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ABSTRACT  

 

Partial melting of meta-basic rocks (e.g., mafic granulite, amphibolite), which has 

been regarded as the major constituent of the lower to middle crust, probably plays a 

critical role of formation of felsic to andesitic magma and crustal differentiation. It is 

also generally accepted that partial melting has considerable influence on mineralogy 

and stability field of minerals during high-grade metamorphism. Numerous studies on 

partial melting processes of meta-basic rocks have been done for the last several 

decades mostly on the basis of high P-T experiments. However, detailed approach on 

the process based on outcrop- to hand specimen-scale, or even mm- to micro-scale 

petrological investigations is limited. Recently micro-scale (<100 μm) crystallized melt 

inclusions (CMIs) as a direct evidence of partial melting were investigated from several 

high-grade terranes, yet they are mostly found in felsic to pelitic granulites. This study 

therefore reports new petrological data of such CMIs in mafic granulite and associated 

pelitic to felsic granulites using detailed petrological approach and phase equilibrium 

modeling of minerals, and quantitatively discuss the effect of partial melting on P-T 

evolution of high-grade metamorphic terrane.  

The examined mafic granulites were corrected from the Neoproterozoic to Cambrian 

Lützow-Holm Complex (LHC), East Antarctica, which corresponds to the collisional 

orogeny formed during the amalgamation of Gondwana Supercontinent. CMIs were 

found from 10 mafic granulite samples which show variation of mineral assemblages 

such as garnet + clinopyroxene + quartz + ilmenite and garnet + quartz + plagioclase + 

clinopyroxene + hornblende + biotite ± rutile. These rocks preserve several 

decompression textures such as Grt + Cpx/Hbl + Qtz → Opx + Pl ± H2O and Grt + Qtz 
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→ Opx + Pl probably formed by clockwise P-T evolution. The CMIs are 50 to 200 μm 

in size, preserved only in porphyroblastic garnet, and mainly consist of quartz, biotite, 

K-feldspar, and plagioclase. Two samples of mafic granulite with abundant CMIs; Type 

A (sample TS11010802) from Skallevikshalsen in the highest-grade region of the LHC, 

and Type B (sample TS11020610I) from Ongul in slightly lower-grade area were 

selected for detailed pseudosection analysis. Type A is characterized by the peak 

assemblage of garnet + clinopyroxene + quartz + ilmenite, while the peak mineralogy of 

Type B is garnet + clinopyroxene + ilmenite + orthopyroxene + biotite + hornblende. 

The inferred melt composition based on modal abundance and composition of minerals 

in CMIs suggest generation of potassium-rich and andesitic to dacitic melts probably by 

dehydration melting of hornblende and biotite which often occur as inclusions in garnet. 

The maximum degree of melt extraction has been estimated based on pseudosection 

analysis as about 6.5 % (Type A) and 4.5 % (Type B). As the degree of partial melting 

increases, the stability field of quartz expands toward lower pressure, clinopyroxene 

becomes unstable, and liquid becomes more stable. The phase equilibria modeling also 

suggests that the melt extraction probably took place during the prograde stage. 

This study subsequently adopted integrated bulk compositions calculated using melt 

composition and the degree of melt extraction, and inferred P-T conditions of melt 

extraction stage at 820-830 °C and 9-10 kbar (Type A) and about 750 °C and 15.5 kbar 

(Type B). The estimated solidus temperatures of the samples are 750 °C and 780 °C, 

respectively, at 10 kbar, which are consistent with previous estimations of high P-T 

experiments. The estimated peak P-T condition (>920 °C) and P-T path (clockwise) of 

Type A are well consistent with the results of previous studies of Skallevikshalsen, 

while the peak pressure condition of Type B (15.5 kbar) is slightly higher (1-1.5 kbar) 
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than that obtained from pelitic granulite in Ongul but nearly consistent. This study 

successfully traced the evidence of prograde partial melting and melt extraction in mafic 

granulites from the LHC, and determined prograde and peak P-T conditions based on 

pseudosection approach using integrated bulk compositions, which confirmed that the 

influence of partial melting should be taken into consideration for evaluation of 

high-grade metamorphism.  

 

Key words: partial melting, mafic granulite, crystallized melt inclusions (CMIs), phase 

equilibrium modeling, Lützow-Holm Complex (LHC) 
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Chapter 1. Introduction 

 

1.1. Mafic granulite  

 

Mafic granulite is regarded as one of the important components of granulite terrains 

and lower crust (e.g., Rudnick and Fountain, 1995). It is generally characterized by 

abundant ferromagnesian minerals (e.g., hornblende, pyroxene, biotite, garnet etc.) and 

basaltic to andesitic composition. Particularly, garnet-bearing mafic granulites preserve 

important geological and petrological information of orogenic processes because garnet 

often includes prograde minerals, fluid inclusion, and melt inclusions, and shows 

compositional zoning as a result of changing P-T conditions. Such prograde mineralogy 

and compositional zoning provides early history of the metamorphic evolution (e.g., 

Spear, 1993), and fluid inclusions provide key information of fluid-rock interaction (e.g., 

Walther and Wood, 1986). Previous petrological studies demonstrated that 

garnet-bearing mafic granulites generally formed under higher-pressure condition than 

garnet-free granulites (e.g., Green and Ringwood, 1967; López and Castro, 2001). This 

study thus focuses on petrology of the garnet-bearing mafic granulite (also refer as 

high-pressure mafic granulite). Such high-pressure (HP) metamorphic rocks provide 

important insights into exhumation history of the rocks to the Earth's surface from deep 

crustal levels or mantle depths (O’Brien and Rötzler, 2003).   

 

1.2. High-pressure mafic granulite  

 

Green and Ringwood (1967) performed experimental studies of basaltic rocks with 

http://www.sciencedirect.com/science/article/pii/S0301926809001430#bib73
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various compositions under high P-T conditions. Their results of quartz tholeiite 

(quartz-saturated basalt), suggest that garnet + clinopyroxene + quartz ± plagioclase 

assemblage is stable at high P conditions while orthopyroxene-bearing assemblage is 

stable under lower pressure. The phase relation proposed by Green and Ringwood 

(1967) is therefore essential to investigate the metamorphic process of mafic granulites. 

O’Brien and Rötzler (2003) summarized P-T conditions and mineral assemblages of the 

high-pressure granulites, and divided the granulites into two groups based on P-T 

ranges; 700-850 °C and 10-14 kbar, and 900 °C and above 15 kbar. In the case of mafic 

rocks, garnet + clinopyroxene + plagioclase ± hornblende ± quartz is a key indicator of 

high-pressure metamorphism, while garnet + K-feldspar + kyanite is a diagnostic 

assemblages of high-pressure metamorphism in pelitic to felsic granulites (O’Brien and 

Rötzler, 2003). Pressure-temperature-time (P-T-t) paths of such rocks could preserve 

significant information for understanding of thermal and tectonic processes particularly 

for the deeply eroded orogen as well as the protoliths (MORB, island arc and oceanic 

Island). This chapter introduces previous studies of the high-pressure-mafic granulite 

(HPMG) and partial melting process of the granulite. Pressure-temperature evolutions 

of the HPMG have been investigated by many authors. For example, Sajeev et al. 

(2010) reported HPMG from the Imjingan belt in South Korea. The granulites in the 

belt occur as blocks with leucosome within amphibolite which is in turn surrounded by 

metasediments (paragneiss). Peak assemblage of the granulite is garnet + clinopyroxene 

+ quartz + rutile followed by formation of retrograde symplectite of hornblende + 

titanite + plagioclase. They obtained peak P-T condition of 20 kbar and 900 °C by phase 

equilibrium modeling, and they argued collisional tectonic setting involving the 

Imjingan belt. Liu et al. (2013) reported HPMG from the North China Craton. The 
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granulite occurs as blocks within tonalite-trondhjemite-granodiorite (TTG) gneiss or 

thin layers within TTG gneiss. Peak assemblage of the granulite is garnet + 

clinopyroxene + plagioclase (albite rich) + quartz which is replaced by symplectite of 

orthopyroxene + plagioclase + hornblende. The peak P-T condition of the granulite is 

14.5-16.5 kbar and 850-880 °C along a clockwise P-T path. They further performed 

trace element study of the garnet in the granulite, suggesting that garnet in the sample 

crystalized under high-grade conditions related to subduction and collision tectonic 

settings. Zhang et al. (2010) reported HPMG with the peak mineral assemblage of 

garnet + clinopyroxene + rutile + quartz, from the Amdo basement, central Tibet. The 

granulite occurs as small blocks within low-grade metasedimentary rocks. Two types of 

symplectites composed of orthopyroxene + plagioclase ± spinel and hornblende + 

plagioclase were identified around garnet. P-T estimation suggests that peak 

metamorphic condition was about 860-920°C and 1.46-1.56 GPa, which was 

retrogressed during post-peak stage at 820-890°C and 0.88-1.15 Gpa, and to 

amphibolite-facies stage at 550-670°C and 0.52-0.65 GPa. These three stages define a 

clockwise P-T path with near-isothermal decompression and cooling following the 

peak-high-pressure metamorphism. This suggests that the Amdo granulites underwent 

an initial subduction to a deep crustal level of ∼50 km and then were rapidly exhumed 

to a shallow crustal level (∼20 km). The formation of Amdo granulites is considered to 

have resulted from arc-continent collision between the Amdo basement and the 

Qiangtang terrane during the middle Jurassic, which is a crucial step to the tectonic 

evolution of the Tibetan Plateau, while most radiometric ages for the gneisses from the 

Amdo basement fall in a narrow range of 490 Ma to 530 Ma. Zhang et al. (2005) 

reported HPMG in the Bashiwake area of the south Altyn Tagh (SAT) 
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subduction-collision complex which encloses mafic granulites and garnet 

peridotite-hosted sapphirine-bearing metabasites. Quartz-bearing mafic granulite 

contains the peak pressure assemblage of garnet + clinopyroxene + ternary feldspar 

(now mesoperthite) + quartz + rutile. Petrographic data suggests the peak assemblage of 

garnet + clinopyroxene + kyanite + rutile. Application of thermobarometry indicates 

that all the rock types in the studied area experienced peak P-T conditions of 

18.5–27.3 kbar and 870-1050 °C. A medium- to high-pressure granulite-facies overprint 

(780–820 °C, 9.5-12 kbar) is defined by the formation of secondary 

clinopyroxene ± orthopyroxene + plagioclase at the expense of garnet and early 

clinopyroxene in the mafic granulites. Occurrence of the mafic granulite and P-T 

conditions of available lithologies (mafic granulite and felsic granulite) suggest they 

experienced similar metamorphism. In summary, peak T condition of HPMG and 

associated pelitic to felsic granulite is T >750 °C from different localities in the world, 

which is below solidus of the rocks. In the case of mafic granulites, experimental 

studies of amphibolite under fluid absent conditions suggest that solidus is below 

750 °C (López and Castro, 2001) while pelitic rocks could generated melt below 750 °C 

(Vielzeuf and Holloway, 1988). Therefore, partial melting is probably a common 

process under granulite facies. This study thus particularly focuses on the partial 

melting process of various granulites (mafic, pelitic, and felsic granulites).  

 

1.3. Partial melting of pelitic to felsic granulite 

 

Partial melting process of pelitic granulites have been reported from many localities. 

They are characterized by the concentration of felsic mineral (leucosome), abundant 
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incompatible elements in the leucosome (e.g., Ba, P, and Sr), and occurrences of 

glassy-melt inclusions, and crystalized melt inclusions (CMIs). For example, 

garnet-sillimanite gneiss (pelitic gneiss) from the Lützow-Holm Complex shows 

migmatitic textures composed of leucocratic and melanocratic portions in hand 

specimen scale (Yoshimura et al., 2004). Based on the texture, mineral chemistry, and 

P-T estimations, they argued that the progress of partial melting. High-Ba content of 

potassium feldspar within the leucosome also support it corresponds to crystallized melt, 

because Ba behaves as incompatible element during partial melting (Rollinson, 1993). 

Indares et al. (2008) performed petrological studies of kyanite-bearing anatectic gneiss 

(pelitic granulite), and also discussed feldspar-rich domains (leucosome) in the rock are 

interpreted as products of melt crystallization. The rocks yielded peak P-T condition of 

14.5-15.5 kbar and 840-890 °C, which is typical of high-pressure granulite according to 

the classification of O’Brien and Rötzler (2003). Compositions of such anatectic melt 

and P-T conditions of partial melting have been investigated by several authors. For 

instance, Vielzeuf and Holloway (1988) performed high-temperature experimental 

studies in the system of pelitic rocks under fluid-absent conditions at 7-12 kbar and 

750-1250 °C. The results show that S-type-granitic melt was generated within a narrow 

temperature range of 850-875 °C resulting from the reaction Bt + Als + Qtz + Pl→Liq + 

Grt ± Kfs suggesting the progress of dehydration melting. Mineral textures and trace 

element chemistry of such migmatitic rocks have been well studied, because they are 

easily identified and investigated if compared to crystalized melt inclusions and glassy 

inclusions due to their small size (micrometer scale). Recently, micro-scale textures 

which are possibly direct evidence of the progress of partial melting have also been 

investigated. Several authors reported the occurrence of micro- to millimeter-scale 

http://www.sciencedirect.com/science/article/pii/S0301926809001430#bib73
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crystallized melt inclusions (CMIs) and quenched glassy inclusions trapped in 

porphyroblastic minerals in granulites (e.g., Tsunogae and Santosh, 2006; Cesare et al., 

2009; Hiroi et al., 2014). Such inclusions are thought to be a key not only to infer 

post-peak exhumation process but also to discuss the evolution of granulite terrains. 

Some authors concluded that the formation of CMIs requires rapid cooling and uplifting 

from the lower crust (e.g., Hiroi et al., 2014), whereas Cesare et al. (2009) argued that 

such glassy inclusions are products of slow cooling. The petrogenesis of such 

micro-scale inclusions are therefore now in debate. Cesare et al. (2009) reported glassy 

inclusions and crystalized-melt inclusions (also called “nanogranite”) included in 

porphyroblastic garnet within graphite-bearing granulites (khondalite) and pelitic 

granulites from the Kerala Khondalite belt (KKB), South India. They argued that such 

glassy inclusions and nanogranite are products of slow cooling. Bartori et al. (2013) 

performed remelting experiment of the nanogranite reported by Cesare et al. (2009) 

using piston cylinder. The results show that product of the experiment is comparable 

with original melt composition with a few amounts of volatile loss. Compositions of the 

nanogranite are ultrapotassic and rhyolitic with K2O > Na2O, and are characterized by 

the considerable amounts of volatile (up to 10 wt. %). Hiroi et al. (2014) reported 

“felsic inclusions” within garnet from pelitic and psammitic granulites from the 

Highland Complex, Sri Lanka, and concluded that quenched textures of felsic inclusions 

require rapid cooling. They hypothesized that the granulites ascended episodically along 

discrete high-strain zones and cooled as fast as some felsic magmas. CMIs have so far 

been mostly reported from felsic and pelitic granulites probably because such 

quarzto-feldspathic rocks commonly experienced partial melting during prograde stage. 

In contrast, they are generally rare in mafic granulites, although minor dehydration 
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melting of mafic granulites has been also reported (e.g., Garrido et al., 2006). 

Experimental studies of partial melting in several lithologies suggest pelitic rocks forms 

more abundant liquid phase than amphibolites (mafic rocks) at given temperatures (e.g., 

Vielzeuf and Holloway, 1988; Skjerlie and Johnston, 1993; Lopes and Castro, 2001). 

This study thus attempt to investigate textures of the CMIs in mafic to ultramafic 

granulites to discuss the partial melting process.  

It is generally accepted that melt loss and partial melting had a considerable 

influence on mineralogy and stability field of the mineral (e.g., White et al., 2007). Such 

influence has been constrained in the case of pelitic granulites. For instance, Indares et 

al. (2008) performed phase equilibrium modeling to pelitic granulites which might have 

experienced partial melting during prograde stage. The results show that stability field 

of the peak mineralogy is expanded toward lower temperature if they adopted 

melt-integrated composition for the modeling. They also reported shift in the 

muscovite-out line toward lower temperature. It is unclear that in phase equilibrium 

modeling for mafic granulite, whether the partial melting and melt extraction effects 

mineralogy and stability fields of the minerals because previous studies did not take into 

consideration the melt composition. Thus, it is necessary to evaluate the influence of the 

partial melting on phase diagrams. This study thus focuses on mafic to ultramafic 

granulites from the Neoproterozoic to Cambrian Lützow-Holm Complex (LHC), 

because the mafic to ultramafic granulites from the region contain abundant CMIs. 

Various lithologies are observed in the LHC, which enables us to compare partial 

melting processes not only in mafic granulites but also in pelitic to felsic granulites.  

 

1.4. Partial melting of the mafic granulites  
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Partial melting process of mafic granulites has been investigated based on 

experimental studies. For example, López and Castro (2001) performed experimental 

study of dehydration melting in the system of amphibolite under dry condition. Solidus 

of the examined system is around 800 °C and mode of the produced liquid depends on 

given temperature. At P >10 kbar, garnet is present in the system, suggesting that the 

formation of garnet-bearing restite in the system. The composition of liquid 

(granodioritic to granitic) suggests presence of considerable amount of volatile (e.g., 

H2O and brine) in the liquid (up to 15 wt. %). Garrido et al. (2006) discussed origin of 

the garnet-granulite in the Jijal complex, which is considered to be a lower crustal part 

of the Kohistan paleo arc, North Pakistan. REE modeling indicates that they are 

consistent with dehydration melting of hornblende gabbronorite. Experimental study, 

field observation, and petrological date suggest that dehydration melting of basaltic rock 

(amphibolite) plays a considerable role to form garnet-bearing mafic granulite and felsic 

melt in lower crust, which is a key process to create andesitic crust (Garrido et al., 2006). 

Thus, it is important to investigate partial melting process of basaltic rock (amphibolite 

and mafic granulite) to discuss crustal evolution.  

 

1.5. Purpose of this study  

 

1.   To investigate textures, mineralogy and petrogenesis of the CMIs, and determine 

pressure-temperature conditions of partial melting of mafic and pelitic to felsic 

granulites from the LHC.   

2.   To investigate the influence of the partial melting to phase diagram, mineralogy, 
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and P-T conditions of mafic granulites.  
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Chapter 2. Geological setting 

 

2.1. Geology of the Lützow-Holm Complex (LHC) 

 

The LHC is one of Cambrian high-grade terrains bounded by the Proterozoic 

Rayner Complex to the east and the Yamato-Belgia Complex to the west in East 

Antarctica (e.g., Hiroi et al., 1991; Shiraishi et al., 2003). Shiraishi et al. (1987) inferred 

that the Yamato-Belgia complex and LHC formed paired-metamorphic belts and the two 

complexes were situated in subduction zone based on P-T evolutions and geochronlogic 

data. The dominant lithology in the LHC comprises well-layered pelitic to psammitic 

and intermediate gneisses with minor amounts of mafic to ultramafic and calcareous 

rocks. Mafic to ultramafic rocks occur as a thin layer or lenticular block in orthogneiss 

or pelitic rock (Hiroi et al., 1991). Younger granitoid intrusions also occur widely.  

Structural studies have been performed by several workers. Yoshida (1978) 

identified four stages of deformation events (D1, D2, D3, and D4) in the LHC. D1 and 

D2 events occurred during granulite-facies metamorphism, while D3 and D4 events are 

contemporaneous with amphibolite-facies metamorphism. Kawakami and Ikeda (2004a, 

2004b) discussed three stage deformation events within the LHC, and concluded that 

these events are contemporaneous with high-grade metamorphism. Ikeda and 

Kawakami (2004) argued that major deformation events occur under low-pressure and 

high-temperature conditions (granulite to ultrahigh temperature) and never involve 

prograde-high-pressure conditions based on the field analysis at Skallevikshalsen. Nogi 

et al. (2013) performed geophysical study along the LHC. They conclude that the 

Lützow-Holm Complex can be sub divided into four blocks based on the inferred 
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strike-slip faults. These strike-slip faults may have been generated during a younger 

stage of Pan-African orogeny, after the formation of NW-SE-striking geological 

structures. Cape Hinode situated at low-grade part of the LHC is regarded as an exotic 

block which may have originated from the Rayner Complex and been displaced by right 

lateral strike-slip motions.  

Several authors discussed tectonic scenario of the LHC based on geochronlogic and 

geochemical data. Available geochronological data including U-Pb zircon and EPMA 

monazite ages indicate that the rocks along the LHC underwent an episode of 

high-grade metamorphism at ca. 520-550 Ma (Shiraishi et al., 1994, 2003, 2008).  

Hiroi et al. (1991) discussed the tectonic significance of mafic to ultramafic rocks from 

southeast part of the LHC, and concluded that these rocks were originated from 

ophiolitic complex. Recently, Suda et al. (2008) reported petrological and geochemical 

investigations of mafic to ultramafic rocks in several localities in the LHC, and 

suggested that they were involved by multiple subduction and high-grade 

metamorphism as a result of the final collision of East and West Gondwana during the 

Pan-African orogeny. Satish et al. (2008) performed oxygen and strontium isotopic 

study of the high-grade marbles from Skallen region and, suggested that these rocks 

deposited around 730-830 Ma and the deposition age are consistent with carbonate 

deposition in the Mozambique Ocean that separated East and West Gondwana. 

Tsunogae et al. (2014) reported SHRIMP U-Pb ages of zircon in charnockitic 

orthogneiss from Vesklesnausen, and protolith ages of 2507.9 ±7.4 Ma corresponding to 

magmatic emplacement, while they regarded the timing of high-grade metamorphism as 

581-549 Ma. 

Recent petrological investigations of high-grade metamorphic rocks around 



12 
 

Lützow-Holm Bay identified high- to ultrahigh-temperature metamorphism along a 

clockwise metamorphic evolutions and westward increase of metamorphic grade (e.g., 

Hiroi et al., 1991; Yoshimura et al., 2008). Metamorphic grade varies from upper 

amphibolite along a Prince Olav Coast to granulite around the Lützow-Holm Bay with a 

presence of the thermal axis, i.e. the region of the highest metamorphic grade. It is 

inferred that the metamorphic grade decrease westward from the thermal axis, although 

few available petrological data including P-T paths have been published so far. 

Yoshimura et al. (2008) first reported sapphirine + quartz assemblage which is regarded 

as a diagnostic indicator of UHT metamorphism, within porphyroblastic garnet in pelitic 

granulite from Rundvågshetta located on the thermal axis. They also reported 

orthopyroxene + sillimanite + quartz assemblage which indicated relatively 

high-pressure and UHT metamorphism. They concluded a clockwise P-T path 

characterized by isothermal decompression and subsequent UHT condition (T > 

1000 °C). Metastable kyanite within garnet and plagioclase are also reported by several 

authors from several localities in the LHC (e.g., Hiroi et al., 1983; Kawakami and 

Motoyoshi 2004), which is typical of medium-pressure-type metamorphism. Hiroi et al. 

(1991) reported clockwise P-T paths of mafic to ultramafic rocks from the southeast 

part of the LHC and suggested that metamorphism of the LHC is not identical to the 

medium-pressure type (Barrovian type) and the LHC might have been involved 

prograde high-pressure metamorphism. Hiroi et al. (2008) reported kyanite bearing 

meta-tonalites and associated pelitic and calc-silicate from Cape Hinode located in the 

northeastern part of LHC. They argued the meta-tonalite originated from resite of 

basaltic magma melting under conditions at 15-20 kbar. They regarded these rocks as 

allochthonous blocks in the LHC at the waning stage of its regional metamorphism, 
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related to the final amalgamation of East and West Gondwana supercontinents. 

Kawasaki et al. (2011) reported osumilite and spinel + quartz bearing pelitic granulite 

from Rundvågshetta, which supported that the locality attains UHT conditions. They 

obtained high-pressure and UHT condition (P > 15 kbar , T > 1000°C) along a 

clockwise P-T path. Tsunogae et al. (2014) argued that UHT condition from 

Rundvågshetta is a local event based on phase equilibrium modeling of charnockite 

from Rundvågshetta. They suggested that peak condition of charnockite does not exceed 

900 °C. They implied peak condition reported by Yoshimura et al. (2008) might have 

resulted from local heating. Kawasaki et al. (2013) reported 

armalcolite-psuedomorph-bearing pelitic granulite from Skallevikshalsen. They applied 

Fe
3+

-in-sillimanite geothermometer and titanium-in-garnet geothermobarometer to the 

granulite, and estimated peak P-T conditions of > 1050 °C at 7-11kbar. Iwamura et al. 

(2013) reported Mg-Al-rich mafic granulite from Akarui Point situated at low-grade part 

of the LHC. They concluded that peak condition of the granulite is 900-920 °C and 7-8 

kbar, which are extremely higher than the results of previous studies, along a clockwise 

P-T path. They suggested Akarui Point might be an exotic block juxtaposed within the 

amphibolite-granulite transition zone. 

 

2.2. Geology of the study areas  

 

Samples of granulites and associated rocks discussed in this study were collected 

from Skallevikshalsen/Skallen (Figs. 3 and 4), Austhovde (Fig. 5), and Ongul (Fig. 6). 

The examined samples were collected by 39th and 52th Japanese Antarctica Research 

Expedition (JARE 39 and 52). The four exposures are situated on the granulite-facies 
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zone of the LHC (Figs. 1 and 2). Below this study summarizes general geology of the 

areas. 

 

2.2.1. Skallevikshalsen/Skallen 

 

This area exposes 7 km in length and 1.7km in width. Brief geology of the area is 

summarized in Yoshida et al. (1976) and Osanai et al. (2004). The dominant lithologies 

of this area are paragneisses, metabasites, marbles, skarn, allied rocks, quartzite, garnet 

gneissose granite, charnockite, and minor intrusives (Yoshida et al., 1976; Osanai et al., 

2004) (Figs. 3 and 4). The foliation trends show NE and NW dipping towards southeast 

or northwest. Yoshida et al. (1976) reported overturned recumbent anticline in this area. 

Kawakami and Ikeda (2004a) reported the evidence of ductile deformation (mineral 

lineation and micro scale folds) observed within retrograde stage characterized by the 

alignment of sillimanite in leucocratic garnet-sillimanite gneiss. They also pointed out 

that no deformation occurred during prograde stage. Available data of metamorphic P-T 

evolution of the region were proposed by several authors. Banno et al. (1964) identified 

orthopyroxene in mafic to intermediate rock, and suggested the region experienced 

granulite-facies metamorphism. Metastable kyanite preserved within porphyroblastic 

minerals (e.g., garnet and plagioclase), suggests that the progress of regional 

metamorphism from kyanite stability field to sillimanite stability field (Hiroi et al., 

1991; Osanai et al., 2004). Kawakami et al. (2004) reported Spl + Qtz assemblage 

within garnet-sillimanite gneiss, which is a possible indicator of UHT metamorphism if 

Zn content of spinel is low. They also reported the metastable kyanite and staurolite 

within garnet suggesting that this region experienced a clockwise P-T path. Yoshimura 
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et al. (2004) estimated P-T conditions of garnet-biotite gneiss and mafic gneiss from 

Skallevikshalsen area, and obtained P-T conditions of 770-940 °C and 6.5-12 kbar for 

garnet biotite gneiss and 780-960 °C and 6-11 kbar for mafic gneiss. In Skallen region, 

metamorphic P-T conditions have been discussed in Yoshida and Akiwa (1983) (823 °C 

4.1-6.5 kbar), Suzuki (1983) (825± 25 °C and 6.3±1.3 kbar). Santosh and Yoshida 

(1992) performed petrologic and fluid inclusion study of charnockite from Skallen, and 

estimated P-T conditions as 600-750 °C and 6-8 kbar. They also reported 

high-density-CO2-rich fluid inclusions (up to 1.05 g*cm^-3) within garnet. They argued 

that CO2 originated from sub-continental mantle based on carbon-isotope study. 

Geochronological data from Skallen region suggest that presence of narrow ranges of 

metamorphic event. Nicolaysen et al. (1961) reported Rb-Sr biotite age of 530-500 Ma. 

U-Th-Pb chemical ages (CHIME) of monazite in garnet-biotite-quarzto-feldspathic 

gneiss yielded 539 ±14 Ma and 543 ±14 Ma (Hokada unpublished data). These data are 

roughly consistent with the Pan-African metamorphic event (550-520 Ma) in the 

Lützow-Holm Complex (Osanai et al., 2004). Satish-Kumar et al. (2008) reported 

petrological and geochemical data of marble collected from Skallen. Depositional age of 

protolith was estimated as 730-830 Ma based on carbon isotopic data, which may 

corresponds to the timing of closure of Mozambique Ocean that separated East and 

West Gondwana. This study focused on mafic granulites (samples TS10122506, 

TS10122601K, TS10122604B, TS11010802, TS11010704B, and TS11010803A) which 

occur as lenticular blocks within brownish gneissose granodiorites, marble and 

calc-silicate rocks (Figs.3 and 7). These granulites mainly consist of coarse-grained 

garnet and clinopyroxene or hornblende (Figs. 7-a, 7-b, and 7-c). They show sharp 

contact with surrounding gneisses and no migmatite texture can be seen in outcrop and 
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hand-specimen scale. This study also describes petrological characters of felsic 

granulites (samples TS10122502D and TS97122003-2), garnet-biotite gneiss 

(B97122708B) and pelitic granulite (sample TS10122502B2). Localities of 

garnet-sillimanite gneiss reported by Kawakami et al. (2004), and those of mafic gneiss 

and garnet-biotite gneiss reported by Yoshimura et al. (2004) are also plotted in Fig. 3. 

 

2.2.2. Austhovde  

 

Austhovde is located about 15 km northeast of the thermal axis. This region consists 

of three outcrops, Austhovde-kita Rocks, Austhovde-naka Rocks, and Austhovde 

Minami Rocks (Shiraishi and Yoshida, 1987). This area shows E-W trending foliations 

and southward dipping in the north (Austhovde-kita Rocks), and N-S trending foliation 

and westwards dipping in the south (Austhovde-minami Rocks) where the mineral 

lineation plunges gently toward south. Thus, Shiraishi and Yoshida (1987) inferred that 

the presence of megascopic folding in this area. Samples discussed in this study were 

collected from the Austhovde-minami Rocks which is composed of alteration of 

pyroxene-hornblende gneiss, siliceous garnet-gneiss, quartzite garnet-biotite gneiss, 

biotite gneiss, and skarn (Fig. 5). Lesser amounts of mafic to ultramafic rocks occur as 

thin concordant layer among the gneiss and lenticular blocks (Fig. 5), and it shows 

sharp contact with surrounding garnet-biotite gneiss (Fig. 8-a). Metamorphic P-T 

conditions of this region have not been investigated in detail although occurrences of 

orthopyroxene in several lithologies suggest that this region experienced 

granulite-facies metamorphism (Shiraishi and Yoshida, 1987). Shiraishi et al. (2008) 

reported SHRIMP age of zircon separated from garnet-biotite gneiss in Austhovde. 
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They obtained 533 ±  9 Ma of metamorphic age which is consistent with the 

geochronological investigations from other exposures of the LHC (e.g., Shiraishi et al., 

2008; Tsunogae et al., 2014).   

Mafic granulite is mainly composed of garnet, clinopyroxene, hornblende, 

plagioclase, and quartz. It is unclear that the sample experienced partial melting in 

outcrop or hand-specimen scale because the sample shows no migmatitic texture. This 

study also discusses petrology of felsic granulite (sample TS11011407D, Fig. 8-b) that 

occurs as thin layers in garnet gneiss, kyanite-bearing meta-quartzite (sample 

TS11011702G, Fig. 8-c) and kyanite-bearing garnet-biotite gneiss. (sample TS1101154C, 

Fig. 8-d).   

                     

2.2.3. Ongul 

 

Ongul is located about 75 km NNE of the thermal axis in the LHC (Fig. 2). The 

exposure is composed of more than ten small islands. The largest island is West Ongul 

Island with approximate diameter of 3.5 km (Yanai et al., 1974a, 1974b). Samples 

discussed in this study were collected from West Ongul Island and East Ongul Island. 

East Ongul Island is structurally characterized by an isoclinal fold plunging to the south. 

The mantle of the fold consists of charnockitic pyroxene gneiss. Ishikawa et al. (1994) 

described structural data of the region in detail. Regional foliations are generally N-S to 

NNW-SSE with dipping 60-25 °E in the Ongul Island. Four stages of folding events 

were identified in the area, suggesting all kinds of lithologies of the Islands behaved as 

ductile materials at the earlier stage. They also reported large-scale faults in West Ongul 

Island. The faults show dextral-ENW-WSW trending. Kawakami and Ikeda (2004b) 
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concluded that major folding events took place under amphibolite-facies condition 

based on structural analysis, and they suggest these deformations are chronologically 

close to the peak stage of the region. The folding events can be correlated with other 

exposures in the LHC (Kawakami and Ikeda, 2004a, 2004b; Ikeda and Kawakami, 

2004). The dominant lithologies of the Ongul Island are garnet-gneiss, hornblende 

gneiss, pyroxene gneiss, garnet-biotite gneiss, and garnet-bearing granitic gneiss with 

minor amount of metabasites, calc-silicate rock, and marble (Yanai et al., 1974a; 

Ishikawa et al., 1994) (Fig. 6). The pyroxene gneiss alternates with hornblende gneiss in 

the western part of the island. Lenses or thin beds of metabasites occur in certain 

horizons. Widespread occurrences of orthopyroxene within metabasite and intermediate 

granulite suggest that this region experienced granulite-facies metamorphism (Yanai et 

al., 1974; Ishikawa et al., 1994). Geochronological studies were performed by several 

authors. Shibata et al. (1985) reported Rb-Sr-mineral ishochoron age and K-Ar ages of 

biotite and hornblende of 502-469 Ma, which were regarded as cooling age (Ishikawa et 

al., 1994). SHRIMP zircon ages of garnet-biotite gneiss suggest that the timing of 

high-grade metamorphism is 532±8 Ma (Shiraishi et al., 2003, 2008).  

Mafic granulites discussed in this study were collected from hinge of isoclinal fold 

of metabasite (samples TS11020610G and TS11020610I, Figs. 6 and 9-a). They are 

characterized by medium- to coarse-grained garnet and hornblende. Pelitic granulite 

(sample TS11020604B) corresponds to leucocratic layer of migmatitic garnet-biotite 

gneiss. The rock texture suggests the progress of partial melting in the sample (Fig. 9-b). 

This study also discusses petrology of intermediate granulite (sample TS11020606A) 

collected from the northern part of West Ongul Island (Fig. 9-c).  

 



19 
 

Chapter 3. Petrography  

 

  This charter discusses with general petrography of the examined samples. Mineral 

assemblages and modal occurrence of minerals in each sample are described in Tables 2 

and 3.  

 

3.1. Garnet-bearing mafic granulite  

 

3.1.1. Garnet-clinopyroxene granulite   

 

This rock is massive and shows no obvious evidence of migmatization in 

hand-spacemen scale. The mineralogy of a representative sample TS11010802 is garnet 

(50-60%), clinopyroxene (20-30%), plagioclase (3-5%), orthopyroxene (3-5%), calcic 

amphibole (3-5%), and ilmenite (3-5%) with accessory ilmenite, zircon, and quartz (Fig. 

10-a). Garnet is medium- to coarse-grained (0.8-6 mm) and porphyroblastic. It often 

contains fine-grained (<0.5 mm) inclusions of quartz, calcic amphibole, biotite, and 

ilmenite. Matrix subidioblastic clinopyroxene is medium- to coarse grained (0.4-3 mm). 

These textures suggest that the equilibrium assemblage of this sample during the peak 

stage is probably garnet + clinopyroxene. The grain boundaries between garnet and 

clinopyroxene or calcic amphibole are filled by fine- to medium-grained (0.1-0.4 mm) 

symplectic intergrowth of orthopyroxene and plagioclase (Fig 10-a). The textures 

indicate the progress of the following reactions. 

Grt + Ca-Amp + Qtz → Opx + Pl + H2O (1) 

Grt + Cpx + Qtz → Opx + Pl   (2) 
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The occurrence of quartz in the garnet, while it is absent in matrix of the sample, 

suggests that quartz was completely consumed by the progress of reactions (1) and (2), 

suggesting that garnet + clinopyroxene + quartz was the probable peak assemblage. 

Reaction (1) suggests dehydration of calcic-amphibole during prograde to peak stage.  

The progress of reaction (2) implies isothermal decompression during peak to 

retrograde stage. Therefore, the peak assemblage of this rock will be garnet + 

clinopyroxene + quartz + ilmenite. As discussed in a later section, this study adopted the 

assemblage for P-T calculations. The garnet often contains inclusion of hornblende, 

biotite, ilmenite, quartz, and CMI. The CMI consists of fine-grained quartz, 

orthopyroxene, biotite, K-feldspar, plagioclase, and ilmenite which size varies from 1 to 

50 μm (Fig. 15-c). The size of CMI grains is up to 100 μm, and they show negative 

crystal shapes of the host garnet (Fig. 15-c). Such fine-grained nature of each crystal 

and the shape of the CMI might require quench processes of liquid during cooling stage 

of the inclusions (e.g., Hiroi et al., 2014).    

Sample TS10122506 is amphibole- and quartz-rich variety of the lithology. The 

sample is characterized by medium- to coarse-grained garnet (0.8-3.0 mm) and 

clinopyroxene (0.4-1.6 mm). The mineralogy of the sample is garnet (30-35%), 

clinopyroxene (20-25%), quartz (5-10%), calcic amphibole (10-15%), orthopyroxene 

(5-10%), and plagioclase (5-10%) with accessory ilmenite, zircon, and apatite (Figs. 

10-b and 10-c). The medium- to coarse-grained garnet is subidioblastic. The mineral 

contains inclusions of fine- to medium-grained quartz (0.1-0.3 mm), clinopyroxene 

(0.2-0.3 mm), plagioclase, ilmenite (0.05-0.2 mm), and CMI (~0.1 mm). The CMI 

consist of fine-grained quartz, biotite, K-feldspar, plagioclase, and ilmenite which size 

varies from 1 to 50 μm. The size of CMI grains is up to 100 μm, and they show negative 
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crystal shapes of the host garnet (Fig. 15-a). As the garnet is in contact with 

clinopyroxene and quartz, this study regards that the equilibrium assemblage of this 

sample during the peak stage is probably garnet + clinopyroxene + quartz. 

Clinopyroxene is a dominant mineral in the matrix. It is fine- to coarse-grained (0.4-1.6 

mm) and subidioblastic in shape. The grain boundaries between garnet and 

clinopyroxene or calcic amphibole are filled by fine- to medium-grained (0.1-0.4 mm) 

symplectic intergrowth of orthopyroxene and plagioclase (Fig. 10-b). The textures 

indicate the progress of reactions (1) and (2).  

Sample TS11010704B is characterized by medium- to coarse-grained garnet (0.8-3 

mm) and clinopyroxene (0.4-1.6 mm). Its mineralogy is garnet (45-50%), clinopyroxene 

(35-45%), and ilmenite (3-5%) with accessory quartz, calcic amphibole, orthopyroxene, 

and plagioclase (Fig. 10-d). The medium- to coarse-grained garnet is subidioblastic, and 

contains inclusions of fine- to medium-grained quartz (0.1-0.3 mm) and clinopyroxene 

(0.2-0.3 mm). As the garnet is in contact with clinopyroxene and quartz, this study 

regards that the equilibrium assemblage of this sample during the peak stage is probably 

garnet + clinopyroxene + quartz. Clinopyroxene is a dominant mineral in the matrix. It 

is fine- to coarse-grained (0.4-1.6 mm) and subidioblastic in shape. No obvious reaction 

texture is present in the sample except for the occurrence of retrograde greenish 

amphibole partly replacing clinopyroxene. Rare orthopyroxene occurs in matrix. The 

garnet often contains inclusion of hornblende, biotite, ilmenite, quartz, and CMIs. The 

CMIs consist of fine-grained quartz, biotite, K-feldspar, plagioclase, muscovite, and 

ilmenite which size varies from 1 to 50 μm (Fig. 15-b). The mineralogy of the CMIs 

suggests that S-type granitic melt was generated during high-grade metamorphism. The 

size of CMI grains is up to 200 μm, and they show negative crystal shapes of the host 
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garnet. The presence of CMIs within garnet and mineral mode of the sample implies 

that this sample is restitic in composition.  

Sample TS11010803A is characterized by medium- to coarse-grained garnet 

(0.8-3.0 mm) and clinopyroxene (0.4-1.6 mm). Its mineralogy is garnet (45-50%) and 

clinopyroxene (35-45%) with accessory quartz, calcic amphibole, orthopyroxene, and 

ilmenite (Fig.10-e). The medium- to coarse-grained garnet is subidioblastic. The 

mineral often contains inclusions of fine- to medium-grained quartz (0.1-0.3 mm) and 

clinopyroxene (0.2-0.3 mm). As the garnet is in contact with clinopyroxene and quartz, 

this study regards that the equilibrium assemblage of this sample during the peak stage 

is probably garnet + clinopyroxene + quartz. Clinopyroxene is a dominant mineral in 

the matrix. It is fine- to coarse-grained (0.4-1.6 mm) and subidioblastic in shape. No 

obvious reaction texture is present in the sample except for the occurrence of retrograde 

greenish amphibole partly replacing clinopyroxene. Rare orthopyroxene occurs in 

matrix.  

 

3.1.2. Garnet-bearing-two-pyroxene granulite  

 

This rock corresponds to pyroxene- and garnet-rich part of a lenticular blocks of 

mafic granulite (Fig. 9-a). It consists of medium-grained garnet (~0.5 mm) and medium- 

to coarse-grained pyroxenes (~0.4 mm). The mineralogy of a representative sample 

(TS11011405A-2) is garnet (20-30%), clinopyroxene (15-20%), orthopyroxene 

(10-15%), quartz (10-20%), and plagioclase (10-15%) with accessory calcic amphibole, 

apatite, and ilmenite (Fig. 10-f). The medium- to coarse-grained garnet (0.3-3.0 mm) is 

subidioblastic and contains fine-grained quartz (0.05-0.3 mm), plagioclase, CMI, and 
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ilmenite. The CMI consists of biotite, quartz, plagioclase, and K-feldspar (Fig 15-e). 

Each grain comprising the CMIs is 1 μm to 10 μm. Fine- to medium-grained 

orthopyroxene (0.2-1.0 mm), plagioclase (0.3-1.0 mm), and clinopyroxene (0.4-1.0 mm) 

also occur in matrix. Quartz in the matrix is medium- to coarse grained (0.4-3.0 mm). 

All the minerals are subidioblastic to xenoblastic. No obvious reaction texture is present 

in the sample. This study thus regards the peak assemblage of the rock as garnet + 

clinopyroxene + orthopyroxene + quartz. Calcic amphibole occurs as inclusions in the 

garnet, while orthopyroxene is not included in the garnet. This study thus regards 

prograde mineralogy as garnet + calcic amphibole + quartz + melt + plagioclase + 

clinopyroxene.    

 

3.1.3. Garnet-bearing-orthopyroxene granulite  

 

This rock is characterized by very coarse-grained and deformed garnet in thin 

section scale. A representative sample (TS10122604B) consists of garnet (35-45%), 

orthopyroxene (15-25%), plagioclase (5-15%), and quartz (5-15%) with accessory 

clinopyroxene, calcic amphibole, biotite, and ilmenite (Fig. 10-g). Garnet is very 

coarse-grained (up to 3 cm) and subidioblastic. It contains numerous inclusions of 

quartz (0.1-0.4 mm), plagioclase (0.1-0.4 mm), and ilmenite. Quartz is the most 

abundant inclusions within the garnet in this sample. The mineral in the matrix (0.3-3.0 

mm) is coarser than plagioclase in the matrix (0.3-1.2 mm). No obvious reaction texture 

is observed in the sample except for the occurrence of retrograde greenish calcic 

amphibole partly replacing orthopyroxene. 

The mineralogy of a representative sample B97122302F2 is garnet (5-7%), 
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orthopyroxene (15-20%), plagioclase (15-25%), biotite (15-20%), and hornblende 

(10-15%) with accessory quartz, rutile, and ilmenite (Fig. 10-h). The coarse-grained 

garnet is subidioblastic, and contains inclusions of fine- to medium-grained quartz 

(0.1-0.3 mm), plagioclase (0.2-0.5 mm), biotite (0.1-0.5 mm), ilmenite (0.2-0.3 mm) 

rutile (~0.1 mm), and CMI (0.1-0.3 mm). The CMI consists of fine-grained quartz, 

biotite, K-feldspar, plagioclase, and ilmenite which size varies from 1 to 20 μm (Fig. 

15-d). The size of CMI grains is up to 100 μm, and they show negative crystal shapes of 

the host garnet. The garnet is surrounded by fine- to medium-grained (0.1-0.4 mm) 

symplectic intergrowth of orthopyroxene and plagioclase (Fig. 10-h). The textures 

indicate the progress of the following reactions. 

Grt + Qtz → Opx + Pl   (3) 

This reaction indicated progress of post-peak decompression event. It is notable that 

CMI and rutile are observed in the same garnet grain, suggesting that partial melting 

took place in the stability conditions of rutile. This study thus regards the peak 

assemblage as garnet + rutile + ilmenite + melt + plagioclase + quartz. Medium- to 

coarse-grained orthopyroxene (0.2-1.2 mm), plagioclase (0.1-1.1 mm), and hornblende 

(0.3-1.0 mm) are dominant minerals in the matrix, and they are subidioblastic to 

xenoblastic in shape (Fig. 10-i). This study adopted this assemblage for P-T calculations 

as discussed in later sections.  

Another type of garnet-orthopyroxene granulite (e.g., sample TS11020206H) 

contains garnet (15-25%), orthopyroxene (5-15%), biotite (5-15%), plagioclase 

(10-15%), quartz (10-15%), and Fe-Ti oxides (5-15%) with accessory zircon, apatite,  

and spinel (Fig. 10-j). This sample is characterized by fine- to medium-grained (0.6-2 

mm) garnet and orthopyroxene (0.2-0.8 mm). Quartz is present as elongated grains up 
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to 3 mm along the rock foliation or as fine-grained (0.05 - 0.2 mm) inclusions in garnet. 

Fine- to medium-grained (0.2-1.3 mm) biotite is also aligned along the foliation. 

Plagioclase is medium- to coarse-grained (0.2-1.5 mm), and subidioblastic to 

xenoblastic, and present only in the matrix (Fig. 10-e). No obvious reaction texture is 

present in the sample. Rare greenish spinel occurs with Fe-Ti oxides. This study thus 

regards garnet + orthopyroxene + quartz + plagioclase as the peak assemblage of this 

sample. We adopted this assemblage for P-T calculations as discussed in later sections.  

 

3.1.4. Garnet amphibolite  

 

This rock corresponds to a hornblende- and garnet-rich part of the lenticular blocks 

of mafic granulite. It consists of fine- to coarse-grained garnet (0.3-3.0 mm) and fine- to 

medium-grained calcic amphibole (0.05-1.0 mm). The mineralogy of a representative 

sample (TS11011601M) is garnet (10-15%), calcic-amphibole (15-20%) clinopyroxene 

(10-15%), orthopyroxene (10-15%), and plagioclase (10-15%) with accessory quartz, 

apatite, and ilmenite. The medium- to coarse-grained garnet (0.3-3.0 mm) is 

subidioblastic and contains fine-grained quartz (0.05-0.3 mm), plagioclase and ilmenite. 

Fine- to coarse-grained calcic amphibole (0.2-2.0 mm) is predominant in the matrix. 

Fine- to medium-grained orthopyroxene (0.2-1.0 mm), plagioclase (0.3-1.0 mm), and 

clinopyroxene (0.4-1.0 mm) also occur in the matrix. All the minerals are subidioblastic 

to xenoblastic. Along the grain boundaries of the garnet and calcic amphibole, 

symplectic orthopyroxene and plagioclase occur as fine-grained minerals (0.02-0.3 mm), 

suggesting the progress of reaction (1) (Fig. 10-k). As the quartz is present only in the 

garnet, this study regards the prograde assemblage as garnet + clinopyroxene + quartz + 
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calcic amphibole.  

Sample TS11020610G-2 corresponds to a garnet- and calcic amphibole-rich part of 

lenticular blocks of mafic granulite. It mainly consists of fine- to coarse-grained garnet 

(~0.4 cm) and fine- to medium-grained calcic amphibole (~1 mm). The mineralogy of 

the sample is garnet (50-60%), plagioclase (5-10%), hornblende (25-30%), and 

orthopyroxene (5-10%) with accessory biotite (Fig. 10-l). Fine- to coarse-grained garnet 

(0.1-50 mm) is subidioblastic and contains fine-grained plagioclase (0.2-0.5 mm), 

ilmenite (<0.1 mm), and CMI. CMI consists of biotite, quartz, plagioclase, and 

K-feldspar. Hydrous minerals such as biotite and calcic amphibole are present in garnet, 

which suggests that dehydration melting might have taken place in this sample during 

prograde to peak stage. Fine- to medium-grained orthopyroxene (0.5-0.3mm), 

plagioclase (0.1-0.3 mm) occur as symplectite suggesting the progress of the reaction 

(1). Greenish calcic amphiboles are observed both in the matrix and in the garnet, which 

suggest the mineral was stable under prograde to peak conditions. This study thus 

regards prograde to peak assemblage as garnet + plagioclase + liquid + ilmenite + calcic 

amphibole. Retrograde mineralogy of the sample is probably plagioclase + ilmenite + 

calcic amphibole + orthopyroxene.   

Sample TS11020610I corresponds to a plagioclase-rich part of lenticular blocks of 

mafic granulite (Fig. 9-a). It consists of fine- to coarse-grained garnet (0.2-5.0 mm) and 

fine- to medium-grained pyroxenes (~1 mm). Its mineralogy of a representative sample 

is garnet (10-15%), plagioclase (30-40%), hornblende (15-20%), orthopyroxene 

(10-15%), and clinopyroxene (3-5%) with accessory quartz, biotite, rutile, and ilmenite 

(Figs. 10-m and 10-n). The medium- to coarse-grained garnet (0.2-5.0 mm) is 

subidioblastic, and contains fine-grained quartz (0.05-0.1 mm), plagioclase (0.2-0.5 
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mm), CMI (0.05-0.1 mm), ilmenite (<0.1 mm), and rutile (<0.1 mm). The CMI consists 

of biotite, quartz, plagioclase, K-feldspar (Fig. 15-f), rutile, and ilmenite. Some CMIs 

show clearly negative crystal shape implying interaction between the melt and the host 

garnet is minimum or ignorable. Hydrous minerals such as biotite and calcic amphibole 

present in garnet (Fig. 10-m) suggest that dehydration melting might have taken place in 

this sample. Fine- to medium-grained orthopyroxene (0.3-0.5 mm) and plagioclase 

(0.1-0.3 mm) occur as symplectite suggesting the progress of reaction (1). 

Orthopyroxene and plagioclase are also present in fine- to coarse-grained matrix 

(0.3-2.5 mm). Brownish calcic amphibole is observed both in matrix and within garnet, 

which suggests that the mineral is stable under prograde to peak conditions. Quartz is 

present only in garnet and CMI (Figs. 10-m and 15-f). This study thus regards 

mineralogy of prograde to peak stage as garnet + quartz + plagioclase + liquid + rutile + 

ilmenite + calcic amphibole.  

 

3.2. Pelitic and felsic granulite  

 

3.2.1. Pelitic granulite  

 

This rock type (e.g., sample TS10122502B2) is composed of garnet, (15-20%), 

K-feldspar (20-25%), quartz (10-15%), biotite (5-10%), plagioclase (<1%), and 

muscovite (10-15%) with accessory rutile and ilmenite. Fine- to coarse -grained garnet 

(0.1-5 mm) is subidioblastic, and contains abundant inclusions of quartz (0.05-0.75 mm), 

biotite (0.1-0.4 mm), rutile (0.02-0.1 mm), and CMI (0.1-0.3 mm). The CMI consists of 

quartz, biotite, plagioclase, K-feldspar, and rutile (Fig. 16-a), suggesting that partial 
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melting occur under the stability field of rutile or rutile crystallized directly from melt. 

Fine- to coarse-grained matrix is occupied by quartz (0.05-3.5 mm), K-feldspar (0.1-2.5 

mm), biotite (0.1-2.0 mm), and cordierite (0.25-2.0 mm). No obvious reaction texture is 

present in the sample except for the cordierite which is now replaced by aggregate of 

fine grained white mica (<0.02 mm). This study thus regards prograde to peak stage as 

garnet + rutile + quartz + plagioclase + melt ± biotite. 

Sample B97122003-2 is composed of garnet (15-25%), quartz (10-15 %), 

sillimanite (5-10%), plagioclase (25-35%), and K-feldspar (5-10%) with accessory 

rutile and ilmenite. Fine- to coarse- grained garnet (1.4-4.0 mm) is subidioblastic, and 

contains abundant inclusions of quartz (0.1-2.5mm), rutile (0.02-0.1 mm), K-feldspar 

(0.15-0.3 mm), and CMI. CMI occurs as aggregate of fine-grained quartz, biotite, and 

rutile. Their irregular shapes of the CMI (Fig. 16-c) indicate that they probably reacted 

with the host garnet. Fine- to coarse-grained matrix is occupied by quartz (0.05-3.5mm) 

and K-feldspar (0.1-2.5 mm). Sillimanite only occurs along the rim of the garnet. CMI, 

which are coexisting with rutile, ilmenite, and quartz, is observed in the core of the 

garnet. We thus regard peak mineral assemblage as garnet + melt + quartz + rutile + 

ilmenite + plagioclase ± sillimanite.   

Sample TS11011401B is a massive rock without any obvious foliation in hand 

specimen scale. It is characterized by well-defined occurrence of melanosome and 

leucosome parts. It is composed dominantly of garnet (10-15%), quartz (25-35%) 

plagioclase (3-5%), biotite (10-15%), K-feldspar (10-15%), and sillimanite (10-15%) 

with accessory ilmenite, rutile, and CMIs. Medium- to coarse-grained garnet (0.3-2.5 

mm) is concentrated in melanosome which is mainly composed of garnet, biotite 

(0.3-2.5 mm), sillimanite (0.3-5.0 mm), and quartz (0.3-2.5 mm).  Leucosome mainly 
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consists of K-feldspar and quartz. Matrix of the leucosome is composed of 

coarse-grained (0.5-5.0 mm) quartz, medium-grained plagioclase (0.1-1.0 mm), and 

fine- to coarse-grained biotite (0.1-4.0 mm).  

Sample TS11011702B is a massive rock without any obvious foliation in hand 

specimen. It is composed dominantly of garnet (15-25%), biotite (10-15%), spinel 

(10-15%), K-feldspar (10-15%), plagioclase (3-5%), and quartz (3-5 %), with accessory 

ilmenite. Medium- to coarse-grained garnet (0.5-4.0 mm) is subidioblastic. Garnet often 

contains fine- to medium-grained K-feldspar (0.3-0.7 mm), biotite (~0.2 mm), and 

spinel (0.05-0.1 mm). Matrix is composed of fine- to coarse-grained spinel (0.1-2.5 

mm), sillimanite (0.3-1.7 mm), and K-feldspar (0.1-2.5 mm). The minerals in the matrix 

are all xenoblastic to subidioblastic.  

Sample TS11020604B is a well-foliated rock in hand specimen scale. The foliation 

is defined by alignment of sillimanite. This sample is composed dominantly of garnet 

(10-15%), biotite (7-10%), plagioclase (10-15%), K-feldspar (10-15%), sillimanite 

(7-10%), and rutile (2-3%) with accessory spinel, kyanite, and zircon. Medium- to 

coarse-grained garnet (0.2-2.5 mm) often contains quartz (0.05-0.1 mm), plagioclase 

(0.02-0.1 mm), K-feldspar (0.05-0.1 mm), rutile (0.02-0.2), kyanite (0.3-0.5 mm), and 

spinel (<0.1 mm). Matrix consists of plagioclase (0.05-5.0 mm), quartz (0.1-5.0 mm), 

K-feldspar (0.1-3.5mm), rutile (0.05-0.5 mm), sillimanite (0.07-2.5 mm), and biotite 

(0.1-1 mm) (Fig. 10-r). All the grains in the sample are subidioblastic to xenoblastic. 

Kyanite is only present in garnet (Fig. 10-s), suggesting that prograde P-T path passed 

through the kyanite stability field. This study thus regards a prograde assemblages as 

garnet + plagioclase + K-feldspar + kyanite +rutile, which is a typical mineralogy of 

high-pressure pelitic granulite (e.g., O’Brien and Rötzler, 2003). As discussed in later 
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sections, this sample is adopted for P-T calculations.  

 

3.2.2. Felsic granulite  

 

Sample TS10122502D is a massive rock without any obvious foliation in hand 

specimen scale. This sample consists of orthopyroxene-rich mafic part and 

orthopyroxene-free felsic part (Figs. 10-o and 10-q). This sample is composed 

dominantly of garnet (15-25%), quartz (15-20%), plagioclase (15-20%), K-feldspar 

(15-20%), orthopyroxene (5-10%), and rutile (2-3%), with accessory ilmenite, zircon, 

and monazite. Medium- to coarse-grained garnet (0.5-4.0 mm) is observed in the matrix 

of coarse-grained (~3 mm) quartz, medium-grained plagioclase (0.2-1.0 mm) (Fig. 

10-o), and fine- to medium-grained orthopyroxene (0.1-0.5 mm). The garnet contains 

inclusions of fine- to medium-grained quartz (0.1-0.3mm), plagioclase (0.2-0.5 mm), 

biotite (0.1-0.5 mm), ilmenite (0.2-0.3mm), rutile (~0.1 mm), kyanite (0.3 mm, only one 

grain), and CMI. CMI consists of biotite, quartz, K-feldspar, ilmenite, and rutile. Each 

grain within CMI ranges from 3 μm to 10 μm (Fig. 16-b). No obvious reaction texture is 

present in the sample except for the occurrence of retrograde biotite partly replacing 

orthopyroxene. This study therefore regards the prograde assemblage of this rock as 

garnet + rutile + ilmenite + kyanite + plagioclase + quartz + melt and peak assemblage 

of this rock as garnet + orthopyroxene + quartz + plagioclase + ilmenite. The minerals 

are all subidioblastic to xenoblastic in shape. As discussed in later sections, this sample 

is adopted for P-T calculations.  

Garnet charnockite (sample TS11011407D) is a massive rock without any obvious 

foliation in hand specimen. It is composed dominantly of quartz (35-45%), biotite 
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(10-20%), plagioclase (10-15%), orthopyroxene (10-15%), and garnet (5-10%), with 

accessory zircon and magnetite. Fine- to coarse-grained garnet (0.2-1.3 mm) and 

orthopyroxene (0.2-1.4 mm) are observed in the matrix of coarse-grained (~3 mm) 

quartz and medium-grained plagioclase (0.2-1.0 mm) (Fig. 10-t). No obvious reaction 

texture is present in the sample except for the occurrence of retrograde biotite partly 

replacing orthopyroxene. This study therefore regards the peak assemblage of this rock 

as garnet + orthopyroxene + quartz + plagioclase. The minerals in the sample are all 

subidioblastic to xenoblastic in shape (Fig. 10-t). As discussed in later sections, this 

sample is adopted for P-T calculations. 

Sample TS11011702G is composed of quartz (85-90%), garnet (2-5%), and 

sillimanite (1-2%) with accessory plagioclase, kyanite, and K-feldspar. Fine- to coarse 

-grained quartz (0.5.-5.0 mm) is subidioblastic. Sillimanite is observed as subidioblastic 

and fine- to coarse-grained (0.4-1.0 mm) crystal within quartz. Kyanite, plagioclase, and 

K-feldspar are in contact with garnet (Fig. 10-u), suggesting that kyanite + garnet 

+quartz + plagioclase + K-feldspar is a peak assemblage of this sample.  

 

3.2.3. Garnet-biotite gneiss  

 

Sample B97122708B shows rock foliation defined by aligned of biotite. It is 

composed of garnet (20-25%), biotite (15-20%), K-feldspar (15-20%), plagioclase 

(15-20%), quartz (10-15 %), ilmenite (<2 %), and rutile (<2 %) with accessory apatite 

and monazite (Fig. 10-v). Medium- to coarse-grained garnet (0.3-3.5mm) is 

porphyroblastic and subidioblastic. It contains quartz (0.05-0.2 mm), plagioclase 

(0.2-0.7 mm), K-feldspar (0.07-0.4 mm), rutile (0.05-0.1 mm), and minor ilmenite. 
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Inclusions within the garnet tend to occur in the core of the garnet, suggesting these 

inclusions were trapped during prograde stage. Matrix is composed of quartz (0.1-1.3 

mm), biotite (0.07-1.3 mm), plagioclase (0.3-1.3 mm), and K-feldspar (0.3- 1.5 mm) 

with minor amount of ilmenite. All the minerals occurring in the matrix are 

subidioblastic to xenoblastic.  

Sample TS11011504C is characterized by abundant garnet. It is composed 

dominantly of garnet (40-45%), biotite (25-30%), plagioclase (5-10%), and K-feldspar 

(1-2 %) with accessory ilmenite, rutile, spinel, and kyanite. Medium- to coarse-grained 

garnet (1-7 mm) is observed in the matrix of coarse-grained (0.5-5.0 mm) quartz, 

medium-grained plagioclase (0.1-1.0 mm), and fine- to coarse-grained biotite (0.1-4.0 

mm). The garnet contains inclusions of fine- to medium-grained quartz (0.1-0.3mm), 

plagioclase (0.2-0.5 mm), biotite (0.1-0.5 mm), ilmenite (0.2-0.3 mm), rutile (~0.1 mm), 

kyanite (0.1-0.5 mm), spinel (0.05-0.1 mm), and CMI (Figs. 10-w and 10-x). The CMI 

consist of quartz, biotite, plagioclase, K-feldspar, rutile, and ilmenite. Most of the CMI 

show irregular shape, which suggests that CMI reacted with host garnet (Fig. 16-e). 

Because the CMI, plagioclase, quartz, ilmenite, rutile, and K-feldspar are included in 

the same garnet grain, this study regards the prograde to peak assemblage as garnet + 

rutile + ilmenite + plagioclase + quartz + K-feldspar + melt. As discussed in later 

sections, this sample is adopted for P-T calculations. 

 

3.3. Ultramafic granulite  

 

Sample TS10122601C is a massive rock without any obvious foliation in hand 

specimen. It is composed dominantly of clinopyroxene (30-35%), orthopyroxene 
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(20-25%), hornblende (10-15%), and biotite (10-15%). Clinopyroxene (0.5-2.5 mm) is 

fine- to coarse-grained and subidioblastic. Orthopyroxene is subidioblastic and medium- 

to coarse-grained (0.5-4.0 mm). Fine- to coarse-grained hornblende (0.3-2.5 mm) and 

biotite (0.1-3.5 mm) occupy grain boundaries of clinopyroxene and orthopyroxene. No 

obvious reaction texture is present in the sample.  

Sample TS11011504E is a massive rock without any obvious foliation in hand 

specimen. It is composed dominantly of clinopyroxene (70-80%), orthopyroxene 

(5-10%), and hornblende (5-10%) with accessory plagioclase and biotite. 

Clinopyroxene (0.2-2.4 mm) is fine- to coarse-grained and subidioblastic. 

Orthopyroxene and hornblende are fine- to medium-grained (0.3-1.0 mm) and 

subidioblastic.  

 

3.4. Other lithologies  

 

3.4.1. Calc-silicate granulite  

 

Sample TS10122401K1 is a massive rock without any obvious foliation in hand 

specimen. It is composed dominantly of scapolite (50-60%), hornblende (10-15%), and 

biotite (10-15%) with accessory zircon and clinopyroxene. Fine- to coarse-grained and 

subidioblastic scapolite (0.5-3.0 mm) is observed in a matrix. Hornblende and biotite 

are fine- to medium-grained (0.1-3.0 mm) and subidioblastic. Clinopyroxene is 

subidioblastic and fine- to coarse-grained (0.3-2.5 mm). The minerals are all 

subidioblastic to xenoblastic in shape and they show no reaction texture, suggesting 

peak assemblage of this sample is scapolite + clinopyroxene + titanite + hornblende. 
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Sample TS11011602A shows foliation defined by orientation of clinopyroxene and 

titanite. It is composed dominantly of scapolite (70-80%), clinopyroxene (5-10%), and 

titanite (3-5%) with accessory zircon. Fine- to coarse-grained and subidioblastic 

scapolite (0.1-4.0 mm) is observed in the matrix. Clinopyroxene is subidioblastic and 

fine- to coarse-grained (0.3-2.5 mm). Fine- to coarse grained titanite (0.5-5.0 mm) is 

included in scapolite and clinopyroxene. The minerals in the sample are all 

subidioblastic to xenoblastic in shape, and show no reaction texture, which suggests 

peak assembly of this sample is scapolite + clinopyroxene + titanite. 

 

3.4.2. Garnet-bearing intermediate granulite  

 

Sample (TS11020606A) is a massive sample without foliation. It is composed 

dominantly of garnet (45-50%), orthopyroxene (5-10%), plagioclase (5-10%), and 

quartz (10-15%) with accessory biotite, rutile, and zircon. Garnet is subidioblastic and 

occurs as aggregate of fine- to coarse-grained crystals (0.1-1.7 mm) (Fig. 10-y). The 

mineral often contains quartz (0.05-0.1 mm), rutile (0.05-0.1 mm), plagioclase (<0.1 

mm), and CMI. The matrix of the rock consists of plagioclase (0.05-5 mm), quartz 

(0.1-5 mm), rutile (0.05-0.5 mm), ilmenite (0.07-2.5 mm), and biotite (0.1-1 mm). As 

orthopyroxene is not observed in garnet, this study regards prograde mineralogy as 

garnet + rutile + plagioclase + ilmenite + liquid + quartz, while the peak assemblage is 

inferred as garnet + orthopyroxene + plagioclase + quartz + rutile + ilmenite. These 

assemblages are adopted for P-T calculations. 
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4. Mineral Chemistry 

 

Chemical analyses of all minerals were carried out using a WDS electron 

microprobe analyzer (JEOL JXA8530F) at the University of Tsukuba. The analyses 

were performed under conditions of 15 keV accelerating voltage and 10 nA beam 

current, and the data were regressed using oxide-ZAF correction method. Below, this 

study describes a mineral chemistry of the examined samples. Representative 

compositions of minerals in the analyzed samples are given in Tables 4-7. Fe2O3 content 

of ilmenite is calculated by the method proposed by Droop (1987). 

 

4.1. Garnet 

 

4.1.1. Garnet in mafic granulite  

 

Garnet in garnet-clinopyroxene granulite in Skallevikshalsen is essentially a solid 

solution of pyrope, almandine, and grossular with XMg = Mg/(Fe+Mg) = 0.14-0.32 and 

low content of spessartine (Table 4 and Fig. 11). The mineral shows a general rimward 

increase of almandine content. For example, garnet in sample TS11010802 shows 

slightly pyrope-enriched core (Alm55-56 Prp25-26 Grs18) than rim (Alm57-59 Prp21-23 Grs18). 

The mineral in garnet-bearing orthopyroxene granulite (sample TS1012122604B) shows 

compositional zoning from slightly pyrope- and grossular-enriched core (Alm65 Prp16 

Grs25-26) to rim (Alm64-65 Prp14 Grs19-20). In contrast, garnet in sample TS11010704B 

(garnet-clinopyroxene granulite) shows no compositional variation within single grain 

(Alm66 Prp9 Grs23). Garnet in mafic granulite (sample TS11011405A-2) from Austhovde 
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shows XMg ratio (=0.16-0.19) consistent with that from Skallevikshalsen. It shows 

slightly pyrope-enriched core (Alm63-64 Prp14 Grs20) than rim (Alm65 Prp12-13 Grs20). The 

mineral in sample TS11011601M also shows slightly pyrope-enriched core (Alm54-57 

Prp25-26 Grs17-18) than rim (Alm58 Prp23 Grs17-18). Similar relationships are observed for 

garnet in the mafic granulite from Ongul. Garnet in garnet amphibolite from Ongul 

(sample TS11020610I) shows compositional zoning from slightly pyrope-enriched core 

(Alm54 Prp28-29 Grs16) than rim (Alm56 Prp26 Grs15). The mineral in another garnet 

amphibolite from Ongul (sample TS11020610G-2) also shows slightly pyrope-enriched 

core (Alm46 Prp35-36 Grs16) than rim (Alm51-52 Prp26-30 Grs 16). The mineral in 

garnet-orthopyroxene granulite from Innhovde (sample TS11020206H) shows little 

compositional variation (Alm63 Prp25 Grs10-11). 

 

4.1.2. Garnet in pelitic and felsic granulites 

 

Garnet in pelitic granulite from Skallevikshalsen essentially is a solid solution of 

pyrope, almandine, and grossular with XMg = Mg/(Fe+Mg) = 0.32-0.45 and low content 

of spessartine (1-2 mol. %) (Fig. 11-c). The mineral shows a general rimward increase 

of almandine content. For example, garnet in sample TS10122502B2 shows slightly 

pyrope-enriched core (Alm53-54 Prp42-43 Grs3) than rim (Alm63-64 Prp33 Grs2), while the 

mineral in sample TS10122502D shows heterogeneous composition depending on its 

occurrence. The mineral in orthopyroxene-bearing domain shows slightly 

grossular-enriched core (Alm56-57 Prp24-25 Grs16-17) than rim (Alm61 Prp29 Grs7-8), while 

the mineral in orthopyroxene-free domain is nearly homogeneous in composition 

(Alm56-58 Prp35-36 Grs6-7). In sample TS97122003-2, the mineral shows slightly 
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pyrope-enriched core (Alm59-60 Prp33-34 Grs7) than rim (Alm64-65 Prp28-29 Grs6). Garnet in 

garnet-biotite gneiss and garnet-sillimanite-spinel gneiss from Austhovde is a solid 

solution of pyrope, almandine, and grossular with XMg =0.27-0.40 and low content of 

spessartine (1-3 mol. %) (Fig. 11-c). The mineral shows a general rimward increase of 

almandine content. For example, garnet in sample TS11011504C shows slightly pyrope- 

and grossular-enriched core (Alm54-55 Prp36-37 Grs7-8) than rim (Alm67-68 Prp25-26 Grs5), 

while the mineral in garnet sillimanite gneiss (sample TS11011702B) shows 

homogenous in composition (Alm64-67 Prp25-26 Grs5-7). The mineral in pelitic granulite 

from Ongul (sample TS11020604B) is homogeneous in composition (Alm57 Prp38-39 

Grs3). Garnet in intermediate granulite (sample TS11020606A) from Ongul shows no 

compositional zoning (Alm54-55 Prp34-35 Grs8-10). Garnet in felsic granulite from 

Austhovde (sample TS11011407D) is slightly enriched in XMg=0.28-0.29, if compared 

to the mineral in the mafic granulite (sample TS11011405A-2), and is nearly 

homogeneous in composition (Alm63 Prp25 Grs10-11). Garnet in felsic granulite from 

Austhovde (sample TS11011702G) is nearly homogeneous in composition (Alm66-67 

Prp30 Grs2). 

 

4.2. Clinopyroxene 

 

Clinopyroxene in garnet clinopyroxene granulite from Skallevikshalsen is 

compositionally augite with XMg = 0.65-0.67 (Table 5 and Fig. 12-a). Slight 

compositional variation in Acmite (Ca0.5□0.5AlSiO6; Ac), and Ca-Tschermak 

(Ca0.5Al2SiO6; Ca-Ts) components can be seen depending on samples (Table 5). 

Clinopyroxene in sample TS11010802 shows Ac and Ca-Ts components of 0-5 mol. % 
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and 7-9 mol. %, respectively, whereas the mineral in sample TS11010803A show lower 

Ac (1-2 mol. %) and Ca-Ts (3-5 mol.%) contents. The mineral in sample TS11010704B 

is also Fe-rich (XMg = 0.40-0.41) with moderate components of Ac (2-4 mol. %). The 

mineral in garnet-two-pyroxene granulite shows slightly Ca-Ts-rich core (XMg = 

0.53-0.54, Ca-Ts=5.9-6.1 mol. %) than rim (XMg = 0.53, Ca-Ts=3.9-4.4 mol. %). The 

mineral in mafic granulites from Austhovde is also compositionally augite with XMg 

=0.50-0.60 (Table 5) with little compositional variation in terms of Ca-Ts components 

from core to rim. For example, the mineral in mafic granulite (sample TS11011405A-2) 

shows slightly Ca-Ts-enriched core (5-6 mol. %) than that of rim (3-4 mol. %) (Table 5). 

The mineral in mafic granulites from Ongul (e.g., sample TS11020610I) is also 

compositionally augite with XMg =0.61 and moderate Ca-Tschermak composition (3-4 

mol. %). 

 

4.3. Orthopyroxene 

 

4.3.1. Orthopyroxene in mafic granulite  

 

Orthopyroxene in garnet-clinopyroxene granulite from Skallevikshalsen shows 

compositionally variation depending on samples in terms of Fe-Mg ratio (XMg = 

0.40-0.55) (Table 5). The mineral in sample TS11010802 shows Mg-rich (XMg = 

0.54-055) and Al-poor (XAl = Al/2 =0.04) compositions with no compositional 

variations whereas the mineral in sample TS11010803A shows Fe-rich (XMg = 0.40) and 

Al-poor (XAl = 0.04) compositions. There is no significant compositional variation 

between the core (XMg = 0.42, XAl =0.02) and rim (XMg = 0.42, XAl =0.02) of the sample 
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TS10122604B (garnet-two-pyroxene granulite). The mineral in mafic granulite from 

Austhovde shows a rimward increase of Mg content. For example, the mineral in 

sample TS11011405A-2 shows slightly Fe-enriched core (XMg = 0.56, XAl =0.02) than 

rim (XMg = 0.58-0.59, XAl =0.02). Orthopyroxene in garnet-orthopyroxene granulite 

from Innhovde shows compositional zoning from Mg-rich rim (XMg = 0.58-0.59, XAl 

=0.05-0.06) to Fe-rich core (XMg = 0.56, XAl =0.06-0.07) (Table 5). 

 

4.3.2. Orthopyroxene in felsic and intermediate granulites 

 

Orthopyroxene in felsic granulite (e.g., sample TS11011407D) from Austhovde 

shows slightly Al-rich core (XMg = 0.53, XAl =0.06) than rim (XMg = 0.53, XAl =0.05) 

(Table 5). The mineral in the felsic granulite (TS10122502D) shows nearly 

homogeneous compositions (XMg = 0.58, XAl =0.05-0.06) (Fig. 12-b). The mineral in 

intermediate granulite from Ongul (sample TS11020606A) is magnesium rich and 

nearly homogeneous in composition (X Mg = 0.62-63, XAl =0.06) (Table 5). 

 

4.4. Plagioclase 

 

4.4.1. Plagioclase in mafic granulite  

 

Plagioclase in garnet clinopyroxene granulite from Skallevikshalsen shows 

significant compositional variations depending on its occurrence (Fig. 13). For example, 

symplectic fine-grained plagioclase in sample TS11010802 formed by reaction (2) 

shows the highest anorthite content of An89-92 with minor orthoclase content (less than 2 
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mol. %). The mineral coexisting with calcic amphibole in coarse-grained matrix has 

higher albite contents (An71-72). The mineral in the grain boundary of garnet and 

clinopyroxene in sample TS11010803A (garnet-clinopyroxene granulite) shows the 

moderate-albite content (An52-53) (Table 6). Plagioclase in garnet-two-pyroxene 

granulite (sample TS10122604B) also shows higher albite content (An59-63) (Table 6).  

Plagioclase in mafic granulites (e.g., samples TS11011405A-2 and TS11011405C) of 

Austhovde is also anorthite rich (An52-71). Plagioclase in equilibrium with garnet 

(sample TS11011405A-2) shows no compositional variation (An60-61). The mineral in 

the matrix of mafic granulite (sampleTS11011405C) shows slightly albite-rich 

compositions (An52-53), if compared to that occurring as fine-grained symplectite, which 

is significantly, anorthite rich (An71) (Table 6). The mineral in garnet-orthopyroxene 

granulite from Innhovde is also albite rich (An48) and homogeneous in composition. 

Plagioclase in sample B97122302F2 shows significant compositional variation 

depending on its occurrence. The mineral in garnet shows higher-albite content (An55-56), 

whereas the mineral occurring as symplectite is anorthite rich (An80-81). In contrast, 

plagioclase in garnet amphibolite from Ongul, symplectic fine-grained plagioclase in 

sample TS11020610I formed by reaction (2) shows the highest anorthite content of 

An71-72. The mineral coexisting with calcic amphibole in coarse-grained matrix and 

inclusion in garnet in the same sample has higher albite contents (An42-47). The mineral 

in garnet amphibolite (sample TS11020610G-2) shows the highest anorthite contents 

(An82-85). 

 

4.4.2. Plagioclase in pelitic and felsic granulites  
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Plagioclase in felsic to pelitic granulite from Skallevikshalsen shows significant 

compositional variations depending on sample and its occurrence (Fig. 13). For example, 

the mineral in garnet in sample TS97122003-2 (pelitic granulite) shows the higher 

anorthite content of An50-51 with minor orthoclase content (less than 2 mol. %). The 

mineral in coarse-grained matrix have higher albite content of the sample (An43-45). The 

mineral in the felsic granulite (sample TS10122502D) also shows significant 

compositional variations depending on its occurrence. The mineral in 

orthopyroxene-rich matrix have higher anorthite content (An53-55) than that (An41-43) in 

orthopyroxene-free matrix. The mineral in garnet shows slightly higher anorthite 

contents (An54-55) than that in matrix. Plagioclase in pelitic granulite (sample 

TS10122502B2) has no compositional variation (An41-42). The mineral in garnet-biotite 

gneiss from Austhovde (sample TS11011504C) shows compositional variations 

depending on its occurrence. Plagioclase in garnet has higher albite content (An37-39) 

than that in matrix (An41-43). There is no compositional variation of the mineral in 

garnet-sillimanite-spinel gneiss (An42-43) (sample TS11011702B) and the mineral in 

kyanite-bearing felsic granulite (An14-15) (sample TS11011702G). The mineral in pelitic 

granulite from Ongul (TS11020604B) is albite rich (An33) whereas the mineral in 

intermediate granulite (sample TS11020606A) is anorthite rich (An73-74). 

 

4.5. Amphibole 

 

Amphibole in the examined samples is essentially classified as ferropargasite or 

pargasite after the classification of Leake et al. (1997) (Figs.14-1and 14-2). The mineral 

in garnet-clinopyroxene granulite from Skallevikshalsen has a compositional variation 
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depending on samples and its occurrences. Brownish intergranular amphibole in matrix 

in sample TS11010802 is compositionally pargasite (XMg = 0.60, Si =6.2-6.3, Na+K
A 

= 

0.89-0.90), while fine-grained retrograde phase around clinopyroxene in sample 

TS11010803A is ferropargasite (XMg = 0.40-0.41, Si = 6.2-6.3, Na+K
A 

=0.82-0.90). 

Ferropargasite (XMg = 0.42-0.43, Si = 6.3, Na+K
A 

=0.75-0.86) also occurs as retrograde 

phase replacing orthopyroxene in garnet-two-pyroxene granulite (sample 

TS10122604B). Amphibole in mafic granulite from Austhovde is ferropargasite (XMg = 

0.43-0.44, Si = 6.1-6.2, Na+K
A 

=0.88-0.91) (sample TS11011405A-2). Pargasite also 

occurs in coarse-grained matrix (XMg =0.61-0.62, Si = 6.1-6.2, Na+K
A 

=0.94-0.97) and 

inclusion in garnet (XMg =0.53-0.54, Si =6.1-6.2, Na+K
A 

=0.95-1.00) in garnet 

amphibolite (sample TS11020610I). Pargasite in sample TS11020610G-2 shows 

compositional variation depending on its occurrence. Pargasite in garnet is slightly 

Mg-rich (XMg =069-0.70, Si =6.1-6.2, Na+K
A 

=0.87-091) than coarse-grained matrix 

phases (XMg =0.63-0.64, Si =6.1-6.2, Na+K
A 

=0.88-0.90) 

 

4.4. Biotite 

 

4.4.1. Biotite in mafic granulites  

Biotite in the examined samples occurs as a prograde inclusion phase in garnet or 

retrograde phase surrounding most porphyroblastic minerals. For example the mineral 

in garnet clinopyroxene granulite (TS11010802) shows strong compositional variation 

on its occurrence. The mineral in garnet is Mg and Ti rich (XMg = 0.73-0.74, 

TiO2=5.5-5.6 wt. %), while the matrix retrograde phase is slightly Ti- poor 
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(TiO2=3.5-3.6 wt. %). The mineral occurring in matrix of garnet amphibolite (sample 

TS11020610I) is Mg rich (XMg = 0.59-060, TiO2=4.4-4.7 wt. %), while the mineral in 

CMI shows wide compositional variation of Ti (XMg = 0.54-0.55, TiO2=1.2-4.3 wt. %). 

The mineral coexisting with rutile and ilmenite shows higher Ti content (TiO2=3.9-4.3 

wt. %) than that in the Ti-phase-free CMI (TiO2=1.2-2.0 wt. %). The mineral in garnet 

is enriched in Mg and Ti (XMg = 0.73-0.74, TiO2=5.5-5.6 wt. %). 

 

4.4.2. Biotite in pelitic and felsic granulites  

 

The mineral in pelitic granulite (sample TS1012250B2) from Skallevikshalsen 

shows significant compositional variations depending on its occurrence. For instance, 

biotite in matrix is enriched in Ti component (TiO2=5.1-5.2 wt. %) than that in CMIs 

(TiO2=~0.9 wt. %). Similar relationships are observed in the mineral in felsic granulite 

(Sample TS10122502D). The mineral in garnet has higher titanium component 

(TiO2=~6.7 wt. %) than that in CMI (TiO2=0.07-0.08 wt. %). The mineral in felsic 

granulite (sample TS11011407D) is titanium and magnesium rich (XMg = 0.54-0.55, 

TiO2=4.8-4.9 wt. %). The mineral in garnet-biotite gneiss (TS11011504C) from 

Austhovde is titanium and magnesium rich (XMg =0.65-0.75, TiO2=4.1-4.9 wt. %). 

Biotite in garnet is Mg rich (XMg =0.74-0.75, TiO2=4.1-4.2 wt. %) than that in the 

matrix (XMg =0.64-0.65, TiO2=4.6-4.9 wt. %).  

 

4.5. Fe-Ti oxides  
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Most ilmenites in the examined samples are close to their ideal formula as FeTiO3 

with minor content of Mg (MgO=~2.4 wt. %), although some of the minerals contain 

considerable amounts of hematite components (Xhem=50*Fe
3+ 

pfu~ 10 mol. %). For 

example, ilmenite in garnet-clinopyroxene granulite (sample TS11010802) shows the 

highest Fe
3+

 content (Fe2O3=0.15 pfu., Xhem~ 7.5 mol. %). Ilmenite in garnet-biotite 

gneiss (sample TS11011504C) is also hematite rich (Fe2O3=0.15 pfu., Xhem~ 7 mol. %). 

Almost all rutiles in the various lithologies are close to their identical formula as TiO2, 

although the mineral contains few amounts of iron and zirconium. For instance, the 

mineral in garnet-biotite gneiss (sample TS11011504C) contains considerable amounts 

of Fe (FeO=~1.4 wt. %) and zirconium (ZrO2=2300-4500 ppm). The mineral in CMI is 

clearly zirconium poor in composition (ZrO2=600-1100 ppm).   

4.7. Other minerals 

The compositions of sillimanite and kyanite in the samples are close to the ideal 

chemistry (Al2SiO5), although they also contain small amounts of Fe2O3 (up to 1.12 

wt. %) and Cr2O3 (up to 0.03 wt. %). K-feldspar in the examined samples is essentially 

orthoclase with minor content of albite (Fig. 13). For example, the mineral coexisting 

with plagioclase in garnet-biotite gneiss (sample TS11011504C) is Or 84-86 Ab 12-14. 

K-feldspar in pelitic granulite (sample TS11020604B) is also orthoclase rich as Or 83-84 

Ab16-17. Spinel in the examined samples shows compositional variations of hercynite 

and Zn contents. For instance, spinel in pelitic granulite (sample TS11020604B) is Mg 

and Zn rich (XMg = 0.60, ZnO=12.0-12.3 wt. %), while that in garnet-biotite gneiss 

(sample TS11011504C) is Fe rich and Zn poor in composition (XMg = 0.46-47, 

ZnO=2.1-2.2 wt. %).  
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Chapter 5. Mineralogy and composition of CMI  

 

5.1. Mineralogy of CMI 

 

5.1.1. Mineralogy of CMI in mafic to ultramafic granulites  

 

This study identified CMI in mafic granulites from several localities in the LHC. All 

the CMIs are observed only in garnet. Some CMIs show clear negative crystal in shape, 

whereas others display irregular shape probably due to the progress of interaction 

between CMI and host garnet (Figs. 15 and 16). The mineralogy of the CMI is 

characterized by the presence of quartz, biotite, plagioclase, and K-feldspar. CMI in the 

sample TS11010802 contains orthopyroxene while others not. As discussed in a later 

section, composition of orthopyroxene-bearing CMI is intermediate (andesitic 

composition). Muscovite is observed only for the CMI in sample TS11011704B (Fig. 

15-b). Such occurrence of muscovite suggests the formation of alumina-oversaturated 

melt by partial melting of mafic granulite. This study attempted to calculate original 

composition of the CMI to investigate partial melting processes as discussed in later 

sections.  

 

5.1.2. Mineralogy of CMIs in pelitic and felsic granulites 

 

CMIs are also identified in pelitic and felsic granulites in the examined samples 

from Skallevikshalsen and Austhovde. Quartz and biotite occur within each CMI. 

Muscovite is also present in some CMIs (Figs. 16-a and 16-b), implying the formation 
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of alumina-saturated melt during partial melting. Some CMIs lack plagioclase 

(Figs.15-b and 15-c), which suggest heterogeneous distribution of the minerals within 

the CMIs in three dimension scales. Chlorite occurs in sample TS11011504C, 

suggesting the progress of post-crystallization alternation. 

 

5.2. Compositions of CMI  

 

This study attempted to recalculate the original composition of the CMI based on 

mineral modal abundance (estimated by BSE images), mineral chemistry, and mineral 

density. Table 8 shows mode occurrence of the CMI together with the calculated results. 

First, mineral mode was multiplied by mineral density to estimate volume ratio of each 

minerals within CMI. Then, volume ratio of each mineral was multiplied by oxide 

composition of the minerals in CMI. The integrated each oxide compositions 

correspond to the original melt chemistry. For the calculation, this study selected CMI 

with sharp and negative-crystal shape, because this study attempted to avoid influence 

of melt-host interaction. Integrated composition of CMI in sample TS10122506 is 

dacitic in composition (SiO2=62.1 %). It is enriched in potassium than sodium (Table 8), 

because of the high-modal abundance of biotite. Such potassium-rich composition 

suggests that decomposition of K-rich mineral (e.g., biotite) related to the formation of 

the CMI. Integrated composition of CMI in sample TS11010802 is depleted in Si if 

compared to the CMI in sample TS10122506. It is andesitic in composition (Table 8). 

CMI within garnet amphibolite (Table 8) shows the highest Si content (SiO2=67.8 %) 

with higher potassium content (K2O=3.10 %) than sodium (Na2O=1.91 %). Volume 

ratios of biotite within each CMI show similar range (0.326-0.348, Table 8). In contrast, 
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volume ratio of quartz shows wide range (0.21-0.41, Table 8). All the three CMIs show 

similar total wt. % (around 97 %) which indicates that considerable amount of volatile 

(e.g., H2O, fluorine, and chlorine) is included in the CMI.  
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Chapter 6. Metamorphic P-T conditions 

 

This chapter discusses the results of P-T calculations based on conventional 

geothermobarometers which are applicable for mafic granulites and associated rocks 

from the studied areas. Here, different geothermobarometers calibrated on the basis of 

experimental, empirical and thermodynamic parameters using different 

composition-activity models for the various minerals are used. However the calculated 

P-T ranges could be minimum as the effect of Fe-Mg re-equilibrium between the 

minerals during further cooling cannot be neglected (e.g., Pattison et al., 2003). 

 

6.1. Grt-Cpx-Pl-Qtz geothermobarometers  

 

The Grt-Cpx geothermometer was applied to porphyroblastic garnet and 

clinopyroxene in mafic granulites. For the calculations, compositional data of core of 

the minerals were adopted in order to obtain the condition of peak metamorphism, 

because compositional date of rim might be modified by mineral reactions (e.g., 

reactions 1 and 2) at retrograde stage. Application of the method of Ellis and Green 

(1979), which is based on experimental calibration of Fe-Mg fractionation between 

garnet and clinopyroxene at 750 °C to 1350°C and 24-30 kbar, and widely applied for 

granulite terranes, gave a temperature range of 840-850 °C (sample TS11010802) at 8 

kbar, a reference pressure based on the peak pressure condition estimated by phase 

equilibrium modeling as discussed in the next section. This study also adopted the 

method of Ganguly et al. (1996), which is based on revised solution model of garnet. 

The method is more realistic than the method of Ellis and Green (1979), because the 

http://www.sciencedirect.com/science/article/pii/S0301926814003337#bib0105
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method of Ganguly et al. (1996) took into consideration the influence of CaO in the 

calibration. This study thus adopted the method of Ganguly et al. (1996). The 

temperature range for sample TS11010704B (760-850 °C) is nearly consistent with that 

for sample TS11010802 (840-850 °C). The mineral pair in Grt-two-pyroxene granulite  

from Austhovde (e.g., sample TS11011405A-2) gave a similar range of 770-810°C. This 

study also applied this method to the mineral pairs in garnet amphibolite (sample 

TS11020610I), and yielded a temperature range of 820-830 °C at 8 kbar. 

Metamorphic pressure of Austhovde was calculated using Grt-Cpx-Pl-Qtz 

assemblage in sample TS11011405A-2 based on experimental calibration of Perkins and 

Newton (1981). The estimated results are 4.5-5.5 kbar at 800°C. These results are 

considerably low, if compared to the petrographic observation (the occurrence of Grt + 

Cpx + Pl + Qtz + Opx assemblage) which indicates high-pressure condition (P around 

12 kbar). This study thus adopted the method of Moecher et al. (1988), which is based 

on improved Grt-Cpx-Pl-Qtz geobarometer using new thermodynamic and experimental 

data, and obtained a pressure range of 7-8 kbar. The results are also considerably low if 

taking into consideration the occurrence of Grt-Cpx-Opx-Pl-Qtz assemblage, which 

suggests high-pressure condition, as discussed later. Thus these results imply that the 

assemblages using the calculation are possibly reequibirated during retrograde stage. If 

it is the case, the results indicated the minimum P-T range. The estimated P-T box 

obtained useing the methods of Ganguly et al. (1996) and Moecher et al. (1988) for the 

assemblages is shown in P-T diagrams (Figs. 17, 18, and 19).  

 

6.2. Grt-Opx geothermobarometers 

 

http://www.sciencedirect.com/science/article/pii/S0301926814003337#bib0105
http://www.sciencedirect.com/science/article/pii/S0301926814003337#bib0105
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The Grt-Opx geothermometer was applied to porphyroblastic garnet and matrix 

orthopyroxene in mafic granulite, pelitic granulite, felsic granulite, and intermediate 

granulite. The estimated temperature range for garnet-orthopyroxene pairs is 

830-890 °C at 8kbar for mafic granulite (sample TS10122604B) using the method of 

Lee and Ganguly (1998), which is based on experimental calibration of Fe-Mg 

fractionation between the minerals in the FMAS system and widely applied for 

granulite terrenes. The method of Ganguly et al. (1996), which revised the method of 

Lee and Ganguly (1998), gives a lower temperature range of 760-810 °C. This study 

adopted the methods of Ganguly et al. (1996). The condition was calculated at 8 kbar, a 

reference pressure based on the peak pressure condition estimated by Grt-Opx-Pl-Qtz 

geobarometer of Moecher et al. (1988) as discussed later. The estimated temperature 

range of pelitic granulite (sample TS10122502D) is 820-840 °C at 8 kbar. A similar 

temperature range of 830-880°C is obtained from the assemblages in felsic granulite 

from Austhovde (sample TS11011407D). This study also applied the method for the 

mineral pairs in intermediate granulite (sample TS11020606A), and obtained the ranges 

of 820-830 °C at 8 kbar.  

Metamorphic pressure was obtained by Grt-Opx-Pl-Qtz geobarometer of Moecher et 

al. (1988). The estimated pressure condition for garnet-orthopyroxene pairs is 8 kbar for 

mafic granulite at 800°C (sample TS10122604B). The mineral assemblage in felsic 

granulite (sample TS11011407D) from Austhovde gave a condition of 8 kbar at 800°C, 

which is nearly consistent with the value from sample TS10122604B. A similar but 

slightly higher pressure range of 8.5-8.9 kbar was obtained from the assemblages in 

intermediate granulite from Ongul (sample TS11020606A). P-T boxes obtained from 

the methods of Ganguly et al. (1996) and Moecher et al. (1988) are plotted in P-T 
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diagrams (Figs. 17, 18, and 19). 

 

6.3. Isopleths of Ti-Al contents in Ca-amphibole  

 

Ti- and Al-isopleths of Ernst and Liu (1998), which is based on the experiment of 

calcic amphiboles in MORB-like protolith, are adopted for semi-quantitative estimation 

of P-T conditions for calcic amphiboles in mafic granulites from Skallevikshalsen, 

Austhovde, and Ongul. The examined samples contain rutile or ilmenite as excess 

Ti-bearing phases, and plagioclase or garnet as excess Al-bearing phases. The calculated 

results are 6-8 kbar and 820-860°C (sample TS11010802) and 9 kbar and 830-860°C 

(sample TS11011405C). In contrast, higher-temperature range of 900-950 °C and 6-8 

kbar is obtained from garnet-amphibolite (sample TS11020610I). The estimated P-T 

conditions using the method of Ernst and Liu (1998) are plotted in P-T diagrams 

(Figs .17, 18, and 19). 

 

6.4. Garnet-hornblende-plagioclase-quartz geothermobarometry  

 

Garnet-hornblende-plagioclase-quartz geothermobarometry is applied to hornblende 

included in garnet to estimate prograde P-T conditions. This study adopted 

garnet-hornblende geothermometry proposed by Graham and Powell (1987). 

Metamorphic pressure is calculated by the method of Kohn and Spear (1990). This 

study obtained 700-720 °C and 7-7.2 kbar from the mineral assemblage in the 

garnet-two-pyroxene granulite from Austhovde (Sample TS11011405A-2). As 

hornblende used for estimation occurs as inclusions in garnet, the result might 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6VHG-4R98KD0-2&_user=128923&_coverDate=04%2F15%2F2008&_alid=1171388196&_rdoc=10&_fmt=full&_orig=search&_cdi=6066&_sort=r&_st=4&_docanchor=&_ct=44&_acct=C000010078&_version=1&_urlVersion=0&_userid=128923&md5=1277a8d35cf836db65c9717347fd28f7#bib17
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correspond to a prograde P-T condition. The mineral assemblage from garnet 

amphibolite in Ongul (sample TS11020610I) yields P-T ranges of 700-720 °C and 

8.1-9.1 kbar, which could also imply a prograde P-T condition, because this study 

adopted the compositions of hornblende and plagioclase occurring in garnet. This study 

also estimated metamorphic temperature of garnet amphibolite (sample 

TS11020610G-2) occurring in the same locality of sample TS11020610I. The estimated 

temperature is 690-780 °C, which is consistent with the result obtained from sample 

TS11020610I. As this sample (TS11020610G-2) lacks quartz inclusion the garnet, 

metamorphic pressure could not be calculated.   

 

6.5. Garnet-rutile-ilmenite-plagioclase geobarometery 

 

The garnet-rutile-ilmenite-plagioclase-quartz geobarometery (GRIPS) was applied 

to porphyroblastic garnet, and its inclusion of rutile, ilmenite, and plagioclase, which 

are considered to preserve prograde to peak conditions in several lithologies. This study 

estimated pressures based on the experimental study of Bohlen and Liotta (1986), and 

adopted activity models of Newton et al. (1980) for plagioclase and Ganguly and 

Saxena (1984) for garnet. Ilmenite is regarded as an ideal solution. A pressure range of a 

pelitic granulite from Skallevikshalsen (sample TS10122502D) is 15.2-15.4 kbar at 

800 °C with range of Kd= aIlm
6
 * aAn

3
 * aGr

-1
* aAlm

-2
 =0.90-0.93, whereas pressure range 

of a mafic granulite from Skallen (sample B97122302F2) is 15.8-16.0 kbar at 800 °C 

(Kd=0.24-0.27). A similar pressure range of 15.5-15.6 kbar at 800 °C (Kd=0.40-0.44) is 

obtained from the garnet-biotite gneiss from Skallen (sample B97122708B). This study 

also obtained a similar pressure range of 15.6 -15.8 kbar at 800 °C (Kd=0.32-0.40) from 
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garnet-biotite gneiss (sample TS11011504C) in Austhovde. In contrast, the estimated 

pressure range for the mineral assemblage within the matrix in intermediate granulite 

(sample TS11020606A) is 8-8.5 kbar at 800 °C (Kd=6.30-6.78). This study also adopted 

composition of plagioclase in the garnet within the sample, and obtained a pressure 

range of 12.2-12.7 kbar at 800 °C (Kd=3.79-4.01). Since the composition of plagioclase 

in matrix is used for pressure estimation, the calculated pressure (8-8.5 kbar) is regarded 

as the peak pressure, which is well consistent with the result calculated by 

garnet-orthopyroxene-plagioclase-quartz geothermobarometry (Table 9), while the 

higher-pressure range of 12.2-12.7 kbar is regarded as prograde to peak condition, 

because the composition of plagioclase within garnet is used the calculation. As 

discussed in a later section, GRIPS assemblages are coexisting with CMI (liquid phase), 

pressure ranges obtained by GRIPS are considered to be the prograde pressure. The 

estimated pressure conditions using the GRIPS geobarometer are plotted in P-T 

diagrams (Figs. 17, 18, and 19). In summary, GRIPS assemblages in garnet gives 

high-pressure conditions (P = 15-16 kbar), although sample TS11020606A yields 

medium- to high-pressure record (P = 8-8.5 kbar and 12-12.7 kbar). These results 

suggest that granulite terrain of the LHC experienced medium- to high-pressure 

metamorphism.  

 

6.6. Garnet-aluminosilicate-plagioclase-quartz geobarometery  

 

The garnet-aluminosilicate-plagioclase-quartz geobarometery (GASP) was applied 

to porphyroblastic garnet, aluminosilicate (kyanite or sillimanite), plagioclase, and 

quartz, which are considered to preserve prograde to peak conditions in several 
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lithologies. Activity models of Newton et al. (1980) for plagioclase and Gangly and 

Saxena (1984) for garnet are adopted for calculations. Pressures were estimated based 

on the equation presented by Spear (1993). The estimated pressure range for the mineral 

assemblage in the matrix in a felsic granulite from Austhovde (sample TS11011702G) is 

11.5-11.6 kbar at 800°C with Kd=aPl*aGrs 
-1 

=59-68. As the mineral assemblage occurs 

in matrix (Fig. 10-u), this study considered that the estimated pressure as the peak 

condition. In contrast, a pressure range of 14.7-15.3 kbar at 800°C (Kd=6.2-6.4) is 

obtained from the mineral assemblage in a pelitic granulite from Ongul (TS11020604B). 

As the compositions of plagioclase in the garnet are used for pressure estimation, the 

obtained pressures are regarded as prograde to peak conditions. The estimated pressure 

conditions using the GASP geobarometer are plotted in P-T diagrams (Figs. 18 and 19). 

 

6.7. Zirconium-in-rutile geothermometry 

   

The zirconium in rutile geothermometer is applied to rutile in garnet in various 

lithologies in order to obtain the condition of prograde to peak metamorphism. Based on 

the experimental study of Zack et al. (2004), this study selected rutile grains coexisting 

with quartz and zircon. Tomkins et al. (2007) performed an experimental study to 

natural rutile-bearing lithologies to evaluate pressure dependence of zirconium content 

in rutile. They concluded considerable pressure dependence of the geothermometer in 

the system of SiO2-TiO2-ZrO2 in the presence of silicate melt, which is similar the phase 

relation of our samples that rutile and CMI coexist. This study thus adopted the equation 

proposed by Tomkins et al. (2007). Temperature calculation is performed under 12 kbar. 

Compositions of rutile are analyzed at least 5 points for each grains. Temperature range 



55 
 

of 850-910 °C is obtained from pelitic granulite (sample TS10122502D) from 

Skallevikshalsen. Rutile adopted for temperature estimation occurs as inclusion in 

garnet, which are coexisting with plagioclase, ilmenite, quartz, and CMI. As rutile also 

coexisting with melt, the obtained temperature range might suggest prograde to peak 

condition. A similar temperature range of 870-930 °C is obtained from a pelitic 

granulite (TS10122502B2) collected from the same outcrop as sample TS10122502D 

(Fig. 7-d). Rutile in the samples occurs in garnet, which contains plagioclase, quartz, 

and CMI, suggesting that estimated temperature range probably corresponds to prograde 

to peak stage. This study also adopted this method to rutile coexisting with quartz, 

ilmenite, and CMI within garnet in pelitic granulite (sample TS97122003-2) from 

Skallen. The estimated temperature range is 860-950 °C. Because rutile adopted for 

temperature estimation occurs with CMI, calculated temperature might imply prograde 

to peak condition. A temperature range of 890-930 °C is obtained for rutile inclusion in 

garnet in a mafic granulite (sample B97122302F2) from Skallen. Plagioclase, ilmenite, 

quartz, zircon, and CMI are also included in the garnet, which implies that calculated 

temperature might correspond to a prograde to peak condition. A similar temperature 

range of 860-960 °C is obtained from a garnet-biotite gneiss (TS11011504C) from 

Austhovde. Rutile in the sample is a part of GRIPS assemblages and coexisting with 

CMI within garnet, which suggest that estimated temperature probably corresponds to 

the condition of prograde to peak stage.  

 

6.8. Summary of the P-T estimations from geothermobarometry 

 

Estimated P-T conditions are summarized in Table 9. Most of the calculated-P-T 
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conditions correspond to amphibolite- to granulite-facies field. They are possibly of 

prograde to peak conditions. Peak P-T conditions of granulites in Skallevikshalsen and 

Skallen yields P-T ranges of 800-950 °C and 6-11 kbar. The peak conditions of 

Austhovde are 790-860 °C and 7-9 kbar, which is consistent with the estimation 

obtained from the lithologies in Skallevikshalsen and Skallen. Peak P-T estimations of 

the granulites from Ongul show P-T ranges of 810-840 °C and 8.5-8.9 kbar. An 

interpretation of the results of GRIPS calculation is complicated. GRIPS mineralogy is 

preserved in garnet, which are coexisting with CMI (e.g., samples TS10122502D, 

B97122302F2, B97122708B, and TS11011504C). This study adopted zirconium in 

rutile geothermometer to rutile grains which are parts of GRIPS mineralogy. 

Temperature ranges of the result are 850-930 °C. If this study assumes that CMI is 

stable at prograde to peak stages, GRIPS and CMIs are probably stable at the 

temperature ranges of 850-930 °C. Peak 1 condition is thus defined by the combination 

of GRIPS geobarometery and zirconium in rutile geothermometer (850-930 °C and 

16.2-17.5 kbar). Similar Peak 1 conditions of 860-960 °C and 16.5-17.5 kbar were also 

obtained from Austhovde region. P-T ranges obtained by garnet-two-pyroxene 

geothermobarometry to the mineral pairs in the matrix are regarded as Peak 2 stage 

(820-900 °C and 6-11 kbar) of the Skallevikshalsen and Skallen. Peak 2 stage 

(780-870 °C and 7-9 kbar) is also defined from the Austhovde region. This study 

therefore defined two possible stages of the peak metamorphism from the examined 

samples. The P-T conditions of prograde stage are also discussed below. In Austhovde 

region, P-T range of 700-720 °C and 7-7.2 kbar by garnet-hornblende-quartz 

geobarometery, which is regarded as a prograde stage, due to occurrence of the 

hornblende within garnet. In Ongul region, P-T ranges of 700-710 °C and 8.9-9.1 kbar 
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are assumed as prograde P-T conditions. As the examined samples from the 

Skallevikshalsen and Skallen lack suitable mineral assemblages for prograde P-T 

estimation, this study could not determine P-T condition of prograde stage of the areas 

by conventional geothermobarometry. As discussed in Chapter 7, this study adopted 

mineral equilibrium modeling for the mafic granulites from Skallevikshalsen, 

Austhovde, and Ongul to discuss prograde P-T evolution.  
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Chapter. 7 Phase equilibrium modeling 

 

7.1. P-T pseudosection of mafic granulites 

 

This study applied mineral equilibrium modeling technique to estimate metamorphic 

P-T conditions of the stability of mineral assemblages in three mafic granulites (samples 

TS11010802, TS11011405A-2, and TS11020610I). For the phase equilibrium 

calculations, this study adopted THERMOCALC 3.33 software (Powell and Holland, 

1988, updated October 2009) based on an internally consistent dataset of Holland and 

Powell (1998; dataset tcds55s, file created November 2003). The computations using 

this software are based on the stable mineral assemblage and phase compositions for a 

given bulk composition at specified P-T conditions, and the results are used to construct 

rock-specific equilibrium assemblage diagrams (also called pseudosections). 

Calculations were performed in the system 

Na2O-CaO-K2O-FeO-MgO-Al2O3-SiO2-H2O-TiO2-Fe2O3 (NCKFMASHTO) (White 

et al., 2003, 2007). Because the examined samples contain considerable amounts of 

Fe-Ti oxide and un-negligible quantity of Fe2O3 in whole rock chemistry, this study 

adopted NCKFMASHTO or NCFMASHTO system for calculations. The phases 

considered in the modeling and the corresponding a-x models used are garnet, biotite, 

and melt (White et al., 2007), plagioclase (Holland and Powell, 2003), clinopyroxene 

(Green et al., 2007), amphibole (Diener et al., 2007), orthopyroxene, spinel, and 

magnetite (White et al., 2002), and ilmenite-hematite (White et al., 2000). Quartz, rutile 

and H2O are treated as pure end-member phases. For the analysis, a slab of relatively 

homogeneous part of the examined granulite used for thin-section preparation was used 

http://www.sciencedirect.com/science/article/pii/S167498711300056X#bib43
http://www.sciencedirect.com/science/article/pii/S167498711300056X#bib43
http://www.sciencedirect.com/science/article/pii/S167498711300056X#bib23
http://www.sciencedirect.com/science/article/pii/S167498711300056X#bib23
http://www.sciencedirect.com/science/article/pii/S167498711300056X#bib65
http://www.sciencedirect.com/science/article/pii/S167498711300056X#bib65
http://www.sciencedirect.com/science/article/pii/S167498711300056X#bib66
http://www.sciencedirect.com/science/article/pii/S167498711300056X#bib66
http://www.sciencedirect.com/science/article/pii/S167498711300056X#bib24
http://www.sciencedirect.com/science/article/pii/S167498711300056X#bib17
http://www.sciencedirect.com/science/article/pii/S167498711300056X#bib11
http://www.sciencedirect.com/science/article/pii/S167498711300056X#bib64
http://www.sciencedirect.com/science/article/pii/S167498711300056X#bib63
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for chemical analysis. Bulk rock compositions for the rocks were determined by X-ray 

fluorescence spectroscopy at Activation Laboratories, Canada. The chemical 

composition (in wt. %) of the samples are listed in Table 10. Mn is neglected in the 

modeling because the MnO content of these samples are low (<0.37 wt. %). The 

examined samples contain considerable amounts of P2O5, which is up to 0.7 wt. % as 

the examined samples contain minor apatite. As we neglect P2O5 from the system, the 

CaO content equivalent to apatite should be extracted from the calculation. The 

corrected CaO content is adopted for the pseudosection calculation.  

Sample TS11010802 contains garnet, clinopyroxene, quartz, plagioclase, 

orthopyroxene, biotite, calcic amphibole, ilmenite, and inferred melt. Garnet and 

clinopyroxene occurs as idioblastic to subidioblastic minerals. Quartz is only present in 

garnet, and absent in the matrix, which suggests that quartz is consumed by the progress 

of reactions 1 and 2. Orthopyroxene and plagioclase are not observed within the garnet, 

and occur as retrograde phases around garnet (fine-grained symplectite). Hornblende 

and biotite are observed both in the garnet and in the matrix. The minerals in the garnet 

are regarded as the relict of prograde stage, while the minerals in the matrix replace 

clinopyroxene and garnet or occur as symplectite, suggesting that they are products 

during retrograde stage. This study thus regards the mineral assemblage of garnet + 

clinopyroxene + quartz + ilmenite + inferred melt as the probable peak assemblage. Fig. 

20 shows a P-T pseudosection for the sample with the compositional factors for 

calculation listed in the figure. Water content of the rock in mole (M(H2O)) was fixed to 

be 1.0 mol.%. The stability field of the peak mineral assemblage of the rock plotted in 

the NCKFMASHTO pseudosection suggests a narrow P-T range of T > 920 °C and P 

>10 kbar (purple-colored area in Fig. 20) for the assemblage. The lower-temperature 
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stability limit of the assemblage is defined by the disappearance of biotite. The upper 

pressure stability limit of the assemblage is defined by the absence of rutile in the 

sample. Retrograde hornblende formed by reaction 1 is observed in the sample. The 

stability field of the retrograde hornblende is defined by the appearance of quartz and 

magnetite, because quartz is not present in the matrix, magnetite is not observed in the 

sample, and hornblende coexists with plagioclase and orthopyroxene. As the retrograde 

hornblende does not coexist with liquid phase, upper temperature stability limit of the 

assemblage is defined by the presence of liquid (pale-purple-colored area in Fig. 20). 

This study could not define the stability field of a prograde assemblage of garnet + 

hornblende + quartz + ilmenite + clinopyroxene + biotite (plagioclase and rutile free), 

because there is no stability field without plagioclase and rutile (Fig. 20). Stability field 

of the prograde mineralogy and P-T condition is discussed in Chapter 8.  

Sample TS11011405A-2 contains clinopyroxene, hornblende, plagioclase, quartz, 

and ilmenite in garnet. Magnetite and orthopyroxene are not observed in garnet. As 

biotite is accessory and the sample contains very low potassium in whole rock chemistry, 

this study adopted NCFMASHTO system for the modeling. This study regards prograde 

assemblage as garnet + clinopyroxene + hornblende + plagioclase + quartz + ilmenite. 

The stability field of the prograde assemblage is shown in Fig. 21 with pale-purple 

colored area. Upper pressure limit of the field is defined by the appearance line of rutile 

which is not observed in the sample. Lower-pressure limit of the area is defined by 

appearance of the magnetite. Matrix of the rock is characterized by medium- to 

coarse-grained garnet, clinopyroxene, orthopyroxene, plagioclase, and quartz. Ilmenite 

and magnetite also present in the matrix. Coarse-grained hornblende is not observed in 

the matrix. The mineral assemblage indicates that mineralogy of the peak stage is garnet 
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+ clinopyroxene + orthopyroxene + quartz + plagioclase + ilmenite + magnetite. This 

assemblage is shown in Fig. 21 with purple-colored area. The upper pressure limit of the 

field is defined by the disappearance line of orthopyroxene. Lower pressure limit of the 

area is defined by the disappearance of ilmenite which is likely to be a product of peak 

stage in the matrix. Lower temperature limit of the field is defined by the appearance of 

hornblende. Hornblende is not present as a relict of peak stage. The P-T range of the 

stability field is therefore defined as T > 790 °C and P > 7kbar (Fig. 21). This study also 

attempted to draw compositional isopleth (refer as z(g)) to further constrain P-T 

condition of the peak stage. Grossular content of the garnet rim is defined in the 

diagram (dashed lines in Fig. 21). The field defined by the isopleths might correspond to 

the constrained stability field of the peak mineralogy, because this study adopted the 

composition of the garnet (composition of rim) which is likely to be a product of the 

peak stage. The peak P-T range of the field is 870-990 °C and 9.3-10.6 kbar, which is 

consistent with the inferred peak conditions of the granulite terrain in the LHC (e.g., 

Yoshimura et al., 2004). The style of the P-T path of the sample is likely to be clockwise, 

because of the absence of magnetite and orthopyroxene in the garnet. Detailed 

discussion of P-T evolution is described in Chapter 8.           

This study also attempts to draw phase diagram for sample TS11020610I to discuss 

the P-T evolution of garnet amphibolite from Ongul. Garnet contains quartz, plagioclase, 

hornblende, biotite, ilmenite, and rutile. Quartz is only present in garnet, suggesting that 

the mineral might have been consumed during retrograde stage. Hornblende also occurs 

in garnet, which indicates that prograde assemblage includes hornblende + quartz. In the 

phase diagram (Fig. 22), stability field of the prograde mineralogy of garnet + 

clinopyroxene + quartz + hornblende + rutile + biotite is colored in purple. Prograde 
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P-T condition shows a wide range. Quartz is absent in a matrix, whereas magnetite and 

orthopyroxene, and coarse-grained hornblende and plagioclase are observed in a matrix. 

This study thus regards peak assemblage of the sample as garnet + clinopyroxene + 

magnetite + orthopyroxene + plagioclase + hornblende + biotite. Probable peak stability 

field is shown in Fig. 22 with pale-purple colored area. Upper pressure limit of the area 

is defined by the disappearance line of rutile and lower pressure limit is defined by the 

disappearance line of garnet. Upper temperature limit of the field is defined by the 

appearance line of liquid which is not observed in the matrix of sample. As magnetite is 

absent and quartz present only in the garnet, this sample is likely to have experienced 

clockwise P-T evolution. 

 

7.2. P-X pseudosections and the estimation of degree of partial melting 

 

7.2.1. P-X pseudosection of the garnet-clinopyroxene rock  

 

This study also constructed P-X pseudosection to estimate the degree of partial 

melting during prograde stage. As discussed in Chapter 5, this study selected two 

samples which are likely to have undergone partial melting (samples TS11010802 and 

TS11020610I). Sample TS11010802 was collected from Skallevikshalsen in the 

highest-grade region of the LHC, and sample TS11020610I was collected from Ongul in 

slightly lower-grade area. Sample TS11010802 is regarded as a restitic rock in 

composition, because it is characterized by low Si contents (SiO2= 39.6 wt. %), Fe- 

enriched whole rock chemistry (FeO= 21.3 wt. %), high modal abundance of mafic 

mineral (up to 90%), and occurrence of well-preserved CMI within garnet. A procedure 
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to estimate compositions of CMI are described in Chapter 5. This study attempted to 

mix the compositions of the bulk rock and CMI at various ratios to infer degree of 

partial melting at high-grade metamorphism. This study first drew P-X pseudosections 

(Pressure - X: mixing rate of CMI and bulk chemistry) at 700 °C to evaluate the 

stability field of the prograde mineralogy in the examined samples. Mixing ratio of 

Bulk: CMI = 85: 15 and Bulk: CMI = 100:0 in wt. % is fixed as end members of the X 

axis (Fig. 23). It should be noted that the presence of clinopyroxene-out line is located 

around ‘Melt 6.5%’ (bold-red line in Fig. 23). The stability field of quartz shifted toward 

lower pressure side as rate of melt increases (bold-black line in Fig. 23). At melt > 6.5%, 

diopside is not stable in the phase diagram, which is not consistent with the presence of 

diopside in the examined sample. This study thus assumes that maximum melt addition 

of the sample is melt = 6.5% (Bulk: Melt = 93.5:6.5%) which is corresponding to the 

amount of extracted melt from the system about 6.5-7%. If this study assumes the 

integrated melt composition, 6.5-7% amount of melt has been lost during partial melting 

(Fig. 23). Fig. 23 also defines the appearance of liquid (bold-orange line in Fig. 23) 

which suggests that increasing amount of melt induced the shift of solidus in the 

examined system toward lower temperature.  

 

7.2.2. P-X pseudosection of garnet amphibolite  

 

This study also constructed P-X pseudosection for the garnet amphibolite (sample 

TS11020610I) which contains abundant CMIs. Whole rock chemistry shows SiO2 

content of this sample is 44.9 wt. %, and plagioclase rich in modal ratio, if comparted to 

sample TS11010802. Bulk rock chemistry indicated that melt loss is likely to be low 



64 
 

compared to sample TS11010802. The result of modeling is shown in Fig. 24. This 

sample contains hornblende and quartz in porphyroblastic garnet, and coarse-grained 

clinopyroxene in the matrix, which implies that garnet + hornblende + quartz + 

clinopyroxene is a prograde assemblage, and the stability field of this assemblage is 

critical to determine the degree of melt loss. The stability field of the hornblende + 

quartz + clinopyroxene assemblage is defined by the disappearance lines of quartz 

(bold-black line in Fig. 24) and clinopyroxene (bold-red line in Fig. 24) and is colored 

in purple. In this sample, disappearance line of clinopyroxene might define maximum 

rate of melt addition, because clinopyroxene occurs both in matrix and in garnet. This 

study also calculated modal isopleth of clinopyroxene (<3%). The phase diagram shows 

modal isopleth of clinopyroxene=3% (labeled as Cpx=3%), which is almost consistent 

with maximum rate of melt addition = 4.5%. (dashed line in Fig. 24) in the system. This 

study thus assumes that the amount of extracted melt is about 4.5-5%. The phase 

diagram also characterized the appearance of liquid, which suggests amount of melt 

increasing caused decreasing of solidus temperature. This study thus succeeded to create 

the melt-bulk pseudosection to discuss the degree of the partial melting and stability 

field of the prograde mineralogy before melting.   

 

7.3. P-T pseudosection for integrated bulk composition  

 

Based on estimation of the degree of the melt loss by P-X pseudosections, this study 

adopted integrated bulk compositions for calculation of P-T pseudosection (Figs. 25 and 

27). Fig. 25 shows the P-T pseudosection for the bulk chemistry with bulk: 

melt=93.5:6.5% in Fig. 23 (sample TS11010802). Petrographic data indicated that 
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plagioclase is not observed in garnet, and rutile is not found in the sample, which 

suggest plagioclase is not stable at prograde to peak stage, and does not coexist with 

rutile. Thus, the prograde assemblage of the sample is regarded as garnet + 

clinopyroxene + quartz + ilmenite + hornblende + biotite, which is colored in purple in 

the phase diagram (Fig. 25). As melt coexists with garnet + clinopyroxene + quartz + 

ilmenite + hornblende + biotite, the stability field of melt-bearing assemblage might be  

liquid + garnet + clinopyroxene + quartz + ilmenite + hornblende + biotite, which is 

colored in pale purple in the figure. The line of liquid present defines the initiation of 

partial melting of the examined sample. According to the diagram, partial melting 

started at 770-780 °C and 9-9.3 kbar (Fig. 25). This study also calculated modal isopleth 

of liquid = 6.5% which is considered to have been extracted from the system as 

determined by P-X pseudosection. If this study assumes that amount of extracted melt is 

identical to the amount of melt generated in the system, melt loss might have occurred 

at P-T range of 820-830 °C and 9.3-10.3 kbar (Fig. 25). After melt extraction, this study 

adopted the pseudosection which does not consider the influence of melt (Fig. 26), 

because the peak mineralogy is characterized by anhydrous phases, suggesting restitic 

composition. Peak assemblage of garnet + clinopyroxene + quartz + ilmenite is colored 

in purple in Fig. 26. The stability field of the peak stage is defined by the disappearance 

of biotite and plagioclase, and appearance of rutile. Stability field of the peak 

assemblage is T > 910 °C and P >10.5 kbar. Retrograde stage is also defined in the 

diagram, which is colored in pale purple. The retrograde mineralogy is characterized by 

the absence of quartz and magnetite. Pale-purple-colored area in Fig. 26 is thus 

corresponds to the P-T field of the retrograde assemblage of garnet + clinopyroxene + 

orthopyroxene + ilmenite + hornblende + biotite. This study combined P-T conditions 
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obtained from the sample (after partial melting and before melt extraction), and inferred 

clockwise P-T evolution (Fig. 26). Dashed line of the P-T path represents the P-T 

evolution before partial melting. 

P-T pseudosection of sample TS1020610I for the bulk chemistry of melt=4.5% in 

the Fig. 24 (Fig. 27) shows quite different topology if compared to the P-T diagram of 

Fig. 28 which does not consider the melt composition. The inferred prograde 

mineralogy of garnet + clinopyroxene + hornblende + biotite + quartz + rutile + 

plagioclase (below solidus), is colored in purple area. As the area is too broad to discuss 

the precise prograde P-T condition, this study drew compositional isopleth of 

plagioclase (Xan=0.52-0.53) in the diagram. Plagioclase in the garnet is used for the 

isopleth calculations. At higher temperature than solidus, as quartz might be stable, a 

possible mineralogy with melt is quartz + liquid + garnet + clinopyroxene + hornblende 

+ biotite + rutile + plagioclase. The stability field of the mineralogy is colored in pale 

purple, which is also a broad area (Fig. 27). This study thus calculated modal isopleth of 

liquid=4.5% which is determined by P-X pseudosection in Fig. 27. Compositional 

isopleth of liquid (XFe =Fe/ (Fe + Mg) mole of liquid =0.61) is also calculated and shown 

in the figure. Composition of the liquid is determined based on the melt composition 

described in Table 8. If this study assume that amount of produced melt in the examined 

sample is identical to the amount of extracted melt, a cross point of the compositional 

isopleths and mode isopleth of the liquid possibly corresponds to the P-T condition of 

melt extraction. The P-T condition of melt extraction is therefore estimated as 750 °C 

and 15.2 kbar. This study further discusses the P-T evolution after melt extraction by 

phase diagram in Fig. 28 which does not consider the effect of melt loss (also 

correspond to the bulk chemistry after melt extraction). The peak mineralogy includes 
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magnetite and orthopyroxene which are observed in the matrix. This study assumes that 

peak mineralogy is garnet + orthopyroxene + clinopyroxene + magnetite + hornblende + 

plagioclase + biotite. The stability field of the peak assemblage is colored in pale purple 

(Fig. 28). To constrain peak P-T condition, this study adopted hornblende-plagioclase 

geothermometer (Holland and Blundy, 1994) for the mineral pairs in the matrix. The 

result of the temperature estimation is shown in the diagram (refer as T(HB)). The 

results suggest that style of P-T path of the sample is clockwise (Fig. 28). Dashed-line 

part of the P-T path represents a possible P-T evolution before partial melting.  
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Chapter 8. Discussion  

 

8.1. Mineralogy and P-T conditions of mafic granulite 

 

This chapter discusses petrographic data, inferred P-T conditions, and P-T paths of 

the mafic granulite collected from the LHC. Peak assemblages of the examined samples 

are categorized into the following assemblages (a) Grt + Cpx + Qtz + Ilm (samples 

TS11010704B, TS11010803A and TS11010802), (b) Grt + Cpx + Opx + Qtz + Pl + Ilm 

± Mag (samples TS10122604B and TS11011405A-2), (c) Grt + Cpx + Pl + Opx + Hbl + 

Ilm (samples TS10122506, TS11011601M, and TS11020610G-2), (d) Opx + Pl + Ilm + 

Hbl (sample B97122302F2) and (e) Grt + Opx + Cpx + Pl + Hbl + Bt + Ilm+ Mag 

(sample TS11020610I). Most of the peak assemblages include garnet and orthopyroxene, 

which suggests that the examined samples experienced granulite-facies metamorphism. 

This is consistent with previous studies that report widespread occurrences of 

orthopyroxene within mafic granulites (e.g., Osanai et al., 2004; Shiraishi and Yoshida, 

1987). Furthermore some peak assemblages (c and d) include hydrous phases 

(hornblende and biotite), while others do not, implying difference of peak P-T 

conditions among them. Mafic granulites examined in this study (e.g., samples 

TS11010802 and TS11020610I) are also characterized by several reaction textures:  (1) 

Grt +Hbl + Qtz →Opx + Pl + H2O, (2) Grt + Cpx + Qtz → Opx + Pl, and (3) Grt + Qtz 

→ Opx + Pl. Similar textures have been reported from granulite terrains worldwide (e.g., 

Osanai et al., 2004, 2006; Zhang et al., 2010; Saitoh et al., 2011; Koizumi et al., 2014). 

Previous reports inferred decompressional and clockwise P-T evolutions from the 

reaction textures. According to the experimental study of Green and Ringwood (1967), 

the following reaction takes place about 10 kbar at 900 °C. 

http://www.sciencedirect.com/science/article/pii/S1367912010003408#b0075
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Grs-Alm-Prp Grt + Qtz→Opx + An       (4)  

The reaction corresponds to reaction (3) of this study. Their experimental data 

demonstrated that reactions (2) and (4) take place in quartz tholeiite system by a 

decrease in pressure or an increase in temperature, leading to the consumption of garnet, 

clinopyroxene, and quartz, and formation of orthopyroxene + plagioclase assemblage at 

the lower-pressure (or higher-temperature) side of “disappearance of plagioclase” 

(Pl-out) curve of Green and Ringwood (1967) in Fig. 29 at P > 14 kbar at 900 °C or P > 

12 kbar at 800 °C. As fine-grained orthopyroxene and plagioclase were regarded as 

products in the examined samples (e.g., samples TS10122506 and TS11010802), this 

study assumes that the samples were involved by decompressed along a clockwise P-T 

path (e.g., Fig. 20).  

Green and Ringwood (1967) also discussed mineral assemblages of basaltic rocks 

based on experimental study, and they suggested plagioclase-free assemblage (garnet + 

clinopyroxene + quartz ± rutile) is formed under higher-pressure condition than 

plagioclase-bearing assemblage (garnet + two-pyroxene + plagioclase ± rutile ± 

ilmenite) (Pl-out line in Fig. 29). Fig. 29 shows plagioclase-out line (disappearance of 

plagioclase in the phase diagram) of the examined samples and the results of high P-T 

experiments of Green and Ringwood (1967). The results of this study demonstrated that 

the stability field of plagioclase strongly depends on samples, and should be evaluated 

by phase equilibrium modeling, implying that occurrence of plagioclase is not always a 

good indicator for quantitative evaluation of metamorphic pressure. For instance at 

750 °C, plagioclase in sample TS11010802 becomes unstable at 9 kbar (Fig. 29), 

whereas the mineral in sample TS11011405A-2 is stable up to 16 kbar at 750 °C. Based 

on phase equilibrium modeling, plagioclase-free assemblages (garnet + clinopyroxene + 

http://www.sciencedirect.com/science/article/pii/S1367912010003408#e0010
http://www.sciencedirect.com/science/article/pii/S1367912010003408#b0075
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quartz + ilmenite + hornblende + biotite) in sample TS11010802 from Skallevikshalsen, 

the assemblages is stable under relatively lower pressure of P = 8.5-9 kbar at 750 °C 

(Fig. 25). In contrast, this study shows that peak P condition of sample TS11020610I 

from Ongul is relatively high, P = 15.5 kbar, T = 750 °C (Fig. 26), of which peak 

assemblages is garnet + clinopyroxene + plagioclase + hornblende + biotite + rutile. 

Furthermore, occurrence of quartz seems to be an important factor to discuss 

metamorphic evolution. Quartz in some samples (samples TS11010802, TS11011601M, 

and TS11020610I) is present only in garnet but not in matrix, suggesting that the 

mineral might have been consumed by the progress of reactions (1), (2) and (3). Saitoh 

et al. (2011) reported high-pressure mafic granulite from Palghat-Cauvery-suture zone, 

Southern India, and described a similar reaction texture (reaction 2) and argued 

complete consumption of quartz by reaction (2) during decompression stage. This study 

thus assumes that the absence of quartz is a good indicator of decompression event as 

well as fine-grained symplectitic orthopyroxene and plagioclase. Furthermore, phase 

equilibrium modeling demonstrated that stability field of quartz in the examined 

samples varies depending on samples. For example, Fig. 21 (results of phase 

equilibrium modeling of sample TS11011405A-2 from Austhovde) shows that quartz is 

stable at all fields in the diagram, while quartz in sample TS11020610I from Ongul is 

only stable at P > 10 kbar (bold-black line in Fig. 22). This study thus infers that 

occurrence and stability field of quartz is critical to determine P-T evolution, and it is 

useful to adopt phase equilibrium modeling to determine the stability field of quartz. 

This study also discusses that occurrence of CMI within eleven mafic to ultramafic 

granulites from four exposures in the LHC (Skallevikshalsen, Skallen, Austhovde, and 

Ongul). CMI is dominant in core to mantle part of garnet, which suggests that CMI 
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might have been formed during prograde stage, garnet might have been crystalized 

under the presence of liquid, and garnet and CMI were regarded as in equilibrium. 

Widespread occurrence of CMI within pelitic to felsic granulites implies formation of 

CMI is not unique process in the granulites from the LHC. All CMIs are hosted in 

porphyroblastic garnet which always contains hydrous mineral (biotite and/or 

hornblende), suggesting that breakdown of these minerals are related to the formation of 

the CMI. Several authors argued that formation of anatectic melt during high-grade 

metamorphism is induced by the breakdown of hydrous mineral (e.g., Wolf and Wyllie, 

1994; White et al., 2007). Similar CMIs are reported from other high-grade terrains (e.g., 

Sri Lankan pelitic granulite by Hiroi et al. (2014) and South Indian pelitic and felsic 

granulite by Cesare et al. (2009)). The occurrence of the CMI preserved in our sample is 

very similar in size and shape to these reports. Cesare et al. (2009) reported CMI 

consisting of quartz, K-feldspar, biotite, and plagioclase. Hiroi et al. (2014) reported 

CMI which is comprised of quartz, K-feldspar, biotite, plagioclase, aluminosilicate, and 

orthopyroxene. However, mineralogy of CMI reported by previous study is more 

aluminous (e.g., occurrence of alminosilicate and muscovite) than CMI in mafic to 

ultramafic granulites presented in this study, suggesting that host rock of CMI 

controlled mineral assemblages and mineral chemistry of the CMI.  

Previous studies did not report CMI within metabasic rocks (mafic to ultramafic 

granulites) in detail because rare occurrence and very small size of the inclusions might 

have caused overlooking. It should be noted that CMI might be a direct evidence of the 

trace of partial melting of the host mafic to ultramafic granulites, although the examined 

samples show no evidence of migmatization.  
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8.2. P-T conditions and process of partial melting  

 

This study divided partial melting processes into three stages: (1) before melt 

generation (below solidus), (2) during melt generation and melt extraction and (3) after 

melt extraction. P-T conditions of the three stages are discussed below. 

 

8.2.1. Partial melting process before melt generation.  

 

  Fig. 30 shows the summary of P-T estimations and P-T paths of the examined two 

samples (TS11010802 from Skallevikshalsen and TS11020610I from Ongul). Solidus 

curves of the samples are similar each other. For example at P =10 kbar, difference of 

the two solidus curves is only 20-30 °C (Fig. 30). Wolf and Wyllie (1994) performed 

high P-T experiments in the system of amphibolite under 10 kbar at given temperatures, 

and suggested that melt generation initiated at 750 °C. Their experimental data is 

consistent with the results of this study, because solidus temperatures of the samples at 

10 kbar are 750-760 °C (Fig. 30). Results of this study also suggest that difference of 

bulk chemistry (Fig. 30) does not play a critical role to determine solidus of mafic 

rocks. 

 

8.2.2. Partial melting process during melt generation 

  

This study also discusses partial melting process such as mineral reaction and P-T 

conditions of melt extraction during melt generation. Fig. 25 demonstrates that P-T 

condition of melt extraction is about 820-830 °C and 9-10 kbar. According to the 
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experiment of dehydration process of amphibolite by Wolf and Wyllie (1994), following 

dehydration reaction takes places with increasing temperature (a); Hbl + Pl → Liquid + 

Cpx + Ca-Al-Hbl + Grt + Opx. López and Castro (2001) also argued dehydration 

reaction based on high-T experiment and concluded that formation of liquid phase takes 

place through reaction (b); Hbl +Pl → Liquid ± Ep ± Grt ± Cpx ± Opx + Liquid. 

hornblende + plagioclase are therefore key assemblage to confirm the presence of liquid 

phase in the two experiments. In contrast, this study demonstrated that progress of melt 

extraction took place within plagioclase-free field in the phase diagram (Fig. 25). These 

results therefore suggest that partial melting process under plagioclase-free condition is 

also possible. Fig. 31 is a detailed phase diagram of a part of Fig. 25 with modal 

isopleths of garnet, clinopyroxene, liquid, biotite, and hornblende. As shown in the 

figure, modal abundance of garnet, clinopyroxene, and liquid increase as temperature 

rises, whereas, modal abundance of hornblende and biotite decrease with increasing 

temperature. This implies that decomposition of hornblende and biotite produced liquid 

phase, garnet, and clinopyroxene, suggesting the progress of the following reaction (c); 

Hbl + Bt ± Qtz → Grt + Cpx + Liq. The results are different from the melting reactions 

discussed in the previous studies possibly because they did not take into account the 

effect of potassium-bearing phases (e.g., biotite and potassium feldspar). It is therefore 

inferred that potassium-bearing phases should be taken into consideration during 

evaluation of partial melting process, because liquid phase contains considerable 

amount of potassium (Table 8).  

    Fig. 30 shows that melt extraction of sample TS11020610I from Ongul took place 

at P-T condition of 750 °C and 15.2 kbar, which is higher in P and lower in T than the 

melt extraction stage in sample TS11010802 from Skallevikshalsen (Fig. 30). In the 
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case of this sample, plagioclase was stable during melt generation stage (Fig. 27). 

Occurrence of plagioclase suggests the progress of reactions (a), (b) and (c). Peak 

pressure which corresponds to the stage of melt extraction is estimated by 

compositional isopleth of liquid in pseudosection, which confirms phase equilibrium 

modeling is a useful tool for evaluating partial melting process.  

 

8.2.3. Mineralogy and P-T evolution after melt extraction  

 

Mineralogy and peak P-T conditions after melt extraction of these rocks are 

obviously different between the two samples. Garnet-clinopyroxene rock (sample 

TS11010802) from Skallevikshalsen might be a restitic rock with CMI in garnet. Peak 

P-T condition is T > 910 °C and P >10 kbar based on pseudosection analysis (Fig. 26). 

Mineralogy of the peak stage of the rock is characterized by a dry assemblage (garnet + 

clinopyroxene + quartz + ilmenite), which suggest that H2O derived by decomposition 

of hydrous phases within garnet was concentrated into melt, and then it might have been 

completely removed from the system by melt extraction. Previous studies of high P-T 

experiment on modeling of amphibolites (López and Castro, 2001) and CMIs (Bartoli et 

al., 2013) as well as the results of this study demonstrated that considerable amount of 

volatile is included in liquid phases (up to 10 wt. %). Thus, after melt extraction, restitic 

phases should have become anhydrous. In contrast, mineral assemblage of peak stage of 

garnet amphibolite (sample TS11020610I) from Ongul is garnet + orthopyroxene + 

plagioclase + hornblende + biotite + magnetite (Fig. 28). The peak P-T condition of the 

garnet amphibolite is low (800-820 °C and 7-8 kbar) if compared to that of sample 

TS11010802 (garnet-clinopyroxene rock) from Skallevikshalsen. Similar peak P-T 
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condition (800-830 °C and 8-8.5 kbar) is obtained for intermediate granulite from Ongul 

where sample TS11020610I was collected, which suggests peak T condition of Ongul 

region is about 810-830 °C. Based on phase equilibrium modeling and estimation of 

peak P-T condition, the shape of P-T path after melt extraction of the sample is almost 

parallel to hornblende-out line (Fig. 28). This suggests that the Hbl-out line might have 

buffered pressure and temperature, and prevented decomposition of hornblende. Thus, 

sample TS11020610I preserve hornblende and biotite in the matrix as products of peak 

stage.  

 

8.3. P-T paths of the examined areas 

 

This study adopted P-T pseudosection and P-X pseudosection to evaluate partial 

melting processes. The results show partial melting of the examined samples 

significantly affected mineralogy, stability field of minerals, and P-T conditions of the 

rocks. In the case of sample TS11010802 from Skallevikshalsen, the bulk composition 

without addition of melt composition could not account for the stability field of the 

prograde mineralogy assemblage (Fig. 20). In contrast, pseudosection for integrated 

bulk composition could calculate the prograde P-T condition, P-T condition of initiation 

of partial melting, and P-T condition of melt extraction (Fig. 30). P-T path and peak P-T 

condition obtained from the phase equilibrium modeling of the sample is well consistent 

with the P-T estimation by conventional geothermobarometry and previous P-T 

estimations from the area (Kawakami et al., 2004; Yoshimura et al., 2004) (Figs. 17 and 

32). Although, higher-pressure conditions (4-5 kbar) were obtained from another 

samples (TS10122502D, B97122302F2 and B97122708B) collected from the same 
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exposures as sample TS11010802 (Figs. 3 and 4), this study could not obtain such a 

high-pressure condition from sample TS11010802 because bulk chemistry might have 

buffered high P condition, and this sample does not record high P condition. Previous 

studies did not reported evidence of high P metamorphism from the region (e.g., garnet 

+ kyanite + K-feldspar, jadeite-rich clinopyroxene, and magnesian staurloite), although 

this study and previous reports confirmed the occurrence of kyanite within 

porphyroblastic mineral (e.g., garnet and plagioclase), suggesting that the region 

experienced medium P type (P~12 kbar) metamorphism (Barovian type metamorphism). 

On the other hand, some previous petrological investigations around Lützow-Holm Bay 

suggested that the trace of high P metamorphism (e.g., Yoshida., 1978; Hiroi et al., 

1991; Kawasaki et al., 2011) as discussed below. Yoshida. (1978) reported high P 

condition (P ~13.5 kbar) from charnockitic gneiss collected from Lützow-Holm Bay 

region, based on combination of several geothermobarometry and experimental data.  

Hiroi et al. (1991) also suggested that metamorphism of the LHC is not identical to the 

medium-pressure type (Barrovian type) and the LHC might have been involved 

prograde high-pressure metamorphism. Kawasaki et al. (2011) reported high-pressure 

condition of P > 15 kbar around 1000 °C from Rundvågshetta situated on the thermal 

axis determined based on high P-T experimental study (Kawasaki and Motoyoshi, 

2006), and occurrence of kyanite within garnet. This study thus regards such high P 

condition (P~ 15kbar) as appropriate, and characterized regional metamorphism around 

Lützow-Holm Bay region. Furthermore, Yoshida et al. (1976) argued there are no 

obvious structural boundary (major thrust and/or fault zone) in the exposure, implying 

that all the lithologies in the area undergone similar metamorphic evolution.  

In the case of sample TS11020610I from Ongul, if the melt composition is not 
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considered, decompressional P-T evolution has been inferred (Fig. 22). If this study 

adopted integrated-bulk chemistry for phase equilibrium modeling, this study could 

determine the prograde P-T condition and the P-T condition of melt extraction (Fig. 28). 

Thus it is meaningful to take into consideration the effect of partial melting to discuss 

metamorphic evolution, even if the amount of melt extraction is small. Fig. 19 also 

shows the results of P-T estimation by conventional geothermobarometry (e.g., 

garnet-orthopyroxene geothermobarometer and 

garnet-aluminosilicate-plagioclase-quartz geobarometer) for samples from Ongul (same 

exposure as the garnet amphibolite for phase equilibrium modeling). A prograde P-T 

estimation by isopleth of plagioclase in the phase diagram (Fig. 27) is well consistent 

with the result of garnet-hornblende-plagioclase-quartz geobarometery applying to the 

mineral assemblage presenting as inclusions in garnet (Figs. 18 and 27). Peak-pressure 

condition determined by compositional isopleth and modal isopleth of liquid is slightly 

higher (about 1 -1.5 kbar) but nearly consistent (Figs. 19 and 27). This study thus 

assume the region experienced high P metamorphism (P~14-15 kbar) along a clockwise 

P-T path. 

P-T trajectory of Austhovde is also constrained by conventional 

geothermobarometry and pseudosection analysis. The results are shown in Figs. 18 and 

21, suggesting that the region might have experienced clockwise P-T path. Peak P-T 

condition of felsic granulite (830-860 °C and 8-8.5 kbar, sample TS11011407D) is 

consistent with the result of phase equilibrium modeling (Fig. 18). Prograde pressure 

condition obtained by garnet-aluminosilicate-plagioclase-quartz geobarometery to the 

felsic granulite (sample TS11011702G) is also consistent with the P-T trajectory 

obtained from mafic granulite (Fig. 18). These results suggest that the mafic granulite 
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and felsic granulite might have experienced similar metamorphic evolution. GRIPS 

geobarometery indicates higher-pressure condition than the estimated P-T path (Fig. 18). 

The high P condition is only obtained from one sample (sample TS11011504C), but it 

does not contain the diagnostic mineralogy of high P metamorphism (e.g., garnet + 

kyanite + K-feldspar and magnesia staurolite) like Skallevikshalsen, although the 

sample contains kyanite within garnet. The occurrence of kyanite is similar to the 

samples from Skallevikshalsen (e.g., sample TS10122502D). As style of the P-T paths, 

P-T conditions (Fig. 17), and occurrence of aluminosilicate of the Austhovde region 

(Fig. 10-u) are consistent with those of Skallevikshalsen (Figs. 10-l and 18), this study 

considers that Austhovde and Skallevikshalsen regions experienced similar P-T 

evolution, although relationships between medium P type metamorphism determined by 

pseudosection and geothermobarometry and high P condition obtained by GRIPS 

geobarometery is still unclear. Further petrological study related to P-T conditions and 

P-T paths is required. Some authors suggested that the LHC was involved high P 

metamorphism (P >13.5 kbar, e.g., Yoshida., 1978; Kawasaki et al., 2011), while several 

authors inferred that peak P conditions are below 12 kbar (e.g., Kawakami et al., 2004; 

Tsunogae et al., 2014). Kawasaki et al. (2011) proposed a series of P-T path (from P > 

15 kbar to UHT condition), which imply that high P metamorphism is prior to the 

medium P and high T metamorphism along a clockwise P-T evolution. This study 

further confirmed that the evidence of high P metamorphism from three exposures 

(Skallevikshalsen, Austhovde, and Ongul). The results of this study further imply that 

the LHC underwent regional high P and high T metamorphism. 
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9. Conclusion  

 

(1)    CMIs were found from 10 mafic granulite samples which show variation of 

mineral assemblages such as garnet + clinopyroxene + quartz + ilmenite and garnet 

+ quartz + plagioclase + clinopyroxene + hornblende + biotite ± rutile. These rocks 

preserve several decompression textures such as Grt + Cpx/Hbl + Qtz → Opx + Pl ± 

H2O and Grt + Qtz → Opx + Pl probably formed by clockwise P-T evolution. The 

CMIs are 50 to 200 μm in size, preserved only in porphyroblastic garnet, and mainly 

consist of quartz, biotite, K-feldspar, and plagioclase.  

(2)    Two samples of mafic granulite with abundant CMIs; Type A (sample 

TS11010802) from Skallevikshalsen in the highest-grade region of the LHC, and 

Type B (sample TS11020610I) from Ongul in slightly lower-grade area were 

selected for detailed pseudosection analysis. The inferred melt composition based on 

modal abundance and composition of minerals in CMIs suggest generation of 

potassium-rich and andesitic to dacitic melts probably by dehydration melting of 

hornblende and biotite which often occur as inclusions in garnet. The maximum 

degree of melt extraction has been estimated based on pseudosection analysis as 

about 6.5 % (Type A) and 4.5 % (Type B). As the degree of partial melting increases, 

the stability field of quartz expands toward lower pressure, clinopyroxene becomes 

unstable, and liquid becomes more stable. The phase equilibria modeling also 

suggests that the melt extraction probably took place during the prograde stage. 

(3)    This study subsequently adopted integrated bulk compositions calculated using 

melt composition and the degree of melt extraction, and inferred P-T conditions of 

melt extraction stage at 820-830 °C and 9-10 kbar (Type A) and about 750 °C and 



80 
 

15.5 kbar (Type B). The estimated solidus temperatures of the samples are 750 °C 

and 780 °C, respectively, at 10 kbar, which are consistent with previous estimations 

of high P-T experiments. The estimated peak P-T condition (>920 °C) and P-T path 

(clockwise) of Type A are well consistent with the results of previous studies of 

Skallevikshalsen, while the peak pressure condition of Type B (15.5 kbar) is slightly 

higher (1-1.5 kbar) than that obtained from pelitic granulite in Ongul but nearly 

consistent. This study successfully traced the evidence of prograde partial melting 

and melt extraction in mafic granulites from the LHC, and determined prograde and 

peak P-T conditions based on pseudosection approach using integrated bulk 

compositions, which confirmed that the influence of partial melting should be taken 

into consideration for evaluation of high-grade metamorphism.  
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Table 1. Mineral name abbreviations 

 

Mineral     abbreviations 

Amp       amphibole 

Ap         apatite 

Bt         biotite 

Cal        calcite 

Grt        garnet 

Ilm        Ilmenite 

Kfs        alkali feldspar 

Opq       opaque mineral 

Opx       orthopyroxene 

Pl         plagioclase 

Qtz        quartz 

Rt         rutile 

Scp        scapolite 

Sil         sillmanite 

Sph        sphene 

Spl         spinel 

Zr          zircon 
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Grt Sil Kfs Pl Qtz Bt Spl Rock type Locality
10 15% 5-15% 5-15% <5 25-35% <1 5 Ilm, Rt Austhovde

15-25% 10-15%　 20-30% 5-15% 15-20% 2 〃

15-20% 25-35% 10-20% <2% 10-20% 6 〃

10-15% 10-15% 10-15% 10-20% 20-30% 5-10% 5 〃

3-5% 40-45% 3-5% 10-20% 8 〃

3-5% 20-30% 10-15% 15-25% 10-20% 6 〃

10-20% 10-20% 25-30% 5-15% 5-15% 5 〃

10-20% 5-15% 15-25% 15-25% 5-15% 5-15% 2 〃

20-30% 10-15% 30-40% <5% 4 〃

30-35% 5-10% 10-15% 5-10% 15-25% 5-15% 5 〃

40-45% 0-10% <2% 5-15% 25-30% 2 〃

15-20% 30-35% <2 10-15% 5-10% <1 2 〃

20-25% 5-10% 25-30% 5-10% <1% 40-50% 10-15% 7 〃

10-15% 25-35% <5% 25-35% 5-10% 2 〃

20-25% 25-35% 5-15% 10-15% <5% 6 〃

Spn(<5) 8 〃

Sample

TS11011401N

TS11011405D

TS11011601C

Accessory
TS11011401A

TS11011401K3 Opq, Zr

Opq, Zr

TS11011402A Opq

TS11011404B Crn(3-5%)

Opq

TS11011502A Opq

TS11011502D Opq, Ap, Zr

Opq, Bt

TS11011504A Qtz, Rt

TS11011504C Qtz,Rt,Spl,Ky

TS11011503C

TS11011601G Opq

7: Amphibolite, 8: Others

TS11011601J Opx, Pl, Bt

TS11011601K

Table 2. Approximate abundance of minerals from the studied area

Rock type, 1:Grt-Cpx rock, 2:Grt-mafic granulite, 3:Mafic granulite, 4: Ultra-mafic granulite, 5: Grt-Sil gneiss 6. Grt-Bt gneiss, 
Cpx(10-15%) Scp(60-70%)

TS11011601I Opq

Opq, Ap

 

Grt Cpx Opx Pl Qtz Amp Bt Rock type Locality
20-25% 15-20% 10-20% <1% 5-15% 3 Austhovde

20-30% 15-25%　 10-15% 10-15%　 3 〃

15-25% <5 25-35% 15-25% >2% 3 〃

<1% 5-15% 20-30% 10-15% 5-10% 10-15% 3 〃

5-15% 10-20% 5-15% 5-15% 10-15% 10-20% 6 〃

10-15% 5-10% 10-15% 20-25% 20-25% 10-15% <2% 2 〃

<2% 10-15% 5-10% 5-15% 5-15% 5-15% 5-15% 2 〃

90-95% <2% 8 〃

10-15% 30-40% 25-35% 20-30% >5 3 〃

15-25% <5 20-30% <1% 20-25% 3 〃

15-20% 10-15%　 5-10% 15-20% <1% 5-15% 2 Austhovde

10-15% 15-25%　 15-25%　 <1% 10-20% 0-5% 3 〃

20-25% 20-25% 5-10% 15-25% 2-5% 3 〃

10-15% 5-10% 10-15% 25-35% 0-5% 8 〃

Table 2. Continued

Sample Accesory
TS11011401E Opq, Zr

TS11011401G Opq

TS11011401F Bt

TS11011401I  Ap, Ilm

TS11011407B Opq

TS11011503B Opq

TS11011504D Opq (5-15%), Ap, Zr

TS11011505D Amp, Bt

TS11011601D Bt

TS110111701B Opq

TS11011601N Opq, Zr

TS11011701C Bt

TS11011701E2 Opq

TS11011702C  Ap, Ilm

Rock type, 1:Grt-Cpx rock, 2:Grt-mafic granulite, 3:Mafic granulite, 4: Ultra-mafic granulite, 5: Grt-Sil gneiss 6. Grt-Bt gneiss, 
7: Amphibolite, 8: Others  
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Grt Sil Kfs Pl Qtz Bt Spl Rock type Locality
8 Austhovde

Spn(<5) 8 〃

10-15%　 20-25% 10-20% 5-10% 8 〃

15-20% 10-15% 25-35% <1% 10-20% 5-10% 5 〃

15-20% 10-15% 35-45% <1% <1% 5-10% 5 〃

5-15% 20-30% 30-40% 5-10% 0-5% 6 〃

5-10% 25-30% 10-15% 20-25% 5-10% 0-5% 6 〃

5-15% 45-50% <1% 5-10% 5-10% 0-5% 2 〃

15-25% 10-15% 30-40% 5-10% 10-15% 5-15% 4 〃

5-15% 5-10% 15-25% 25-35% 0-10% 2-5% 2-5% 5 〃

40-45% 20-25% 15-20% 35-45% 0-5% 2 〃

15-20% 10-15% 15-20% 5-15% <1% 5-10% 10-15% 5 〃

15-25% 10-15% 10-15% 5-10% 0-5% 10-15% 10-15% 7 〃

5-10% 15-20% 10-15% 25-30% 5-10% 5-10% 6 〃

5-10% 10-15% 20-30% 20-30% <1% 5-10% 10-15% 5 〃

10-15% 0-5% 25-35% <1% 25-35% 5 〃

25% 2-3% 75-85% 8

Table 2. Continued

TS11011702G Pl, Kfs, Ky 

Rock type, 1:Grt-Cpx rock, 2:Grt-mafic granulite, 3:Mafic granulite, 4: Ultra-mafic granulite, 5: Grt-Sil gneiss 6. Grt-Bt gneiss, 
7: Amphibolite, 8: Others

Sample Accessory
Scp(5-10%)

Cpx(5-10%) Scp(70-80%)

TS11011702F

TS11011702B2 Opq

Opq

TS11011702E Opq

TS11011702B

TS11011702A Opq, Ap

TS11011701F

TS11011701D

TS11011607B Spl

TS11011607A Opq, Ap, Zr

TS11011605A Opq

TS11011604C Opq

TS11011604B

TS11011604A Opq

TS11011603 Opx,Hbl, Opq

TS11011601L

TS11011602A

Cpx(75-80%)

 

Grt Cpx Opx Pl Qtz Amp Bt Rock type Locality
20-25% 35-45% 15-20% 2

85-90% 15-25%　 5-7%　 4 〃

25-35% 25-35% 2-4% 5-10% 5-10% 3 〃

5-15% 5-15% 8 〃

5-10% 5-10% 3-5% 8 〃

30-35% 20-25% 10-15% 10-15% 4 〃

25-30% 20-25% 15-25%　 2-5% 3 〃

Grt Sil Kfs Pl Qtz Bt Spl Rock type Locality
5-7% 3-5% 20-25% 5-10% 10-15% <1% <1% 5

10-15% 45-55% 5-10% 5-10% 3-5% 8 〃

20-25% 10-15%　 10-15%　 5-7% 5-7% 5-7% 6 〃

20-25% 5-7% 30-35% 2-3% 10-15%　 2-3% 5 〃

25-30% 10-15% 10-15% 15-20% 10-15% 6 〃

Rock type, 1:Grt-Cpx rock, 2:Grt-mafic granulite, 3:Mafic granulite, 4: Ultra-mafic granulite, 5: Grt-Sil gneiss 6. Grt-Bt gneiss, 
7: Amphibolite, 8: Charnockite,  9: Others

Table 2. Continued

Skalleviks
halsen

Skalleviks
halsen

TS11010903B

TS11010804

TS11010903A Rt

TS10122806B2 Opx

TS10122601E Opq (5-15%), Ap, Zr

Sample Accessory
TS10122806B

TS10122501K2 Scp(60-65%)

TS10122601C Opq

TS10122401F Opq

TS10122501K1 Scp(50-60%)

Sample Accesory
TS10122401C Opq, Zr

TS10122401D Opｘ
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Grt Sil Kfs Pl Qtz Bt Spl Rock type Locality
50-55% 5-10% 10-15% 2-5% 8

15-20% 20-25%　 <1% 10-15% 5-10% 6 〃

20-25% 10-15%　 10-15%　 15-25% 10-15%　 6 〃

20-25% 20-30% 10-15%　 15-20% 5-10% 6 〃

15-25% 15-20% 15-20% 15-20% 2-3% 5 〃

25-35% 5-7% 30-45% 30-40% 5-7% 3-5% 6 〃

25-30% 5-7% 35-40% 5-10% <1% 5-7% Opx(2-3) 6 〃

20-25% 10-15% 15-20% 10-15% 5-10% 0-5% 2 〃

35-40% 5-10% 25-30% <1% 10-15% <1% 4 〃

20-25% 5-10% 30-35% 10-15% <1% 2-5% 5 〃

10-15% 20-30% 5-7% 20-30% 5-7% 9 〃

15-20% 25-35% 25-30% <1% 3-5% 5-7% 9 〃

5-10% 10-15% 15-20% 10-15% 7-10% 2-5% 9 〃

3-5% 40-45% 5-10% 20-30% 1-3% 6 〃

10-15% 10-15% 30-35% 20-25% <1% 5-10% 10-15% 8 〃

5-10% 0-5% 20-25% 10-15% 25-30% 5-7% 8 〃

Skalleviks
halsen

Table 2. Continued

Accessory
TS10122401A Opx

TS10122502B2

Sample

Crd(10-15%)

TS10122502C

TS10122502C-2 Opq

TS10122502D Opx(5-10%), Ky

TS10122502G Rt,Qtz

TS10122503E Opq

TS10122504B Opq, Ap, Zr,Rt

TS10122505B Rt, Spl

TS10122505B-2 Rt

TS10122505C Rt

TS10122601H Opq, Ap

TS10122604H Opq

TS10122604F2 Opq

Opx(3-5%)
Rock type, 1:Grt-Cpx rock, 2:Grt-mafic granulite, 3:Mafic granulite, 4: Ultra-mafic granulite, 5: Grt-Sil gneiss 6. Grt-Bt gneiss, 

TS10122702C1 Opx(5-7%)

7: Amphibolite, 8: Charnockite,  9: Others

TS10122702C2

 

Grt Sil Kfs Pl Qtz Bt Spl Rock type Locality
5-7% 25-30% 15-20% 30-35% 3-5% 6 Ongul

5-10% 35-45% 10-15% 30-35% 3-5% <1% 6 〃

15-20% 5-10%　 15-20%　 20-25% 10-15%　 5-7% 6 〃

10-15% 7-10%　 10-15% 10-15% 20-25% 7-10%　 6 〃

35-40% 5-7% 10-15% 10-15% 15-20% 7-10%　 6 〃

30-35% 5-7% 35-40% 10-15% 15-20% 3-5% Rt (2-4%) 8 〃

15-25% 10-15% 35-40% 5-10% 5-10% 5

20-25% 5-10% 15-20% 5-10% 15-20% 15-20% 4 〃

25-30% 15-25% 10-15% 10-15% 10-15% 6 〃

20-25% 5-10% 15-20% 25-30% Opx (5-7%) 8 〃

5-10% 30-35% 20-25% 10-15% 3-5% Opx (2-3%) 9 〃

15-20% 30-35% 10-15% 15-20% 5-7% 6 〃

20-25% 25-35% 15-20% 10-15% 8 〃

15-20% 10-15% 5-10% 35-45% 1-3% 6 〃

40-45% 15-20% 5-10% 20-25% 2-3% 6

15-20% 35-40% 15-20% 2-3% 5-7% 8

7: Amphibolite, 8: Others

Qtz

Table 2. Continued

TS11020602B

TS11020602C

Sample Accessory
TS11020602A

TS11020604B Rt (2-3%)

TS11020607B Rt (3-5%)、Opq

TS11020608B Opｘ、Ilm (5-7%)

TS10122502A1 Opq, Ap, Pl, Bt

TS10122502H Opq

TS10122502E Rt, Spl

TS10122502I Bt, Rt

TS10122504B

Skalleviks
halsen

TS10122601D

TS10122503B Opq, Ap

Opq, Bt

Opq

TS10122601J

TS10122601F2 Opq

TS10122601G Opq,

Rock type, 1:Grt-Cpx rock, 2:Grt-mafic granulite, 3:Mafic granulite, 4: Ultra-mafic granulite, 5: Grt-Sil gneiss 6. Grt-Bt gneiss, 
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Grt Cpx Opx Pl Qtz Amp Bt Rock type Locality
30-35% 5-7%　 20-25% 10-15% 5-7%　 2 Ongul

30-35% 15-25%　 5-10% 10-15% 7-10%　 2 〃

15-20%　 35-45% 10-15% 5-7%　 3 〃

50-55% 5-10%　 5-10%　 5-10%　 5-15% 5-15% 2 〃

7-10%　 5-10% 5-10%　 25-30%　 15-20%　 10-15% 2 〃

30-35% 45-55% 5-10%　 10-15% 4 〃

3-5% 25-30% 20-25% 10-15% 25-30% 3-5% 8 〃

10-15% 5-10%　 8

20-25% 10-15% 15-20%　 15-20%　 10-15% 2 〃

5-10% 40-45% 30-35% <1% 3 〃

10-15% 8 〃

5-10% 5-10% 70-75% 7 〃

5-10% 10-15% 20-25% 25-30% 7 〃

25-30% 10-15% 20-25% 20-25% 2-3% 2 〃

15-20%　 15-20%　 10-15% 20-25% 20-30% 5-10% 8 〃

5-10% 20-25% 10-15% 15-20%　 5-10% 8 Kfs(5-10%)

Table 2. Continued

Sample Accesory
TS11020603C Opq, Zr, Qtz

TS11020605 Opq (5-7%), Cpx, Qtz

TS11020606A Ilm (7-10%　)

TS11020604A Opq (10-15%)

TS110206010C Cpx, Opx

TS11020610E Opq

TS11020611D Kfs(15-20%)

Sph (5-10%) Skalleviks
halsen

TS10122502F Cpx, Rt, Opq

Scp (60-70%)TS1122501K2

TS10122503C Opq, Qtz

Sph

TS10122601I Kfs (5-10%)

TS10122601B

Scp (75-85%)

TS10122601N Opq, Cpx

TS10122601A

Opx, Bt,  Scp

7: Amphibolite, 8: Others

TS10122602B
Rock type, 1:Grt-Cpx rock, 2:Grt-mafic granulite, 3:Mafic granulite, 4: Ultra-mafic granulite, 5: Grt-Sil gneiss 6. Grt-Bt gneiss, 

TS10122602A Opq, Rt

 

Grt Cpx Opx Pl Qtz Amp Bt Rock type Locality
20-25% 15-20%　 10-15% 15-20%　 3-5% 3

15-20%　 3-5%　 10-15% 25-35%　 5-10%　 2 〃

40-45% 10-15% 3-5% 10-15% 10-15% 5-7%　 1 〃

40-45% 5-10%　 10-15% 5-10%　 10-15% 5-15% 8 〃

15-25%　 15-25% 5-10%　 30-35%　 2 〃

40-45% 5-10%　 30-35%　 8 〃

5-10%　 10-15% 10-15% 40-45%　 5-7%　 3 Austhovde

7-10% 10-15% 10-15% 20-25% 20-25% 2 〃

2-3% 10-15% 15-20%　 15-20%　 10-15% 10-15% 7-10% 2 〃

90-95% 2-3% 3 〃

5-10%　 10-15% 20-30% 15-25%　 8 〃

5-10% 3-5%　 10-15% 5-10% 10-15% 8 〃

50-60% 7 〃

20-25% 2-3%　 2 〃

25-35% 50-55%　 8 〃

10-15% 10-15% 15-25% 20-25% 10-15% 5-10% 2

7: Amphibolite, 8: Others

TS11011606A Opq, Hbl, Bt

TS11011702D

TS11011605B Sph (3-5%)

Rock type, 1:Grt-Cpx rock, 2:Grt-mafic granulite, 3:Mafic granulite, 4: Ultra-mafic granulite, 5: Grt-Sil gneiss 6. Grt-Bt gneiss, 

TS11011602D Sph (2-3%)

TS11011601H Kfs (40-45%)

TS11011504E Opq

TS11011504C Opq

TS11011503A Opq

TS11011501A

TS11011407E Opq

TS11010902 Opq

TS11010901 Kfs (20-25%　)

TS11010602D Opq

TS10122604I Opq (5-7%)

TS10122604G1 Opq, Grt、Kfs(5-7%) Skalleviks
halsen

Table 2. Continued

Sample Accesory

Scp (10-15%)

Scp (25-35%)

Scp (55-60%)

Opq (5-7%)

TS11011601B Sph

 

 

 



143 
 

Grt Sil Kfs Pl Qtz Bt Spl Rock type Locality
45-50% 15-20%　 5-10% 10-15% 6

35-40% 10-15% 15-20%　 10-15% 5-7% 6 〃

10-15% 15-20%　 20-25%　 15-20%　 8 〃

45-55% 3-5% 15-20%　 Opx (5-10%) 6 〃

30-35% 3-5% 5-7% 6 〃

5-7% 5-7% 65-75% 10-15% 15-20% 3-5% 8 Austhovde

Grt Cpx Opx Pl Qtz Amp Kfs Rock type Locality
3-5% 3-5% 20-25% 10-15% 5-7% 60-65% karamete

3-5% 5-7%　 15-25% 55-60% 〃

2-4% 2-4% 4-5% 10-15% 2-3% 60-65% 〃

2-4% 2-4% 10-15% 5-15% 〃

2-4% 5-7% 10-15% 3-5% 45-55% 〃

3-5% 2-4% 10-15% 5-10% 50-55% 〃

5-7% 10-15% 10-15% 55-60% 〃

3-5% 90-95% <2% 20-15% 7-10%　 40-45% 〃

7: Amphibolite, 8: Others

Skalleviks
halsen

TS11011208 Opx, Cpx, Pl
Rock type, 1:Grt-Cpx rock, 2:Grt-mafic granulite, 3:Mafic granulite, 4: Ultra-mafic granulite, 5: Grt-Sil gneiss 6. Grt-Bt gneiss, 

TS11011206B Opq, Pl

TS11011207 Pl, Zr

TS11011206A

TS11011205B Grt, Amp, Pl

TS11011204B Opq、Pl

TS11011204A Grt, Pl

Sample Accesory
TS11011201A Opq, Zr、Pl

TS11011502C Pl

TS11010903C Spl, Opq

TS10122604K Grt

TS10122604A Opx (10-15%)

TS10122603B Opq

TS10122603A
Sample Accessory

Table 2. Continued

 

Grt Cpx Opx Pl Qtz Amp Bt Rock type Locality
70-75% 10-15%　 　5-10 % 1

5-15% 10 20% 0-10% 35- 45% 15 20% 10-20% 2 〃

10-20% 5-15% 10-20% 25-35% 10-20% 0 10 % 2 〃

10-20% 10-20% 10-20% 10-20% 10-20% 10-20% 2 〃

45-55% 0-10% 15-25% 0-10% 6 〃

20-30% 10-20% 5-15% 10-20% 5-15% 3 〃

20-30% 20-30% 5-15% 10-20% 2 〃

10-20% 0-10% 15-25% 30-40% 2 〃

10-20% 15-25% 10-20% 10-20% 10-20% 0-10% 2 〃

30-40% 15-25% 5-15% 5-15% 2 〃

10-20% 10-20% 10-20% 5-15% 10-15% 3 〃

15-25% 0-10% 5-15% 20-30% 10-20% 0-10% 2 〃

45-55% 10-20% 5-15% 3 〃

30-40% 40-50% 0-10% 1 〃

50-60% 20-30% 0-10% 1 〃

20-25% 50-60% 5-10% 1 〃

Qtz, Rt, Ilm, Mt, Cpx

Opq

Opq

Accesory

Bt

 Bt Opq

Hbl

Table 2. Continued

Skalleviksha
lsen

Opq

TS10122503D

Sample
TS10122405B

TS10122503B

Scp

Opq, Zr

Hbl, Bt, Ilm

Grt, Opq

Opq

Pl, Opq

Hbl, Opq

TS10122506

TS10122601G

TS10122602A

TS10122604B

TS10122604G

TS10122604I

Opq

TS10122601K

TS10122601L

TS10122601N

TS11010704B

Rock type, 1:Grt-Cpx rock, 2:Grt-mafic granulite, 3:Mafic granulite, 4: Ultra-mafic granulite, 5: Grt-Sil gneiss 6. Grt-Bt gneiss, 7: Others

TS10122702B

TS11010704A

TS11010704A3
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Grt Cpx Opx Pl Qtz Amp Bt Rock type Locality
0-10% 0-10%　 65-75%　 6

55-65% 15-25% 0-5% 0-5% 0-5% 1 〃

25-35% 40-50% 1 〃

40-50% 30-40% 0-10% 1 〃

40-50% 30-40% 1 〃

50-60% 20-30% 5-15% 1 〃

0-10% 5-15% 5-15% 5-15% 15-25% 10-20% 2 〃

30-40% 0-10% 15-25% 5-15% 0-10% 10-20% 2 〃

55-65% 0-10% 0-10% 2 Austhovde

10-15% 0-10% 10-20% 30-40% 0-10% 2 〃

20-30% 15-20% 10-15% 10-15% 10-20% 2 〃

10-15% 20-30% 25-35% 10-15% 2 〃

5-15% 5-10% 10-15% 10-15% 25-35% 2 〃

5-10% 10-15% 10-15% 35-45% 5-15% 7 〃

55-65% 0-10% 15-25% 7 〃

Sample Accesory

Table 2. Continued

TS11010801 Opq, Hbl Skalleviks
halsen

TS11010802 Qtz,Opq, Bt

TS11010803A-4 Qtz, Ap, Ilm, Hbl

TS11010803A Ilm, Qtz, Pl, Ap, Amp

TS11010803A-6 Qtz, Ap, Ilm, Hbl

TS11010803C Opq, Hbl, Bt, Ap

TS11010803D Opq, Ap, Zr

TS11010903D Opq, Bt

TS11011401L Opq (5-15%), Spl

TS11011405A Qtz, Opq

TS11011405A-2 Ilm, Ap

TS11011405B Ilm, Bt, Qtz

TS11011405C Ilm

TS11011407E Opq, Bt
Rock type, 1:Grt-Cpx rock, 2:Grt-mafic granulite, 3:Mafic granulite, 4: Ultra-mafic granulite, 5: Grt-Sil gneiss 6. Grt-Bt gneiss, 7: Others

TS11011407D Mag, Zr

 

Grt Cpx Opx Pl Qtz Amp Bt Rock type Locality
0-10%　 5-15% 10-20%　 　45-55 % 0-10% 7 Austhovde

0-10% 5-15% 10-20% 5-15% 5-15% 5-15% 2 〃

70-80% 0-10%　 0-10%　 4 〃

40-50% 10-20% 0-10% 15-25% 4 〃

10-15% 5-15% 15-25% 25-35% 2 〃

35-45% 5-15% 10-20% 0-10%　 6 Innhovde

5-15% 15-25% 5-15% 0-10%　 5-15% 2 〃

15-25% 5-15% 5-15% 5-15% 5-15% 2 〃

40-50% 30-40% 0-10% 4 Ongul

5-15% 30-40% 5-15% 15-25% 2 〃

35-45% 0-10% 5-15% 5-15% 0-10% 2 〃

50-60% 0-10% 0-10% 15-25% 2 〃

35-45% 40-50% 7 〃

10-15% 5-10% 0-10% 15-25% 10-15% 20-25% 2 〃

50-60% 5-10% 5-10% 20-30% 7 〃

0-10% 45-55% 20-30% 7 〃TS11020610H Opq, Bt
Rock type, 1:Grt-Cpx rock, 2:Grt-mafic granulite, 3:Mafic granulite, 4: Ultra-mafic granulite, 5: Grt-Sil gneiss 6. Grt-Bt gneiss, 

7: Amphibolite, 8: Others

TS11020610G Opq

TS11020610G-2  Bt

TS11020609 Opq, Ap

TS11020610F Opx, Pl,  Qtz

TS11020603A Bt

TS11020603B Opq(0-10%)

TS11020206H Opq (5-15%), Ap, Zr

TS11020601 Opq, Bt

TS11020206D Opq

TS11020206G Opq(0-10%)

TS11011504H Mag

TS11011601M Qtz, Ap, Ilm

TS11011501A

TS11011504C Opq, Zr

TS11011504E Pl, Bt

Sample Accesory

Table 2. Continued
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Grt Cpx Opx Pl Qtz Amp Bt Rock type Locality
5-15% 0-10%　 5-15% 30-40%　 10-20% 2 Ongul

15-25% 25-35% 5-10% 15-25% 6 Skallen

15-25% 45-55% 8 〃

0-5% 5-10% 15-25% 25-35% 5-15% 0-10% 2 〃

20-30% 10-20% 10-20% 5-15% 0-10% 3 〃

0-5% 15-25% 10-20% 35-45% 20-30% 6 〃

65-75% 10-15% 4 〃

0-10% 5-15% 0-10% 25-35% 0-10% 10-20% 2 〃

5-10% 15-25% 40-50% 5-15% 6 〃

35-45% 0-10% 5-15% 5-15% 0-10% 2 〃

10-15% 25-35% 10-15% 20-30% 6 〃

35-45% 5-10% 15-25% 8 〃

15-25% 30-40% 20-25% 8 〃

5-10% 15-25% 30-40% 10-15% 6 〃

45-55% 35-45% 7 〃

Sample Accesory

Table 2.  Continued

TS11020610I Bt

B97121902 Opx

B97121903 Opq (0-10%)

B97122001 Qpz,

B97122002 Opq

B971220T01b Opq(0-10%)

B97122101B

B97122101D Opq, Qtz

B97122102 Opq

B97122201A Opq(0-10%)

B97122201B Opq, Ap

B97122201C Opq

B97122201F Opq, Grt
Rock type, 1:Grt-Cpx rock, 2:Grt-mafic granulite, 3:Mafic granulite, 4: Ultra-mafic granulite, 5: Grt-Sil gneiss 6. Grt-Bt gneiss, 

7: Amphibolite, 8: Others

B97122201D Opq

B97122201E Opq, Amp

 

Grt Cpx Opx Pl Qtz Amp Bt Rock type Locality
10-15%　 20-30%　 20-30% 5-15% 7 Skallen

5-15% 25-35% 0-10% 20-30% 0-5% 0-10% 2 〃

80-90% 0-10% 8 〃

10-15% 55-65% 0-10% 8 〃

20-30% 15-25% 15-25% 5-15% 3 〃

10-15% 10-15% 0-10% 25-35% 6 〃

5-10% 60-70% 10-15% 6 〃

5-15% 5-15% 20-30% 5-10% 15-25% 3 〃

20-30% 5-15% 15-25% 0-10% 20-30% 3 〃

5-15% 5-10% 15-25% 5-15% 15-20% 2 〃

0-10% 0-10% 5-15% 30-40% 15-25% 6 〃

40-50% 20-30% 0-10% 4 〃

20-30% 5-15% 10-15% 0-10% 10-20% 0-10% 3 〃

10-15% 20-30% 25-35% 10-15% 10-15% 3 〃

25-35% 15-25% 10-15% 10-15% 3 〃

15-25% 5-15% 10-20% 25-35% 6 〃

Sample Accesory

Table 2. Continued

B97122201G Opx, Opq

B97122201H Opq, Zr

B97122301A Opq

B97122301B Opq

B97122301C Opq

B97122302B Opq (0-10%), Opx

B97122302D Opq, Ap

B97122302E Opq, Ap

B97122302F Opq, Qtz

B97122302F2 Opq, Cpx, Qtz

B97122302G Opq

B97122303A Opq, Ap

B97122303B Opq

B97122303C Opq

7: Amphibolite, 8: Others

B97122303D Opq, Ap

B97122401B Opx
Rock type, 1:Grt-Cpx rock, 2:Grt-mafic granulite, 3:Mafic granulite, 4: Ultra-mafic granulite, 5: Grt-Sil gneiss 6. Grt-Bt gneiss, 
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Grt Cpx Opx Pl Qtz Amp Bt Rock type Locality
20-30%　 35-45% 10-15% 8 Skallen

10-20% 15-25% 10-20% 25-35% 6 〃

10-15% 0-10% 20-30% 15-25% 10-15% 2 〃

5-15% 0-10% 25-35% 5-15% 5-15% 2 〃

0-10% 65-75% 8 〃

45-55% 10-15% 10-15% 8 〃

0-10% 25-35% 35-45% 0-10% 6 〃

20-30% 25-35% 20-30% 6 〃

15-25% 10-20% 10-20% 15-25% 6 〃

25-35% 15-25% 15-25% 5-15% 6 〃

0-5% 10-20% 0-10% 10-20% 25-35% 0-5% 7 〃

0-10% 5-15% 25-35% 20-30% 2 〃

5-15% 25-35% 35-45% 0-10% 3 〃

0-10% 25-30% 35-45% 5-15% 6 〃

0-10% 0-10% 10-15% 45-55% 10-15% 7 〃

10-20% 55-65% 10-15% 7 〃

Sample Accesory

Table 2. Continued

B97122402 Opq, Grt

B97122404A Opq, Zr

B97122404B Opq

B97122404B2 Opq

B97122503 Bt

B97122601 Opq 

B97122602A Opq, Ap

B97122602B Opq, Qtz

B97122602C Opq

B97122602D Zr, Opq

B97122603A Opq

B97122603B Opq, Qtz

B97122701A Opq, Grt

B97122701B Opq

7: Amphibolite, 8: Others

B97122701C Opq, Ap

B97122702A Bt, Opq
Rock type, 1:Grt-Cpx rock, 2:Grt-mafic granulite, 3:Mafic granulite, 4: Ultra-mafic granulite, 5: Grt-Sil gneiss 6. Grt-Bt gneiss, 

 

Grt Cpx Opx Pl Qtz Amp Bt Rock type Locality
0-10% 55-65% 15-25% 7 Skallen

0-10% 20-30% 25-35% 10-20% 7 〃

40-50% 20-30% 10-15% 7 〃

5-15% 5-15% 10-20% 25-30% 20-25% 2 〃

80-90% 8 〃

5-15% 15-25% 30-40% 10-15% 6 〃

25-35% 15-20% 15-25% 5-10% 3 〃

20-30% 10-20% 10-20% 20-30% 3 〃

5-10% 15-25% 25-35% 20-30% 6 〃

5-10% 25-35% 35-45% 5-15% 6 〃

8 〃

80-85% 0-10% 8 〃

0-10% 70-80% 10-15% 8 〃

0-10% 10-15% 10-20% 20-30% 5-10% 5-10% 2 〃

10-15% 5-15% 0-5% 10-15% 15-25% 5-15% 2 〃

5-15% 15-25% 35-45% 8 〃

Sample Accesory

Table 2. Continued

B97122702B Opq, Cpx

B97122702C Opq

B97122702D Opq

B97122702F Opq ,Qtz

B97122702G

B97122703A Opq 

B97122703B Opq, Ap

B97122703C kfs?

B97122709 Opq

B97122710 Zr, Opq

B971227T01 Srp, Opx, Bt, Sph

B97122801A

B97122801B Opq, Grt

B97122803B Opq, Rt
Rock type, 1:Grt-Cpx rock, 2:Grt-mafic granulite, 3:Mafic granulite, 4: Ultra-mafic granulite, 5: Grt-Sil gneiss 6. Grt-Bt gneiss, 

7: Amphibolite, 8: Others

B97122802A Opq

B97122802B Opq, Bt
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Grt Cpx Opx Pl Qtz Amp Bt Rock type Locality
5-15% 80-90% 8 Skallen

10-20% 0-10% 10-15% 10-15% 15-25% 2 〃

5-15% 10-20% 50-60% 8 〃

25-35% 35-45% 20-25% 7 〃

5-15% 70-80% 8 〃

10-15% 5-15% 20-30% 20-35% 0-5% 3 〃

5-15% 35-40% 25-35% 8 〃

0-10% 10-15% 20-30% 45-55% 7 〃

45-55% 0-10% 15-20% 5-15% 3 〃

10-20% 0-10% 10-15% 30-40% 0-10% 10-15% 2 〃

5-15% 10-15% 10-20% 10-15% 15-25% 15-25% 3 〃

65-75% 8 〃

70-80% 8 〃

8 〃

25-35% 10-15% 15-25% 0-10% 3 〃

15-25% 5-15% 10-15% 25-35% 8 〃

7: Amphibolite, 8: Others

TS97122002A Opq (0-10%)

TS97122004A Opq, Grt, Bt
Rock type, 1:Grt-Cpx rock, 2:Grt-mafic granulite, 3:Mafic granulite, 4: Ultra-mafic granulite, 5: Grt-Sil gneiss 6. Grt-Bt gneiss, 

TS97121903B Spl (10-15%)

TS97121903D Spl, AmpCal (85-95%)

TS97121901D

TS97121902A Sph, Scp (10-15%)

B97123001B Opq

TS97121901C Zr, Opq, Hbl

B971228T01 Zr Cal (0-10%)

B97123001A Opq

B97122807 Grt

B97122808 Opq 

B97122804C Opq, Zr, Ap

B97122804E Opq ,Qtz

B97122803D Bt

B97122804B Opq

Sample Accesory

Table 2. Continued

 

Grt Sil Kfs Pl Qtz Bt Spl Rock type Accessory Locality
15-20% 10-15% 10-15% 5-10% 15-20% 0-10 5

0-10% 25-35% 5-15% 15-25% 0-10% 6 〃

15-25% 5-15% 20-30% 10-20% 5-15% 5 〃

5-15% 25-35 35-45 8 〃

30-40% 15-25% 10-20% 0-10% 0-10% 6 〃

20-30% 5-15% 10-20% 15-25% 0-5% 0-10% 5 〃

40-50% 0-10% 10-20% 5-15% 5-15% 6 〃

5-15% 15-25% 5-15% 10-20% 15-25% 5 Austhovde

0-10% 8 〃

10-20% 5-15% 15-25% 20-30% 8 〃

0-10% 10-20% 20-30% 30-40% 0-10% 5 Innhovde

10-20% 15-25% 10-20% 5-15% 10-20% 6 〃

30-40% 5-15% 10-20% 10-15% 6 〃

10-15% 10-20% 35-45% 5-15% 6 〃

Sample

Table 2. Continued

TS10122505B Rt, Spl Skalleviksha
lsen

TS10122604H Opq, Zr

TS10122806B Ilm,Zr, Spl

TS10122806B2 Qtz, Bt, Opx

TS11010804 Opq

TS11010903A Rt, Bt, Ilm

TS11010903B  Zr

TS11011401K3 Sph, Zr

TS11011502C unknown (70-80%), Bt

TS11011702F Ilm

TS11020203A Opq

TS11020204A Ilm, Ap, Zr

Rock type, 1:Grt-Cpx rock, 2:Grt-mafic granulite, 3:Mafic granulite, 4: Ultra-mafic granulite, 5: Grt-Sil gneiss 6. Grt-Bt gneiss, 
7: Amphibolite, 8: Others

TS11020206A Ilm, Ap (0-10%), Zr

TS11020206F Ilm, Ap, Zr
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Grt Sil Kfs Pl Qtz Bt Spl Rock type Locality
25-35% 15-25% 20-30% 5 Skallen

20-25% 45-50% 0-10% 0-10% 6 〃

10-15% 15-25% 30-40% 10-20% 8 〃

5-10% 45-55% 5-15% 5-10% 8 〃

15-20% 0-10 35-45% 5-15% 5 〃

15-25% 35-45% 10-15% 6 〃

15-25% 5-15% 25-35% 10-15% 0-10% 5 〃

Grt Cpx Opx Pl Qtz Amp Bt Rock type Locality
15-25% 10-15% 0-10 15-25% 25-35% 2 Skallen

0-10% 0-10% 0-10% 60-65% 0-10% 2 〃

35-45% 0-10% 10-20% 10-15% 5 〃

15-20% 35-45% 5-15% 20-25% 7 〃

20-30% 20-30% 0-10% 10-20% 0-10% 3 〃

15-25% 10-15% 5-15% 20-30% 20-35% 0-5% 2 〃

0-10% 70-80% 4 〃

TS97122007 Opq 

TS97122402C Spl (0-10%), Amp
Rock type, 1:Grt-Cpx rock, 2:Grt-mafic granulite, 3:Mafic granulite, 4: Ultra-mafic granulite, 5: Grt-Sil gneiss 6. Grt-Bt gneiss, 7: Others

TS97122005C

Sil (0-5%)

Opq ,Qtz

TS97122005G Grt

TS97122004E Opq

TS97122005B

Sample
TS97122004D

Accesory
Qtz, Opq

TS97122007 Pl, Qtz

TS97122302A-2 Ilm, Rt

TS97122004B

TS97122004C Grt

TS97122005C Rt, Bt

TS97122002B Opq. Qtz, Pl

TS97122003 Opq, Rt, Sil

Table 2. Continued

Sample Accessory
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 (mm)

Grt Sil Kfs Pl Qtz Bt Spl
0.1-10 0.01-2 0.05-1 0.05-0.2 0.01-1 0.01-0.1

0.2-5 0.1-1.2 0.05-1.4 0.05-0.4 0.1-1.4

0.2-2.5 0.1-1.2 0.1-1.2 0.05-1

0.2-7 0.1-0.6 0.1-0.9 0.2-0.5 0.05-5 0.1-0.7

0.05-0.3 0.05-1.4 0.1-0.3 0.2-2 0.05-0.5

1-1.9  0.1-0.4 0.1-0.9 0.1-2 0.05-0.5

0.2-6 0.05-0.9 0.1-0.9 0.1-0.8 0.05-1.4 0.05-1

0.2-3 0.1-0.8 0.02-0.7 0.05-2 0.05-0.5

0.15-1.5 0.05-0.5 0.1-1 0.02-1.6

0.3-10 0.02-0.5 0.1-0.7 0.02-0.5 0.1-4 0.02-0.85 0.05-1

1 to 7 0.02-0.4 0.05-0.4 0.2-2 0.04-1.2

0.2-2 0.1-0.7 0.15-0.7 0.05-2 0.07-0.8

0.15-2 0.05-0.3 0.05-2 0.2-0.6 0.05-0.9 0.1-0.8

0.05-1.5 0.2-1.2 0.05-1.3 0.1-3 0.05-0.9

0.2-1.4 0.2-2 0.03-1 0.05-1

0.2-1.7 0.15-0.4 0.02-2

Table 3. Approximate grain size of minerals from the studied area.

Sample Accessory
TS11011401A Ilm

TS11011401K3 Rt, Bt

TS11011401N Qtz

TS11011402A Opq

TS11011405D Opq

TS11011404B Opq

Pl, Opq

TS11011504C

TS11011502A Opq, Zr

TS11011502D Opq

TS11011503C Pl, Opq

TS11011601G

TS11011504A Opq,Rt,Qtz

Spl,Qtz,Rt,Ky

Hbl, Opq

TS11011601C

TS11011601J

TS11011601I Pl, Opq

Hbl, Opq

TS11011702G

Scp(0.15-1.4) Cpx(0.1-1.2) Spn(0.15-1.4)TS11011601K Opq

Kfs, Pl  

 (mm)

Grt Cpx Opx Pl Qtz Amp Bt Rt
0.1-0.5 0.01-0.2 0.1-0.5 0.05-2

0.2-5 0.2-2 0.1-0.5 0.1-0.5  >4 0.05-0.5

0.1-0.8 0.05-0.2 0.1-0.5 0.2-1.2 0.6-1.2

0.1 - 1 0.1-0.8 0.2-1 0.05-1.8 0.2-2 0.1-1.5

0.2-0.4 0.1-0.6 0.05-0.6 0.1-2 0.05-0.7 0.05-0.6

0.1-1.4 0.2-0.8 0.05-0.2 0.02-1 0.05-4 0.05-0.8 0.05-2

1-1.2 0.1-0.4 0.02-0.5 0.1-0.6 0.1-6 0.1-0.5 0.05-0.4

0.4-2

0.05-0.8 0.15-1.2 0.1-2 0.05-1

0.03-0.6 0.03-0.4 0.03-0.5 0.05-0.4

0.1-1.4 0.1-0.6 0.1-0.4 0.05-0.5 0.05-1.1

0.2-0.4 0.03-0.5 0.1-0.9 0.1-0.8 0.05-0.6

0.05-0.5 0.05-0.5 0.1-0.5 0.05-0.6 0.1-0.7

0.1-0.3 0.05-0.5 0.02-0.3 0.02-2 0.2-2 0.05-0.2TS11011702C Opq

Table 3. Continued

TS110117011E2

TS11011601N Qtz.Opq, CMI

TS11011701C Opq

TS11011601D Opq, Zr

TS11011701B Hbl, Bt, Ilm

TS11011505D Opx,Bt,Hbl

TS11011503B Opq

TS11011504D Opq

TS11011407B Opq

TS11011401G

TS11011401I Opq

TS11011401F Opq

Sample Accesory
TS11011401E Amp.Opq
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 (mm)

Grt Sil Kfs Pl Qtz Bt Spl

0.1-0.5 0.2-0.8 0.1-1.5 0.1-0.5

0.6-10 0.05-1 0.1-1.4 0.2-0.5 0.05-1.5 0.1-0.7

0.3-1.4 0.1-0.6 0.05-1.5 0.05-2

0.05-10 0.1-3 0.05-3 0.1-01.4 0.1-0.5

0.4-1 0.05-0.9 0.1-2 0.2-0.6 0.1-3 0.05-0.6 0.05-1

0.4-1 0.1-1.8 0.1-1.6 0.05-1.1 0.05-0.4

0.2-1.2 0.05-1 0.1-0.6 0.05-1.6 0.05-0.6

0.2-2 0.1-0.8 0.2-1.2 0.2-3 0.05-1 0.05-0.5

0.1-0.8 0.2-0.8 0.05-2 0.05-0.8

0.2-1.7 0.05-2 0.1-1 0.2-0.8 0.1-0.9 0.02-0.5

0.15-1.7 0.1-0.7 0.05-1 0.05-1.5 0.1-2 0.1-0.8 0.05-1

0.2-1.2 0.2-1.2 0.1-2 0.05-1.6 0.1-2 0.05-1.4 0.05-0.8

0.15-1.9 0.05-0.7 0.05-1.7 0.2-1.7 0.02-0.9 0.03-1

0.2-1.4 0.05-0.5 0.03-0.8 0.1-1.4

0.2-1.7 0.15-0.4 0.02-2

Table 3. Continued

TS11011702G Kfs, Pl

Sample Accessory
TS11011601K IlmScp(0.03-1.2) Cpx(0.05-1.5)

TS11011602A Scp(0.05-1.5) Cpx(0.1-1)

TS11011603 Opq, Opx,Hbl

TS11011604A Opq

TS11011604B Opq

TS11011604C Opq

TS11011605A Opq, Zr

TS11011607A Opq,Pl

TS11011607B Spl

TS11011701D Opq

TS11011701F Spl,Qtz,Rt,Ky

TS11011702A Qtz Opq

TS11011702B Opq

TS11011702B2 Opq

TS11011702E QtzOpq

Spn(0.2-2)

TS11011702F Qtz

 

Grt Sil Kfs Pl Qtz Bt Spl Opx
0.1-10 0.01-2 0.1-0.6 0.2-0.6 0.1-1.5 0.1-0.7 0.1-0.9

0.05-1.8 0.05-1.4 0.05-0.4 0.02-1.4 0.05-0.8

0.2-2 0.05-0.7 0.05-0.8 0.1-2 0.05-0.9

0.4-1.7 0.05-1 0.05-1 0.02-1.9 0.05-0.9

0.2-1.6 0.02-0.6 0.1-0.4 0.05-0.6 0.02-0.8 0.05-0.5 0.05-0.2

0.15-2 0.1-0.4 0.05-0.7 0.1-0.4 0.05-1.2

>2 0.1-0.5 0.1-0.8 0.05-1.4 0.02-0.5 0.05-1 0.02-0.2

0.05-2 0.05-1.6 0.02-0.6 0.02-1.2 0.05-0.9

0.8-8 0.07-1.2 0.05-0.6 0.02-1.6

0.7-2 0.05-2 0.02-0.7 0.1-1.2

0.1-1.6 0.05-0.7 0.2-0.5 0.02-2 0.1-1.5

0.05-2 0.05-1.1 0.1-1.3 0.03-0.2 0.03-0.7

0.4-2 0.05-0.3 0.05-1.2 0.05-0.7 0.1-2 0.05-1 0.03-0.3

0.6-1.1 0.2-1.2 0.05-0.8 0.05-0.4 0.03-2 0.03-1.2

0.1-1.7 0.2-2 0.03-1.3 0.05-0.7 0.03-0.6 0.05-1.2

0.15-2 0.03-0.6 0.1-0.7 0.05-2 0.05-0.5 0.05-0.7

Table 3. Continued

Opq

Crd(0.1-0.8)

TS10122702C2

TS10122702C1  Opq

TS10122604H Opq

TS10122604F2

TS10122601H Qtz

TS10122505C Rt

TS10122505B-2 Opq,Rt, Spl

TS10122505B Pl, Opq

TS10122504B Opq

TS10122503E Opq, Zr

TS10122502G Opq

TS10122502D Ky, Rt, Ilm

TS10122502C-2 Opq

TS10122502C

TS10122502B2 Rt,

Sample Accessory
TS10122401A Ilm
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 (mm)

Grt Cpx Opx Pl Qtz Amp Bt Rt
0.1-0.5 0.01-0.2 0.1-0.8 0.05-2 0.1-0.9 0.05-0.6

0.2-1.6 0.1-1.2

0.3-0.6 0.4-1.4 0.05-1.3 0.1-1.2 0.05-0.2

0.05-0.2 0.1-1 0.1-1.4

0.1-0.4 0.3-1.2 0.05-1.6

0.2-1 0.2-1.7 0.1-1 0.05-1.4

1-1.2 0.05-0.5 0.2-0.5 0.1-0.7 0.05-0.3

Grt Sil Kfs Pl Qtz Bt Spl Opx
0.2-2 0.02-0.3 0.05-0.8 0.02-0.6 0.03-0.9 0.05-0.2

0.6-1.4 0.03-1.2 0.05-0.5 0.03-1.1 0..1-1

0.07-2 0.03-1 0.07-1 0.03-2 0.03-0.6 0.02-0.6

0.2-2 0.07-0.9 0.05-0.6 0.1-0.3 0.05-0.8 0.03-0.2

0.4-1.8 0.02-0.7 0.05-0.4 0.05-1.2 0.02-0.6

Table 3. Continued

TS11010903A Opq

TS10122806B Ilm

TS11010903B

TS11010804

TS10122806B2 Crd(0.1-0.8) Rt,

TS10122601E Opq, Spn, Rt

Sample Accessory

TS10122401K2 Scp(0.2-1.2)

TS10122601C Opq

TS10122401K1 Scp(0.2-1.2) Opq

TS10122401D Opq

TS10122401F

Sample Accesory
TS10122401C Amp.Opq

 

 

 (mm)

Grt Sil Kfs Pl Qtz Bt Spl Opx
0.15-2 0.05-1.5 0.1-0.8 0.02-1.7 0.03-0.6

0.3-0.8 0.2-0.7 0.05-0.8 0.02-1 0..1-1

0.2-0.8 0.1-0.9 0.05-0.5 0.04-0.8 0.04-0.9 0.02-0.6

0.07-1 0.03-1 0.1-1.5 0.2-2 0.05-1.9 0.04-0.4

0.2-1.2 0.03-1 0.03-1.5 0.05-2 0.03-1

0.15-0.6 0.1-1.5 0.03-1.1 0.03-0.5

0.1-2 0.02-0.2 0.02-0.8 0.02-1

0.4-1.2 0.2-0.8 0.1-0.4 0.05-1.8 0.05-1.2

0.5-2 0.05-0.5 0.03-1 0.02-1.3 0.05-0.3

0.3-2 0.05-0.3 0.02-0.4 0.03-1.2 0.02-0.1

0.3-2 0.1-0.8 0.03-2 0.05-1.4 0.02-0.5 0.2-0.6

0.2-1.5 0.05-0.9 0.02-0.5 0.03-1.3 0.05-0.7 0.03-0.3

0.05->2 0.2-1.2 0.03-1.5 0.1-0.8 0.02-0.4

0.2->2 0.04-0.6 0.05-0.4 0.03->2 0.03-0.2 0.05-1.2

0.3->10 0.03-1 0.1-1.3 0.03->2 0.02-0.5

0.05->5 0.2-1.2 0.05-0.9 0.1-0.6 0.03-1 0.02-0.3

Table 3. Continued

TS10122601G Opq

TS10122601F2  Opq

TS10122601J Opq, Qtz

TS10122601D Bt

TS10122504B

TS10122503B

TS10122502I Rt, Bt

TS10122502H Opq

TS10122502E Opq

TS10122502A1 Opq, Pl, Bt

TS11020607B Opq

TS11020608B Opx, Opq

TS11020604B Rt

TS11020602C

TS11020602B Crd(0.1-0.8) Spl

Sample Accessory
TS11020602A Ilm
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 (mm)

Grt Cpx Opx Pl Qtz Amp Bt Rt
0.07-2 0.05-1.2 0.08-1.2 0.05-2 0.02-1.2 0.03-0.7

0.15-0.8 0.07-0.35 0.1-1 0.02-1.7 0.03-0.7

0.03-0.6 0.4-1.4 0.15-01.4 0.07-0.6 0.05-0.4

0.05-0.7 0.03-0.1 0.03-0.5 0.03-0.7

0.4-0.7 0.03-0.5 0.05-1.5 0.03-1 0.02-0.7 Cpx, Opq

0.15-0.6 0.2-1 0.2-2

0.05-1.2 0.05-0.5 0.2-0.5 0.1-0.9 0.05-2 0.04-2

0.05-1.2 0.02-1

0.4-1.5 0.05-0.5 0.02-0.6 0.05-1 0.03-0.6

0.2-0.4 0.2-0.4 0.1-0.8

0.05-2

0.4-4 0.02-0.6 0.05-0.5 0.1-4 0.03-1.3

0.1-1.2 0.1-1.8 0.2-2 0.03-0.8 0.04-1.5

0.2-5 0.02-0.2 0.03-0.6 0.05-1 0.05-0.4

0.2-2 0.02-0.4 0.03-0.4 0.03-2 0.02-1

0.1-1.2 0.03-0.3 0.04-1 0.03->2 0.2-1TS10122602B Kfs (0.05-0.9), Opq

TS10122602A Rt, Opq

TS10122601N Cpx,  Opq

TS10122601I Kfs (0.1-1)Opq

TS10122601B Opq, Bt, opx

TS10122601A SphScp (0.1-2)

TS10122503C Opq, Qtz

TS10122502F Opq, Zr, Cpx, Rt

Sph (0.01-0.3)Scp (0.03-2)TS1122501K2

TS11020610E Opq

TS11020611D Kfs (0.05-1.3),

TS110206010C

TS11020606A Opq, Bt, Rt

TS11020605 Cpx, Grt, Opq

TS11020604A Opq

TS11020603C Cpx,　Qtz

Table 3. Continued

Sample Accesory

 

 

 (mm)

Grt Cpx Opx Pl Qtz Amp Bt Rt
0.07-2 0.1-0.6 0.1-0.4 0.1-0.9 0.05-2 0.05-0.7 0.1-0.8 Opq

0.4- >2 0.05-0.5 0.05-0.7 0.05 ->2 0.1-0.6

0.2 ->2 0.1-1 0.05-0.4 0.03-0.6 0.03-0.9

0.8 ->30 0.03-0.1 0.1-0.7 0.03-0.7 0.05-0.8

0.2 ->5 0.1-0.7 0.1-0.5 0.05-1.2

0.1-1.4 0.1-0.3 0.1-1.3

0.2-0.4 0.2-0.9 0.03-0.9 0.05-2 0.05-1.2 0.05-1.2

0.15-1 0.05-1.5 0.02-0.3 0.1-0.5 0.02-1

0.8-1.4 0.04-0.3 0.05-0.4 0.1-0.6 0.05-1.6 0.03-0.6 0.02-0.4

0.2-1.3 0.1-1.2

0.03->2 0.03-0.5 0.2-1 0.05-1.5

0.4-4 0.1-0.4 0.05-1.1 0.1-.2 0.03-1.3

0.05-1.6

0.2-5 0.1-1.2 0.02-0.2 0.05-0.9

0.05-0.4 0.1-0.7

0.08-1.8 0.03-0.3 0.05-0.75 0.03-0.4 0.05->2 0.2-1

Table 3. Continued

Sample Accesory
TS10122604G1 Kfs(0.05-0.7)

TS10122604I Opq

TS11010602D

TS11010901 Kfs(0.1-0.9) Opq

TS11010902 Opx, Opq

TS11011407E Opq, Bt, Kfs

TS11011501A

TS11011503A

TS11011504C Opq

TS11011504E Opq, Hbl

TS11011601B SphScp (0.1-2)

TS11011601H Kfs (0.03-1.2), OpqScp (0.1-1)

TS11011602D Scp (0.1-1)Sph (0.02-0.5)

TS11011606A  Opq

TS11011605B Scp (0.05->2)Sph (0.03-0.5)

TS11011702D Opq (0.02-0.9)  
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 (mm)

Grt Sil Kfs Pl Qtz Bt Spl Opx
0.15-1.5 0.02-0.5 0.05-0.4 0.01-0.9

0.3-3 0.05-0.5 0.03-0.8 0.1-1.3 0.02-0.4

0.2-0.8 0.1-01.2 0.2-1.4 0.1 ->2 0.05-1.2 0.02-0.6 0.05-1.3

0.07-1 0.03-1 0.15-1.4 0.15-0.4 0.1->2 0.04-0.4 0.1-1

0.3 >2 0.03-0.2 0.1-1.2 0.1-0.6 0.03 ->2 0.05-0.6

0.2-1.2 0.05-0.8 0.03-  >2 0.03-0.5 0.02-0.7

Grt Cpx Opx Pl Qtz Amp Kfs
0.07-0.5 0.15-0.4 0.05-0.9 0.03-0.9 0.03-0.6 0.1-0.9

0.03-0.7 0.3-0.7 0.1-1.2 0.05-1.2

0.07-0.5 0.15-0.4 0.1-0.6 0.03-0.5 0.03-0.6 0.07-0.9

0.05-0.5 0.2-0.4 0.05-1.2 0.03-1.4

0.1-0.5 0.05-0.2 0.05-0.5 0.05-1.2 0.05-0.6 0.03-1

0.2-0.6 0.1-0.4 0.05-0.6 0.3-1.2 0.03-1.2 0.05-0.5 0.02-1.2

0.05-1.2 0.05-1 0.05-1.2 0.1-2

0.05-0.6 0.1-1.5 0.03-0.7 0.05-0.9 0.05-0.7

Table 3. Continued

Sample Accessory
TS10122603A Ilm

TS10122603B Opq

TS10122604A Opq

TS10122604K Opq, Grt

TS11010903C Opq

TS11011502C Opq

Sample Accesory
TS11011201A Opq, Pl

TS11011204A Grt, Opq

TS11011204B Pl, Opq

TS11011205B Hbl,Pl, Grt

TS11011206A Opq, Pl, Cpx

TS11011206B Opq, Pl, Cpx

Cpx, Pl, Opq

TS11011207 Opq

TS11011208  

 (mm)

Grt Cpx Opx Pl Qtz Amp Bt Rt
0.8-2 0.4-1 0.3-1

0.2-5 0.2-0.6 0.2-1.8  >4

0.2-3 0.3-0.8 0.4-0.6 0.2-1 0.1-0.6

0.4-3 0.6-3 0.2-1 0.4-0.8 0.1-4 0.2-2 0.2-0.8

0.4-8 0.2-1.2 0.1-4

1.6-10 0.1-2 0.2-0.8 0.2-1.8 0.2-2

0.4-12 0.3-0.8 0.2-2

0.4-3 0.1-0.4 0.1-1 0.1-2

0.6-2.5 0.05-0.6 0.1-0.8 0.1-3 0.05-1

0.3-30 0.2-2 0.1-1.2 0.3-3

0.2-0.8 0.1-0.8 0.2-1.4 0.1-1.2 0.2-1.2

0.4-4 0.1-1 0.2-1.6 0.1-4 0.2-2

0.1-0.8 0.2-1.4 0.2-2

0.4-8 0.2-1.2 0.3-1.2

0.4-20 0.2-2 0.2-1

0.5-10 0.2-1.2 0.2-1

Table 3. Continued

Sample Accesory
TS10122405B Scp

TS10122503B Bt

TS10122503D

TS10122506  Bt Opq

TS10122601G Hbl

TS10122601K Opq

TS10122601L Opq

TS10122601N Opq

TS10122602A Opq, Zr

TS10122604B Hbl, Bt, Ilm

TS10122604G Grt, Opq

TS10122604I Opq

TS10122702B Opq

TS11010704A Pl, Opq

TS11010704B Opq

TS11010704A3 Hbl, Opq
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 (mm)

Grt Cpx Opx Pl Qtz Amp Bt Rt
0.6-2 0.3-2.2 0.1-2

0.8-6 0.4-3 0.2-3 0.3-0.8

0.8-2 0.3-1.2 0.2-0.4

0.8-3 0.4-1.6 0.5-1.2

0.6-3 0.4-0.8 0.3-0.6

0.2-2 0.4-0.8 0.4-0.8 0.2-0.6

0.3-3 0.3-2 0.2-1.6 0.3-1.2 0.1-1.8 0.1-1.2

0.3-3 0.1-1.6 0.2-0.8 0.1-3

0.3-6 0.05-0.4 0.2-2

0.6-3 0.3-0.4 0.2-0.8 0.1-0.5 0.3-2 0.3-1

0.3-3 0.4-1 0.2-1 0.3-1 0.05-3

0.4-2 0.2-2 0.2-1 0.2-1.6

0.4-3 0.3-1.5 0.2-1 0.3-1.2 0.3-1.6 0.2-2

0.2-1.3 0.2-1.4 0.2-1 0.2-3 0.1-1

0.1-3 0.3-1.2 0.3-2.5

Table 3. Continued

Sample Accesory
TS11010801 Opq, Hbl

TS11010802 Qtz,Opq, Bt, Opx, Pl

TS11010803A Ilm, Qtz, Pl, Ap, Hbl

TS11010803A-4 Qtz, Ap, Ilm, Hbl

TS11010803A-6 Qtz, Ap, Ilm, Hbl

TS11010803C Opq(0-10%), Hbl, Bt, Ap

TS11010803D Opq, Ap, Zr

TS11010903D Opq, Bt

TS11011401L Opq (5-15%), Spl

TS11011405A Qtz, Opq

TS11011405A-2 Ilm, Ap

TS11011405B Ilm, Bt, Qtz

TS11011405C Ilm

TS11011407E Opq, Bt

TS11011407D Mag, Zr

 

 

 (mm)

Grt Cpx Opx Pl Qtz Amp Bt Rt
0.2-1.4 0.2-1.4 0.4-2 0.3-1

0.3-1 0.1-0.6 0.1-0.8 0.2-2 0.2-1.4 0.2-0.8

0.2-2.4 0.3-1 0.2-1

0.1-3 0.2-2 0.1-1 0.1-1.4

0.5-2 0.1-0.6 0.2-0.8 0.1-.6 0.2-2

0.15-2 0.2-2 0.2-2.2 0.1-1.2

0.1-1.6 0.1-2.4 0.05-1 0.1-2.4 0.05-1

0.2-1.2 0.2-0.8 0.2-1.5 0.1-3 0.2-1.3

0.3-4 0.2-10 0.4-2

0.3-4 0.05-3.5 0.3-2 0.1-3

0.3-4 0.6-2 0.2-3 0.2-2.5 0.1-1.2

0.4-3 0.05-1 0.2-0.8 0.3-2

0.3-15 0.2-2.4

0.8-4 0.2-1 0.4-1.2 0.4-2 0.3-2

0.1-40 0.1-1.2 0.1-1.2 0.6-4

0.6-1 0.4-3 0.3-2.5

Table 3. Continued

Sample Accesory
TS11011501A

TS11011504C Opq, Zr

TS11011504E Pl, Bt

TS11011504H Mag

TS11011601M Qtz, Ap, Ilm

TS11020206D Opq

TS11020206G Opq(0-10%)

TS11020206H Opq (5-15%), Ap, Zr

TS11020601 Opq, Bt

TS11020603A Bt

TS11020603B Opq(0-10%)

TS11020609 Opq, Ap

TS11020610F Opx, Pl,  Qtz

TS11020610G Opq

TS11020610H Opq, Bt

TS11020610G-2  Bt
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 (mm)

Grt Cpx Opx Pl Qtz Amp Bt Rt
0.2-4 >5 0.5-2.5 0.3-2.2 0.1-2.4

1.2-7 >1.2 0.2-4 0.1-0.6 0.1-1.6

0.1-0.4 0.05-1 >1.4

0.5-0.6 0.1-0.6 0.3-1.2 0.2-10 0.1-0.8 0.1-0.8

0.4-1.1 0.05-0.6 0.1-1.2 0.2-2 0.2-1.6

0.4-1 0.4-1 0.5-3 0.2-1.6

0.3-1.2 0.2-2

0.1-1.4 >1 0.3-1 0.3-0.7 0.4-1.2 0.5-2

1-1.6 0.6-1 1.4-1.5 0.3-0.6

0.3-1.8 0.05-1 0.2-2.5 0.1-1

0.2-2 0.1-2 0.05-1.4 0.1-1.4

0.1-1.8 1.2-1.4 0.1-1.6

0.4-0.7 0.3-1.4 0.2-0.8

0.5-1.2 0.2-1.4 0.4-2 0.15-1

0.2-1 0.1-0.8

Table 3. Continued

Sample Accesory
TS11020610I Bt

B97121902 Opx

B97121903 Opq (0-10%)

B97122001 Qpz,

B97122002 Opq

B971220T01b Opq(0-10%)

B97122101B

B97122101D Opq, Qtz

B97122102 Opq

B97122201A

B97122201B Opq, Ap

B97122201C Opq

B97122201D Opq

B97122201F Opq, Grt

B97122201E Opq, Amp

 

 

 (mm)

Grt Cpx Opx Pl Qtz Amp Bt Rt
0.2-1 0.2-1.6 0.2-1.8 0.6-1

0.7-2 0.4-1.2 0.2-0.6 0.2-1.4 0.2-0.6 0.6-1.4

0.4-4 0.8-1.6

0.3-0.9 2-3 mm 0.2-0.6

0.3-1.2 0.05-1 0.2-2 0.2-3

0.4-2 0.1-1.5 0.05-1.8 0.1-1.3

0.5-1.8 0.4-4 0.1-1.1

0.3-2.2 0.2-1.4 0.1-1.8 0.2-1.4 0.05-1.2

1.2-2 0.4-1.2 0.2-1.8 1.6-3 0.1-1

>5 0.6-3 0.2-1.2 0.1-1.1 0.5-1.3

0.4-1.4 1-10 mm 0.8-1.8 0.1-3 0.2-1.4

1-4 mm 1-2 mm 0.2-2

1.9-3 0.1-2 0.1-1.2 2- 3mm 0.2-1.6 0.7-1

0.4-0.8 0.2-2 0.2-1.2 0.4-2 0.2-1

0.6-1 0.6-1.8 0.2-1.3 0.1-1.2

5-10 mm 0.1-2.5 0.1-4 0.1-1.3B97122401B Opx

B97122303D Opq, Ap

B97122303B Opq

B97122303C Opq

B97122303A Opq, Ap

B97122302F2 Opq, Bt, Qtz

B97122302G Opq

B97122302F Opq, Qtz

B97122302D Opq, Ap

B97122302E Opq, Ap

B97122302B Opq (0-10%), Opx

B97122301B Opq

B97122301C Opq

B97122301A Opq

B97122201G Opx, Opq

B97122201H Opq, Zr

Table 3. Continued

Sample Accesory
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 (mm)

Grt Cpx Opx Pl Qtz Amp Bt Rt
0.2-1.8 0.3-3 0.1-0.9

0.3-3 0.6-1.6 0.05-1.4 0.1-1.2

0.3-1 0.2-1.8 0.2-1.8 0.4-1.8 0.8-1.8

0.2-1.4 0.1-4 0.1-3 0.1-1.4 0.2-1.4

1.5-2 1.8-2

0.5-2 0.6-2 0.6-1

0.4-1.4 0.1-1 0.05-2.5 0.05-1

0.8-3 0.1-2 0.1-0.9

1.2-2 0.1-1.4 0.1-1.4 0.2-1.4

0.1-2.5 0.2-1.8 0.1-4 0.05-1.4

0.8-1.7 0.2-1.6 0.4-0.6 0.1-1.4 0.2-1.8 0.3-1.5

0.8-2 0.4-2.5 0.15-1.2 0.2-2

0.3-0.8 0.3-2.5 0.1-0.6

0.2-1 0.2-0.8 0.2-1 0.1-0.8

0.2-1.8 0.4-2.5 0.1-2.2 0.1-1.8

0.2-3 0.1-2 0.2-1.8

Table 3. Continued

Sample Accesory
B97122402 Opq, Grt

B97122404A Opq, Zr

B97122404B Opq

B97122404B2 Opq

B97122503 Bt

B97122601 Opq 

B97122602A Opq, Ap

B97122602B Opq, Qtz

B97122602C Opq

B97122602D Zr, Opq

B97122603A Opq

B97122603B Opq, Qtz

B97122701A Opq, Grt

B97122701B Opq

B97122702A Bt, Opq

B97122701C Opq, Ap

 

 

 (mm)

Grt Cpx Opx Pl Qtz Amp Bt Spl
1.2-2 0.4-2 0.2-2

0.1-0.2 0.3-1.7 0.3-1.4 0.15-1.4

0.2-1.3 0.3-1.5 0.3-1.8

1.4-3 0.2-1.4 0.2-1.2 0.1-2 0.2-2.5

0.8-3

0.7-1.4 0.2-2.5 0.2-4 0.6-1.8

0.3-2 0.1-1 0.2-2 0.1-1.3

2 mm 0.6-2 0.4-2 0.2-1.8

0.4-2.5 0.4-2 0.6-1.4 0.2-1.2

0.8-2 0.4-1.6 0.4-3

4 mm

1.4-5 0.3-1

102-1.8 0.1-4 0.1-2

0.4-2.5 0.05-2 0.2-2 0.05-2.5 0.1-1 0.1-1.4

1.2-2.5 0.1-1.3 0.15-0.8 0.1-2 0.1-4 0.2-2

1.2-2 0.1-0.8 1.2-2.5

Table 3. Continued

Sample Accesory
B97122702B Opq, Cpx

B97122702C Opq

B97122702D Opq

B97122702F Opq ,Qtz

B97122702G

B97122703A Opq 

B97122703B Opq, Ap

B97122703C kfs?

B97122709 Opq

B97122710 Zr, Opq

B971227T01 Srp (60-70%), Opx, Bt, Sph, Spl

B97122801A

B97122801B Opq, Grt

B97122802A Opq

B97122803B Opq, Rt

B97122802B Opq, Bt
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 (mm)

Grt Cpx Opx Pl Qtz Amp Bt Sil
2 mm 3-4 mm

5 mm 0.2-1.6 0.1-0.2 0.4 mm 0.1-2.5

0.3-2 >2 0.05-1

1-4 mm 0.3-1.8 0.2-2.5 0.1-0.6

0.1-1.2 0.2-5

0.4-2 0.3-0.5 0.2-2 0.3-1.4 0.3 mm

1.2 mm 0.7-1.9 1.2-2

5 mm 0.3-1 0.1-1.8 0.2-2

0.6-1.1 0.2-0.3 0.3-1.3 0.3-1.2

3-4 mm 0.3-0.5 0.2-0.9 0.8-1.1 0.1-2 0.2-1

0.4-2 0.6-1.6 0.4-2 0.9-2.5 0.3-2 0.1-1.6

0.1-2.2

0.3-4

0.8-1.6 0.1-1.6 0.6-1.8 0.3-2

0.9-1.8 0.1-1 0.4-0.8 1.2-4

Table 3. Continued

Sample Accesory
B97122803D Bt

B97122804B Opq

B97122804C Opq, Zr, Ap

B97122804E Opq ,Qtz

B97122807 Grt

B97122808 Opq 

B971228T01 Zr Cal (0-10%)

B97123001A Opq

B97123001B Opq

TS97121901C Zr, Opq, Hbl

TS97121901D

TS97121902A Sph, Scp (10-15%)

TS97121903B Spl (10-15%)

TS97121903D Cal (85-95%), Spl, Amp

TS97122004A Opq, Grt, Bt

TS97122002A Opq (0-10%)

 

 

Grt Sil Kfs Pl Qtz Bt Spl
1-3 mm 0.1-3 0.4-2 0.1-0.4

0.4-3 0.2-1.6 0.2-1.4 0.1-4 0.1-2

0.8-3 0.05-0.8 0.1-1.8 0.2-1 0.1-2

0.3-2.4 0.2-2.2 0.3-2.5

0.4-4 0.2-1.4 0.1-1.2 0.1-1.2 0.05-1.6

0.2-10 0.1-2 0.4-1.2 0.2-1.2 0.2-1.4 0.05-0.2

0.6-3 0.2-1 0.3-1.2 0.1-2 0.2-1.2

0.6-2.5 0.2-2 0.1-2

0.4-2

0.4-2.4 0.1-0.6 0.05-3

0.2-1.4 0.2-3 0.1-1

0.4-2 0.3-1.8 0.2-2 0.4-1.6 0.1-1.2

0.2-1.8 0.2-1 0.1-2.5 0.1-3

0.3-1 0.5-4 0.1-4 0.2-1.2

Table 3. Continued mm

Sample Accessory
TS10122505B 0.4-0.8 Rt, Spl

TS10122604H Opq, Zr

TS10122806B Ilm,Zr, Spl

TS10122806B2 0.2-1 Qtz, Bt, Opx

TS11010804 Opq

TS11010903A Rt, Bt, Ilm

TS11010903B  Zr

TS11011401K3 0.3-2.5 Sph, Zr

TS11011502C unknown (70-80%), Bt

TS11011702F 0.2-1.4 Ilm

TS11020203A 0.2-2 Opq

TS11020204A Ilm, Ap, Zr

TS11020206A Ilm, Ap (0-10%), Zr

TS11020206F Ilm, Ap, Zr  
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Grt Sil Kfs Pl Qtz Bt Spl
2.5-3 0.8-1.6 0.2-2.5 0.1-2 0.2-1.4

0.3-1.2 0.3-2 0.2-1.8 0.2-1

0.2-2 0.2-2.5 0.1-3 0.2-5 0.1-1

1 - 2 mm 0.2-0.8 0.4-4 1-1.4

2-10 mm 0.4-2 0.1-5 0.1-0.2 0.1-1.4

0.2-2 0.2-1.4 0.05-1

0.6-0.9 0.2-1.2 0.2-0.8 0.2-1.4 0.05-1.4

0.6-1.4 0.4-1.3 0.4-2

0.1-1.6 0.1-1.3 0.2-0.8 0.1-1.4 0.1-0.7

1.2-2 0.2-0.6 0.3-2.5

0.05-0.5 0.2-1.2 0.2-1 0.1-2.4

1-4  mm 0.1-0.6 0.3-1.8 0.2-2.5

0.2-1.6 0.2-3 0.3-1.8

0.4-2.4 0.2-0.6 0.1-1.7

0.2-8 0.1-4 0.1-1.8 0.1-1.6

0.3-2.5 0.3-2 0.1-3 0.05-2.4

Table 3. Continued mm

Sample Accessory
TS11020206J Opq

TS11020602B Opq, Zr

TS11020607B Rt(0-10%)

B97121905 Kfs

B97122401A Opq, Zr, Ap

B97122403 Rt, Bt, Ilm

B97122604 Opq

B97122708A Zr

B97122708B Zr, Ap

B97122803B 0.1-0.8 Opq, Rt

B97122803C Grt, Opq

B97122804E Rt

TS97121901B Grt, Qtz, 

TS97122002B Opq. Qtz, Pl

TS97122004B

TS97122003 Opq, Rt, Sil

 

 

Grt Sil Kfs Pl Qtz Bt Spl
0.6-1.6 0.4-2.2 0.2-1.8 0.2-0.8

0.6-3 0.2-3 1.4 mm 0.2-1.8

1.5-10 0.3-2 0.2-1.2

1.4-4 0.1-0.4 0.1-2.5 0.7-1.4

Grt Cpx Opx Pl Qtz Amp Bt Sil
1.2-4 0.2-1.2 0.1-0.3 0.1-1.6 0.2-3

0.9-2.5 1.8 mm 0.4 mm 0.2-2 0.4-1.8

2.5-3 0.2-1.8 0.2-2.5 0.2-1.5

0.05-1.2 0.1-1.4 0.1-1.6 0.1-1.4

0.2-2.2 0.2-2.2

TS97122005G Grt

TS97122402C Spl (0-10%), Amp

TS97122005B Sil (0-5%)

TS97122004D Qtz, Opq

TS97122004E Opq

TS97122302A-2 0.2-0.9 Ilm, Rt, Chl

Sample Accesory

TS97122007 Pl, Qtz

TS97122004C Grt

TS97122005C Rt, Bt

Table 3. Continued mm

Sample Accessory
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Locality

Sample

No.
TS10122502B2TS10122502B2TS10122502D TS10122502D TS10122502D B97122003-2 B97122003-2 TS11011504C TS11011504C

Mineral Name Grt Grt Grt Grt Grt Grt Grt Grt Grt

No. of oxygen 12 12 12 12 12 12 12 12 12

Remarks core rim core rim core core rim core rim

SiO2 39.42 38.374 38.659 38.645 39.217 38.569 38.672 38.781 38.164

Al2O3 21.795 21.388 21.592 21.788 21.542 21.209 20.992 21.381 21.052

TiO2 0 0.002 0.021 0 0.071 0.098 0.004 0.065 0.074

Cr2O3 0 0.067 0 0.048 0.026 0 0.046 0.029 0.117

Fe2O3

FeO※ 24.825 28.729 27.43 29.103 25.941 26.531 28.808 25.097 30.63

MnO 0.387 0.667 1.001 1.031 0.567 0.49 0.563 0.519 0.754

NiO 0.051 0 0 0 0.006

MgO 10.865 8.419 6.901 7.439 9.195 8.474 6.955 9.354 6.473

CaO 1.243 0.757 5.233 3.011 2.598 2.297 2.171 2.927 1.738

Na2O 0 0 0.039 0 0 0.001 0.054 0.023 0.018

K2O 0 0.014 0 0.01 0 0.013 0.016 0 0.029

ZnO 0 0 0.08 0.009 0.168

Total 98.535 98.417 100.927 101.075 99.237 97.682 98.281 98.185 99.223

Si 3.033 3.018 2.988 2.985 3.029 3.036 3.057 3.022 3.019

Al 1.976 1.982 1.967 1.983 1.961 1.967 1.955 1.963 1.962

Ti 0.000 0.000 0.001 0.000 0.004 0.006 0.000 0.004 0.004

Cr 0.000 0.004 0.000 0.003 0.002 0.000 0.003 0.002 0.007

Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Fe2+ 1.597 1.889 1.772 1.879 1.675 1.746 1.904 1.635 2.026

Mn 0.025 0.044 0.066 0.067 0.037 0.033 0.038 0.034 0.051

Ni 0.000 0.000 0.003 0.000 0.000 0.000 0.000 0.000 0.000

Mg 1.245 0.986 0.795 0.856 1.058 0.994 0.819 1.086 0.763

Ca 0.102 0.064 0.433 0.249 0.215 0.194 0.184 0.244 0.147

Na 0.000 0.000 0.006 0.000 0.000 0.000 0.008 0.003 0.003

K 0.000 0.001 0.000 0.001 0.000 0.001 0.002 0.000 0.003

Zn 0.000 0.000 0.000 0.000 0.005 0.000 0.000 0.001 0.010

Total 7.979 7.989 8.030 8.023 7.985 7.976 7.969 7.994 7.995

Mg/(Fe+Mg) 0.44 0.34 0.31 0.31 0.39 0.36 0.30 0.40 0.27

Alm 53.8 63.3 57.8 61.6 56.1 58.9 64.7 54.5 67.8

Prp 41.9 33.1 25.9 28.0 35.4 33.5 27.8 36.2 25.5

Grs 3.4 2.1 14.1 8.2 7.2 6.5 6.2 8.1 4.9

Sps 0.85 1.49 2.14 2.21 1.24 1.10 1.28 1.14 1.69

Skallevikshalsen

※Total Fe as FeO

Skallevikshalsen Skallen Austhovde

Table 4. Continued
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Locality Austhovde
Sample

No.
TS11010802 TS11010802 TS11010803A TS11010803A TS11010704B TS1101405A-2 TS1101405A-2 TS11020610I

Mineral Name Cpx Cpx Cpx Cpx Cpx Cpx Cpx Cpx

No. oxygen 6 6 6 6 6 6 6 6

Remarks core rim core rim core rim Matrix

SiO2 51.493 50.7 51.623 51.933 50.297 51.664 52.421 51.526

Al2O3 2.468 3.206 1.861 1.664 2.242 2.708 2.101 1.147

TiO2 0.331 0.268 0.267 0.143 0.296 0.301 0.201 0.364

Cr2O3 0 0.017 0.004 0.006 0 0 0 0.023

Fe2O3

FeO※ 11.912 11.132 14.802 14.925 19.614 15.625 15.316 9.721

MnO 0.117 0.108 0.13 0.122 0.278 0.114 0.196 0.191

NiO 0.031 0.007 0 0.04 0 0 0.032

MgO 12.367 12.285 10.426 10.5 7.505 9.46 9.536 13.1

CaO 21.507 22.474 21.753 21.681 20.244 21.627 21.853 21.41

Na2O 0.402 0.3 0.301 0.321 0.534 0.359 0.397 0.376

K2O 0.002 0.001 0 0 0.008 0.004 0 0.005

ZnO 0 0 0 0 0.019 0

Total 100.63 100.498 101.167 101.335 101.037 101.862 102.053 97.863

Si 1.934 1.907 1.954 1.962 1.947 1.946 1.968 1.972

Al 0.109 0.142 0.083 0.074 0.102 0.120 0.093 0.052

Ti 0.009 0.008 0.008 0.004 0.009 0.009 0.006 0.010

Cr 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.001

Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Fe2+ 0.374 0.350 0.468 0.471 0.635 0.492 0.481 0.311

Mn 0.004 0.003 0.004 0.004 0.009 0.004 0.006 0.006

Ni 0.001 0.000 0.000 0.001 0.000 0.000 0.001 0.000

Mg 0.692 0.688 0.588 0.591 0.433 0.531 0.533 0.747

Ca 0.865 0.905 0.882 0.877 0.839 0.872 0.878 0.878

Na 0.029 0.022 0.022 0.023 0.040 0.026 0.029 0.028

K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Zn 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000

Total 4.017 4.026 4.008 4.009 4.014 3.999 3.995 4.005

Mg/(Fe+Mg) 0.65 0.66 0.56 0.56 0.41 0.52 0.53 0.71

Acm 3.4 5.1 1.7 1.7 2.8 0.4 0.0 1.0

CaTs 6.6 9.3 4.6 3.8 5.3 5.3 3.2 2.8

Aug 73.2 71.8 78.9 80.1 73.2 74.7 80.8 82.2

Table 5. Representative electron microprobe analysis of pyroxene.

※Total Fe as FeO

Skallevikshalsen Ongul
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Locality Austhovde

Sample

No.
TS11010802 TS11010803A TS10122604B TS11011405A-2 TS11020610I TS11020610I TS11020610G-2 TS11020610G-2

Mineral Name Hbl Hbl Hbl Hbl Hbl Hbl Hbl Hbl

No. oxygen 23 23 23 23 23 23 23 23

Remarks symp Matrix in Grt matrix in Grt in Grt

SiO2 41.777 40.64 40.87 39.503 40.627 41.235 42.178 41.442

Al2O3 12.107 12.419 11.973 12.111 13.602 13.313 15.649 15.22

TiO2 1.769 2.024 2.244 2.618 2.989 3.137 0.325 0.374

Cr2O3 0.059 0.008 0.078 0.045 0.01 0.052 0 0.019

Fe2O3

FeO※ 14.919 20.538 19.409 18.329 15.398 12.602 10.181 12.268

MnO 0.039 0.048 0.06 0.032 0.219 0.081 0.085 0.044

NiO 0.04 0.018 0.007 0 0.002 0

MgO 12.083 7.697 7.933 8.026 9.967 11.553 13.223 11.917

CaO 11.909 11.293 11.599 11.39 11.275 11.793 11.562 11.258

Na2O 1.723 2.302 1.226 1.27 2.237 2.31 1.973 1.971

K2O 2.096 1.12 1.975 2.733 1.56 1.425 1.877 1.832

ZnO 0.122 0 0 0 0.119 0

Total 98.643 98.107 97.374 96.057 98.005 97.501 97.053 96.345

Si 6.237 6.231 6.295 6.186 6.106 6.144 6.208 6.208

Al 2.130 2.244 2.173 2.235 2.409 2.337 2.714 2.686

Ti 0.199 0.233 0.260 0.308 0.338 0.351 0.036 0.042

Cr 0.007 0.001 0.009 0.006 0.001 0.006 0.000 0.002

Fe3+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

Fe2+ 1.862 2.633 2.499 2.400 1.935 1.570 1.253 1.536

Mn 0.005 0.006 0.008 0.004 0.028 0.010 0.011 0.006

Ni 0.005 0.002 0.001 0.000 0.000 0.000 0.000 0.000

Mg 2.687 1.758 1.820 1.872 2.231 2.564 2.899 2.659

Ca 1.904 1.854 1.913 1.910 1.815 1.882 1.822 1.806

Na 0.498 0.684 0.366 0.385 0.651 0.667 0.563 0.572

K 0.399 0.219 0.388 0.546 0.299 0.271 0.352 0.350

Zn 0.013 0.000 0.000 0.000 0.013 0.000 0.000 0.000

Total 15.945 15.865 15.731 15.851 15.827 15.802 15.857 15.867

Mg/(Fe+Mg) 0.59 0.40 0.42 0.44 0.54 0.62 0.70 0.63

Si 6.24 6.23 6.29 6.19 6.11 6.12 6.21 6.21

NaA+K 0.90 0.83 0.75 0.93 0.950 0.940 0.97 0.92

Table 7. Representative electron microprobe analysis of amphibole.
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