrane.

2. Most of rocks in the SW terrane lack ca. 640-600 Ma age, but ca. 550 Ma

ages are widely recognized. The age of ca. 550 Ma is interpreted as the timing of

main metamorphism (< 700 °C) in the SW terrane.

3. In both the NE and SW terranes, the rocks which do not show typical

metamorphic condition and ages are distributed locally. It is difficult to explain

such comprehensive distribution by a high-angle tectonic boundary between the

two terranes.
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E : retrogradel

pegmatite felsic gneis

host Opx felsic
gneiss

Fig. 5.2. Field occurrence of the SHRIMP analyzed samples. (a) Opx felsic gneiss (07121003A) intruded
by pegmatite (07121003D) in Brattnipene area. Opx felsic gneiss is converted to hbl-Bt felsic gneiss by the
effect off pegmatite intrusion. (b) Mode of occurrence of Grt-Sil-Bt gneiss (BC08010302C) in the southern
part of Brattnipene area. (c) Mode of occurrence of Grt-bt gneiss (BC08010502B). This rock overlies
marble in the southern part of Brattnipene area. (d) Pegmatite (BC07121703A) intruding host gneisses in
Brattnipene area. (e) Mode of occurrence of Hbl-Bt gneiss (AC07121901A) in Austkampane area. (f) Mode
of occurrence of dioritic Grt-Bt gneiss (BC08122805C) in the southern part of Austkampane area.
Dark-colored and rounded inclusions are observed.
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Fig. 5.2, continued. Field occurrence of the SHRIMP analyzed samples. (g) Granite (AC07121501U)
including dark-colored xenoliths of host metamorphic rocks in Austkampane area. (h) Mode of occurrence
of granite (AC07121601A) in Norhaugen area. (i) Mode of occurrence of Grt-Bt gneiss (AC08011301M) in
Menipa area. (j) Mode of occurrence of Hbl-Bt gneiss (AC08012001A2) in the northern part of Menipa
area. This rock is apparently overlain by paragneisses including Grt-Bt gneiss and marble. (k) Mode of
occurrence of Grt-Hbl-Bt gneiss (B08012201l) in Lunckeryggen area. (I) Mode of occurrence of Grt-Hbl-Bt
gneiss (B08012304E) in Lunckeryggen area. (m) Mode of occurrence of Grt-Bt gneiss (BC08010604A) in
the northern part of Walnumfjella.
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Fig. 5.2, continued. Field occurrence of the EPMA analyzed samples. (n) Mode of occurrence of Grt-Crd-Bt
gneiss (AC07121701C) in Austkampane area. (0) Mode of occurrence of Grt-Crd-Oam gneiss
(AC07121801M) in Austkampane area. (p) Mode of occurrence of Grt-Sil-Bt gneiss (07120402A) in
Brattnipene area.
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Fig. 5.3. CL/BSE images of representative analyzed Zrn grains. All images are of CL unless otherwise
marked (BSE). Each SHRIMP analysis spot is labelled with grain analysis number, U content (ppm)/ Th/U
ratio and 204Pb-corrected 206Pb/238U age with 1o error.
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(ppm)/ Th/U ratio and 294Pb-corrected 206Pb/238U age with 1o error.
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Fig. 5.4. Terra-Wasserburg concordia diagrams of U-Pb SHRIMP data from Brattnipene area.
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Fig. 5.4, continued. Terra-Wasserburg concordia diagrams of U-Pb SHRIMP data from Austkampane area
and Menipa area.

174



data-point error ellipses are 68.3% conf.

0.075 data-point error ellipses are 68.3% conf. 0.080
A L B08012304E
1060 8080122011 1150 Grt-Hbl-Bt gneiss
Grt-Hbl-Bt gneiss 0.076 F
L ki ’ Upper intercepts at Lunckeryggen
unckeryggen 1000+16Ma
0.073 1050 MSWD = 0.71 (n=10)
0.072 F (anchored at 545.8+5.7Ma)
o 0071 F -0? 0.068 }
o o L
5 G
o ) 5 0064 |
< 0.069 g igneous domain |
Concordia Age = 986.4+4.3Ma
(95% confidence, decay-const. errs included) 0.060 F
MSWD =1.3, :
. Probability (of concordance) = 0.45 y | Ve High-U metamorphic domains N
0.067 F Weighted mean 207Pb/206Pb age
0.056 f Mean = 545.8+5.7 95% conf.
Witd by data-pt errs only, 0 of 9 rej.
r | MSWD = 0.49, probability = 0.87 |
0.065 . L 1 1 L . L " . X 0.052
55 57 5.9 6.1 6.3 6.5 4 6 8 10 12
238 1,206
238 5206y U/~"Pb
data-point error ellipses are 68.3% conf.
0.078
BC08010604A
Grt-Bt gneiss
Walnum
0.074 F 1050
igneous & recrystalized core
3 1015+11 Ma
0.070 950 MSWD = 1.3 (n= 27)
(Anchored at 605.1+3.7Ma)
o
o
§
> 0.066
o
~
]
0.062 F
metamorphic rim
0.058 F Concordia Age = 605.1+3.7Ma (n=7)
(95% confidence, decay-const. errs included)
MSWD (of concordance) = 0.85,
Probability (of concordance) = 0.714
0.054 N n L 1 s L . L
4 6 8 10 12

Z3EU/206Pb

Fig. 5.4, continued. Terra-Wasserburg concordia diagrams of U-Pb SHRIMP data from Lunckeryggen area
and Walnumfjella area.
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Fig. 5.5. BSE images and photomicrgraphs of representative analyzed Mnz grains. Each EPMA
analysis spot is labelled with U-Th-Pb apparent age with 10 error (Ma).
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Fig. 5.6. Histograms of U-Th-Pb EPMA ages of Mnz from Austkampane area and Brattnipene area.
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Chapter 6 Implication for tectonic process of the Sgr Rondane Mountains

6.1 Combining metamorphic evolution with tectonic process in the central

Sgr Rondane Mountains

As the results of previous chapters, following interpretations are

obtained;

-The metamorphic rocks in Austkampane area show the signature of

decompression near peak condition, ca. 800 °C and 0.4-0.5 GPa, at 640-600 Ma.

Although the timing has not been well-constrained, subsequent hydration

caused retrogression. Finally the rocks were re-heated by granite intrusion at ca.

500 Ma in the andalusite stability field. (Hereafter, the rocks, which experienced

decompression near peak granulite-facies condition at 640-600 Ma are referred

to as “A-type” rock, Table 6.1.)

-The metamorphic rocks in Brattnipene area and Menipa area have

experienced granulite-facies metamorphism of which P-T conditions were

estimated as at ca. 800 °C and 0.7-0.8 GPa accompanying pressure increase at

640-600 Ma and subsequent retrograde hydration at ca. 570-550 Ma during

isobaric cooling. Finally the rocks were hydrated in andalusite stability field.

(Hereafter, the rocks, which experienced pressure increase near peak

219



granulite-facies condition at 640-600 Ma are referred to as “B-type” rock)

-Whereas the rocks occurring in the areas described above, the rocks in

Lunckeryggen area preserve prograde signatures and they have not

experienced 640-600 Ma event. (Hereafter, the rocks, which preserve prograde

signatures and demonstrate amphibolite-facies at ca. 550 Ma are referred to as

“L-type” rock.) Distribution of each type is shown in Fig. 6.1.

Compared A-type rocks with B-type rocks, although mode of pressure

change near peak condition is different, they show similarity on the temperature

condition and the timing of peak metamorphism. Such similarity implies that

A-type and B-type units originally behaved as single geological unit. Garnet

grains in pelitic gneisses from both types commonly include spinel with 5-12 wt%

of ZnO and sillimanite inclusions. The paragenesis of these mineral inclusions

can be interpreted as the products of staurolite break down in the sillimanite

stability field. This probably supports the previous unity of the two type units.

Difference of pressure variation between A-type rocks and B-type rocks near

peak condition is explained as that B-type unit thrust up on A-type unit, as an

intra-plate phenomenon, during 640-600 Ma event.

L-type rocks record quite different nature from A- and B-type rocks in
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terms of metamorphism and geochronology. L-type rocks have been subjected

to up to amphibolite facies metamorphism at ca. 550 Ma, however have not

experienced 640-600 Ma event. Lack of signature of 640-600 Ma event in L-type

rocks indicates that L-type rocks and the other type rocks do not share the

geological event at 640-600 Ma. This strongly suggests that L-type unit would be

separate geological unit from A- and B-type units. However three types of rocks

shear signatures of geological events around/after ca. 550 Ma; retrograde

hydration and pegmatite intrusion in A- and B-type units and metamorphism in

L-type unit. This age consistency implies the possibility that A- and B-type units

and L-type unit joined together around ca. 550 Ma.

Structural relationship between B-type unit and L-type unit can be

observed at Menipa area and the boundary area between Brattnipene area and

Lunckeryggen area (Fig .6.2). At both localities, L-type unit is apparently overlain

by B-type unit. Especially at Menipa area, the boundary between B-type unit and

L-type unit seems nearly-horizontal and parallel to the foliation observed in both

units. This implies that nappe-like structure is essentially prevailing in the central

Sgr Rondane Mountains. Such structure can explain complex distribution of the

metamorphic grade and metamorphic ages as klippe and fenster due to various
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degree of denudation.

Nappe structure also can explain the geological events in A- and B-type

units and L-type unit at ca. 550 Ma (Fig. 6.3). Accompanied by A- and B-type

units thrusting up on L-type unit, L-type unit should be heated and dehydrated

(and might be partially molten). Then A- and B-type units probably are subjected

to hydration and pegmatite intrusion under extensional tectonics. Thus, nappe

structure is compatible to interpret field relation and geological event between A-

and B- type units and L-type unit.

Field observations that all three units are intruded by ca. 500 Ma

undeformed granites indicate that thrusting must be before ca. 500 Ma. From

Walnumfjella and to the west, relatively high-angle structure is dominantly

observed, indicating low-angle nappe structure seems to be not consistent in

those areas. However meta-tonalite in Lunckeryggen is geochemically different

from that in Walnumfjella (Kamei, personal communication). It indicates that

Lunckeryggen and Walnumfjella are geologically discontinuous, that is,

Walnumfjella and to the west area might be structurally modified after forming

nappe structure. High-angle structure in Walnumfjella area should be highly

associated with an activity of Main Shear Zone, therefore timing of deformation
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is probably a key to resolve this issue.

6.2 Comparison of tectonic process between the Sgr Rondane Mountains

and “EAAQ” related terranes at Gondwana assembly

Since the Sgr Rondane Mountains is located within collision zone

inferred between East Africa and Antarctica, so-called East Africa-Antarctic

Orogen (EAAO; Jacobs & Thomas, 2004), tectonic process is required to be

correlated with Mozanbique, central Dronning Maud Land in East Antarctica, Sri

Lanka and so on.

Mozambique is divided into two dominant blocks, Namuno Block and

Nampula Block, by the Lurio Belt. Namuno Block comprises an accretionary

complex which is subjected to high-grade metamorphism. Nampula Block is

dominated by medium-grade tonalitic gneisses and paragneisses (e.g. Viola et

al., 2006). At least two high-grade klippens, Monapo Complex and Mugeba

Complex, are recognized overlying the Nampula Block (Pinna et al., 1993).

These klippens contain granulite-facies ortho- and para-gneisses and have been

regarded as remnants of a larger thrust sheet. Age distributions of igneous and

metamorphic events in Namuno and Nampula Blocks are compiled by Grantham
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et al (2008). They suggested that a significant difference is that Namuno Block is

characterized by ca. 650-900 Ma, which is absent from Nampula Block. ca. 630

Ma is recognized only from Monapo and Mugeba klippens in Nampula Block,

which is clearly demonstrate these klippens have age characteristics similar to

rocks in Namuno Blocks. Based on these age distributions, Namuno Block and

Nampula Block should be different geological units, and they juxtaposed as

low-angle nappe structure (e.g. Grantham et al., 2008).

Such geological relations are also observed in western and central

Dronning Maud Land and Sri Lanka (Fig. 6.4). In Dronning Maud Land,

granulite-facies rocks are distributed in Schirmacher Hills and eastern

Muhlig-Hofmanfjella and they commonly record 600-900 Ma events. On the

other hand, Sverdrupfjella, Kirwanveggen and Gjelsvikfjella in western Dronning

Maud Land lack 600-900 Ma ages (e.g. Bisnath & Frimmel, 2005; Granttham et

al., 1995). In Sri Lanka, granulite-facies Highland Complex is interpreted as to be

overlying amphibolite-facies Vijayan Complex (Kleinschrodt, 1994). Ages

600-900 Ma are obtained from only in Highland Complex, these ages are absent

in Vijayan Complex (Grantham et al., 2008). Based on such broaden observation,

Grantham et al. (2008) proposed mega-nappe structure as dominant tectonics in
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the EAAO region. Whereas, several possible problems with this model has been

also pointed out. Jacobs et al. (2008) pointed out following problems: (1) the

high-grade klippens overlying 600-900 Ma absent blocks are never seen to be

intruded by the late-tectonic granites as might be expected, (2) the granitoids are

typically charnockitic A-types and not the minimum-melt granitoids and (3) timing

of shearing along the Lurio Belt should be ca. 530-500 Ma (Bingen et al.,

2006a,b) which is significantly younger than 620-550 Ma of main movement on

the structure. In Sgr Rondane Mountains, two distinct granitoid activities are

recognized; ca. 550 Ma pegmatite and ca. 500 Ma granite. That all three units

are intruded by ca. 500 Ma undeformed granites indicate piling-up before ca.

500 Ma. 550 Ma pegmatites intrude hanging-wall A- and B-type units. Pegmatite

generation should be nearly simultaneous with juxtaposition of A- and B-type

units and L-type unit, therefore pegmatites are probably products resulted in

thrusting. Such pegmatites are undeformed, which implies that thrust movement

had finished around ca. 550 Ma. These observations in the Sgr Rondane

Mountains resolve the previously described problems on mega-nappe model in

EAAO areas. However If such large-scale nappe structure is dominant in the

EAAO region, the following problems are remained;
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- thermal process causing widespread high-grade metamorphism at ca. 600 Ma

- exhumation process of such broad high-grade metamorphic terranes at ca.

550 Ma

To clarify these problems, comprehensive analyses of coeval metamorphism,

magmatism and fluid activity should be required.
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Chapter 7 Conclusions

1. Metamorphic rocks in the central Sgr Rondane Mountains can be

divided into three types based on petrological characteristics including

presence/absence of signatures of granulite-facies condition, signature of

retrograde hydration, mode of compositional zoning of garnet and so on. Rocks

in Austkampane preserve ca. 800 °C and 0.4-0.5 GPa of peak metamorphic

condition with decompression and subsequent intense hydration (A-type), Rocks

in Brattnipene and part of Menipa indicates ca. 800 °C and 0.7-0.8 GPa of peak

metamorphic condition with compression and subsequent intense hydration

(B-type), Rocks mainly from Lunckeryggen show signatures of prograde

metamorphism and amphibolite-facies peak condition (L-type).

2. Rutile exsolution in quartz was found from the retrograde hydrated

gneisses in widespread central Sgr Rondane Mountains. On the basis of the

pre-exsolution Ti concentration in quartz integrated using EPMA with defocused

beam, pre-hydration (near peak condition) temperature condition can be

estimated with Ti-in-quartz thermometer (Wark & Watson, 2006). As the result of

application of this method for the central Sgr Rondane Mountains, high-grade

(700-800 °C) metamorphism should be pervasive event in the NE terrane
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(Austkampane, Brattnipene and Menipa areas). On the other hand, <600 °C of

the metamorphic condition is recognized in the SW terrane (mainly

Lunckeryggen area). Such distributions of temperature condition estimated with

Ti-in-quartz thermometer support the distributions of each rock types.

3. U-Pb zircon SHRIMP and U-Th-Pb monazite EPMA datings indicate

that the timing of peak granulite-facies metamorphism of A- and B-type rocks is

ca. 640-600 Ma. Ages of ca. 570-550 Ma are also detected and interpreted as

timing of hydration. Contact metamorphism caused by minor granite intrusion is

locally found in A-type rocks occurs at ca. 500 Ma. Timing of amphibolite-facies

metamorphism of L-type rocks is ca. 550 Ma. L-type rocks lack ca. 640-600 Ma

events, indicating that A- and B-type rocks and L-type rocks do not share the

geological event before 550 Ma. This strongly suggests that L-type rocks would

belong to separate geological unit from A- and B-type rocks.

4. L-type unit is structurally apparently overlain by B-type unit. The

boundary between B-type unit and L-type unit seems nearly-horizontal and

parallel to the foliation observed in both units. This implies that nappe-like

structure, A- and B-type units thrust up onto L-type unit, is essentially prevailing

in the central Sgr Rondane Mountains. Such structure can explain complex
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distribution of A-, B- and L-type rocks as Klippe and fenster due to various
degree of denudation.

5. Nappe-like structure has been proposed in EAAO related areas
including Mozambique, central Dronning Maud Land and Sri Lanka (e.g.
Grantham et al., 2008). This commonality indicates that nappe structure should

be dominant tectonics in the EAAO region.
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Appendix. Mineral p

rageneses in the central Ser Rondane Mountains

©:abundant O:common A:poor X:rare ():inc/symp

Major Minerals Minor Minerals Rock type
sample No. Qtz |PI Kfs |Hbl Bt Grt Opx Cpx_|Als Spl Ms etc Opg Ap Zm_[Ttn _[Mnz_|Gr etc
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Appendix. Continued
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AC07121702M _[O O (@] A X (@] O A felsic
AC07121801A |O A (@] Qexs Osil (@] (@] A pelitic
AC07121801B |O A O Osil (@] O O pelitic
AC07121801C  |Qexs|Opth |Qexs o Qexs QOsil (@] o (@] Rt x pelitic
AC07121801D_ |Qexs OgreenO OSil.Fib (o) A o RtA pelitic
AC07121801E
AC07121801F [Oexs o Qexs ASil AGr) |0 |OCrd o O 0] pelitic
AC07121801G _|Qexs A Aexs ©Tur ACHI x o |0 TurQtz rock
AC07121801H _ Aexs O QOexs Osil x(x) Ocrd o O O Rt(X)| pelitic
AC071218011
AC07121801J |O © A(Bt) osil ACrd X pelitic
ACO07121801K
AC07121801L _ |Oexs|Asymp © Qexs OCrd [e) [e)
AC07121801M A A [¢) Oexs ©Crd o o Q Rt(x)| pelitic
AC07121801M A o Qexs ©Crd o o © (Rt) MgAl
AC07121801N_ |Qexs|O O Qexs AFib Ocrd o O o Rt X pelitic
AC071218010 [O o A Osil X (Grt) OcCrd A o pelitic
AC07121801P__ |Qexs|O (@] AFib (@] (@] pelitic
AC07121801Q O Obrown |A A
AC07121801R (@] Obrown |O A
AC07121801S |O A A o Qosil A A A o Rt(X) pelitic
AC07121801T _ |Oexs o Aexs QOsil,Fib X X Rt X pelitic
AC07121801U _ [QOexs o A OFib X O pelitic
AC07121901A |© © A A A Ep X o o felsic
AC07121901B_|O |O o JAN X X A intermediate
AC08011301M _|@exs|O o Qexs A O Rt O psam
AC08011302A |O o [©) O (x) X A (0] pelitic
AC08011302H o o o O O O A A mafic
AC08011501A |O o X O X Ep X A A (@] O A felsic
AC08011501E_ |O o © o Ep x X X o Aln_X| intermediate
AC08011501G o €] O A O €] mafic
AC080115T01A |© A o O Chl X X (@] psam
AC080115T01B |© |O (@] O O (@) o |0 intermediate
ACO08011601A |© O A © o A (@] felsic
AC08011601B__|O o © o Ep X (X)Ttn|A o intermediate
AC08011601G ©Act o Actrock
AC08011602H |© (@] O O O A A A Rt pelitic
AC08012001A1 |Oexs|Opth Qagg  |O [e) A ce A [oXl[e) felsic
AC08012001A2 |Qexs|Opth Obrown |O A A O |0 |aA O Aln felsic
AC08012001B O O O O O X O O mafic
AC08012001C_|O [O o |0 O A O (0] O Aln intermediate
AC08012001D QOzone o Osymp [OPig o A(symp) o mafic
AC08012001E _|Qexs|Opth o X A o felsic
AC08012001F |O A o A A A pegmatite
B07121705C
B08012001A [O [©) X © Ep O X Qexs|A o AIn(A| intermediate
B08012001B O o A A A X X X felsic
B08012001C (@] o O A X A X felsic
B08012002A o © o LowCaAmp A o mafic
B08012003C o O O A X A o A O Aln_X felsic
B08012101A (Q) |Oexs |O (@] o (AP A o X O felsic
B08012101B o o O O [©] o Aln X felsic
B08012101C o o O (@) X Cc X A O (@] Aln O felsic
B08012102A  |Qexs|O o (@] x O o A intermediate
B08012102C Aexs|A [©] A O Cc A mafic
B08012102G o o (@] (@) A o O X felsic
B08012104A A O O O P (@] (@) (@) X intermediate
B08012104B o Qexs |O (A)symp|O A o o Aln A| intermediate
B08012104C _[A  |Qexs o o (D) A (@] (©) intermediate
B08012104F © O A A mafic
B08012105A o o O Cc A A o O shale
B08012105A Qexs|O O O O X O O O O felsic
B08012105C O © A P o O mafic
B08012105C o ©] O P O O X mafic
B08012105D o © o O O Qexs|A (@) psam
B08012105D _ [O O O O O Qexs|O x felsic
B08012105E o O A O O A Qexs|A (@] pelitic
B08012105E (@] (@] (@] O O O o (@) pelitic
B08012106A (@] o O o A A Qexs|O pelitic
B08012106B (@] o o A o o A A o o pelitic
B08012106C ()] (@] o o o o o o o felsic
B08012106C (@] ()] ()] o X X o O (@) felsic
B08012106D (] (@] o o O o (@) pelitic
B08012106E (] o O A A (@] A Cc X A o o felsic
B08012106F ()] ()] o O O O (@) pelitic
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Appendix. Continued

©:abundant O:common A:poor X:rare ():inc/symp
Major Minerals Minor Minerals Rock type
sample No. Qtz |PI Kfs |Hbl Bt Grt Opx Cpx_|Als Spl Ms etc Opag Ap Zm__[Ttn _ [Mnz_|Gr etc
B08012201A |0 |O (@] o Ep A o (@] X A Aln (¥ intermediate
B08012201G A [@) [6) X [e) A X X mafic
B08012201H (@] © () (@) X A mafic
B080122011 |O [© (@) (@) (@) © o A intermediate
B08012202A o ) (@) X X mafic
B08012202C [0 |O o o x_ [Ep x o A Aln O] felsic
B08012202D X o (@] Ep A X o intermediate
B08012203A |© [© o x x o A X psam
B08012204 [eXlli[e) (@] A o Ep A o o X intermediate
B08012302A |0 |O (@] Ep A (@] o @] intermediate
B08012302E (@) o X Ep x [e) @) Aln X mafic
B08012304B o © A @] X mafic
B08012304C [© |O x o A Ep A o o A Aln X felsic
B08012304D [0 |O o A x A intermediate
B08012304E |O |O A A A (@) felsic
B08012304F o o o o A A o Aln X[ intermediate
B08012305C © O O O A X Ep X A A (@] Aln_X| intermediate
B08012305D  [O o o o Ep O A A A intermediate
B08012305F A o ) X Ep X X mafic
B08012401A (@] O o A A X A O O O felsic
B08012401A o o o X X O O O felsic
B08012401B__|O |O (@] O x o [0 |[O Aln A felsic
B08012401B o O A o X O o Aln A felsic
B08012401C__ [O o o o Ep A A o o o felsic
B08012401D o O o o A o O (@] mafic
B08012401D __ [O o o o Ep X A o o Aln A felsic
B08012401E__ |O o o o Ep O o (@] A (@] intermediate
B08012401E o o O Ep O O O (@] Aln A mafic
B08012401F o o A X Qexs| % mafic
B08012401G A o © A X X mafic
B08012401G A o o A O o A A mafic
B08012401H __ [O o o o Ep X A o Aln X felsic
B080124011 (@] o (@] A X Chl o O psam
B080124011 (@] O A o A A Cc A o O Aln A felsic
B08012401J [0 [O [¢) [¢) o Chl A (Stigrt |O o |a felsic
B08012402C A © A © O O calc
B08012402D A © O Cec X X mafic
B08012402D A O © A o Ce X o X calc
B08012402E  |Qexs|O Oretro |O (@] X A X X calc
B08012402F o X © Crd O O pelitic
B08012402G A © Crd O Crn(A) O Rt X | aluminous
B08012402G X Qexs © AAnd/Sil A o Rt X pelitic
BC07122801A |Oexs|Omylm o Qexs A o o o o pelitic
BC07122801B  |Qexs|Qexs [O X Osymp|Oexs (A)PI o o A o pelitic
BC07122801C |Qexs|Qexs [O Osymp|Oexs (A)PI A ChlA o o o pelitic
BC07122801G2 [O  [Opth [O Osymp| xP A A x [¢) [¢) Rt X pelitic
BC07122801D [O  [Opth [A Osymp|Oexs ASil (x)Grt__[A o [¢) [¢) pelitic
BC07122801E  |Qexs|O o (@] A felsic
BC07122801F (@] Qexs (@] O O O mafic
BC07122802A |O  |Omylm |O O2type Oexs A o o pelitic
BC07122802C o Qexs |0 o2 X mafic
BC07122804A |0 |O o Qexs Osil (x)art[O o o o pelitic
BC07122805B |O |O A (@) (@) o |0 felsic
BC07122805¢ |O |O A (@) (@) x o o |0 o felsic
BC07122805D [O  [O O |[Oagg |Osymp|O x o |0 (@) intermediate
BC07122901A |0 |O o |x (@) o |0 felsic
BC07122901B |0 |O o |0 o O |© |0 felsic
BC07122901C |O |0 (@) (@) A o o intermediate
BC07122901D_|O |O Ozone |O (@) Qexs|O intermediate
BC07122901E_[O [O O A Azone X felsic
BC07122902A marble
BC07122902D
BC07122902J |O o O A o (@] (@] felsic
BC07122902K |O O QOzone |O o (@] (@] o intermediate
BC07122903A1 |O o O (X)qtz A X @] (@] felsic
BC07122903A2 |Qexs|O o O2type( X bt.exs O X A O O pelitic
BC07122903B  |O Opth_|O o X o o © pelitic
BC07122903¢ |O |O (@) (@) (@) o A |0 intermediate
BC07122903D |[O o o o (@) o intermediate
BC07122903E  |O Qexs,pt|O Qagg  |Osymp| X Pseudo O O intermediate
BC07122903F |O [O (@) o (@) mafic
BC07122903G _|QOexs|O (@) (@) o A O Rt X felsic
BC071229T01 |O o o O2type X Pseudo o o) A psammitic
BC08010302A2 |Qexs|O O Aexs (x) A (@] A A Rt X psam
BC08010302B |Aexs|O Q o Osil A Crn A o A Rt x pelitic
BC08010302C [Aexs|A X (@) Qexs OAnd/Sill(x) Sid x (@) A pelitic
BC08010302I |O [O (@) A A o |Aa [e) felsic
BC08010302J |O o o o o (x) X (x) A A pelitic
BC08010401A |0 |O (0] Qexs Osil A A [Nl [e} o Rt x pelitic
BC08010401B |O |0 (0] Qexs Osil A O |O Rt x pelitic
BC08010401C |0 |O o o Osil o o |0 o pelitic
BC08010401K |Qexs|O (@) A A A X A A felsic
BC08010501A |[O o (@] A A Cc xEpA O O X O felsic
BC08010501B |Qexs|O o |0 Ep O o o X Aln O  felsic
BC08010501C |0 |O o |0 O Ep X (6] (@) Q mafic
BC08010501D [O @] o A X (@] (@] A (@] felsic
BC08010502A [O o o X X O (@] A felsic
BC08010502B [O o O o A A O O X psam
BC08010503A [O O A o X O O (@] O Aln A felsic
BC08010503B |A o @] O Ep X O O O mafic
BC08010504A [O o A o o Ep O o o A O Aln A felsic
BC08010504B  [O o o o Ep O A o A O mafic
BC08010505A |O o A o o A o A o Aln_X| intermediate
BC08010505D (O  [O [OX (6] (@) A o A O Aln A psam
BC08010601A [O o O (@] A A Ep/Zo A A o (@] felsic
BC08010601B  [© (@] A A X A Ep, Chl A A A A felsic
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Appendix. Continued

©:abundant O:common A:poor X:rare ():inc/symp
Major Minerals Minor Minerals Rock type
sample No. Qtz |PI Kfs |Hbl Bt Grt Opx Cpx_|Als Spl Ms etc Opag Ap Zm__[Ttn _ [Mnz_|Gr etc
BC08010602B [©) Ep O A mafic
BC08010602C [A © A Ep A X mafic
BC08010602J |O [O o A Ep A A o |0 psam
BC08010604A [Oexs|O A [e) A Ep X A A A psam
BC08010604D |O Qexs A A o Ep X [e) X X psam
BC08010604E  |Oexs|O (0] o O O A A felsic
BC08010604F |A A © o felsic
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Appendix. 1. Map of outcrop localities surveyed by
JARE-49 in the central Sgr Rondane Mountains.
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Appendix. 2. Lithological variation of each outcrop
surveyed by JARE-49 in the Sgr Rondane Mountains.
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