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SUMMARY 

Were the granulite-facies metamorphic supracrustals of the Faurefjell Metasediment 

Formation in Rogaland, SW Norway, chemically open or closed systems? In order to 

assess differential element mobilities in response to pre-, syn- and post-metamorphic 

fluid fluxes through this formation, the mineralogy, crystal chemistry, bulk chemical 

composition, and mineral oxygen and carbon stable isotope composition is 

investigated in marbles and metavolcanics. 

Chapter I of this thesis provides the reader with the geological background 

necessary to appreciate the importance of the problem. A review of the geology of 

the Rogaland high-tempeniture granulite terrane is given, and it is explained why the 

Faurefjell supracrustals are selected in this case study. At the end of the chapter the 

scope of this thesis is further refined. 

The chemical occupancy of the hydroxyl-site in metamorphic micas potentially 

monitors compositions of coexisting metamorphic fluids. Therefore, the composition 

of phlogopites in the marbles is evaluated in Chapter II. It is inferred that, in Ba-Ti

rich phlogopites, an unnamed anhydrous Ba-Ti end-member composition 

(BaMgzTiSizAlz0 12) constitutes about 81 mole% of the solid solution. 

In Chapter III, an extreme variation in bulk composition observed in 

metavolcanic layers of the Faurefjell Formation is related to premetamorphic 

chemical alteration processes. Composition-volume relations in one particular layer of 

these rocks support an origin involving Proterozoic weathering (lateritization) of a 

basaltic protolith. Some effects of syndiagenetic metasomatism are likely 

superimposed on these weathering trends. Subsequent high-grade metamorphic events 

merely enhanced preservation of the post-diagenetic bulk compositional 

characteristics. 

Oxygen and carbon isotopic ratios in carbonate, silicate and oxide minerals of 

various lithological units of the Faurefjell Formation are discussed in Chapter IV. 

Calcites in the marbles show regionally a coupled <5180-d13C trend. The magnitudes of 
180the regional shifts in <5 (8.5 permil) and <5 13C (5 permil) cannot be explained by 

metamorphic volatilization reactions and isotopic exchange with external fluids is 
180proposed. The <5 compositions of high-grade silicate minerals associated with the 

marbles are in accordance with the calcite isotopic compositions. Therefore, the fluid

rock interaction that caused the regional 0180-o 13C trend must have occurred before 
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formation of these silicates (ie, before the peak metamorphic conditions). Regional 

trends in d180 and dUe are not recorded in silicate minerals, oxides and graphites of 

other units within or adjacent to the Faurefjell Formation. Some late stage isotopic 

resetting is observed, mainly in feldspar and calcite but, generally, the metamorphic 

bulk: isotopic compositions have been preserved. The possibility of preserving bulk 

isotopic trends, inherited from a Proterozoic weathering process, is ambiguous from 

the oxygen isotopic compositions of metamorphic minerals of the lateritized 

metavolcanics. 

In Chapter V, it is concluded that, during and after the high-grade metamorphic 

conditions, the Faurefjell supracrustals were approximately closed for external fluid 

fluxes. However, considerable fluid-rock interaction must have occurred before 

exposure to high-grade metamorphic conditions. Hence, mobility of elements is mostly 

restricted to early episodes (sedimentation, diagenesis, low-grade metamorphism) in 

the formation of these rocks. 
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SAMENVATTING 

Waren de granuliet-facies metamorfe supracrustalen van de Faurefjell Metasediment 

Formatie uit Rogaland, ZW Noorwegen, chemisch open of gesloten systemen? Om 

differentiele element mobiliteiten ten gevolge van pre-, syn- en post-metamorfe 

vloeistof stromen door deze formatie te schatten, is onderzoek verricht naar de 

mineralogie en bulk-chemische samenstelling van marmers en metavulkanieten, en 

naar de stabiel isotopische samenstelling van zuurstof en koolstof en de kristal-chemie 

in afzonderlijke mineralen. 

Hoofdstuk I van dit proefschrift informeert de lezer over de geologische 

achtergrond van het probleem. Ben overzicht van de geologie van het hoog

temperatuur granuliet gebied in Rogaland wordt gegeven, en er wordt uitgelegd 

waarom juist de Faurefjell supracrustalen in het kader van de probleemstelling 

bestudeerd worden. Aan het eind van het hoofdstuk wordt de doelstelling van het 

proefschrift geformuleerd. 

De anion bezetting van de hydroxyl plaats in metamorfe glimmers kan de 

samenstelling weerspiegelen van fluide fasen die ten tijde van de metamorfose naast 

deze glimmers voorkwamen. Daarom wordt in Hoofdstuk II de samenstelling van 

phlogopiet in de marmer besproken. Br wordt afgeleid dat in barium- en titaan-rijke 

phlogopiet, 81 mol% van de vaste stof oplossing bestaat uit een watervrij Ba-Ti 

eindlid (BaMgzTiSizAlzOu). 

In Hoofdstuk III wordt de grote variatie, die waargenomen is in bulk 

samenstellingen van metavulkanieten van de Faurefjell Formatie, in verband gebracht 

met pre-metamorfe chemische alteratie. Samenstelling-volume relaties binnen een 

metavulkanietlaag wijzen op een vorming door Proterozoische verwering 

(laterietvorming) van een oorspronkelijk basaltisch substraat. Effecten van syn

diagenetische metasomatose zijn vermoedelijk gesuperponeerd op de verwering 

trends. De daaropvolgende metamorfe processen hebben voornamelijk conserverend 

gewerkt op bulk samenstellingen die al tijdens de diagenese zijn verworven. 

Zuurstof en koolstof isotopen verhoudingen in carbonaten, silicaten en oxyden 

uit diverse gesteentesoorten in de Faurefjell Formatie worden besproken in 

Hoofdstuk IV. Calciet in de marmers vertoont regionaal een gekoppelde d180-c513C 

trend. De grootte van de regionale verschuiving in d180 (8.5 per mille) en d13C (5 per 

mille) kan niet veroorzaakt zijn door ontgassingsreacties. Vermoedelijk heeft 
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isotopische uitwisseling plaatsgevonden met exteme vloeistoffen. De 15180 waarden 

van hoog-gradig metamorfe silicaat mineralen in de marmers komen overeen met de 

isotopische samenstelling van de geassocieerde calciet. Daarom moet de gesteente

fluide fase interactie, die de regionale d180~1)C heeft veroorzaakt, plaats hebben 

gevonden voordat deze silicaten gevormd zijn (d.w.z., voor het bereiken van de 

hoogste graad van metamorfose). Regionale trends in 15 180 en/of dUC zijn niet 

waargenomen in silicaten, carbonaten, oxyden en grafieten uit andere lithologische 

eenheden binnen (of grenzend aan) de Faurefjell Formatie. Isotopische aanpassing 

aan laat-metamorfe, laag-gradige omstandigheden wordt hier en daar waargenomen, 

(voomamelijk in calciet en veldspaat), maar in het algemeen zijn de bulk isotopische 

samenstellingen, zoals die waren ten tijde van de metamorfose, bewaard gebleven. De 

Zllurstof isotopen samenstellingen in mineralen uit de gelateritizeerde 

metavulkanieten geven geen uitsluitsel over de vraag of bulk isotopische trends, 

veroorzaakt door Proterozoische verwering, bewaard zijn gebleven. 

In Hoofdstuk V wordt geconcludeerd dat, gedurende en na de hoog-gradig 

metamorfe omstandigheden, de Faurefjell supracrustalen zo goed als gesloten waren 

voor exteme fluide fasen. Aanzienlijke gesteente-fluide fase interactie heeft 

daarentegen plaatsgevonden voordat de hoog-gradig metamorfe condities ontstonden. 

De mobiliteit van de chemische elementen in de formatie is dus voomamelijk beperkt 

tot de eerste gedeelten van de petrologische geschiedenis (afzetting, diagenese, laag

gradige metamorfose). 

xvi 



CHAPTER I: GEOLOGICAL BACKGROUND AND SCOPE OF mIS THESIS 

1.0 ABSTRACT 

T-X

High-temperature granulite facies metamorphism in the Precambrian basement of 

Rogaland, SW Norway, is associated with the diapiric uprise and final emplacement 

of massif-type anorthosites during the Sveconorwegian orogenic period (1250

900 Ma). Fluid deficiency characterizes the high-grade metamorphic conditions and, 

hence, unique opportunities exist to reconstruct the thermal history of a Proterozoic 

lower crustal segment of the Baltic Shield. Especially metasediments are effective P

nuid sensors, due to small scale chemical contrast and the occurrence of sluggishly 

reacting AI-rich minerals adjacent to, or in the vicinity of, rapidly reacting Mg-rich 

minerals. Extensive isograd mapping during the past two decades has yielded 

excellent field control for metapelites, marbles and metavolcanics which are 

intercalated in migmatitic units. Therefore, in order to bracket mass transfer and fluid 

budgets at high-grade conditions, these rocks are selected as targets for further small 

scale and regional geochemical and stable isotope investigations. 

1.1 INTRODUCTION 

The scope of this thesis is to assess element mobilities in metasediments (the 

Faurefjell Metasediment Formation) of the Precambrian basement of Rogaland, SW 

Norway. The problem is: do the distinct rock types in this unit represent relatively 

open or relatively closed systems as function of time with regard to specific elements 

and/or isotopic ratios thereof? 

This chapter provides a) geological information necessary to understand the 

importance of the problem, b) the rationale behind the selection of these particular 

metasediments in this case study and c) a compilation of what is already known about 

these rocks. The Faurefjell Metasediment Formation will be placed in a geological 

framework by zooming in from the Baltic shield to geological units of progressively 

smaller scale. En passant, an up to date (1990) section on the geology of Rogaland is 

given. At the end of this chapter, the scope of this thesis will be further refined. 

While digesting this information, the reader should keep in mind that the 

complexity of the rocks studied, as displayed by the large textural, chemical and 

isotopic variation on small scale, is by no means typical for the Rogaland area. It is 

1 
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Fig. 1.1: Crustal Domains of the Baltic Shield (modified after: 
Verschure 1985; Gaal and Gorbatschev 1987). 

the preservation of evidence for such complexity that is typical for Rogaland. 

S1RUCfURE OF THE BALTIC SHIELD 

On the basis of radiometric dating, tectonic style, metamorphic history and lithology, 

the Baltic Shield may be subdivided in three crustal domains, as shown in Figure 1.1. 

These domains were formed and reworked during distinct orogenic episodes, and 

reflect alternating accretion and rifting/dispersion regimes (Gaal and 

Gorbatschev 1987; Gorbatschev 1990). The Archean Domain represents the oldest 

Baltic rocks, which are found in Karelia and on the Kola peninsula. They were 

cratonized predominantly during the Lopian orogenic period (2.9-2.6 Ga; see 

Table 1.1). The Svecofennian Domain, in the central and western part of the Shield, 

is proposed to have grown outward from this Archean nucleus, mainly during the 
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Table 1.1: Orogenic time-table 

Era Radiometric Age (Ga) Event Canadian Equivalent 

Archean Saamian 3.1 - 2.9 Orogenic 
Lopian 2.9 - 2.6 Orogenic Rebolian 

Proterozoic Karelian 2.45  2.0 Anorogenic 
Svecofennian 2.0 - 1.77 Orogenic Hudsonian 
Gothian 1.75  1.5 Orogenic 
Hallandian 1.5 - 1.4 Anorogenic 
Sveconorwegian 1.25  0.9 Orogenic Grenvillian 

Phanerozoic Caledonian 0.6 - 0.4 Orogenic 

Svecofennian orogenic period (2.0-1.77 Ga; Lindh 1987). The Southwest Scandinavian 

Domain, the westernmost rim of the Baltic Shield, accreted during the middle 

Proterozoic. It is built up of Gothian rocks that were reworked during Hallandian 

(1.5-1.4 Ga), Sveconorwegian (1.25-0.9 Ga) and Caledonian (0.6-0.4 Ga) events. The 

geology of the Southwest Scandinavian Domain will be discussed in the next section. 

In general, the domains become progressively younger and more deformed from the 

northeast towards the southwestern part of the Shield. The northwestern edge of the 

Baltic Shield is fringed by the Scandinavian Caledonides, which represent nappe 

systems of remobilized Precambrian and early Phanerozoic crustal material. 

1.3 DEVELOPMENT OF THE SOUTHWEST SCANDINAVIAN DOMAIN 

The principal Sveconorwegian and pre-Sveconorwegian terranes in Scandinavia can 

be correlated with structural units in Canada, Greenland and Scotland (Table 1.2) 

indicating that they formed part of a major intercontinental pattern of proterozoic 

crustal accretion (Patchett et al. 1978; Gower 1985). The Southwest Scandinavian 

Domain is regarded as the European part of the vast North Atlantic Grenville 

province. It is separated from the Svecofennian platform by the Transscandinavian 

Granite-Porphyry Belt and the Protogine Zone (Figs. 1.1; 1.2) which are the 

Scandinavian equivalents of the Trans Labrador Batholith and the Grenville Front, 

respectively, in Canada. 

The Protogine Zone is a paleomagnetic boundary that generally marks the 

eastern limit of Sveconorwegian deformations and ages (GaM and Gorbatschev 1987), 
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Fig. 1.2: Major tectonic zones in South Scandinavia. Modified after: 
Swanberg et al. 1974; Verschure 1985; Demaiffe and Michot 1985; Undh 
1987). Crustal Segments: 1 Eastern Segment; 2 Median Segment; 3 Western 
Segment; 4 Bamble/Kongsberg Segment; 5 Telemark Segment; 
6 RogalandNest-Agder Segment; 7 Western Gneiss Region. Major 
structural boundaries: I Protogine Zone; II Mylonite Zone; III Dalsland 
Boundary Thrust; IV Kristiansand-Bang Shear Zone; V Mandal-Ustaoset 
Une. Structural symbols: a fault in general; b thrust fault; c normal fault; 
d submarine extension of the South Rogaland Igneous Complex. 

although some Sveconorwegian age resetting is observed in minerals within and 

directly east of the Transscandinavian Granite-Porphyry Belt (Verschure 1985). The 

Protogine Zone appears to be a deep-reaching listric feature which brings seismically 

two layered Sveconorwegian-reworked Gothian crust to override three-layered 

Svecofennian crust (Berthelsen 1990). It is inferred from paleomagnetic and structural 

data that 1190 - 1050 Ma ago, during the Sveconorwegian orogenic period, the Baltic 

shield rotated clockwise relative to the Canadian Shield (Poorter 1981, Steam and 

Piper 1984, Gower 1985), which may explain the generally divergent orientation of 

major structural boundaries in the Baltic Shield. 
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Table 1.2: Synonyms and North Atlantic equivalents of Scandinavian structural units 

Scandinavian Unit; (Synonym); "Canadian Equivalent"; {Greenland Equivalent};
 

Baltic Shield; (Fennoscandian Shield).
 
Svecofennian Domain; "Makkovic Province"; {Ketilidian Mobile Belt}.
 
Southwest Scandinavian Domain; (Sveconorwegian Province);
 

Southwestern Gneiss Complex); "Grenville Province". 
Protogine Zone; (Sveconorwegian Front); (Great Mylonite Zone); "Grenville Front". 
Transscandinavian Granite-Porphyry Belt; (SmfUand-VarmIand Granitoid Belt); 

'Trans-Labrador Batholith" 
Eastern Segment; "Groswater Bay Terrane" 
Median Segment; "Lake Melville Terrane" 

Typical for the Southwest Scandinavian Domain is the occurrence of large zones 

of strained rocks, e.g. the Protogine Zone, the Mylonite Zone, the Kristiansand-Bang 

Shear Zone (Fig. 1.2). Together with the Permian Oslo Graben these zones define 

the boundaries of seven tectonic segments (Fig. 1.2) with distinct lithological, 

radiometric and metamorphic characteristics. 

Several Gothian ages are reported for rocks east of the Oslo Graben and for 

the Bamble/Kongsberg Segment, but definitive Gothian ages are not known from the 

Telemark and RogalandlVest-Agder segments (Demaiffe and Michot 1985; 

Verschure 1985). This may be due to extensive metamorphic disturbance of U-Pb and 

Rb-Sr isotopic systems in the westernmost segments, as Sveconorwegian reworking 

increases westward (Falkum and Petersen 1980). In the RogalandNest-Agder 

Segment, occasional dates between 1.4 and 1.5 Ga (Rb/Sr whole-rock,207pbrPb 

zircon, Pb/Pb whole-rock; Versteeve 1975; Pasteels and Michot 1975) indicate that 

part of the basement complex consists of at least 1.5 Ga old crust. Sm-Nd model ages 

of various basement gneisses in Rogaland indicate crustal residences between 1.5 and 

1.9 Ga (Menuge 1988). Accretion of the present Southwest Scandinavian Domain was 

largely completed before the Sveconorwegian orogenic period, apart from the syn

kinematic intrusions which recur mainly in the RogalandlVest-Agder Segment. 

Sveconorwegian ages have been recorded throughout the Southwest Scandinavian 

Domain (Demaiffe and Michot 1985; Verschure 1985) and represent essentially a 

period of reworking previously formed crust (GallI and Gorbatschev 1987; 

Lindh 1987). 

The following gradients are observed from the Oslo Graben towards the North 
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Sea (Falkum 1985): 

a)ages of deformation and intrusive activity become younger. 

b)the volume of Sveconorwegian intrusions increases drastically. 

These two features prompted Falkum (1985) to propose that the Rogaland/Vest

Agder Segment represents the core zone of an asymmetrical N-S running 

Sveconorwegian orogenic belt representing a true continental accretion zone with 

considerable crustal addition. The Telemark and BamblelKongsberg segments 

embody in this model the central orogenic zone where pre-orogenic gneisses were 

considerably reworked and mixed with numerous syn- and postkinematic intrusions. 

Finally, the region between the Oslo Graben and the Protogine Zone is seen as a 

peripheral zone, with less structural and metamorphic Sveconorwegian overprinting 

and with a mega-tectonic imbricate structure imposed from the west. The asymmetric 

character of such an orogen may be explained by a hypothetical, preexistent, 

proterozoic subduction zone to the present west of the South Scandinavian Domain 

(Berthelsen 1980; Falkum and Petersen 1980; Falkum 1985). For segments between 

the Oslo Graben and the Protogine Zone, subduction-type developments during the 

Gothian and Sveconorwegian orogenies seem also more consistent with the presently 

available data than, for example, continental collision-type developments (Lindh 1987; 

Ahall and Daly 1989), although evidences for a subduction wne are not unequivocal 

(see below for alternative models in the Rogaland area). 

1.4 SALIENT FEATURES OF THE ROGALAND IDGH-GRADE TERRANE 

The geology in the Rogaland province (Fig. 1.3) is dominated by the vast ( > 2000 

km2
) anorthositic South Rogaland Intrusive Complex (SRIC) that produced a very 

high-grade metamorphic aureole in the pre-existing high-grade gneisses (Hermans et 

al. 1975; Tobi et al. 1985) during a multistage differentiation and emplacement 

history (1500(?)-900 Ma; Michot and Michot 1969; Demaiffe and Michot 1985; 

Duchesne et al. 1985). 

1.4.1 lithology of the Rogaland Terrane 

The SRIC is comprised of three large massif-type anorthosites (Egersund-Ogna, 

H:ftland-Helleren, and Ana-Sira), two smaller leuco-noritic bodies (Hidra and 

Garsaknatt), a mainly leuconoritic lopolith (Bjerkreim-Sokndal) and three large acidic 
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Fig. 1.3: Simplified geological sketch map of the Rogaland terrane. 
Magmatic bodies: 1 Egersund-Ogna; 2 H~land-Helleren; 3 Ana-Sira; 
4 Bjerkreim-Sokndal; 5 Ridra; 6 Garsaknatt; 7 Farsund; 8 Lyngdal; 
9 Kleivan; 10 Sjelset; 11 Botnavatnet; 12 Gloppurdi. A-E: Exposures of the 
Faurefjell Metasediment Formation. 

plutons (the Farsund charnockite, the Lyngdal granodiorite and the Kleivan "granite"; 

Duchesne et al. 1985). The isolated Sjelset charnockite (Maijer et al. 1990) is possibly 

chemically and genetically linked to the post-kinematic acidic plutons in the SRIC (C. 

Maijer, personal communication). The Bjerkreim-Sokndallopolith may be divided in 

a folded and layered anorthositic-Ieuconoritic lower part (1050 Ma) and a (quartz-) 

mOllZonitic upper part (930 Ma; Rietmeijer 1979; Wie1ens et al. 1980). An important 

part of the SRIC (about 75%) extends southwestward under the present North Sea 
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(Sellevoll and Aalstad 1971; see Fig. 1.2) and presumably also northward under the 

Caledonides (cf., Maijer 1990). Two major iron-rich syenitic to granitic sheet 

intrusions occur in Rogaland in addition to the SRIC (Botnavatnet and Gloppurdi; 

Rietmeijer 1979). These are petrographically very similar to the upper part of the 

Bjerkreim-Sokndallopolith, but their intrusion (1200 Ma; Wielens et al. 1980; 

Rietmeijer 1979) predates final emplacement of the SRIC (1050-900 Ma; Demaiffe 

and Michot 1985). 

The SRIC, Botnavatnet, Gloppurdi and Sjelset intrusions are surrounded by a 

Precambrian polymetamorphic complex of intensely folded Charnockitic and Granitic 

Migmatites (Hermans et al. 1975) with intercalations of augen gneisses (Bingen 1989) 

and metasupracrustal rocks. The latter are comprised of the Gyadal Gametiferous 

Migmatites (mainly metapelites; Kars et al. 1980; Huijsmans et al. 1981) and the 

Faurefjell Metasediment Formation (marbles, quartzites, metavolcanics and reaction 

intermediates thereof; Sauter 1981, 1983; Bol et al. 1989a,b). The augen gneisses are 

structurally (Falkum 1985) and chemically (Bingen 1989) intrusive rocks, that were 

emplaced before or during the Sveconorwegian orogenic period (Menuge 1988). 

1.4.2 magmatic evolution of the SRiC 

Three features characterize the massif-type anorthosites of the SRIC: 1) foliated 

anorthosite inclusions; 2) giant (> 1m) AI-rich orthopyroxene crystals exhibiting 

plagioclase and spinel exsolutions; and 3) the presence of an anorthosito-Ieuconoritic 

complex. This so-called Egersund-Ogna trilogy is a manifestation of synemplacement 

deformation during diapiric uprise from great depth of crystal mushes lubricated by 

limited amounts of melt (Duchesne et al. 1985). Radiometric age dating of the 

anorthosites yields only minimum ages (1050 Ma) corresponding to the closing of 

isotopic systems upon cooling. The large variation in consolidation pressures inferred 

for the Egersund-Ogna body (4-12 kbar) indicates a prolonged evolution prior to final 

emplacement (Duchesne et al. 1985). The minimum age date combined with the 

variation in consolidation pressures suggest that magmatic evolution of the 

anorthosite parent magmas has started much earlier (1.5 Ga ago ?) in deep seated 

magma chambers at the base of a thickened crust (Duchesne et al. 1985; see also 

section on Proterozoic plate tectonic setting). 

The conspicuous Fe enrichment in the mafic minerals of the rhythmically 

layered leuco-noritic phase (lower part) of the Bjerkreim-Sokndallopolith is 
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attributed to closed system differentiation at dry conditions (Duchesne et al. 1985). 

The monzonitic top of the lopolith is interpreted as a flotation cumulate at the roof 

of a magma chamber, where also contamination with supracrustal material occurred 

(Duchesne et al. 1987). 

On the base of U/pb ratios and Pb, Nd, Sr and a isotopic evidence, the 

"anorthositic suite" in the SRIC (anorthosite, (leuco-)norite, monzonorite, (quartz-) 

monzonite, charnockite/granite) may be rationalized by invoking the presence of 

three distinct magma types (Duchesne et al. 1985, 1987, 1989): a) primarily basaltic, 

mantle derived magma generating massive anorthosite cumulates, b) monzonoritic 

magma with variable amounts of crustal contamination producing anorthositic

monzonitic cumulate suites such as found in the Bjerkreim-Sokndallopolith and c) 

charnockitic magma resulting from fractionation of monzonoritic magma and/or 

partial melting of granulites creating the acidic intrusions. Alternatively, Nd and Sr 

isotope systematics may be taken to indicate that the anorthosites, leuconorites and at 

least some of the acidic intrusions are related by the same, mantle derived, picritic 

magma type, which was chemically and isotopically modified by assimilation of old 

crustal material at all stages (Menuge 1988). 

1.4.3 metamorphic history of the basement complex 

On the basis of mineral assemblages, four stages of metamorphism, MI-M4 (Hermans 

et a1. 1975; Jansen and Maijer 1980; Jansen et a1. 1985; Maijer 1987), have been 

recognized in the metasupracrustal units and in their enveloping migmatitic complex 

(Figs. 1.4a,b; see also Fig. 4.2). 

The M1 phase (about 1200 Ma?; Wielens et al. 1980) has been assigned to an 

old regional upper amphibolite to granulite facies metamorphism (Wielens et 

al. 1980; Maijer and Padget 1987). Estimates of P-T conditions reached during this 

phase are scarce and range from P =6-8 kbar and T =550-8500C (Jansen et al. 1985). 

Garnet, sillimanite, sapphirine and possibly Al-rich orthopyroxene are observed as MI 

relics throughout the Precambrian basement in the Rogaland/Vest-Agder Segment. 

The MI phase predates all anorthositic and acidic intrusions and may have been a 

pre-Sveconorwegian event. 

The granulitic high temperature-low pressure M2 stage (1050 Ma; Wielens et 

a1. 1980) is the main metamorphic event in Rogaland. It is essentially a thermal 

overprint induced by the intrusion of the anorthositic-Ieuconoritic phase (lower part) 
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of the Bjerkreim-Sokndallopolith, superimposed on the diapiric rise of the massif

type anorthosites (Maijer et al. 1981; Maijer 1987). A 15-45 km wide metamorphic 

zoning pattern surrounding the SR1C (Tobi et al. 1985) is manifest by a) a pigeonite

in isograd (the metamorphic pigeonite is now inverted to orthopyroxene and 

clinopyroxene), b) an osumilite-in isograd, c) a garnet decomposition isograd, d) a 

(amphibole + quartz)-out isograd, and e) a hypersthene line (incoming of hypersthene 

in granitic rocks) (see Fig. 1.3 for position of a, b and e). Geothermometric 
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calculations yield temperatures of about 1050°C between the pigeonite-in isograd and 

the igneous complex, decreasing to about 750°C near the hypersthene line (Jacques de 

Dixmude 1978; Jansen et al. 1985). Further to the east, amphibolite facies 

metamorphism is developed and a gradual regional change in chemical and optical 

properties of amphiboles and sillimanites related to distance to the intrusive complex 

is observed (Dekker 1978; Evers and Wevers 1984). Some of the metamorphic 

gradients and isograds, e.g. the hypersthene line, may in fact be of hybrid age and are 

presumably the composite results of various M1-M2 events. Crystallization pressures 

inferred for M2 assemblages are 4-5 kbar (Jansen et al. 1985) basd on geobarometry 

and on the upper stability of M2-osumilite and the lower stability of M1

sapphirine +orthopyroxene assemblages. Wilmart and Duchesne (1987) arrive at 

slightly higher M2 pressures considering late-magmatic crystallization pressures of 

post-tectonic intrusions of the SRIC. They inferred crystallization pressures 

(Opx =0/ +Qtz) for Hydra of > 5 kbar and for the upper part of the Bjerkreim

Sokndallopolith of 6-7.7 kbar (cf. Rietmeijer 1979: 5-7 kbar upper part; cf. 

Rietmeijer and Champness 1982: 9 kbar for the lower part). Possibly, these relatively 

high pressures reflect complex, polybaric, multistage crystallizatiOn/emplacement 

paths, such as inferred for the emplacement as a crystal mush of the Egersund-Ogna 

Anorthosite and other anorthositic bodies of the SRIC (Duchesne et al. 1985). The 

rocks between the hypersthene line and the SRIC would be classified as low-pressure 

granulites in the scheme of Green and Ringwood (1967) due to the combination of 

low or intermediate pressures and extremely high metamorphic temperatures. Indeed, 

kyanite is never reported from Rogaland whereas a few occurrences of andalusite 

(M3) are known (Jansen and Maijer 1980; Huijsmans et al. 1982). 

The M3-stage of medium-grade metamorphism represents a period of 

retromorphism during slow, almost isobaric, post-M2 regional cooling (Dekker 1978; 

Rietmeijer 1979; Swanenberg 1980; Kars et al. 1980; Sauter 1983; Kloprogge et 

al. 1989) that affected both the SRIC and its metamorphic envelope. The large 

temperature interval for M3 conditions (400-750"C, see also Fig. 4.2) reflects the fact 

that various mineral pairs attain retrograde equilibrium compositions from different 

P-T conditions. M3 features include the formation of exceptionally well developed 

exsolution textures in calcites, pyroxenes, and feldspars (Sauter 1983; Rietmeijer 1984; 

Maijer 1987), partial decomposition of typical M2 minerals (e.g., osumilite, AI-rich 

orthopyroxene) into symplectites of lower grade minerals (Henry 1974; Kars et 

al. 1980; Tobi et al. 1985; Maijer 1987), formation of orthopyroxene poikiloblasts by 
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massive transformation of pigeonite (Rietmeijer and Dekker 1978), and formation of 

orthopyroxene!Fe-Ti oxide syrnplectites by overall re-equilibration of originally 

magmatic mineral assemblages (Barton and van Gaans 1988). Locally, renewed 

growth occurs of minerals which became unstable at M2 conditions such as garnet, 

cordierite, sillimanite, and sapphirine (Maijer 1987). M3 biotites and amphiboles may 

form rims around Ml and M2 minerals. Isotopic ages for osumilite (970 Ma (K-Ar; 

Rb-Sr), Maijer et al. 1981), homblendes (950 Ma (K-Ar), Dekker 1978; Wielens et 

al. 1980), and brown biotite (870 Ma (K-Ar; Rb-Sr), Verschure et al. 1980) reflect 

passage through Rb-Sr and K-Ar closure temperatures during M3 cooling. Current 

estimates for M3 pressures are 3-4 kbar, locally 5 kbar (Jansen et al. 1985) or 3±0.5 

kbar (Wilmart and Duchesne 1987). Previously, estimated pressures slightly in excess 

of 5 kbar were assigned to M3 (Dekker 1978; Swanenberg 1980; Rietmeijer 1984). 

Finally an M4-stage of low-grade (prehnite-pumpellyite to greenschist facies) 

metamorphism (400 Ma) is weak and omnipresent in the west and is attributed to the 

Caledonian orogenesis (Verschure et al. 1980). An isograd of Caledonian green 

biotite (Sauter et al. 1983) follows the front of the Caledonian nappe system at a 

distance of 5-15 km in the Precambrian basement (Fig. 1.3). Although often referred 

to as "Caledonian retrogression", the M4-assemblages in reality reflect partly a 

renewed stage of prograde metamorphism that is related to a reversed geothermal 

gradient caused byoverthrusting of a pile of relatively hot Caledonian nappes 

(Maijer 1980; Jansen et al. 1985). 

1.4.4 significance of metamorphic fluids 

Low water pressures during high-grade metamorphic conditions are inferred from the 

stability of orthopyroxene in M2-M3 assemblages in the metamorphic envelope of the 

SRIC (cf., Valley et al. 1983). Locally, orthopyroxene may have been stable in Ml 

assemblages. The occurrence of M2 osumilite in metasediments near the SRIC also 

supports low water pressures (Olesch and Seifert 1981). Highly variable mineral 

assemblages, complex textures and mineral zoning as well as element partitioning 

among relevant minerals indicate very local (mm-scale) equilibrium domains for M2 

assemblages. This chemical fixation points to restricted element transport due to 

generally very limited amounts of metamorphic fluids (Jansen and Maijer 1987). The 

subsolidus formation of orthopyroxene poikiloblasts (Rietmeijer and Dekker 1979) 

and orthopyroxene!Fe-Ti oxide syrnplectites (Barton and van Gaans 1988) indicates 
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an impediment for nucleation of orthopyroxene. The amount of undercooling needed 

to create the observed orthopyroxene textures was presumably reached by fluid 

deficiency during post-M2 cooling (Rietmeijer 1979). 

Fluid inclusion studies have, so far, not been successful in identifying peak: 

metamorphic fluid compositions in Rogaland. The compositional ranges observed in 

fluid inclusions (dominantly H20, CO2-H20, CO2-N2, N2-CH4, or CO2-CH4 respectively) 

are related to rock type rather than to metamorphic grade (Swanenberg 1980). For 

example, fluid inclusions in quartz nodules from marbles of the Faurefjell 

Metasediment Formation are CO2-rich, whereas C~-rich inclusions are encountered 

in platy quartz of graphite bearing samples of the Gyadal Garnetiferous Migmatites. 

Swanenberg (1980) inferred, in general, high densities for CO2-rich and N2-rich fluid 

inclusions (especially in retrograde and/or intensely deformed rocks). Such densities 

are incompatible with current P-T estimates for the high-grade MI-M3 conditions. He 

concluded that the fluid compositions of the inclusions were modified due to post

metamorphic re-equilibration towards higher densities, presumably during near

isobaric cooling of the complex, Le. during M3. Van de Kerkhof et al. (in 

preparation) found that the superdense CO2 inclusions of Swanenberg in fact 

represent metastable CO2-CH4 mixtures entrapped after peak: metamorphic 

conditions. These authors argue that the observed compositional heterogeneity of 

fluid inclusions throughout the terrane supports the concept of fluid-deficient 

conditions during M2-M3. Oxygen fugacities reported to date (Henry 1974; 

Blok 1984; Jansen et al. 1985) are highly variable as well, again suggesting local f02 

control during M2-M3 by appropriate mineral assemblages (Bol et al. 1989a,b). 

Indeed, all results up till now are consistent with low amounts of fluid present at the 

high-grade metamorphic conditions, witch had compositions governed by local mineral 

assemblages. Large amounts of pervasive fluids (in contrast to channelized fluids), 

which were able to migrate over long distances, were apparently lacking (see also 

Chapter IV). 

Late stage, low-grade metamorphic fluids were invariably water rich as 

indicated by the composition and low degree of filling of secondary fluid inclusions 

(Swanenberg 1980; Van de Kerkhof et al. in preparation) and by M3/M4 mineral 

assemblages (Sauter 1983; Sauter et al. 1983). 
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1.4.5 structural evolution 

The detailed relationship between magmatic, metamorphic and tectonic events is not 

completely resolved. North of the Egersund-Ogna anorthosite three deformational 

phases are recognized (Michot 1960) and five in the area near Flekkefjord, Vest

Agder (Falkum 1976). Structural analyses in Rogaland indicate at least four phases of 

deformation (Hermans et al 1975; Huijsmans et al 1981; Maijer 1987). The oldest 

recognizable phase produced isoclinal folding, which resulted in a transpositional 

foliation. The 2 (or 3: d., Falkum 1976) later phases of intense deformation 

produced large, tight to isoclinal, often recumbent folds. These folds are the major 

structures in the area and, generally, their axial planes curve concordantly around the 

SRIC. These deformations are reflected within the SRIC by the typical mantled dome 

structure of the Egersund-Ogna anorthosite, which is related to synemplacement 

deformation (Duchesne et al. 1985). The youngest phase of deformation produced 

large (km) scale open folds with steep E-W striking axial planes. 

1.4.6 regional geochemistry 

LIIE depletion (e.g., Field et al. 1980; Weaver and Tarney 1981), ~REE depletion 

(e.g., Pride and Muecke 1980; Field et al. 1980) and high K/Rb ratios (> 500) are 

reported from many granulitic terranes. For the Rogaland terrane such a depleted, 

residual nature is not substantiated. Potassium bearing minerals, such as K-feldspar 

and (Mg-F-rich) biotite, are stable minerals in many M2 assemblages within the M2 

granulite-facies area (C. Maijer, personal communication). The major element 

chemistry of Charnockitic and Granitic Migmatites also provides evidence against 

depletion in magmatophile elements of the granulite facies region (van Gaans et 

al. 1987). No systematic variation with metamorphic grade is found for K, Rb, Th and 

~REE contents in leucocratic rocks (Bergmans and Kuiperes 1986). K/Rb ratios are 

129 ± 104 (20) in 76 samples of various leucocratic rocks (Bergmans and 

Kuiperes 1986), 120 ± 65 in 64 melanocratic rocks (Blok et al. in preparation) and 

300 ± 74 in 45 augen gneisses (Bingen 1989), again without significant regional 

variation. No indication is found for differential mobilities or loss of REE as a result 

of the amphibolite-granulite facies transition in augen-gneisses (Bingen 1989) nor as a 

result of at least three high-grade metamorphic events in metabasites (Bol et 

al. 1989b). 
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1.4.7 Proterozoic plate tectonics 

The MOHO discontinuity under SW Norway is presently situated at a depth of 28-30 

krn (Sellevoll 1973). Combining this depth with the recrystallization pressures of 

surficial rocks related to the main stage of granulite-facies metamorphism (4-8 kbar), 

Demaiffe and Michot (1985) inferred a proterozoic crustal thickness, of 50-60 krn. 

Gravimetric data indicate a thickness of 4-5 krn for the Bjerkreim-Sokndallopolith 

and at least 4-5 krn for the Egersund-Ogna anorthosite body (Smithson and 

Ramberg 1979). Together with the low heat flow through the SRIC (0.4-0.5 HFU; 

Swanberg et al. 1974), these data suggest that there is still more than 20 krn of low 

heat producing rocks (high-pressure, LILE depleted granulites?) below the SRIC. One 

problem, according to Demaiffe and Michot (1985), with an Andean-type model as 

discussed above arises from the juxtaposition in the Rogaland/Vest-Agder Segment of 

upper-crustal and lower-crustal magmatic bodies. Thus, Sr, Pb, Nd and 0 isotopic 

work on the anorthositic bodies of the SRIC suggests an origin in the upper mantel or 

in a LILE depleted lower crust, whereas initial Sr isotopic ratios and REE signatures 

of some syn-and post-kinematic acidic intrusions (e.g., the Farsund charnockite) point 

towards an origin by anatexis of upper-crust material (Demaiffe and Javoy 1980, 

Duchesne et al. 1985, Menuge 1988). Hence, the Rogaland/Vest-Agder Segment may, 

alternatively to an Andean-type model, be seen as a slice of lower crust obducted 

during a proterozoic plate collision and intruded by granitic melts derived from 

underlying upper-crustal material (Michot 1984; Demaiffe and Michot 1985). 

However, such model is not unique, as it is possible to reconcile the intrusion of 

acidic rocks in and along the border zone of the massif-type anorthosites with a 

multistage emplacement history of the SRIC, as reflected by the considerable spread 

in ages and consolidation pressures recorded by individual anorthositic bodies (cf., 

Duchesne et al. 1985). 

Proterozoic crustal thickening may also result from lithospheric doubling 

(Vlaar 1985, 1988) introducing a gravitationally unstable, hot, young oceanic layer 

below a cool continent. Applying this model here would mean that anorthositic 

magmas, derived from the oceanic layer, rise diapirically to underplate the existing 

continental crust, with as result considerable crustal thickening (Vlaar 1985). The 

main drawback of any underplating model for the Rogaland terrane is the presence of 

clearly recognizable metasediments, that testify to an upper crustal residence, at least 

during part of the early evolution (ie, sometime between 1.5 and 1.9 Ga; 
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1.5 

Menuge 1988) of the terrane. 

THE FAUREFJELL METASEDIMENT FORMATION 

In the past, the Faurefjell Metasediment Formation received a considerable amount 

of attention, both during petrological field practicals and in laboratory studies of the 

Utrecht Geochemistry Department (Hakstege 1973; Hermans et al. 1975; Teske 1977 

a,b; Hilversum 1977; Sauter 1978, 1981, 1983; Swanenberg 1980; Venhuis 1982; 

Meertens 1983; Blok 1984; Koop 1988). Since these metasediments are the subject of 

this thesis, a summary of the petrology is given below, with emphasis on marbles and 

"heterogeneous basic layers" which are further discussed in Chapters II-V respectively. 

Exposures of the Faurefjell Metasediment Formation are largely concentrated 

in five areas (A - E, Fig. 1.3) where it crops out as thin folded layers or boudinaged 

lenses with a total thickness varying from 10 to 50 meters. The contacts with the 

surrounding migmatites are usually concordant. Locally, in areas Band C, 

leucogranites intrude the metasediments discordantly. The joint occurrence of thick 

quartzite layers and impure dolomitic marbles is diagnostic for the Faurefjell 

Metasediment Formation. Generally, the Faurefjell Metasediment Formation is 

composed of various intercalations of quartz-diopside gneisses, diopside marbles, 

forsterite marbles, quartzites, quartz-K-feldspar rocks, diopside-K-feldspar rocks, K

feldspar rocks, diopside rocks, leuco-charnockites, and heterogeneous basic layers 

(lacking in area C) consisting of basic granulites and Fe-AI rich granofelses. 

The marbles cover only a very small part of the total mapped area ( < 0.01%). 

Most of them occur in areas Po, Band C, usually as intercalations in quartz-diopside 

gneisses or, alternatively, in quartzo-feldspathic rocks. The marbles are generally 

separated from their host lithology by thick, almost monomineralic, diopside-Iayers. 

Marbles are subordinate in area E, and only one marble exposure is found in area D 

(see arrow in Fig. 1.3). 

The principal marbles are forsterite-marbles, containing the mineral association 

Fo-Phl-Cal±Dol±Di±Spl(mineral abbreviations after Kretz (1983)). Diopside-marbles 

have generally a higher bulk silica content and have mainly the association Di

Phl-Cal. Chemically, the marbles are equivalents of impure siliceous dolomites, with 

Ca:Mg""l and variable silica content. Diopside rocks occur as layers or lenses within 

the marbles and at contacts between marbles and silica-rich rocks such as quartz

diopside gneisses, quartzites and pegmatites. Part of the fluctuation in Di content of 
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the marbles supposedly represents original (sedimentary) variations in silica content. 

However, the Di-rocks and many Di-rich parts in the marbles must reflect 

sYnmetamorphic mobility of silica. High-grade pegmatites in the marbles are 

invariably jacketed by Di and have margins depleted in silica and enriched in Al, K 

and Ba (Bol and Jansen, in preparation). Veins are often symmetrically rimmed by 

high-variant mineral assemblages. Typically, they have a core of Kfs±Qtzand, towards 

the Fo-marbles, they successively grade into Kfs-Di rocks, Di-rocks, Di-marbles ±Fo 

and Fo-marbles ±Di. The Kfs in pegmatites and in Di-rocks is often sanidine, partly 

converted to microcline. 

Di grains in the marbles are occasionally strongly zoned, having Al-, Ti- and 

Fe3+-rich cores and Mg- and Si-rich rims (Sauter 1983). Sometimes Di rims around Fo 

are interconnected to form large poikiloblastic crystals. In general, these phenomena 

are best explained by metasomatism at or before high-grade metamorphic conditions, 

involving migration of silica from silicate rocks to the marbles over a meter or more, 

and limited Al-K redistribution on the scale of a em or less. Diopside-nodules 

(±Cal±Kfs) "floating" in the marbles are abundant in area A and may represent 

boudinaged veins or, alternatively, boudinaged remnants of silica-rich sedimentary 

intercalations. Phlogopite is frequently observed associated with Di in Di-rocks and in 

marbles or as separate monomineralic bands in Di-rocks, in marbles and in rims 

around Spl-Di veins. Mg-spinel is common in marbles and associated Di-rocks from 

area A and E, and rare in area B. 

Several types of dolomite exsolution textures are discerned in the high-Mg 

calcites (Sauter 1983). These textures are related to a complex cooling history 

following M2 and to serpentinization of olivines during M4. Exsolved Dol is abundant 

in areas B and C and rare in area A, where "primary" Dol (Le., not intergrown with 

Cal) is conspicuously absent. The large variation in Mg/(Mg + Ca) (42-49 mole %) of 

the exsolved Dol, even within single Cal crystals, demonstrates that an overall re

equilibration at lower temperatures has not taken place. Barite is a common minor 

constituent in the marbles, and sphene and apatite in Di-bearing rocks. The barite, 

thought to be authigenic, may be associated with nearly anhydrous Ba-Ti oxy

phlogopite in area A (Bol et al. 1989a). This association, along with a general absence 

of graphite in the marbles, may be taken to indicate high fOz/fHzO (and thus low 

aH20) in the marbles at least during part of the metamorphic history. 

The sequence of the Mg-bearing minerals with a decreasing Mg/(Mg+Mn+Fe), 

Dol-Di-Phl > Fo > Cal-Spl (Bol et al, 1989a) is similar to that found by Glassley 
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(1975) and Rice (1977a,1977b). Local attainment of equilibrium for the distribution of 

Fe, Mg and Mn is demonstrated for Fo-Di-Phl assemblages in marbles from areas A, 

B and C (Sauter 1981). In general, the Ko(Fe-Mg) variation reflects increasing 

peak-metamorphic temperatures towards the margin of the magmatic complex. The 

increase is also documented by minimum Cal-Dol exsolution temperatures estimated 

from integrated Mg-contents in calcites and primary dolomites from area C and B 

(Sauter 1983). 

Basic granulites and Fe-AI-rich granofelses occur together in heterogeneous 

basic layers at several stratigraphic levels within the Faurefjell Metasediment 

Formation. They have transitional bulk chemical and mineralogical compositions 

which are related to premetamorphic weathering processes and syndiagenetic 

metasomatism of basaltic rocks (Bol and Jansen 1989; Bol et al. 1989b). 

The basic granulites have a noritic to gabbroic mineralogy, Pl + Opx + Fe-Ti 

oxides ± Cpx ±Bt and accessory 2m, Ap and Spl. The Fe-AI-rich granofelses contain 

Pl, Crd, Fe-Ti oxides, Spl (hercynite) and either Sil (often) or Opx (rare). Accessory 

minerals are: Ap, 2m, Mnz and Cm. 

In the metabasites, REE patterns and ratios of relatively immobile trace 

elements indicate sub-alkaline affinities of their volcanic precursors (Blok et al., in 

preparation). However, using published discriminant diagrams, the Proterozoic 

tectonic setting of the Faurefjell Metasediment Formation cannot conclusively be 

inferred from the chemical composition of the metabasites (Bol and Jansen 1989). 

The occurrence of metavolcanics together with quartzites and metadolomites suggest 

a shallow marine (back-arc basin?) setting. 

SCOPE OF THIS STUDY 

Considerable compositional contrast exists between various lithological units (marbles, 

metavolcanics, quartzites) within the Faurefjell Metasediment Formation and hence, 

extensive chemical interaction might be expected. Also, it might be anticipated that 

the various rock types within the formation would respond differently to changing 

metamorphic conditions and, therefore, monitor different parts of the crustal history 

of the formation. As a result of to extensive mapping in the past, virtually all exposed 

occurrences of the Faurefjell Metasediment Formation are known. Detailed 

petrographic, mineralogic work on the marbles has been performed 

(Sauter 1981, 1983) and (O,C) stable isotope work has been initiated (Sauter 1983). 
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Therefore, these metasediments are particularly conducive to mineralogical, 

geochemical and stable isotope investigations. 

The scope of this thesis is to assess element mobilities in response to the 

depositional, diagenetic, metamorphic and post-metamorphic ambiance of the 

Faurefjell Metasediment Formation. The ultimate purpose is to bracket fluid budgets 

during the crustal history of quite distinct rock types and minerals, and hence, to shed 

light on the evolution of the crust during the Proterozoic. This information in turn is 

invaluable to gain further insight in Proterozoic plate tectonics and stabilization of the 

continental crust in general. 
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CHAPTER II: BARIUM·TITANIUM·RICH PHLOGOPITES IN MARBLES FROM 

ROGALAND, SOUTHWEST NORWAY 

2.0 ABSTRACT 

Phlogopites in forsterite-bearing marbles of the metasedimentary Faurefjell 

Formation in the high-grade Precambrian rocks of Rogaland, southwest Norway 

contain up to 24.6 wt% BaO and 13.9 wt% TiOz. The very high TiOz content and the 

low cation sums (~cations < 16 and Si +AI < 8 per 22 oxygens) could be taken to 

indicate incorporation of tetrahedral Ti and/or Ti-vacancy substitutions. However, 

combinations of Ti-oxy and Ti-vacancy substitution schemes explain the analytical 

data better. Structural formulae of the solid-solution trend have been expressed as 

approximately linear combinations of pure phlogopite and a Ba-Ti component 

BaMgzTiSizAIzOlz, with small contributions of "eastonite" and Ti-vacancy end-member. 

The structural formula of the most Ba- rich mica is: 

(Ko.14N%05B~.81)(MgI.6IFeo.4sT4.84AIo.06[ ]o.03)Si21.AII.880 Io(OHo.380 16z), 

indicating that the unnamed anhydrous Ba-Ti end-member composition constitutes 

about 81 mol% of the solid solution. 

2.1 INTRODUCflON 

The Precambrian basement of southwest Norway (Fig. 2.1) consists of massif-type 

anorthosites, the layered anorthositic to mangeritic lopolith of Bjerkreim-Sokndal 

(Duchesne et al. 1985) and surrounding high-grade metamorphic migmatites 

containing intercalations of garnetiferous migmatites, augen gneisses, and rocks of the 

supracrustal Faurefjell Formation (Hermans et al. 1975; Maijer and Padget 1987). 

On the basis of mineral assemblages in the garnetiferous migmatites, four main 

stages of metamorphism (MI-M4) have been recognized (Kars et al. 1980; Jansen and 

Maijer 1980; Maijer et al. 1981; Tobi et al. 1985). The Ml phase is assigned ages of 

around 1200 Ma (Wielens et al. 1981). This phase is overprinted by the M2 phase, 

which essentially was developed in a thermal aureole associated with intrusion of the 

magmatic complex. The M2 phase is dated at about 1050 to 1000 Ma 

(Verschure 1985). Peak metamorphic temperatures were reached during the M2 stage 

of metamorphism and are calculated to be 800"C near Oltedal, increasing to 1000"C 
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Fig. 2.1: Geologic sketch-map of southwest Norway. Outcrops of the 
Faurefjell Formation, at locations A, B, C and D, are indicated in 
black (after Bol and Jansen 1989). 

near the lopolith at pressures of maximally 4 to 5 kbar (Jansen et al. 1985). The M3 

phase of metamorphism is correlated with granitic injections during the post-M2 

cooling history. M3 minerals reveal ages between 970 and 870 Ma (Maijer et al. 1981; 

Maijer and Padget 1987). The M4 phase resulted from incipient burial metamorphism 

of early Paleozoic age and of very low-grade metamorphism assigned to Caledonian 

overthrusting (Verschure et al. 1980; Sauter et al. 1983). 

The Faurefjell Formation consists of metasedimentary rocks, most notably 

marbles and calc-silicate rocks with intercalations of metavolcanics. The major 
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outcrops, denoted A, B, C, and D, are indicated in Figure 2.1. Details of the locations 

and related rock types are given by Sauter (1983). 

Analyses of pWogopites in siliceous dolomites of the Faurefjell Formation 

revealed high to very high BaO contents. The BaO contents of pWogopites in sample 

C480 are the highest described to date for natural phlogopite (cf. Wendlandt 1977; 

Mansker et al. 1979; Gaspar and Wyllie 1982; Solie and Su 1987). The Ti02 contents 

are also high and show a strong positive correlation with BaO contents. The purpose 

of this paper is to discuss the mineral chemistry of the Rogaland pWogopites and to 

evaluate appropriate substitution schemes that involve Ba and Ti. 

PETROLOGY AND PETROGRAPHY 

Phlogopite is a common constituent in the forsterite- and diopside-bearing marbles. 

The phlogopites can be subdivided into two groups on the basis of their BaO content 

and paragenesis. One group is relatively low in BaO (0 to 4.8 wt%) and occurs in 

diopside-bearing rocks and forsterite-bearing marbles. In the diopside-marbles the 

phlogopite is associated with diopside + calcite ± dolomite, and in the 

diopside-bearing calc-silicate rocks, it is associated with diopside ± calcite ± spinel. In 

forsterite-marbles it is accompanied by forsterite, calcite, dolomite ± diopside ± spinel 

and occasionally by barite. The other group, with high BaO contents (around 

20 wt% ), occurs exclusively in forsterite-bearing marbles. 

Commonly, the low-Ba phlogopites are developed as subhedral platelets with a 

maximum grain size of about 2 mm (Fig. 2.2) and they exhibit no preferred 

orientation. In spinel- and forsterite-bearing marbles the low-Ba pWogopite is entirely 

enclosed by forsterite crystals and some high-Ba phlogopites are also present as large 

discrete grains (Fig. 2.3). In forsterite + spinel marble C480 the high-Ba phlogopite has 

a dark brown pleochroic colour (0 = red-brown, E = light-brown), in contrast to the 

very pale-brown pleochroic colors regularly observed in phlogopites of siliceous 

dolomites. Especially in samples from retrograde metamorphic exposures in location 

B, chloritization of the phlogopites is evident and occurred during the Caledonian 

low-grade metamorphic overprint (Sauter et al. 1983). 
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Fig. 2.2: Forsterite-phlogopite marble. Photomicrograph, A122, crossed 
mcols. Fo = forsterite; PhI = phlogopite; Cc = calcite; Sp = spinel. 

Fig. 2.3: Phlogopite as small inclusion in forsterite and as large grain 
of Ba-rich phlogopite (center). The Ba-rich phlogopite is in contact with 
barite ( =Ba). Photomicrograph, C480, plane-polarized light. 
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Fig. 2.4: Range of XMa ( = MgtMg +Mn +Fe)of minerals in marbles and in 
diopside-bearing rocks. XMg calculated with total Fe as FeZ+, except for 
spinel, which was corrected for magnetite. 

2.3 ANALYTICAL METHODS 

Electron-microprobe analyses of the phlogopites are given in Table 2.1. Most analyses 

were performed with a Cambridge Scientific Instruments Geoscan and a Microscan 

M-9 at the Free University of Amsterdam using wave-length dispersive techniques. 

Operating conditions were 20-kV accelerating voltage and 25-nA beam current. 

Various natural and synthetic oxide and silicate minerals were used as standards. 

Data were corrected with the M-9 correction program (Z-A-F). Some analyses were 

done on a TPD electron microprobe at the Institute for Earth Sciences of the 

University of Utrecht also using wave-length dispersive techniques. Operating 

conditions were 15-kV and 40-nA sample current for a periclase standard. Data were 

corrected with the Springer correction program (Z-A-F). Interference of Ba and Ti 

peaks during the measurements proved to be negligible. 
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TABLE 1. Representative microprobe analyses of the Rogaland phlogopites 

Sample: C165 BE24 C480 075 A164
 
No.: B032 Blll 8021 B043 B135
 

Si02 40.31 37.25 36.37 40.74 38.21 
AI20 3 14.05 18.57 17.06 13.92 16.87 
Ti02 0.41 0.64 2.70 0.49 0.50 
FeOT 2.61 1.36 3.18 1.32 2.46 
MnO bd 0.06 bd bd 0.05 
MgO 26.67 24.87 22.40 26.31 24.69 
BaD 0.05 3.83 1.44 0.13 1.68 
N320 0.16 0.12 0.12 0.24 0.06 
K,O 10.50 9.43 10.25 10.84 9.98 
F 0.9 0.5 na 3.1 0.5 

Total' 95.28 96.42 93.52 95.78 94.79 

Formula proportions· * 
Si 5.726 5.694 5.315 5.328 5.326 5.385 5.807 5.830 5.495 5.497 
141AI 2.274 2.306 2.685 2.672 2.674 2.615 2.193 2.170 2.505 2.503 
161AI 0.D79 0.034 0.439 0.459 0.271 0.363 0.146 0.178 0.355 0.357 
Ti 0.044 0.044 0.069 0.069 0.297 0.301 0.053 0.053 0.054 0.054 
Fe 0.310 0.308 0.162 0.163 0.389 0.394 0.157 0.158 0.296 0.269 
Mn 0.007 0.007 0.006 0.006 
Mg 5.646 5.614 5.289 5.302 4.889 4.943 5.589 5.611 5.292 5.291 

); 14.079 14.000 13.966 14.000 13.846 14.000 13.951 14.000 13.997 14.000 

Ba 0.003 0.003 0.214 0.215 0.083 0.084 0.007 0.007 0.095 0.095 
Na 0.044 0.044 0.033 0.033 0.034 0.034 0.066 0.067 0.017 0.017 
K 1.903 1.892 1.717 1.721 1.915 1.936 1.971 1.979 1.831 1.831 

); 1.950 1.937 1.964 1.969 2.032 2.054 1.055 2.053 1.943 1.942 
+Charget 43.756 44.109 44.487 44.174 43.992 

TABLE 1.-Continued 

C480Sample C480 C480 C480 C480 
B056No. B502 B512 B036 B046 

24.31SiD? 27.88 27.55 24.31 24.34 
18.85AI 2O, 17.74 18.33 18.05 18.87 
13.00TiD, 10.32 11.89 13.94 13.16 

6.21FeD I 5.44 5.96 6.33 6.07 
bdMnO bd bd bd bd 

12.35MgO 14.60 14.17 12.47 11.98 
23.94BaD 17.79 19.61 21.25 24.67 

0.39Na?O 0.37 0.37 0.34 0.58 
K,O 3.65 3.06 1.24 1.34 1.57 

F bd bd bd bd bd 
100.62Total" 97.79 100.94 97.93 100.96 

Formula proportions 
3.942 3.936 4.259Si 4.425 4.710 4.284 4.581 3.967 4.257 4.291 

'-·AI 3.319 3.290 3.360 3.419 3.472 3.743 3.603 3.709 3.598 3.741 
0.152[hAl 0.243 0.179 0.017 0.213 

1.745 1.583 1.713 

Fe 0.722 0.769 0.775 0.829 0.864 0.927 0.822 0.895 
Ti 1.232 1.311 1.390 1.487 1.711 1.836 1.603 

0.841 0.910 

Mn 
Mg 3.453 3.676 3.283 3.511 3.032 3.254 2.892 3.148 2.980 3.225 

14.00013.151 14.000 13.092 14.000 13.046 14.000 12.899 14.000 12.938 

1.519 1.643 

Na 0.114 0.121 0.112 0.119 0.108 0.115 0.182 0.198 
Ba 1.106 1.178 1.195 1.278 1.359 1.458 1.562 1.701 

0.122 0.132 
0.324 0.351K 0.739 0.787 0.607 0.649 0.258 0.277 0.277 0.301 

2.126- 1.959 2.086 1.914 2.046 1.725 1.850 2.021 2.200 1.965 
47.608+Charget 46.840 47.051 47.220 47.894 

Note: Samples: Low-Sa phlogopites-C165, diopside- and phlogopite-bearing rock (location C); BE24, forsterite- and spinel-bearing marble (I~cation 
A); C480, forsterite- and spinel-bearing marble (location A); 075, forsterite-bearing marble (location B); A164, forsterite-bearing marble (location A). 
High-Sa phlogopites-C480, Forsterite- and spinel-bearing marble (location A). bel = below detection limit. oa = not analyzed. 

• Less oxygen ~ F. 
** Based on 22 oxygens (1 st column) and }:cations - (Na + K + Sa) = 14 (2nd column of each pair).
 
t Calculated positive charge per formula unit based on the 14-cation no.'_m_a_li_za_t_io_n..:.p_'OC_ed_u'_e_. _
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Fig. 2.5: Chemical variation in phlogopites in wt% oxides. Dots: Rogaland 
phlogopites, this work; Stippled line: Mansker et al. (1979); Solid line: 
Gaspar and Wyllie (1982); Broken line: Wendlandt (1977). 
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Fig. 2.6: Atoms of Si vs. Al diagram for phlogopites. Triangles: 
Rogaland phlogopites of this work; Plus signs: data of Mansker et 
al.; Crosses: data of Wendlandt. All formula proportions are 
based on the 22 oxygen normalization procedure. 

2.4 MINERAL CHEMISTRY 

The XMG of the phlogopites varies between 0.95 and 0.91 in diopside-bearing rocks, 

from 0.97 to 0.93 in forsterite-bearing marbles and between 0.83 and 0.76 for the high 

Ba-phlogopites in sample C480 (Fig. 2.4). The XMg is not corrected for trivalent Fe. 

Wet-chemical aJ;lalyses for Fez+of separated fractions of phlogopites yield 

Fez+/Fe3+-ratios of approximately 4, use of which would increase the XMG-ratio to only 

slightly higher values. 

The most remarkable feature of the phlogopites is the variation in BaO-content. 

Phlogopites in barite-bearing marbles contain several percent BaO. The BaO-content 

34 



2.5 

of the low-Ba phlogopites varies from 0 to 4.8 wt%. In the discrete coarse 

phlogopites, which are not enclosed in forsterite, the BaO contents range from 17.8 to 

24.6 wt%. These phlogopites also have significantly low KzO and SiOz contents, 1.2 

and 23.3 wt% respectively. The TiOz-content of the phlogopites generally is low in 

diopside-bearing rocks (0.4 to 0.8 wt%), but low-Ba phlogopites enclosed in forsterite 

crystals in the spinel- and forsterite-bearing marbles contain up to 2.7 wt% TiOz (e.g., 

sample C480, spot B021). The high-Ba phlogopites have extremely high TiOz contents, 

up to 13.9 wt%. Low-Ba phlogopites contain up to 18.6 wt% AlzO) whereas high-Ba 

phlogopites are uniformly high in AlzO), the contents of which range from 17.7 to 18.9 

wt%. In all micas NazO and MnO are minor components and CaO was not detected. 

F concentrations range up to 3.3 wt% in low-Ba phlogopite of the 

forsterite-bearing marbles, corresponding to a F/(F + OR) ratio (XF) of 0.37 assuming 

that the rest of the hydroxyl-sites is occupied by OR. This can be compared with an 

X F of 0.42 to 0.56 for coexisting clinohumite. The F contents in the high 

Ba-phlogopites are below the detection limit, and CI was not detected in any mica. 

The oxide totals of the high-Ba phlogopites generally are very high. In 

combination with the low F content this is believed to reflect a low OR, and 

therefore presumably a high oxygen, occupancy of the hydroxyl sites. 

A detailed description of the accompanying main mineral phases is available upon 

request. 

PETROGENESIS 

The formation of phlogopite in impure siliceous dolomites usually takes place by the 

reaction of dolomite with alkali feldspar (Rice 1977). The equilibrium reaction 

commences at relatively low grade metamorphic conditions. Unfortunately, in the 

marbles of Rogaland no specific reaction can be described for the phlogopite 

production. The rocks contain the assemblage (Phlog+Cc±Fo±Dol)~hich is stable 

above 700°C at PIOlDl of about 5 kbar (Sauter 1983). The coexistence of Fo + Cc + Spis 

an additional indication of high-temperature metamorphism and is consistent with the 

inferred regional metamorphic gradient of the M2 phase. In the spinel- and 

forsterite-bearing marble C480, the low-Ba phlogopites are enclosed in forsterite, 

whereas the high-Ba phlogopites are developed as large separate grains, pointing to a 

later growth stage. The low-Ba phlogopites are apparently relics that survived the 
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prograde spinel-forming reaction at high temperature, as proposed by Glassley (1975) 

for analogous environments: 

6Phlog + 7Cc < -- > 7Di + 4Fo + 3Sp + 7C02 + 6H20 + 3K20 (1) 

The BaO-content of the Rogaland marbles is fairly constant at all investigated 

locations and varies between 0.2 and 0.8 wt% as it is reflected by the occurrence of 

accessory barite. Ba mobility is traditionally considered to be negligible during 

regional metamorphism (Barbey and Cuney 1982), and an authigenic provenance for 

most of the barite is favored. M2 pegmatites at location B contain BaO up to 

6.4 wt%. Preliminary results of a chemical study along profiles across a 

pegmatite-marble contact reveal that local enrichment of Ba in the pegmatite margin 

is related to progressive desilification. On the other hand, Ti seems to have been 

introduced to the marbles as indicated by volume-composition relations in the vicinity 

of the marble-pegmatite contact. 

The high-Ba phlogopites have, to date, only been observed in the southernmost 

part of area A which is the closest occurrence of marble to the lopolith (Fig. 2.1). 

Peak metamorphic temperatures may have approached 900·C, suggesting that 

relatively high temperature may be an important factor in the formation of these 

micas. 

2.6 DISCUSSION 

The chemical composition of 33 selected phlogopites from Rogaland, SW Norway, is 

plotted in Figure 2.5. Chemical compositions of Ba-bearing phlogopites reported by 

Wendlandt (1977), Mansker et al. (1979) and Gaspar and Wyllie (1982) are shown for 

comparison. Comparing the high-Ba phlogopites to the low-Ba phlogopites described 

in this study, K20, Si02 and MgO decrease with increasing BaO, whereas Ti02 and 

FeO increase. Compositions of the high-Ba phlogopites show minor scatter about 

definite trends. The data for the low-Ba phlogopites show much more scatter than 

those for the high-Ba phlogopites and seem to define different trends (Fig. 2.5) for 

FeO and for MgO. 

The composition of the low-Ba phlogopites is similar to that in other high-grade 

impure siliceous dolomite occurrences investigated by Glassley (1975), Rice (1977), 
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Kretz (1980) and Bucher-Nurminen (1982). Ba-bearing phlogopites from peridotite 

and turjaite (Wendlandt 1977) have compositions close to those of the low-Ba 

phlogopites from Rogaland with respect to KzO, SiOz and MgO, although the AlZ0 3 

contents are somewhat higher, and the FeO and TiOz contents are lower. The 

Ba-bearing phlogopite from the Jacupiranga carbonatite (Gaspar and Wyllie 1982) 

has a slightly lower TiOz-content. Brown Ba-rich micas from the Alaska Range (not 

plotted) are much lower in TiOz (Solie and Su 1987). The high-Ba phlogopites have a 

composition resembling the high Ba-biotites from Hawaiian nephelinites (Mansker et 

al. 1979) with respect to SiOz, AlZ0 3, TiOz and KzO, but have higher MglFe-ratios. 

2.6.1 Substitution schemes for Ba-bearing phlogopite 

For complex micas it is generally impossible to derive a unique set exchange vectors 

for components (Thompson 1982) that correspond to crystallochemically valid 

substitutions. Even if Fez0 3 and HzO are known, several equivalent sets of exchange 

components can be adopted to describe a single phase (Hewitt and Abrecht 1986). 

Therefore, some knowledge of inter-atomic correlations is necessary to identify set(s) 

of exchange components and hence valid substitutions. 

The negative correlation between K and Ba (cf., Fig. 2.5) reflects Ba 

substitution on the interlayer site of the phlogopites. In contrast to A-site substitution 

of the univalent cations Rb+, Cs+ (Hazen and Wones 1972) and NH/ (Bos et 

al. 1988), the charge balance for Baz+ is maintained by simultaneous substitution of 

Al3+ for SiH on the tetrahedral site, according to the scheme proposed by Wendlandt 

(1977): 

(2). 

In the Rogaland phlogopites, the amount of Al3+(IV) is more than sufficient to 

achieve charge balance for Baz+ (Ba < (Al(IV)-2» in all of the phlogopites (see 

Table 2.1). However, the high-Ba phlogopites show an apparent deficiency in 

tetrahedral cations (St+(IV) +Al3+(IV) < 8 per 22 oxygens), whereas the low-Ba 

phlogopites do not (Table 2.1, Fig. 2.6), suggesting that the two groups obey distinct 

substitution schemes. Ti-substitutions will be discussed only for the high-Ba 

phlogopites. 
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It is suggested that Ti contents of biotite commonly increases with increasing 

metamorphic grade (Kwak 1968), and this is supported by experimental results 

(Robert 1976). The high-Ba, high-Ti phlogopites of Rogaland have probably indeed 

crystallized at high-grade conditions. However, Ti-contents far exceed the 0.7 atoms 

Ti per 20 oxygens that was found experimentally at 1000"C and 1 kbar by Robert 

(1976). The presence of Fez 
+ seems to enhance Ti-substitution (Czamanske and 

Wones 1973), but this effect must be negligible for the Rogaland phlogopites given 

their high MglFe ratios. Assuming that pressure does not have a large effect on Ti 

solubility the presence of other cations must therefore enhance Ti contents. 

Substitution schemes that involve titanium were reviewed by Dymek (1983): 

(3) 

Ti-vacancy: (4) 

Ti-oxy: (5) 

Additionally, substitutions involving tetrahedral Ti might be considered. The 

possibility of Ti(IV) in silicates is controversial (Hartman 1969). Synthetic high-Ti 

OH-phlogopites do not contain tetrahedral Ti (Robert 1976), whereas Kovalenko et 

al. (1968) report Ti(IV) in synthetic F-phlogopites. Farmer and Boettcher (1981) 

invoked the occurrence of tetrahedral Ti as well as tetrahedral Fe3 
+ in phlogopites in 

South African kimberlites. The high Ti content of the high-Ba biotites of Mansker et 

al. (1979) and Wendlandt (1977) and in those from Rogaland together with the low 

tetrahedral cation sums (Si + AI < 8 per 22 oxygens, Fig. 2.6) seems to support the 

existence of tetrahedral Ti. In this respect, it is interesting to note that all of these 

micas have formed in silica- and alumina-undersaturated environments. 

Crystallochemically, however, tetrahedral Ti in high-Ba biotites is unlikely. The 

electrostatic repulsion between Baz 
+ and Ti4+ increases the lattice energy and 

octahedral positions for Ti are strongly favored over the tetrahedral positions, since 

the latter are more closer to the interlayer sites. Therefore, vacancy- or 

oxy-substitutions must be involved. Formula proportions normalized to a fixed 

anion-frame are not affected by vacancies (Dymek 1983). Low cation-sums in the first 

column of the formula-proportions in Table 2.1 may be attributed to the Ti-vacancy 
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occupancy of the tetrahedral and L 
U octahedral sites are indifferent to 
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variations in HzO content (secQnd 

column of the formula proportions in 
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Table 2.1), and they may be used to 

calculate the total cation charge, which 
44.5 

ideally equals 44 assuming an 

anion-frame of 20 oxygens and 4 (OH + 
44.0 

2.0 F + CI). Charge calculations 

Ti considering all iron as Fez 
+ yield 

minimum values for the total charge (Table 2.1). The high Ba-phlogopites have a 

large excess charge that correlates well with 2Ti (Fig. 2.7) which points to 

substitutions (4) and (5) and rules out (3) as a dominant substitution. 

A plot of Ti versus (Fe +Mg) per 22 oxygens (Fig. 2.8) yields a trend with a 

slope between -2 and -1 that is not conclusive evidence in favor of either substitution 

(4) or (5). When normalized to 14 cations the data plot close to the line predicted by 

(5), but some combination of (4) and (5) is probably necessary to explain the 

substitution of Ti. The high oxide-totals of the high Ba-phlogopites and the extremely 

dry granulite-facies conditions of formation supports the concept of substitution 

schemes involving dehydrogenation reactions. Furthermore, if a dominant role for the 

Ti-oxy substitution is accepted there is no need to invoke tetrahedral Ti, since on the 

basis of 14 cations (Si +AI) exceeds 8 for all phlogopites. 

The strong covariation of Ti and Ba in the Rogaland phlogopites suggests that 
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Fig. 2.8: Atoms Ti vs. (Fe + Mg) for the high-Ba phlogopites. Lines 
have inclinations -1 and -2 and correspond to Ti-oxy and Ti-vacancy 
substitutions respectively (Squares: based on the 14-cation 
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combinations of substitutions (2) with Ti-oxy substitution (5) and, to a lesser extent, 

Ti-vacancy substitution (4) playa significant role. Adding (2) and (5) yields an overall 

substitution, 

K+(A) + Si'+(IV) + RZ+(VI) + 20H" < -- > 

Baz+(A) + Al3+(IV) + Ti4+(VI) + 202- + Hz (6) 

which ultimately leads to an anhydrous Ba-Ti end-member BaM&TiSizAlz0 12• 

The very small differences between Ahrens ionic radii of Baz+(1.33.A) and 
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K+(1.34A) on the one hand and Ti4+(0.66A) and M~+(0.68A) on the other do not 

indicate the necessity of an exact 1:1 covariation of Ba and Ti. The composition of 

the phlogopites is probably controlled by localized buffering of Ba and Ti activities in 

fluids in grain-boundary films and in nearby minerals, and no unique overall 

substitution scheme is thought to control the chemical variation within the high-Ba 

phlogopites. 

Least squares mixing calculations are performed in order to recast the cation 

fonnula proportions of the high-Ba pWogopites into linear combinations of 

KMg3Si~OIO(OH)z(pWogopite), KMgzAlSizAlzO,o(OH)z ("eastonite"), 

KMgTiSi~O,o(OH)z (Ti-vacancy) and BaMgzTiSizAlz0 12 (6). All iron was assumed to 

be Fez+ and was added to Mg and all Na was added to K Ideally, the squared sum of 

residuals (SSR) should be lel's than 1.0% since the analytical error is believed to be 

of this order of magnitude. In Table 2.2, results of the mixing calculations are given. 

SSR-values exceed 1.0 in two cases owing to neglect of other minor substitution 

components, such as anandite 
TABLE 2. Substitution of BaMg,TiSi,AI,O" in the high-Ba phlog

opites (BaF~Si3FeOlo(OH)S) and kinoshitalite 

Phlogopile 

Spot· 
. 

B502 

26.61 

B512 

20.80 

B036 

9.79 

B046 

5.97 

B056 

8.45 
(BaM&SizAlzOIO(OH)z). The proposed 

BaMg"TiSi2AI20'2 
"Eastonite" 5~:~ci 6~:~~ 7~:~~ 8~::; 8~:~j anhydrous Ba-Ti end-member constitutes 
Ti-vacancy 6.26 7.51 8.50 4.63 3.49 

SSR 0.48 0.07 1.90 1.64 0.41 up to about 81 mol% in the phlogopite 

solid-solution of analysis B056. Using the 

end-member proportions in Table 2.2 the inferred structural fonnula for B056 is: 

(Ko.14N3.o.oSB3.0.81)(MgL61Feo.4ST4~.06[ ]o.03)Si2.1~1.88010( 0 Ho.380 L6Z) 

Mansker et al. (1979) suggest the following substitution scheme as a 1:1:1 

combination of (2), (3) and (4): 

K+(A) + 3Rz+(VI) + 3Si4+(IV) < -- > 

Baz+(A) + 2Ti4+(VI) + [](VI) + 3Al3+(N) (7). 

However, the Ti-Tschennak's substitution (3) is not strictly valid for the Hawaiian 

biotites (Fig. 2.7). Both Mansker et al (1979) and Wendlandt (1977) report 

tetrahedral deficiencies (Fig. 2.6). Mansker et al. assumed contributions of large 

amounts of Fe3+(N); Wendlandt assigned part of the Ti content to the tetrahedral 

sites. It is notable that these data may be explained by substitution schemes involving 
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Ti-oxy contributions (Figs. 2.7 and 2.8), without invoking the existence of Ti4+(IV). 

Detailed investigations of the structure and physical properties of anhydrous 

Ba-Ti phlogopite end-member are in progress. 

2.7 CONCLUSIONS 

1) At least 75% of the K on the interlayer sites of phlogopites from Rogaland is 

replaced by Ba. 

2) Analytical data for Ba-micas are best explained by assuming various amounts of 

Ti-oxy substitution, without invoking the presence of Ti on tetrahedral sites. 

3) BaMgzTiSi~z01Z constitutes about 80 mol% of the natural biotite solid solutions 

from Rogaland. 

4) The Ti content of the high-Ba phlogopites has been influenced by parameters 

other than temperature or Fe-activity. The actual parameters cannot be identified 

from existing data. 

5) The approximately 1:1 Ba-Ti coordination in the Rogaland high-Ba phlogopites is 

not crystal-chemically controlled but reflects local availability Ba and Ti. 
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CHAPTER III: PREMETAMORPHIC LATERITISATION IN PROTEROZOIC 

METABASITES OF ROGALAND, SW NORWAY 

3.0 ABSlRACf 

Heterogeneous layers of granulite facies metamorphic basites of the Proterozoic 

supracrustal Faurefjell Formation in Rogaland, S.W. Norway, display an extreme 

chemical variation. Within a single layer the bulk chemical composition gradually 

changes from approximately basaltic in basic granulites to alumina-iron-rich in 

granofelses. Component-ratios and composition-volume relations indicate open-system 

chemical reactions mainly involving the extraction of silica. Apparent enrichment in 

Fe, Ti, P, AI, Zr, Ni, Co, Zn, Y, Nb, Hf and REE and variations in resulting 

metamorphic mineral assemblages are related to premetamorphic progressive 

lateritisation of a basaltic protolith. The weathering generated a continuous chemical 

suite from Si02 = 48wt%, Fe20 3 =10wt% and AI20 3 =19wt% in the basic granulites to 

14 wt%, 40 wt% and 25 wt% in the Fe-AI granofelses. Metasomatism during 

diagenesis and during (very) high-grade metamorphism (1200-900 Ma) further 

perturbed the concentrations of relatively mobile elements Ca, Mg, K, Rb, Sr, Ba, Na 

and Li in the laterites without affecting the transition metal ratios. In particular, the 

REE did not fractionate differentially during the supracrustal and metasomatic 

alteration. 

3.1 INTRODUCTION 

Residual products of surficial geochemical processes in the past are potentially 

economic resources of metals (Button and Tyler 1981; Wilson 1983). In particular, 

ancient weathering horizons (paleosols) may be valuable indicators of 

paleoenvironment (atmosphere, climate, groundwater, topography, local 

circumstances) and they may be used successfully as marker horizons in unravelling 

tectonically complex terrains (Gay and Grandstaff 1980; Schau and Henderson 1983; 

Valeton 1983; Holland 1984; Retallack 1986; Reinhardt and Sigleo 1988; Golani 

1989). Many in situ laterite and bauxite deposits are the result of geochemical (as 

opposed to biochemical) weathering and their formation is not necessarily restricted 

to Phanerozoic times (e.g., Valeton 1972; Bardossy 1982). 
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Despite its obvious economic and scientific importance, the study of paleosols in 

Precambrian terrains is still in its infancy. This is partly due to the fact that most 

Precambrian rocks have been subjected to at least some degree of strain and 

recrystallisation such that preexisting weathering profiles are not readily identified 

and their investigation by conventional pedological techniques is seriously hampered. 

Precambrian weathering horizons may be modified before burial, during diagenesis, 

during one or more cycles of prograde and retrograde metamorphism, and during 

post-metamorphic weathering. Modifications may include erosion and redeposition, 

mechanical addition of material, collapse of the weathering column, folding, 

metasomatism, dehydration, formation of dense minerals, fracturing, changes in 

oxygen content related to the oxidation state of iron and melting. Besides being a 

complicating factor, metamorphism also reduces the water rock ratio, the water flux, 

and, hence, the mobility of many elements. Therefore, metamorphism is expected to 

enhance the preservation of post-diagenetic bulk compositional characteristics (Schau 

and Henderson 1983). 

High-grade metamorphic equivalents of bauxites and laterites may have unusual 

AI-excess mineralogies (e.g. emeries) that provide unique insight in metamorphic 

conditions (Jansen and Schuiling 1976; Feenstra 1985). Comparison in granulite facies 

terrains of such dense, impermeable, residua lithologies with rock types that are more 

susceptible to reaction with metamorphic fluids such as impure marbles is a promising 

field of future research (Bol et al. in preparation), specially since the association of 

carbonate rocks and residual deposits, once recognized, may prove to be quite 

common in (meta)sediments of all ages (Bardossy 1982; Reimer 1986). 

The purpose of this geochemical study is 1) to establish the basaltic affinity of 

heterogeneous basic layers in a granulite facies metasedimentary unit from the 

Proterozoic shield in Rogaland, SW Norway, 2) to identify premetamorphic 

lateritisation as the main process that effected the bulk: chemical variation, and 3) to 

evaluate the extent of metamorphic mass transfer. Major, trace and rare earth 

element abundances in samples from one specific layer are used in combination with 

their bulk densities in order to assess volume-composition relations resulting from 

chemical alteration during weathering, diagenesis and metamorphism. 
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Fig. 3.1: Simplified geological map of SW Norway. The inset shows outcrop 
of the FF in area A and locations of the sampling profiles. 

3.2 GEOWGICAL SETTING 

Massif-type anorthosites and the folded anorthositic to mangeritic Bjerkreim-Sokndal 

lopolith are exposed in the western part of the Precambrian basement in S.W. 

Norway (Fig. 3.1) (Duchesne et al. 1985). These intrusive units are surrounded by a 

Precambrian polymetamorphic complex of charnockitic and granitic migmatites with 

intercalations of augen gneisses and metasupracrustal rocks (Hermans et al. 1975). 
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The latter are comprised of the Gyadal Gametifereous Migmatites (Huijsmans et al. 

1981) and the Faurefjell Metasediment Formation (FF) (Sauter 1981). 

On the basis of mineral assemblages, four stages of metamorphism (MI-M4) 

have been recognized in the metasupracrustal units and in their enveloping migmatitic 

complex (Fig. 3.2). The Ml phase (about 1200 Ma) has been related to an old upper 

6 

3 

amphibolite to granulite facies metamorphism (Wielens et al. 1980; Maijer and 

8 Padget 1987). The granulitic high 
Ml 1200 Ma r§J
M2 1050 Ma Ml temperature-intermediate pressure M2

7 M3 970-870 Ma
 
M4 400 Ma
 

stage (1050 Ma) is essentially a thermal 

overprint induced by the intrusion of the 

leuconoritic phase of the 
M2 Bjerkreim-Sokndal lopolith (Maijer et 

y~ al. 1981). Metamorphic zoning related 

to the M2 stage (Tobi et al. 1985) is 

21M47 manifest by a) a pigeonite-in isograd 
1 +----,...L---,------,-,.-----,-,-------,r---.------l 
200 300 400 500 600 700 800 900 1000 1100 (the metamorphic pigeonite is now 

T (ae) 
inverted to orthopyroxene), b) an 

osumilite-in isograd, c) a garnet 
Fig. 3.2: Compilation of P-T-t 

decomposition isograd, d) aestimates for MI-M4 (see text) (after: 
Jansen et al. 1985; Maijer and Padget (amphibole+quartz)-outisograd, and e) 
1987). 

a hypersthene line (incoming of 

hypersthene in granitic rocks) (see Fig. 3.1 for position of a, b and e). 

Geothermometric calculations yield temperatures of about 1050°C between the 

pigeonite-in isograd and the igneous complex, decreasing to about 750°C near the 

hypersthene line (Jacques de Dixmude 1978; Jansen et al. 1985). Further to the east, 

the amphibolite facies is developed and a gradual regional change in chemical and 

optical properties of amphiboles related to distance to the intrusive complex is 

observed (Dekker 1978). The M3-stage of medium-grade metamorphism represents a 

period of retromorphism during slow, almost isobaric, post-M2 regional cooling (Kars 

et al. 1980). M3 features include exceptionally well developed exsolution phenomena 

and partial decomposition of typical M2 minerals (e.g., osumilite, AI-rich 

orthopyroxene) into symplectites of lower grade minerals. In the vicinity of pegmatites 

and granites, M3 mica and amphibole may form rims around Ml and M2 minerals. 

Isotopic ages for osurnilite (970 Ma (K-Ar; Rb-Sr), Maijer et al. 1981), homblendes 
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Fig. 3.3: Lithostratigraphic columns at locations 3, 4 and 5 (see inset 
Fig. 3.1). Positions of the 10 samples of Table 3.1 are labeled. 

(950 Ma (K-Ar), Dekker 1978; Wielens et al. 1980), and brown biotite (870 Ma (K

Ar; Rb-Sr), Verschure et al. 1980) reflect passage through Rb-Sr and K-Ar closure 

temperatures during M3 cooling. Finally an M4-stage of retrograde 

prehnite-pumpellyite to greenschist facies metamorphism (400 Ma) is weak and 

omnipresent in the west and is attributed to the Caledonian orogenesis (Verschure et 

al. 1980). An isograd of Caledonian green biotite follows the Caledonian front at a 

distance of 5-15 km in the Precambrian basement (Fig. 3.1) and is related to 

Caledonian overthrusting (Sauter et al. 1983). 

51 



3.3 

Exposures of the FF are largely concentrated in five areas (A - E, Fig. 3.1) 

where it crops out as thin folded layers or boudinaged lenses with a total thickness 

varying from 10 to 50 meters. The contacts with the surrounding migmatites are 

usually concordant. Locally, in areas B and C, leucogranites intrude the 

metasediments discordantly. The FF is composed of various intercalations of 

quartz-diopside gneisses, diopside marbles, forsterite marbles, quartzites, quartz-alkali 

feldspar rocks, diopside-alkali feldspar rocks, alkali feldspar rocks, diopside rocks and 

heterogeneous basic layers consisting of basic granulites and Fe-AI rich granofelses. In 

areas A, B and D, AI-Fe-rich granofelses are arbitrarily discriminated from basic 

granulites by the presence of cordierite in the former (Table 3.1). At locations 3, 4 

and 5 (Fig. 3.1) in area A three heterogeneous basic layers are correlated in 

schematic profiles (Fig. 3.3). Of the three layers the Upper Basic Layer (UBL) shows 

the widest compositional variation, both chemically and mineralogically and it was 

selected for sampling, both parallel and perpendicular to strike. 

PElROGRAPHY 

The UBL-basic granulites (massive hypersthene-plagioclase granolites according the 

nomenclature of Winkler (1979» are medium-grained inequigranular granoblastic 

rocks with coarser grained lenticular aggregates of ferromagnesian minerals that 

define a weak foliation. They have a noritic to gabbroic mineralogy, plagioclase (An3,

An,,) + orthopyroxene + iron-titanium oxides ± clinopyroxene ± biotite and accessory 

zircon and apatite (Table 3.1). Magnetite grains occasionally enclose spinel. 

Orthopyroxene crystals are large and have moderate to strong pleochroism related to 

changes in alumina contents (up to 12 wt% AIZ0 3, R.J.P. Blok personal 

communication 1987). Fine-grained orthopyroxene-garnet symplectites are 

occasionally associated with orthopyroxene. 

The UBL-granofelses (spinel-cordierite-sillimanite granoblastites) have textures 

similar to those of the basic granulites and are generally coarse-grained. They contain 

plagioclase (An30-A!40), cordierite, Fe-Ti oxides, spinel (hercynite) and either 

sillimanite (often) or orthopyroxene (seldom). Accessory minerals are: apatite, zircon, 

monazite and corundum. Sillimanite-bearing rocks locally contain complex 

intergrowths of magnetite, spinel, sillimanite and cordierite. Sillimanite and the 

intergrowths define a weak foliation. The most iron and alumina-rich granofelses have 
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Table 1. Whole-rock analyses of 10 representative VBL samples with relevant petrographic dat<i 

Sample (2u) FF139 FF138 FF136 FFI37 JM144 FF122 JM143 JM136 JM151 JM137 
Type Grano Grano Grano Grano Grano Grano Grano Grano BGranu BGranu 

Si02 (0.7) 13.4 19,4 22.8 24,4 29.1 32.3 33.0 37.7 42,1 45.5 
Al 2 0 j (0,5) 25.4 30.7 34,6 34.0 27.0 27,7 28,1 23.8 19.7 19,6 
Ti02 (0.04) 6,53 5,50 5.66 5.24 4.77 4,85 4.87 3,77 3.24 2.89 
Fe20j· (0,3) 43.1 32,8 29,4 28,4 23,3 23,9 23.0 19.2 14,9 13.2 
MnO (0,02) 0.48 0,42 0.27 0.25 0,40 0.24 0,32 027 0,31 0,29 
MgO (0,3) 3.49 4,39 1.09 1.00 7,84 468 5,95 6,52 7,40 6,04 
CaO (0.3) 4,65 4.18 3,54 3,83 4.26 4.04 2,45 3,07 8,55 7.29 
Na20 (0,4) 1.30 0,70 0.80 0.96 0.99 1.81 0,12 2.22 1.44 2,80 
K,O (0,08) 0.19 0,10 0.10 0.12 0,48 0,66 0.13 1.70 0,26 0.92 
P2 0 5 (0.04) 2,1 2,5 1.9 1.8 1.2 1,4 1.3 0,9 1.0 0.9 

Total 100,67 100.63 100.23 100.07 99,33 101.68 99.18 99.14 98,93 99,47 

LOl (0,04) -0.76 -0,43 -0.57 -0.25 0.15 1.18 -0.80 0,41 -0,13 0,41 

Ba (40) 383 165 186 250 960 740 652 2093 1976 389 
Sr (21) 216 201 227 287 190 226 196 232 566 297 
Rb (3) 5 5 4 4 11 16 9 36 18 28 
Ni (4) 415 281 135 127 99 151 87 74 68 53 
Zn (3) 419 292 98 96 151 158 127 129 100 94 
Zr (10) 759 611 628 596 504 426 558 438 324 333 
Y (2) 108 109 81 75 11 72 9 36 18 28 
Nb (3) 22 20 21 16 16 15 18 14 8 9 
Sc (1) 43 39 43 34 38 34 37 34 25 21 
Co (3) 390 245 165 155 107 123 95 80 63 48 
Hf (0,6) 23.35 14.75 14,47 14.10 11.29 14.81 11.59 10.09 9.83 7.59 
Be (0,1) 0,33 1.51 0.17 0.08 2.36 0,26 0,90 0.17 1.00 3,51 
Li (2) 35 54 35 30 31 169 60 21 40 12 

La (3) 41.3 41.2 46.1 56,2 43.5 34,9 29,0 34,5 23.1 22.9 
Ce (2) 101.7 104,2 110,4 121.6 107.6 79,6 78,0 83,7 52,5 55.8 
Sm (1.2) 17,4 17,9 16.7 16.6 15.6 13,5 15.3 14.6 10,5 9,5 
Eu (0,6) 5.04 553 4,79 4.61 4,74 3.75 4,29 3,92 2.71 2.61 
Tb (0,3) 2,75 3.16 2.52 2,25 1.80 2,03 2.00 2,00 1.39 1.39 
Yb (0,7) 8.84 8.33 5,77 5.85 6.11 5,58 5,94 6.61 3.90 2,99 

B.D, (0,03) 3.85 3.72 3.53 3.47 3,35 3.26 3.26 3.25 3,07 3.02 

Plagioclase X X X X X X X X X X 
Orthopyroxene 0 0 0 0 X 0 0 X X X 
Opaque X X X X X X X X X X 
Spinel X X X X X X X X A A 
Cordierite X X X X X X X X 0 0 
Biotite 0 0 0 0 X 0 X 0 X X 
K-Feldspar 0 0 0 0 X 0 0 X X 0 
Sillimanite 0 X X X 0 A X 0 0 0 
Zircon A A A A A A A A A A 
Apatite A A A A A A 0 0 A A 
Monazite A A A 0 0 0 0 0 0 0 
Sphene 0 0 0 0 0 0 A 0 0 0 

In parentheses estimated 20" values: For major element oxides and LOI in wt%, For other elements in ppm, For bulk density (B.D.) 
in gjcm 3 

. Fe20j·: Total iron reported as Fe20 j ; LVI: Loss on ignition. Petrographic data: X=present, O=absent, A = accessory; 
Grano = Fe- AI GranoFels, BGranu = Basie granulite 

Table 2. Average ratios of some elements jn ten UBL rocks and in modern basalts and modern andesites From various tectonic settings& 

Basalts Andesites 

VBL (u) MORB arc calc-alk. cont. rift arc calc-alk, 

(La/Yb)N 4,3 (1.0) 1.2 2 8 10 1.1 6.3 
Eu/Eu' 0.84 (0.04) 0,92 1.2 1.0 0,85 1.09 0,86 
Ni/Co 1.0 (0.1) 3 1.3 1.3 2,5 0.75 0,75 
Ti/Zr 55 (5) 90 83 60 66 39 38 
Ti/P 3.5 (0,6) 8,0 4,9 5,3 14,6 
Zr/Hf 40 (6) 37 34 32 

• Basalt and andesite data after Condie (1976) and Pearce (1982). Subscript N reFers to chondrite normalised values. Eu/Eu' ~ (EuN/[SmN' 
0.333'(SmN- TbN)] 
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both apatite and monazite as accessory phosphate phases. Occasionally corundum 

grains are included in magnetite and spinel. Both the basic granulites and the Fe-AI 

granofelses may contain some perthitic K-feldspar. 

The UBL rocks have granulite facies mineral associations. Premetamorphic 

textures or structures are not preserved. Relict Ml minerals or replacement textures 

thereof are not identified in this particular layer. Spinel-magnetite exsolution textures 

and the orthopyroxene-garnet symplectites presumably are formed during the M3 

metamorphism. Typical M4 minerals (pumpellyite, prehnite, green biotite) are not 

observed and there is no textural evidence fora retrograde origin of the brown biotite 

that occurs in some of the samples. Partial saussuritization of plagioclase and partial 

pinitization of cordierite are volumetrically insignificant and are either M4 alterations 

or very low-grade Recent alterations. 

Fig. 3.4A-L: Whole-rock chemical variation diagrams for 15 samples of the 
Upper Basic Layer (UBL). Diagrams F, G and I contain 13 data points due 
to incomplete chemical analyses of some samples. Open squares: Fe-AI 
Granofelses; Closed squares: Basic granulites. 
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3.4 ANALYTICAL PROCEDURES 

Whole-rock major element and Ba, Sr, Rb, Ni, Zr, Zn, Nb, and Y contents were 

determined by standard XRF techniques using an automated Philips PW1400 

Spectrometer. Ignited splits of rock powder were mixed with LiBOJLiB407 (66/33) 

Spectroflux in a ratio of 1:10 and fused at 1000·C in a Herzog HAG 1200 automated 

furnace to obtain glass beads for major element analyses. Pressed powders cemented 

with Elvacite were used to determine trace element abundances. REE (La, Ce, Sm, 

Eu, Th, Vb) and Sc, Co and Hf contents were determined at 00, Delft, by INAA 

using established techniques (de Bruin 1983). Li and Be were analyzed by ICP-AES 

using the sample decomposition method described by Voncken et al. (1986). For most 

elements precision-values at the 95% confidence level for the concentration range of 

interest were calculated from replicate analyses (Huijsmans 1985) and included in 

Table 3.1. A variety of well-characterized standards were included in each batch for 

analyses. Accuracy is better than 1% (relative) for all major element oxides except 

MnO and P20 S (both better than 5%) and better than 10% for the trace elements 

except La, Th, (better than 15%) and Nb (better than 20%). 

3.5 RESULTS 

Bulk chemical compositions of sixty samples of heterogeneous layers in areas A, B 

and D, including fifteen UBL samples from area A, were analyzed. Ten representative 

UBL rocks were selected for model calculations and analytical results for these are 

reported with relevant petrographic data in Table 3.1. Contents of major element 

oxides are not corrected for H 20 since LOI values are small and occasionally even 

negative due to low water content and iron oxidation during calcination. In this study 

all calculations are performed with water free analyses normalised to 100%. 

The basic granulites fall within a range of 42 to 47 wt% Si02• Granofelses 

contain more Fe20 3, Ti02, Al20 3, PzOs, Zr, Nb, Ni, Co, REE ( and Zn, Hf, Y, Sc and 

MnO, not shown) and less SiOz, CaO, MgO (and Be, not shown) (Fig. 3.4). Li, Ba, Sr 

and NazO contents are erratic and not related to rock-type. The UBL-rocks generally 

define curvi-linear trends with SiOz on variation diagrams (Fig. 3.4A,B,G,H), except 

for the alkali and alkaline earth elements (Fig. 3,4E,D). For the entire suite sampled, 

KzO correlates significantly with Rb (Fig. 3.4C) and Ba, but typically not with SiOz or 

56 



Zr. Couples of CaO, MgO and Sr contents scatter widely on variation diagrams 

(Fig. 3.4D,E,F) and yield weak positive correlations. Ii, Be and Na contents do not 

correlate significantly with any of the other elements. In contrast, strong positive 

correlations are observed for couples of transition metals (and phosphorous) 

(Fig.3.4I,J,K,L). 

There is no simple relation between composition and lateral or vertical position 

within the UBL. For example, samples FF136 to FF139 (Fig. 3.3) were obtained along 

a traverse from bottom to top of the exposure at location 5 and all are Fe-Al rich 

granofelses. Sample JM151 is a basic granulite that occurred approximately 10 meters 

to the west near the stratigraphic center of the UBL. FF139 (13.3 wt% Si02) and 

JM137 (45.7 wt% Si02) are both from the top of the UBL and represent 

compositional extremes within the layer. 

In the UBL-samples the continuous chemical variation is reflected in mineral 

chemistry and mode (Table 3.1). Low-silica granofelses are high in PzOs and contain 

monazite in addition to apatite. Modal contents of spinel, magnetite and zircon 

increase with increasing Fe20 3, Al20 3, Ti02 and Zr content. The whole-rock AlZ0 3 

content relates generally to the Al20 3 content of orthopyroxene (R.J.P. Blok personal 

communication 1987) and the presence or absence of sillimanite. The UBL-granofels 

with the lowest silica content (FF139) has no sillimanite and an anomalously low 

Al20 3 content (Fig. 3.4B). Basic granulites and Fe-Al granofelses can be sampled 

within a few meters of each other and for both rock types the P-T conditions were 

virtually the same during the high-grade metamorphisms. Therefore, the mineralogical 

variation must be the result of premetamorphic and/or metasomatically acquired 

differences in bulk chemistry. 

Rare earth patterns are normalised to the average chondritic values after 

Haskin et al. (1968) (Fig. 3.5). Generally, a good positive correlation exists between 

REE and the transition metals (e.g. Zr vs. ~REE in Fig. 3.41). Granofelses have 

REE-abundances 20 (Yb) to 170 (La) * chondritic values. Basic granulites yield 

abundances 15 - 85 * chondritic values. The REE-patterns are rather flat with a slight 

enrichment of the LREE, (LaIYb)N-ratios = 3 - 6. No systematic relation between 

the small variation in (LaIYb)N and any of the elemental abundances is observed. A 

small negative Eu-anomaly is obvious. Basic granulites and Fe-Al granofelses from 

the UBL display closely similar REE-patterns, varying mainly in total REE 

abundances. 
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Fig. 3.5: Chondrite normalised REE-patterns for the UBL-samples from 
Table 3.1. Patterns of three shale-composites (ES, NASC and PAAS) are 
included. Symbols as in Fig. 3.4. 

3.6 DISCUSSION 

Previously, the Fe-AI granofelses of the FF were thought to represent metapelites 

(Michot 1960). However, REE evidence presented in this study does not support that 

hypothesis. Nance and Taylor (1977) estimated that average REE abundances are 

enriched in LREE ((La/Yb)N=7-12) for Post-Archean Australian Shales (PAAS, 

Fig. 3.5). The Paleozoic North-American and European shale composites (NASC, ES) 

are enriched in LREE as well (Haskin and Haskin 1966; Haskin 1979). NASC, PAAS 

and ES have a marked negative Eu-anomaly (Eu/Eu* =0.66-0.70). Basic granulites 
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and Fe-AI rich granofelses of the UBL exhibit less fractionated REB-patterns with 

smaller Bu-anomalies (Table 3.2). Hence, a pelitic origin is unlikely and an 

alternative precursor must be sought. 

Linear mixing of a basaltic composition and an aluminous metasediment such 

as a shale could produce the semi-linear element-element covariations of 

transition-elements and phosphorous. However, shales generally have REE signatures 

different from those of basalts and progressive admixture of one component to the 

other is likely to result in a systematic rotation of REE patterns, which is not 

observed. Furthermore, linear best fits for UBL datapoints on orthogonal plots of two 

relatively immobile constituents, (that is, constituents with a high positive correlation 

coefficient), intersect the axes approximately at the origin (e.g. Fig. 3.4J,K,L). This 

does not support a mixing concept, since it is unlikely (albeit not impossible) that the 

basalt and shale endmembers involved had exactly the same Nb/Zr, TiOJZr and 

PzOJZr ratios. The REE, Ti, P, Zr and Nb data rather point at selective extraction or 

addition of one or more other constituents. 

Possible precursors of the UBL are magmatic rocks. Transition elements, 

especially those from groups IIIB, IVB and VB of the periodic table, are believed to 

be relatively immobile during metamorphic and secondary alteration processes (e.g. 

Winchester and Floyd 1977; Floyd and Winchester 1978). Indeed, systematic analysis 

of component ratios in the UBL yields fairly constant values for E/Zr some of which 

are shown in Fig. 3.6A,B (E is one of: AIz0 3, Fez03' TiOz, PzOs, Ni, Zn, Y, Nb, Sc, Co, 

Hf, REE; similar conclusions as below can be reached by using any E other than Zr 

as denominator). In particular, the REE are not fractionated notably with respect to 

themselves or to Zr (Figs. 3.5, 3.6B), or to TiOz, PzOs, Hf, Y and Nb (not shown). In 

granofelses with SiOz < 25 wt% the ratios FezOJZr, Ni/Zr, Co/Zr, Hf/Zr and Zn/Zr 

show a slight net increase with decreasing wt% SiOz whereas AIzOJZr, PzOJZr and 

REE/Zr show a slight net decrease. The small peaks near 32 wt% SiOz result from 

the anomalously low Zr content of sample FF122. In the basic granulites and the Fe

AI granofelses Zr/Hf, ZrffiOz, PzOJTiOz, Ni/Co ratios are nearly constant for 

various silica contents and have typical basaltic values (Table 3.2). Moreover, 

(LaIYb)N and EulEu* values of all UBL samples are very similar and underline their 

basaltic affinity (Table 3.2). The constancy and the values of transition element ratios 

and the REE signatures indicate that, in terms of these elements, the UBL-rocks had 

a common progenitor that was rather homogeneous and had a basaltic composition. 
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Basalts, basaltic andesites and first-cycle sediments derived from them are plausible 

precursors and in the ensuing discussion the composition of the protolith will be 

referred to as "basaltic". 

The diagram of SiOjZr, SiO/TiOz and SiOjFez03 vs. wt% SiOz yields 

near-linear trends with positive slopes (Fig. 3.6D) indicating that the granofelses are 

depleted in SiOz relative to the transition metals. Similar net depletions, although less 

systematic, are observed for MgO, CaO, KzO, NazO, and Rb (Fig. 3.6C) and for Ba 

and Sr (not shown). Any process invoked to explain the chemical variation in the 

UBL-suite must account for a considerable loss of silica and alkali and alkaline earth 

elements and concomitant fixation of the transition metals. 

3.6.1 lateritisation 

In terms of bulk FeZ0 3, AlZ0 3 and SiOz content, the granofelses are very similar to 

laterites sensu stricto (Table 3.3). Many element variations in the UBL could be well 

explained by an incipient lateritisation (ferallitisation) of an originally homogeneous 

basaltic protolith. Such a process would have operated before metamorphism and 

before burial by other sediments since similar apparent enrichments in transition 

metals, though less extensive, are found in the other heterogeneous layers in area A 

(MBL and LBL, Fig. 3.3), but not in the quartzites, marbles and diopside-gneisses 

Table 3.3: Selection of bulk chemical analyses of modem 
laterites in comparison with the granofelses from this study. 
Data normalised to 100% on a water free basis 

Location 

Kumba, West Cameroon")
 
Libreville, Gabon')
 
Nairobi, Kenya')
 
Cape of Good Hope, RSN)
 
Tira, Ugandab

)
 

Kauai, Hawaiic
)
 

East Maui, HawaiiC
 
) 

FF139, Rogaland 
FF136, Rogaland 

a) Persons (1970) 
b) McFarlane (1983) 
c) Patterson (1971) 

25.2 
10.0 
11.4 
25.7 
22.5 

4.7 
6.6 

13.3 
22.8 

29.2 
46.3 
25.3 
34.5 
37.3 
39.4 
31.4 
42.8 
29.3 

24.8 
27.1 
14.6 
19.0 
25.5 
25.9 
33.4 
25.3 
34.6 
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that directly overly the UBL nor in metabasites of the basement that envelops the FF. 

Leaching of silica would increase immobile element contents of the residue, creating 

compositions similar to those of the Fe-Al granofelses. Concomitant leaching of Ca, 

Mg and the alkali elements is expected during lateritisation (patterson 1971; Golightly 

1981; Esson 1983). Indeed, these elements are generally less abundant in the 

granofelses (e.g. Fig. 3.4D,E) although original lateritic covariations with silica, if any, 

are supposedly blurred now due to superimposed metasomatic effects (see below). 

3.6.2 metasomatism 

Quartzofeldspathic pegmatites intruded the siliceous metadolomites of the FF at 

various locations before the granulite facies M2 metamorphism. Generally, these 

pegmatites are progressively depleted in silica towards their rims and they are 

symmetrically enclosed by high-variance mineral assemblages (Bol et al. 1989). In the 

marbles the mode of diopside may vary from < 2% in forsterite marbles, to > 95% in 

diopside rocks near contacts with quartz-bearing rocks (quartzites, quartz nodules, 

diopside gneisses). These phenomena are related to synmetamorphic silica 

metasomatism (Hermans et al. 1975; Sauter 1981, 1983), and are exclusively observed 

within the marbles. 

Systematic bulk-compositional variations at contacts with quartzites are not 

found in the UBL. Contacts of UBL rocks with marbles are not exposed. Some 

Ca-rich specimens of the MBL are near to marble lenses and locally contain 

hedenbergite and andradite. Others contain sapphirine and have conspicuously high 

Mg contents. Although rocks with such mineralogies do not occur in the UBL they 

demonstrate that the Ca and Mg contents in the UBL may have been variably 

contaminated by Ca and Mg from nearby dolomitic marbles. 

The UBL-granofelses have mineral associations that resemble those of 

corundum-bearing rocks (emeries) from the Cortland Complex, New York. The latter 

are regarded as the highly aluminous residua produced by the interaction 

(desilification by fractional fusion and mass transfer) of pelitic schist xenoliths with 

mafic magma (Tracy and Thompson 1979). No evidence for partial melting was 

observed in the three heterogeneous basic layers, nor textures that suggest extraction 

of silica towards adjacent rocks. Textural or compositional indications for silica 

transfer from the contacting quartzites and diopside gneisses (Fig. 3.3) to the UBL are 
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also absent (d. Tracy and McLellan 1985, for distinct textural, structural and 

compositional evidence from the Cortland emeries). 

The contents of K and Rb in the UBL have a strong positive correlation 

(Fig. 3.4C) and vary erratically with transition element contents indicating that 

K-metasomatism affected the UBL (Bol and Jansen 1989). In general, Li, K, Rb, Ba 

contents in the UBL vary irregularly by a factor ten or more. Regarding the fairly 

constant transition element ratios in the UBL this variation presumably cannot solely 

be attributed to original inhomogeneity of a basaltic protolith. Burial of weathering 

profiles that have been depleted in alkali and alkaline earth elements often leads to 

addition of these elements by syn-diagenetic metasomatism (Gay and Grandstaff 

1980; Grandstaff et al. 1986; Kimberley and Grandstaff 1986; Nesbitt and Young 

1989) depending on the availability and nature of ground waters. 

Therefore, the lack of systematic relations between contents of transition metals 

and those of the alkali and alkaline earth elements (e.g. Fig. 3.6C) is probably caused 

by the syn-diagenetic and syn-metamorphic mobility of the latter. In contrast, SiOz 

yields smooth, near-linear trends in Fig. 3.6D indicating that metasomatic processes in 

the UBL had negligible influence on SiOjE. The effects of silica and alkaline (earth) 

metasomatism upon the bulk content of Si, P, REE and the transition elements must 

have been small compared to the effects of silica and alkaline (earth) leaching during 

lateritisation. 

3.6.3 gains and losses 

Various calculation schemes exist to estimate net gains and losses or enrichment

factors of constitUents in present-day laterite profiles. The procedures have in 

common that the weathering horizon must be examined in situ in order to evaluate 

the validity of the assumptions underlying the calculations, to identify and 

characterize the protolith, and to assess the relative importance of lateral movement, 

differential losses from the profile by mechanical means and addition of extraneous 

material. Calculations are greatly facilitated when an index constituent has been 

quantitatively retained in the residue (e.g., Esson 1983) or when undeformed protolith 

textures have been preserved and the weathering was essentially isovolumetric (e.g., 

Millot and Bonifas 1955). One-dimensional mass-balance equations (Brimhall and 

Dietrich 1987) that interrelate chemical composition, volume, density, porosity and 
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strain in protolith, enriched zone and leached zone may be used when the original 

weathering stratification is still present (or can be reconstructed) and when lateral 

fluxes of constituents can be neglected. 

None of these methods can be applied to the UBL since it is recrystallized and 

deformed during at least three high-grade metamorphisms. Gresens (1967) provided a 

more general mathematical formalism to model volume-composition relations 

resulting from chemical alteration processes irrespective of whether these were 

accompanied by recrystallisation, volume change or disruption of alteration 

stratification. In his equations the volumes VA and VB of a reactant rock A and a 

product rock B are related by a volume-factor 

(1) 

where g is the bulk density, Cj is the wt% of element i and X; represents net gains and 

losses (grams per 100 gram A) of element i during open system chemical reactions. 

Bulk densities of the UBL-samples were obtained from their buoyancy in water 

(Table 3.1). They correlate well with the whole-rock Fez0 3 content (Fig. 3.7) and show 

a considerable range (> > 2a)demonstrating the amenability of the UBL for assessing 

premetamorphic weathering by VOlume-composition calculations. For the UBL rocks 

the fv values reflect the "net volume" effect of the alterations, after dehydration and 

compaction due to diagenesis and metamorphism. There is no reason to assume that 

the operating processes were isovolumetric (fv = 1). Conservation of one or more 

65 



1.0	 ....,---------------------------, 

Fig. 3.8: 
Hypothetical 
fv versus D j 

curves 
assuming 
isochemical 
behaviour for 
the involved 
elements and 

AL203 element 
oxides (see LREE 
text).TI02 

ZR 
P205 
HF 
FE203 

CO,NI 

0.0 --t--,--,-----,------,---,--...----..,---.------r-----,---,-----J 
o 20 40 60 80 100 

D (%) 

elements (X; = 0) cannot be assumed a priori. If an element i was immobile during the 
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(2) 

where C;MIN and C;MAX refer to the minimum and maximum concentrations of element i 

observed in the UBL. If, for example, Fe was immobile during the lateritisation, 

DF.(FFl39) is 100%. Alternatively, if P behaved conservatively, Dp(FFl39) is 73%. 

The D;-values are relative to the concentration range of element i in the sample set 

and DN;(JMl37) = 0% does not necessarily imply that sample JMl37 represents an 

unaltered rock. Assuming conservation for element i (X; =0) and taking the sample 

with D; = 0 as the first reactant composition (A), a hypothetical volume-factor can be 

calculated for the product rock B (being the sample with the next D-value in the set). 

In turn, B serves as reactant in order to calculate fv for the sample with the next 

D-value, et cetera. Eventually, a curve can be constructed for i on a D; vs fv diagram. 

This is done for various elements and element-oxides in the UBL, merely in order to 

assess their relative mobilities during the premetamorphic alterations (Fig. 3.8). The 

diagram suggests that the degree of mobility increases in the order: 
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MN,eo < Mpo,HI < M'll,Z<,p,RBE < MAl' 

If Ni (or Co) was immobile during the alteration reactions, then AlZ0 3, PzOs, TiOz, 

Fez0 3, Zr and RBB were lost. In the most Ni-rich granofelses the net rock volume 

would have been reduced by about 90%. Alternatively, if Ti (or Zr,P,RBB) was 

immobile Co, Ni, Hf and Fez0 3 should have been added to the system and AlZ0 3 

should have been lost. Ultimately, the net rock volume would be reduced by 65%. 

Model-calculations that account for progressive leaching of silica and Ca, Mg, Na and 

K from a starting rock composition of sample JMl37 yield slightly concave curves on 

diagrams of D; vs fv• Minimum fv values achieved in "subtraction-only" models are 

about 40%. These values are reached when the rock is depleted in silica and (earth-) 

alkaline elements to the same extent as FFl39. The strongly concave curvatures and 

low fv values for Co, Ni, Hf and Fez0 3 in Fig. 3.8 and the negative slopes for these 

elements in the low silica part of Fig. 3.6A suggest that addition of mass played a 

significant role in reaching the bulk compositions of Fe-Al granofelses with < 25 wt% 

Si02• 

From (1) net gains and losses of the major element oxides relative to lOOg of 

starting composition (JM137) can be calculated for the ten UBL-rocks. This was done 

for SiOz, Fe20 3, TiOz, AlZ0 3 and PzOs assuming zero mobility for Ni, Fez0 3, TiOz and 

AlZ0 3 respectively (Fig. 3.9A.D). Conservative behaviour of Fe or Ni (Fig. 3.9A,B) 

implies a significant loss of Al and other constituents (e.g. Zr, REB, Ti, P) that are 

often found to be relatively immobile during weathering processes. Alumina 

conservation (Fig. 3.9D) requires significant addition Fez0 3 (and Ni, Co and Hf) in the 

most Fe-rich rocks. Brimhall et al. (1988) reported metal enrichment (Fe, Al, Zr, Ti, 

Cr and Mo) by deposition of chemically mature aeolean dust in bauxites from 

Western Australia. Infiltration of detritus from external sources cannot be excluded 

for the UBL. However, in typical modem laterite profiles Fe is often internally 

inhomogeneously redistributed leading to the formation of "cuirasses" or ferruginous 

crusts. The Fe is normally liberated by the breakdown of Fe-bearing substances and 

may be redeposited in situ or in Fe-enrichment horizons elsewhere in the weathering 

horizon, depending mainly on pH and drainage characteristics. Zones of net depletion 

and net enrichment (i.e., supergene enrichment superimposed upon residual 

enrichment) can thus be defined for Fe, Ni and Co (Golightly 1981; Brimhall and 

Dietrich 1987). Aluminium and titanium migrate less easily and as a result several 

types of alteration banding may develop (Maignien 1966). Similar processes may have 
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operated upon the UBL protolith, and Fig. 3.9C and D mimic modem lateritization 

processes more accurately than Fig. 3.9A and B. 

If bulk chemical systematics of modem laterites can indeed be used as 

templates against which the chemical histories of ancient lateritic profiles can be read 

(cf. Nesbitt and Young 1989), it is conceivable that isochemical behaviour was most 

I 
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3.7 

closely approached by AI, Ti and the REE. A D-fv curve of a truly immobile element 

would plot near the curves for Ti02 and AI20 3 in Fig. 3.8 and the net volume of the 

UBL protolith would be reduced by at least 50% in the Fe-AI granofelses. 

Net depletion of REE (Kronberg et al. 1979) or REE fractionation (Duddy 

1980; Nesbitt 1979) are reported for extreme weathering processes. Differential 

mobilities of the REE resulting from supracrustal and metasomatic alterations is not 

observed in the UBL and significant net depletion of the REE cannot be 

substantiated from our data (Figs. 3.4L, 3.5, 3.6B) suggesting that the bulk of the 

REE initially present in the UBL-protolith was accommodated in minerals resistant to 

weathering. 

CONCLUSIONS 

1) Basic granulites and high Fe-AI granofe1ses from the upper basic layer of the 

Faurefjell Formation have a common progenitor with basaltic affinities. 

2) Premetamorphic processes that mainly involved the extraction of silica and the 

alkali and alkaline earth elements have shifted their original basaltic composition 

toward higher Fe, AI, Ti, P, Ni, Co, Zn, Zr, Nb, Y, Hf and REE contents and lower 

Si, Ca and Mg contents. 

3) The bulk compositions of the Fe-AI granofelses compare well with those of 

modem laterites and the transition element variations in the UBL are best explained 

by premetamorphic weathering. 

4) Metasomatism during diagenesis and during repeated high erade metamorphism 

blurred lateritic variations of K, Rb, Na, Ba, Ca and Mg and had negligible effects on 

ratios among Si, Fe, AI, Ti, P, Ni, Co, Zn, Zr, Nb, Y, Hf and REB. 

5) Extreme premetamorphic alteration of the protolith of the UBL and superimposed 

chemical alterations during diagenesis and during three high-grade Proterozoic 

metamorphisms did not result in differential mobilities of REE. Net depletion of 

REE is not suggested by our data but cannot be ruled out. 
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6) Despite the high grade and long duration of the metamorphism, Gresens formula 

(1) could be applied successfully to assess relative mobilities of elements during 

premetamorphic open-system geochemical processes. This is due to: a) Si, P, REE 

and the other transition metals were relatively immobile during metamorphism, and b) 

the premetamorphic alteration resulted in a considerable range of specific gravities in 

the UBL rocks. 
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CHAPTER IV: REGIONAL OXYGEN AND CARBON ISOTOPIC TRENDS IN 

GRANULITE-FACIES MARBLES FROM ROGALAND, SW NORWAY 

4.0 ABSTRACT 

Oxygen and carbon isotopic ratios of calcites in marbles from the very high-grade 

Precambrian terrane of Rogaland, SW Norway, show a regional trend from 6180=21.5 

(SMOW) and 613C =-3.2 (PDB) near the contact with the Rogaland anorthositic 

complex to 6180 = 13.1 and 613C= -8.2 respectively ±30km further north. This isotopic 

trend is geographically the opposite of the regular 6180 and 613C depletion trends 

which are observed in carbonate rocks from other thermometamorphic aureoles. In 

the marbles, the calcite (O,C) isotopic trend is in accordance with oxygen isotope 

ratios of high-grade metamorphic silicate minerals (diopside, phlogopite). In contrast, 

no regional 6180 has been observed either for quartz and diopside in quartz-diopside 

gneisses and quartzites of the metasedimentary succession which includes the marbles, 

nor in quartz, plagioclase and orthopyroxene in enderbites enveloping the 

metasediments. It is concluded that the intrusion of the magmatic complex, which is 

held responsible for the dry peak metamorphic granulite facies conditions, merely 

preserved bulk isotopic characteristics that already existed in the marbles. Evidence 

for preservation of premetamorphic 6180 systematics in a metalateritic layer 

associated with the marbles is ambiguous from 6180 values of individual metalaterite 

minerals (magnetite, sillimanite, plagioclase, orthopyroxene). The isotopic 

inhomogeneity of distinct metamorphic minerals (calcite, quartz, diopside) in various 

lithologies (marbles, quartz-diopside gneisses, quartzites, metalaterites and 

enderbites), both in outcrop- and in regional scale, preclude pervasive regional 

passage of isotopically homogeneous oxygen-bearing metamorphic fluids. The absence 

of such fluids is in accordance with petrographic observations throughout the area. 

4.1 INlRODUCfION 

Systematic relations between oxygen and carbon isotope ratios are observed in 

carbonate rocks and minerals of many contact-metamorphic aureoles. Invariably 

marbles become progressively depleted in 180ro and 13C!'2C ratio as the degree of 

metamorphism increases with decreasing distance from the pluton (Valley 1986, and 
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references therein). The processes invoked to explain these trends include 

volatilization reactions, introduction of meteoric water, infiltration of 

magmatic/metamorphic fluids, isotopic exchange with graphite or combinations 

thereof, and may cause shifts of 15 permil or more for 15180 and 5 permil or more for 

d13C. Large regional stable isotopic shifts are less common and isotopic homogeneity 

of distinct metamorphic minerals in various lithologies over considerable distances 

have been proposed to be related to large scale pervasive fluid movements (Taylor et 

al. 1963). 

The Proterozoic metamorphic envelope of the Rogaland anorthosite complex, 

SW Norway, represents one of the best studied high-temperature granulite-facies 

terranes (Michot 1960; Hermans et al. 1975; Tobi and Touret 1985; Maijer and 

Padget 1987). Excellent field control exists due to extensive mapping over more than 

two decades. The isograd pattern and the peak metamorphic temperatures involved 

are reminiscent of contact metamorphism (Tobi et al. 1985). However, the very high

grade metamorphic events related to the complex multistage intrusion of the 

anorthositic bodies. affected both the country rocks and the magmatic complex 

(Duchesne et al. 1985) on a regional scale. Hence, the term "regional 

thermometamorphism" is more appropriate than "contact metamorphism" (Maijer et 

al. 1981). 

In this study, systematic regional-scale, oxygen and carbon isotopic shifts are 

reported for calcites from impure dolomitic marbles that occur as intercalations in 

one particular granulite facies metasedimentary unit at various distances from the 

Rogaland anorthosite complex. In contrast to what is normally seen in metamorphic 

aureoles, the calcites closest to the intrusive complex are isotopically closer to 

sedimentary values than calcites from more distant marble exposures. The calcite 

isotopic data are related to the modal composition of the marbles and discussed in 

view of oxygen isotopic ratios in silicate minerals (Di,Phl,Kfs1
) associated with the 

calcites, in silicate minerals (Di,Qtz) from diopside gneisses that sandwich the marbles 

and silicate (and oxide) minerals (Qtz, Pl, Opx, Amp, Bt, Sil, Mag, Spl) from country 

rocks that are part of or envelop the metasedimentary units. The (O,C) isotopic 

compositions of calcites and graphites from other units are used to bracket the scale 

and timing of isotopic exchange. The ultimate purpose of this study is to put 

1see Appendix A for mineral abbreviations 
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4.2 

constraints on fluid budgets during granulite-facies conditions in the Rogaland area. 

GEOLOGICAL SETTING 

Massif-type anorthosites and the folded anorthositic to mangeritic Bjerkreim-Sokndal 

lopolith are exposed in the western part of the Precambrian basement in S.W. 

Norway (Fig. 4.1; Duchesne et al. 1985). These intrusive units are surrounded by a 

Precambrian polymetamorphic complex of Chamockitic and Granitic Migmatites with 

intercalations of augen gneisses and metasupracrustal rocks (Hermans et al. 1975). 

The latter are comprised of the Gyadal Gametiferous Migmatites (Huijsmans et 

al. 1981) and the Faurefjell Metasediment Formation (FF) (Sauter 1981). 

On the basis of mineral assemblages, four stages of metamorphism (MI-M4) 

have been recognized in the metasupracrustal units and in their enveloping migmatitic 

complex (Fig. 4.2). 

The Ml phase (about 1200 Ma) has been related to an old upper amphibolite 

to granulite facies metamorphism (Wielens et al. 1980; Maijer and Padget 1987). 

The granulitic high temperature-intermediate pressure M2 stage (1050 Ma) is 

essentially a thermal overprint induced by the intrusion of the leuconoritic phase of 

the Bjerkreim-Sokndallopolith (Maijer et al. 1981). Metamorphic zoning related to 

the M2 stage (Tobi et al. 1985) is manifest by a) a pigeonite-in isograd, b) an 

osumilite-in isograd, c) a gamet decomposition isograd, d) a (amphibole + quartz)-out 

isograd, and e) a hypersthene line (see Fig. 4.1 for position of a, band e; c 

approximately coincides with b, and d occurs a few km west of e). Geothermometric 

calculations yield temperatures of about 1050°C between the pigeonite-in isograd and 

the igneous complex, decreasing to about 750°C near the hypersthene line (Jacques de 

Dixmude 1978; Jansen et al. 1985). 

The M3-stage of medium-grade metamorphism represents a period of 

retromorphism during slow, almost isobaric, post-M2 regional cooling (Kars et 

al. 1980). M3 features include exceptionally well developed exsolution phenomena 

and partial decomposition of typical M2 minerals (e.g., osumilite, AI-rich 

orthopyroxene) into symplectites of lower grade minerals. In the vicinity of pegmatites 

and granites, M3 micas and amphiboles may form rims around Ml and M2 minerals. 

Isotopic ages for osurnilite (970 Ma (K-Ar; Rb-Sr), Maijer et al. 1981), hornblendes 

(950 Ma (K-Ar), Dekker 1978; Wielens et al. 1980), and brown biotite (870 Ma (K
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AT; Rb-Sr), Verschure et al. 1980) reflect passage through Rb-Sr and K-AT closure 

temperatures during M3 cooling. 

Finally an M4-stage of retrograde prehnite-pumpellyite to greenschist facies 

metamorphism (400 Ma) is weak and omnipresent in the west and is attributed to the 

Caledonian orogeny (Verschure et al. 1980). An isograd of Caledonian green biotite 

follows the Caledonian front at a distance of 5-15 kIn in the Precambrian basement 

(Fig. 4.1) and is related to Caledonian overthrusting (Sauter et al. 1983). 

Exposures of the FF are largely concentrated in five areas (A - E, Fig. 4.1) 

where it crops out as thin folded layers or boudinaged lenses with a total thickness 

varying from 10 to 50 meters. The contacts with the surrounding migmatites are 

usually concordant. Locally, in areas B and C, leucogranites intrude the 

metasediments discordantly. Diagnostic for the FF is the joint occurrence of thick 

quartzite layers and impure dolomitic marbles. Generally, the FF is composed of 

various intercalations of quartz-diopside gneisses, diopside marbles, forsterite marbles, 

quartzites, quartz-K-feldspar rocks, diopside-K-feldspar rocks, K-feldspar rocks, 

diopside rocks, leuco-charnockites, and heterogeneous basic layers consisting of basic 

granulites and Fe-AI rich granofelses (lacking in area C). The basic granulites and the 

Fe-AI granofelses have transitional bulk compositions that are interpreted as resulting 

from the combined effects of premetamorphic lateritization and syndiagenetic 

79 



4.3 

metasomatism (Bol et al. 1989b). 

The marbles cover only a very small part of the total mapped area ( < 0.01%). 

Most of them occur in areas A, B and C, usually as intercalations in quartz-diopside 

gneisses or, alternatively, in quartzo-feldspathic rocks. The marbles are generally 

separated from their host lithology by thick, almost monomineralic, diopside-Iayers. 

Marbles are subordinate in area E, and only one marble exposure is found in area D 

(see arrow in Fig. 4.1). 

Seven distinct rock types from the metamorphic complex are considered in this 

study: 1) marbles and diopside rocks; 2) quartzites; 3) quartz-diopside gneisses; 4) 

metalaterites; 5) enderbites; 6) graphite-bearing rocks; and 7) miscellaneous calcite

bearing rocks. 1-4 Belong to the FF, 5 occurs within the Charnockitic Migmatites that 

envelop the FF, 6 comprises rocks from various other calcite-bearing units (locations 

F-I, Fig 1) that are not considered to be part of the FF and 7 are samples from the 

Gyadal Garnetiferous Migmatites. In Appendix A, the general petrography of types 1

7 is summarized and sample descriptions are given. Mineral associations in individual 

samples are given in Table 4.A. 

METHODS OF INVESTIGATION 

Carbon and oxygen isotope analyses on 47 carbonate mineral separates (mainly high

Mg calcites) and 7 graphites were performed at the Utrecht Stable Isotope 

Laboratory. Carbonates were reacted with 100% HJ>04 (McCrea 1950), graphite was 

combusted with CUO. The reproducibility of replicate analyses was better than ±0.1 

permil for the carbonates and better than 0.2 permil for graphite (values of 0180 and 

b13C are reported in standard permil notation relative to SMOW and PDB 

respectively). 

Oxygen isotope analyses on silicate minerals, magnetites and spinel were 

performed in the Department of Geology and Geophysics, University of Wisconsin, 

Madison, following the methods of Clayton and Mayeda (1963) using BrFs as the 

oxidizing reagent. The minerals were separated from the rock and purified using 

heavy-liquid and magnetic methods. The purity of the separates was checked by XRD 

and optical methods and was above 95% except a) in mixed Pl +Qtz ( > 85% Pl) 

separates from country-rocks (enderbites) and b) in some of the Phl separates from 

marbles and Di-rocks where variable amounts (up to 20%) of Srp were observed. The 
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mixed PI + Qtz separates were reacted with concentrated HF in order to retain pure 

quartz. Both the quartz and the mixture were analyzed for <5
180. The separates with 

partly serpentinized Phi were further purified by hand-picking, and in one instance 

both the purified and the serpentinized separate were analyzed for <5 
180. Of the 125 

silicate and oxide mineral separates analyzed in Madison, 69 were duplicated, with an 

average standard deviation of < 0.15 permil for PI, Qtz and Opx, 0.25 permil for Phi, 

0.3 pennil for Di, 0.4 permil for Sil and 0.7 permil for Mag. The value of NBS-28 was 

9.42±0.17permil (based on 14 analyses). 

Modal compositions are detennined for 22 marbles and are based on the count 

of 1000 points or more per sample. In order to assess for these samples the F(C) and 

F(O) values (the mole fractions of carbon and oxygen remaining in the rock after the 

decarbonation reactions), for each silicate mineral and for Spl the mole equivalent of 

COz was calculated, starting with the components Qtz, Dol and Kfs and using the 

simple mass balance equations: 

Wol + lQtz = lFo +2Cal +2COz (1) 

Wol +2Qtz =Wi +2COz (2) 

3Dol + lKfs + IHzO = lPhl +3Cal +3COz (3) 

13Dol +2Kfs =6Fo + 13Cal + 1Spl + 13COz+ lKzO (4) 

3Dol +4Qtz + 1HzO = 111c +3Cal +3COz (5) 

5Dol + 8Qtz + IHzO = ITr+ 3Cal +7COz (6) 

This yields an equivalence of 2 mole COz for each mole of Fo, 2COz for each Di, 

3COz for each Phi, 13COz for ISpl +6Fo, 3COz for each TIc and 7COz for each Tr. 

Combining the amount of outgassing as calculated from these COz-equivalents and 

the modes of silicate minerals and spinel, with the amount of COz still present in the 

rock as calculated from the mode of the carbonate minerals, estimates of F(C) and 

F(O) are obtained. 

The wt% COz in marble samples is obtained volumetrically upon dissolution in acid. 

4.4 RESULTS 

The 0180 and o13C values for Cal in 42 marbles from areas A-E are presented in 

Table 4.1 together with the 0180 values of silicate minerals from the marbles and the 
180Di-rocks, and the wt% COz of the marbles. The <5 and <5 

13C values of silicate 

minerals, oxides, carbonates and graphites from associated rocks are presented in 
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Tables 2-7. In Table 4.8 the results of the modal analyses of 22 marbles from areas A

C are reported along with the F(O) and F(C) values. Additional information on the 

degree of retrogradation of the silicate minerals and the degree of recrystallization of 

the calcites is included in Table 4.8. 
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Table 4.1: Isotopic data (O,C) for marbles and diopside rocks 

Sample# Type Lac due 03 
180 wt% CO2 

Cal Cal Di PhI other 

A122 · Fo-marble A -4.0 20.4 16.1 24 
AI64 · Fo-marble A -3.2 20.0 21.1 17.5 16 
A169 Fo-marble A 16.2 24 
C322 · Di-marble A -4.3 16.6 16.6 2 
C324 · Fo-marble A -5.6 16.3 13 
C335 · Fo-marble A -4.2 19.6 21 
C346 · Fo-marble A -4.2 21.5 34 
C480 · Fo-marble A -3.5 21.2 11.2 26 
C481 · Fo-Di-marble A -3.6 19.9 20.4 19.1 21 
FF167 Di-rock A 15.0 
FFl71A Di-rock A 15.7 
FF174 Fo-marble A -5.4 18.4 11 
FF175 Di-rock A 15.5 
FF179 Di-rock A 14.6 
FF182 Di-rock A 14.2 
FF185 Di-rock A 15.2 
FF273 Di-nodule A -3.4 20.9 19.3 1 
FF277 Di-nodule A 18.1 17.38 

) 

FF283 Fo-marble A -4.1 19.9 19 

C372 · Fo-marble B -3.8 17.1 32 
C397 Di-rock B -6.5 14.8 12.0 1 
C499A Kfs-vein B 14.98 

) 

C500A Di-rock B 14.0 10.7 
C500B Di-marble B 14.3 11.4 26 
C502A Di-Kfs-rock B -7.9 14.8 14.0 14.68 

) 1 
C502B Di-rock B 14.2 
C509 Fo-marble B -6.0 16.6 11.2 30 
C510 · Fo-marble B -5.7 17.9 30 
C511 · Fo-marble B -6.0 17.1 28 
C512 Fo-marble B -7.9 15.3 29 
C514 Fo-marble B -6.0 14.9 27 
Q128 · Tr-marble B -4.7 16.9 16.3 12.8 28 
Q138 Fo-marble B -4.7 17.3 28 
Q201 Fo-marble B -4.2 16.9 30 
Z52 · Fo-marble B -5.9 14.5 29 
Z75 · Fo-marble B -6.3 14.2 24 
Zl77 · Di-marble B -5.0 10.2 18.7 7 

C163 Tr-vein C -7.5 13.4 26 
C165 Di-PhI-rock C 12.3 9.1 8.6b 

) 

C235 Di-marble C -7.7 13.4 12.8 18 
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Table 4.1: - continued 

b180Sample# Type Lac bUC wt% CO2 

Cal Cal Di PhI other 

C236 · Fo-marble C -7.4 13.4 30 
C264 · Di-marble C -7.5 14.4 8.9 33 
C273 · Fo-marble C -7.4 13.5 9.5 24 
C521 · Di-marble C -7.0 14.1 12.2 9.7 13 
C522 · Di-Fo-marble C -8.2 13.3 9.8 8.6 15 
C533 · Fo-marble C -7.9 13.1 12.0 23 

FF4B Di-marble D -6.2 17.3 13 
FF4C Di-marble D -6.1 17.3 16 
FF47 Di-marble D -6.4 17.8 9 
FF51 Di-Kfs-rock D -4.5 17.1 1 
FF52 Di-rock D -4.6 17.0 1 
FF53 Di-marble D -5.6 18.4 1 
FF260 Di-Kfs-Q-vein D 14.4 17.4<) 

FF142 Fo-marble E -6.0 14.7 25 
FF190 SpDiPhl vein rim 13.1 12.7 
FF190 core E 13.3 12.7d

) 

FF192 Fo-marble E -4.9 16.9 23 
FF196 Fo-marble E -5.1 13.2 18 

• = Modal compositions are determined for the marked samples, see Table 4.8. 
a) = K-Feldspar; b) = Partly serpentinized (20% Srp) phlogopite; c) = Quartz; d) =:= Spinel; 
correlation coefficient for bI80(cal) vs. bUC(cal2=0.72; for bI80(Cal) vs. bI8O(Dl) 
= 0.72; for b180(Cal)vs.bI80(Phl) = 0.70; for bl 0(Di)vs.bI80(Phl) = 0.97. 

1 marbles and diopside rocks 

The calcites from the major marble outcrops define a b180-<suC trend from about 

b
l8
0 = +21.5 and b1JC = -3.2 for the southernmost areas A. D and E to about 

bl80 = 13.1 and bUC = -8.2 for those of the northern area C (Fig. 4.3a). Calcites from 

area B have intermediate values of about bl80 = +17and b1JC = -5. There are some 

notable deviations from the mean values within each area. In area A (b180 = 16.3 to 

Fig. 4.4a-b (opposite page): bl80 values of Cal, Di, Phl and Kfs of marbles 
and diopside rocks in areas A-E. b) Relative oxygen isotopic compositions of 
Cal, Di, Phl and Kfs at various temperatures (aC) as inferred from isotopic 
fractionation factors reported by Bottinga and Javoy (1973,1975) and O'Neil 
et al. (1969). Fractionation factors for Phl are not defined for temperatures 
above 800ae. 
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21.5; o13C = -5.6 to -3.2), three samples contain calcites which are distinctly lower in 

0180 and slightly lower in oUC, and which fall in the generalized data field of area B. 

In area B (0 180 = 10.2 to 17.9; 013C=-7.9 to -4.2), the chloritized Di-marble, Z177, has 

the lowest 0180 value of all FF calcites (0 180 = 10.2) and does not fall on the main 

01)C_0 
1BO trend for calcites (Fig. 4.3a). The (O,C) isotopic ratios in calcites from area 

C define a narrow range (0 180=13.1 to 14.4; 013C=-8.2to -7.0). The isotopic 

composition of Cal from the Cal-Tr vein C163 does not deviate notably from those of 

the marble calcites (Table 4.1). Calcites in six silica-rich Di-marble samples from the 

small marble exposure in area D (0 180 = 17.0 to 18.4; oUC= -6.4 to -4.5), coincide 

isotopically more or less with the low 0180 calcites in samples from the nearby area 

A. Calcites in three samples from the marble layer in area E have a limited oUC (-6.0 

to -5.1), and a wide 01BO variability (13.2 to 16.9). The marble FF196 is most heavily 

retrograded and does not fall on the main trend (Fig. 4.3a). 

Phlogopites in Di-marbles, Fo-marbles and intimately associated Phi-bearing Di

rocks from the principal marble occurrences (A, Band C) roughly follow the regional 

01BO trend of the calcites (Fig. 4.4a). In sample C165 (area C), partially serpentinized 

Phi (20% Srp) is slightly lower in 01BO than its fresh counterpart (0 180 = 8.6 and 9.1, 

respectively, see Table 4.1 and Fig.4.4a). 

Diopsides in Di-marbles, and, less prominently, in Di-rocks also show a regional 

0180 shift. Di in six samples from a profile across a > 5m thick Di-rock layer in area A 

(O IBO = 14.2-15.7; Fig 15) is notably lower in 0 
1BO than Di in marbles from the same 

area (0 180 = 16.6-21.1). Di in two Di-nodules from area A have oxygen isotopic 

compositions (O IBO = 18.1-19.3) similar to Di in the Di-marbles. In area B, Di in Di

rocks (O IBO = 14.0-14.2) also has lower oxygen isotopic ratios than Di in marbles 

(O IBO = 14.3-18.7), whereas in area C, Di from a Di-rock (0 180 = 12.3) falls within the 

range of values for Di in marbles (O IBO = 9.8-12.8). Di (alBa = 14.4) in Di-Kfs-Qtz vein 

FF260 from area D and Di from the rim (O IBO =13.1) and the core (O IBO = 12.7) of 

Spl-Di-Phl vein FF190 in area E are isotopically similar to Di in Di-rocks from areas 

A-C (see Table 4.1). For comparison, 01BO of Di and Phi from the rim of vein FF190 

is plotted in Figure 4.4a below 0180 of Cal from FF192, which represents the Fo

marble directly ~djacent to this vein. 

Within most samples the order of minerals (if present) with increasing 01BO is: 

Phi < Di < Cal, as would be expected (Fig.4.4a). Cal-Di reversals are observed in 

area A for A164 and C481, and in area B for Z177, the latter also having an 
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Table 4.2: Isotopic data (0) of quartzites 

0160Sample# Type Loc 

FFl18 
FF124 
FF132 
FF134 
FF270 
FF248 
FF251 
0115 
Z81 
U87 
U100 
FF143 
FF152 

quartzite A 
quartzite A 
quartzite A 
quartzite A 
quartzite A 
quartzite B 
quartzite B 
quartzite B 
quartzite B 
quartzite D 
quartzite D 
quartzite E 
quartzite E 

Qtz 

13.3 
11.7 
14.2 
12.2 
15.6 
16.0 
14.2 
10.6 
10.9 
13.5 
13.5 
12.5 
13.6 

L'>. 

N~
0 I,(),</

r--o 
tO~ ~~ 
:::>:::> i.J...i.J... 

QUARTZITES 

L'>.L'>.L'>. 

L'>. 

0 E 

Fig. 4.5: 
0160 values 
of quartz in 
quartzites 
from areas 
A,B,D and 
E. 

anomalously low calcite 0'60. A Di-Kfs 

reversal is observed in FF277 (A). 

2 quartzites 

Qtz in thirteen samples from the basal 

quartzite layer of the FF in areas A, B, D 

and E has a considerable variation in 

oxygen isotopic composition (Table 4.2; 

Fig. 4.5). The range of 0160 values within 

area A (11.7-15.6) and B (10.6-16) covers 

the variation encountered in area D (13.5) 

and E (12.5-13.6). No systematic regional 

0160-shift is indicated by the quartzite data. 

3 quartz-diopside gneisses 

Oxygen isotopic compositions of Qtz and Di in eight Qtz-Di gneisses from areas A, B 

and D similarly do not seem to reflect the regional 0160 trend observed for the 

marble minerals (Table 4.3; Fig. 4.6a). Di (0'60 =8.6 to 13.6) is generally lower in 0160 

than Di from marbles and Di-rocks in area A and B and about equal to Di from area 

C. Qtz in Qtz-Di gneisses yields a limited 0'60 spread (12.0-15.2), well within the 
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Fig. 4.6a·b: a) d180 
values of Qtz and Di 
in Qtz-Di gneisses 
from areas A, Band 
D. b) Relative oxygen 
isotopic compositions 
of Qtz an Di at 
various temperatures 
eC) as inferred from 
isotopic fractionation 
factors reported by 
Bottinga and Javoy 
(1975). 

Qtz, intercalated within Qtz

Di gneisses. 

4 metalaterites 

Oxygen isotopic compositions of Mag (7.6-11.0), Sil (12.2-13.8), Opx (11.2-12.0) and PI 

(10.2-13.0; Table 4.4) in ten samples from one specific metalateritic layer in area A 

are plotted against their bulk silica content in Figure 4.7a. Mag and Sit have, on 

average, higher d180 values in silica poor metalaterites (Fe-AI-rich granofelses) than 

in silica-rich metalaterites (basic granulites). In contrast, PI has lowest d180 values in 

silica poor metalaterites. These vague trends are not related to whole-rock alkaline 

(earth) content or degree of saussuritization of feldspars (see Bol et al. (1989b) and 
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Fig. 4.7a-b: a) dl80 in PI, Opx, Mag, and Sil vs. bulk wt% SiOz in basic 
granulites and Fe-AI rich granofelses from one particular metalateritic layer 
of the FF in area A (see text). b) Relative oxygen isotopic compositions of 
PI (An = 40%), Opx, Mag at various temperatures (0C) as inferred from 
isotopic fractionation factors reported by Bottinga and Javoy (1975). 

Table 4.4: Isotopic data (0) of metalaterites 

Sample#Type 

JM13?
 
JM151
 
JM136
 
JM143
 
FF122
 
JM144
 
FF137
 
FF136
 
FF138
 
FF139
 

basic granul 
basic granul 
Fe-AI granof 
Fe-AI granof 
Fe-AI granof 
Fe-AI granof 
Fe-AI granof 
Fe-AI granof 
Fe-AI granof 
Fe-AI granof 

Lac d180 

PI Opx Mag Sil 

A 
A 
A 
A 
A 
A 
A 
A 
A 
A 

13.0 
10.2 
12.8 
12.0 
12.2 
13.0 
10.2 
10.3 
10.7 
10.5 

12.0 
11.4 
11.2 

11.9 

8.5 
6.9 
9.0 
7.6 

11.0 
8.2 
9.3 
9.2 
9.7 
8.8 

12.6 
12.2 

13.0 
13.8 
13.1 
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Fig. 4.8a-b: a) d'80 values of Qtz, Pl, Opx, Bt and Amp in enderbites from 
migmatitic units directly underlying or overlying the FF. b) Relative oxygen 
isotopic compositions of Qtz, Pl (An = 35%), Opx, Bt and Amp at various 
temperatures (0C) as inferred from isotopic fractionation factors of Bottinga 
and Javoy (1975). Fractionation factors for Bt and Amp are not defined for 
temperatures above 8000C. 

Table 4.5: Isotopic data (0) of enderbites 

Sample# Type Loc dWO ("C) 

prJ AmpQtz Opx Bt 

A40 enderbite A 11.8 9.3 7.6 
A89 enderbite A 11.4 9.9 8.1 
A96 enderbite A 8.7 
063 enderbite B 13.5 12.0 9.4 
064 Gn-Bt-enderb B 12.5 
0186 enderbite B 13.0 10.2 7.6 
C25 Bt-enderbite C 11.5 7.3 5.1 
C28 norite C 7.3 6.2 

a) =Plagioclase separates from enderbites are mixtures 
of Pl and Qtz (up to 15 wt% Qtz). 
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Bol and Jansen (1989) for a detailed discussion on the chemistry of the metalaterites).
 

Mag in FF122 is unaltered in thin section and proved to be pure by XRD. Yet, it has
 

an anomalously high 15180 (11.0 permil). In general, within the metalaterites the
 

sequence of minerals with increasing 15180 is: Mag < Opx < PI or Mag < PI < Silo In
 

sample JM151 a 15180 reversal occurs for the Opx-Pl pair and in FF122 for the Sil-Pl
 

pair.
 

5 enderbites
 

A regional isotopic shift could not be substantiated from 0180 values of Qtz (6.2-13.0),
 

Opx (7.6-9.4) and PI with up to 15% Qtz admixture (7.3-12.0) in eight enderbites from
 

the Charnockitic Migmatites that envelop the FF in areas A, B and C (Table 4.5;
 

Fig. 4.8a). Bt in C25 and Amp in C28 yield 15180=5.1 and 6.2 respectively.
 

Table 4.6: Isotopic data (O,C) of other calcite 6 miscellaneous carbonate-bearing 
bearing rocks rocks 

Isotopic compositions of calcites 
<5 13C <5 '80Sample#" Type Lac 

from locations F-I (see Fig. 4.1) 
Cal Cal 

do not have any systematic 
A187 Ap-marble F -3.5 12.5 relation with the regional trend 
MA97 Ap-marble F -2.8 12.2 
C76 Cal-vein G -6.5 11.1 observed for FF calcites 
MA310 Breccia H -3.3 10.2 
MA311 Breccia H -4.6 11.4 (Table 4.6; Fig. 4.3b). The 15180 
0160 Qtz-marble I -1.7 11.0 values of these calcites are all G210 Qtz-marble I -1.2 10.2 

relatively low, from +10.2 to 
Table 4.7: Carbon isotope data of graphite + 12.5, while dUC has a wide bearing rocks 

spread, from -1.2 to -6.5. 

<5 13CSample#" Type 

Graphite 7 graphite-bearing rocks 

Carbon isotope ratios in graphite A75 Gn-granofels -22.3 
BE51 Gn-granofels -23.2 from six granofelses of the 
lli6 Gn-granofels -22.2 
Q96 Gn-granofels -23.8 Gyadal Gametiferous Migmatites 
Y33 Gn-granofels -24.7 (see Fig. 4.1 for location) show a Y121 Gn-granofels -23.9 

small spread from -22.2 to -24.7 
G80 Breccia matrix -27.8 

(Table 4.7). Carbonaceous 
Sample positions are indicated on Fig. 4.1 

material from the matrix of a 
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Fig.4.9a-b: a) d180 and b) due vs. weight percent carbonate minerals in 
marbles from areas A-E. 

breccia (G80) yields dUe = - 27.8. 

4.5 DISCUSSION 

At elevated temperatures (T> 200"C), both decarbonation reactions (Bottinga 1968, 

Shieh and Taylor 1969) and interaction with magmatic fluids (Sheppard 1986) are 

expected to lower initially high carbonate d180 and due values inherited from 

sedimentary precursor minerals. Oxygen and carbon isotopic shifts, similar in 

magnitude to the shift observed for the FF calcites, are reported for silicate-bearing 

carbonaceous rocks from many contact metamorphic aureoles (e.g., Deines and 

Gold 1969; Lattanzi et al. 1980; Nabelek et al. 1984; Bowman et al. 1985; Valley 

1986). Within the aureoles, d180 and dUe values of carbonate minerals often decrease 

systematically with decreasing distance from the pluton and, hence, with increasing 

metamorphic grade (Valley 1986). However, most analyses of FF calcites from marble 

exposures in the vicinity of the anorthosite complex, Le., from areas A, D and E, 

where M2 peak metamorphic temperatures were extremely high (2:900"C), yield 

higher d180 and dUe values than those of calcites from the more remote marble 

outcrops within area B (±800"C), and still higher values than those from the 

northernmost outcrop in area e (±750°C). Therefore, in addition to the fluid-rock 
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Fig. 4.10: Weight percent carbonate vs. F(COz) for 22 point counted marble 
samples from the principal marble exposures A, B and C (see Table 4.8). 
The dashed line is a linear best fit through the data points (y =113x-4; 
correlation coefficient =0.83). 

interaction processes commonly associated with the intrusion of igneous masses, other 

isotope exchange mechanisms may have been dominant. In the ensuing discussion we 

will evaluate the importance of several processes which were potentially key factors in 

reaching the final isotopic compositions observed within the FF. These are: 

decarbonation reactions; interaction with fluids derived from the anorthositic 

complex; interaction with fluids derived from the Caledonian nappe system; isotopic 

re-equilibration and exchange with low d180 fluids during post-M2 cooling; reservoir 

effects between neighboring and isotopically contrasting lithologies; isotopic variations 

inherited from a premetamorphic stage. 
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Fig. 4.11a-b: a) ,5 '80 and b) ,5
13C of calcite vs. F(COz) for the 22 point

counted marble samples from exposures A-C. Symbols are as in Figure 4.9a. 

4.5.1 decarbonation reactions versus interaction with externally derived fluids 

During the formation of metamorphic silicate minerals (Fo,Di,Phl) by reaction of 

carbonates (Cal,Dol) and siliceous material, either mixed in during sedimentation or 

introduced during metasomatic processes, devolatilization reactions must have 

occurred within the FF marbles (and within the ,Qtz-Di gneisses). If the isotopic trend 

observed for the FF calcites was caused entirely by such reactions, some systematic 

relationship between the wt% carbonate in the marbles and the degree of isotopic 
180depletion may be expected. This is not apparent from diagrams of ,5 and ,5

13C in 

calcite vs. wt% carbonate in the marbles (Figs. 9a,b; the wt% carbonate is obtained 

from the wt% COz (Table 4.1), assuming that the carbonate mineral composition in 

the marbles is purely calcitic). The correlation is slightly improved when calculated 

F(C) values (Table 4.8; see analytical techniques for explanation) are used instead of 

wt% carbonate. Since neither graphite nor scapolite were observed in the FF marbles, 

the F(C)'s equal the F(COz) values (mole fraction of C02 remaining in the rock after 

decarbonation). The F(COz)'s in turn, would id@al1y be inversely related to the 

amount of COz outgassing from the marbles. As expected, F(COz) correlates fairly 

well with the wt% carbonate (Fig. 4.10; cor. coef. = 0.83). In Figure 4.11a, the F(COz) 

values are plotted vs. the calcite ,5 '80 and ,5
13C values of the 22 marbles in Table 4.8 
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Table 4.8: Modal compositions of 22 Fo-marbles and Di-marbles from locations A, Band C 
0'\ '" 

Sample# Loc	 Mode% Recrystd ) Exsold ) 
Cal Dol a ) Fo Di Phi Spl F(C)b) F(O)b) RetrO%c) Cal Dol 

57 31 2 10 O. 48 0.72 1A122 
A164 
C322 
C324 
C335 
C346 
C480 
C481 

A
A
A
A
A
A
A
A 

o 
49 25 7 18 O. 44 0.71 5 o a 

(13) 60	 0.23 O. 64 1527 a 
(39) 8 O. 43 O. 69 8553 x a 
(33) 3 12 0.44 O. 70 7053 a a 

13 3 <1 O. 78 O. 87 <185 
24 1 <1 4 O. 60 0.77 <171 a 
19 20 1051 0.45 0.72 2 x 

31 e ) O. 70 O. 82 2047 19 <1 <1C372 
C509 
C510 
C511 
Q128 
Z52 
Z75 
Z177 

3B
B
B
B 
B
B
B
B 

x 
(23) 4 2 O. 62 O. 78 2067 5 

65 6 
50 7 

x
x(21) 5 3 O. 62 O. 78 25 

(21l 7	 O. 52 O. 75 30l~h)20 f )17g )60 
x 

O. 64 0.81 " 100"	 a 
(25) (2) 4 O. 60 O. 77 2566 4 x x 

52 3 (34) 6 O. 43 0.67 80 o o 
18	 64 18 O. 18 0.72 20 a 

C236 C 50 4 (27) (59) 6 O. 53 0.83 40 o x 
C264 C 40 ( 4) 39 17 0.38 0.71 10	 o 
C273 C 61 2 (29) (1) 6 O. 54 0.74 55 x 
C521 C 41 ( 4) 36 18 0.41 0.73 10 o 
C522 C 37 (12) 24 28 O. 36 0.71 25 o 
C533 C 53 3 (25) 8 11 O. 48 0.72 45 o o 

a)=mainly "primary" dolomite (see text)j b)=mole fractions of carbon (F(C» and oxygen 
(F(O» remaining in the system after decarbonation reactions (see text). c)=proportion of 
silicates which has been retrogradedj d)=recrystallization calcite/exsolution dolomite: 
x=abundant, o=moderate/a=minorj e)=25% "primary" dolomitej f)=talcj g)=tremolitej 
h)=chloritej Numbers within brackets refer to minerals that are partly or wholly 
retrograded to low-grade minerals. 
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Fig. 4.12: F(O) vs. F(C) relationships for various devolatilization reactions. 
1) Dehydration; 2) 50% "inert" carbon, e.g. C + SiOz + CaC03 = C + 
CaSi03 + COz; 3) nonnal calc-silicate decarbonation, e.g. CaMg(C03)z + 
2SiOz = CaMgSiz0 6 + 2COz; 4) 50% excess oxygen in silicates, e.g. CaC03 

+ 2SiOz = CaSi03 + SiOz + COZ; F(O) and F(C) values of Table 4.8 are 
plotted; i = initial F-values (F(O) = 1; F(C) = 1); f=average F-values of the 
marbles in Table 4.8. 

which cover the isotopic range observed for the principal marble occurrences in areas 

A, B and C. Most samples have a F(COz) (=F(C»between 0.35 and 0.65, without 

systematic variation between marbles of different areas. However, within the single 

areas A and B, significant correlations between 0180 in Cal and F(COz) of the marble 

are seen (cor. coefs. are 0.77 (A) and 0.89 (B». In area A, the silicate-rich sample 

C322 has a relatively low 0180, whereas the Cal-rich sample C346 has a high value. 

Similarly, in area B, the silicate rich samples Z177 and Z75 have low 0 180 values, 

while other, silicate-poorer marbles from this area are higher in 0180. The 0180_ 

F(COz) trend in area B is less marked when sample Z177 (with anomalous 0180 
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values for Di and Cal) is omitted. The c3 lBO-F(COz) correlations in areas A and B may 

be taken to indicate that decarbonation reactions produced isotopic shifts in the order 

of magnitude of the isotopic variability observed within these areas. Although 

significant c3 lJC depletions may be expected in low F(COz) rocks (where 

decarbonation is nearly complete), analogous positive covariations between c3 lJC and 

F(COz) are not observed within areas A and B (Fig. 4.9b). Therefore, other factors 

besides decarbonation may have contributed to the significant c3 180-F(COz) 

correlations within areas A and B (see later). 

The calculated F(O) and F(C) values allow evaluation of the possible 

magnitude of O,C isotopic shifts effected by decarbonation reactions. In Figure 4.12, 

F(O)-F(C) relationships for various decarbonation paths are depicted together with 

the F-values of the marbles in Table 4.8. For example, the final F-values of a 

stoichiometric carbonate-silica mixture which reacts to a calc-silicate end product 

without excess C or 0 (normal calc-silicate decarbonation) are F(O) =0.6 and 

F(C) =0.0. If the FF marbles, apart from volatile loss, represent closed systems, they 

can be regarded as excess carbonate systems where all decarbonation reactions went 

to completion. In that case the calculated F-values are final F-values. 

Shifts in calcite 13 180 and c3 lJC due to devolatilization reactions are usually 

modelled as one of two endmember processes: 1) batch volatilization (c3f=c3i-(l

F)1000lna; one step fluid escape) or 2) Rayleigh volatilization (c3f=c3i + 1000(F(a-1)

1); gradual fluid escape; Valley 1986). In fact, most metamorphic degassing reactions 

will exhibit intermediate behaviour (d., Nabelek et al. 1984). At high F-values 

( > 0.6), the difference between the two models is small compared to analytical errors. 

Rayleigh processes, however, produce larger shifts in c3 13C if nearly all of the carbon is 

volatilized (F(C) < 0.2). 

Calcite O,C isotopic trends resulting from Rayleigh devolatilization reactions 

are calculated (Figs. 13a,b) for various values of a (the fluid-rock isotopic 

fractionation factor), in order to assess the maximum isotopic shifts which can be 

attributed to decarbonation. Average values for a throughout the devolatilization 

process between evolved fluid (COz + HzO) and rock (carbonate + silicate minerals) 

are used (see Valley (1986) for explanation). Bearing in mind that a) most 

devolatilization reactions in the impure dolomites of the FF occurred between 400·C 

and 700·C (Sauter 1983); b) the dominant component of the evolved fluid is COz; c) 

up to 65% of the oxygen may have been present in (precursor) silicate minerals; we 
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Fig. 4.13a·b: a) Calculated Rayleigh fractionation paths of a) F(O) vs. 
carbonate 0180 and b) F(C) vs. carbonate o13C for various values of 
a 180(fluid-rock) and a 13C(fluid-rock), respectively (see text). Calcite isotopic 
ranges observed in areas A-E are indicated along the Y-axes. 

assumed a range of average a 
180(fluid-rock) = 1.006-1.010and a range of average 

a 13C(fluid-rock) = 1.0020-1.0040 (ct, Friedman and O'Neil 1977; ct, Chacko et al. 1989). 

In Figures 13a,b, the highest 0180 (= 21.5 permil) and o13C (= -3.2 permil) values 

observed for Cal are arbitrarily selected as the initial isotopic composition (oi). 

Picking other initial isotopic compositions will simply shift the onset of the 

decarbonation curves without changing their shape. The final isotopic ratios (of) are 

obtained by substituting the average F-values of the marbles (Table 4.9) for F in the 

Rayleigh equation. Along the y-axes the calcite 0180 and o13C ranges observed within 

each area are indicated. 

Unless unrealistically high values for a are used (average a180(fluid

rock) > 1.040; average a lJC(fluid-rock) > 1.0070), the Rayleigh decarbonation model 

cannot produce calcite 0180 and ol3C shifts equal in magnitude to the entire O,C 

isotopic ranges observed for calcites within the FF (Figs. 13a,b). Even within the 

individual areas A-E, the observed ranges in 0180 and, to a lesser degree, in ol3C may 

only partly be explained by isotopic shifts due to decarbonation reactions. The 
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Table 4.9: Average d-, wt% CO2- and F-values for various areas 

Area d180 d13C wt% CO2 F(O) F(C) 

A 
B 
C 
D 
E 

A-C 
A-E 

19.5(1.7) 
15.6(1.7) 
13.6(0.4) 
17.5(0.5) 
14.9(1.9) 
16.4(2.8) 
16.5(2.6) 

-4.1(0.8) 
-5.8(1.2) 
-7.6(0.4) 
-5.6(0.8) 
-5.3(0.6) 
-5.6(1.6) 
-5.6(1.5) 

17.7 ( 9.7) 
23.3 (10.8) 
22.8 (7.0) 

6.8 ( 6.7) 
22.0 (3.6) 
21.3 ( 9.6) 
19.3 (10.3) 

0.73 (0.07) 
0.76(0.05) 
0.74 (0.05) 

0.74(0.06) 

0.48 (0.16) 
0.54 (0.17) 
0.45 (0.08) 

0.49 (0.14) 

Numbers within brackets are standard deviations (10) 

isotopic differences among the areas A-E can not (at all) be explained by simple 

decarbonation models, since for marbles from different areas no systematic 

relationship between the average amount of CO2 outgassing and the average isotopic 

composition is inferred (Table 4.9, Figs. 4.9,4.11). 

In order to compare the calcites of areas A-C with unmetamorphosed 

Precambrian carbonates, the original calcite isotopic compositions (di's, i.e before 

decarbonation), are estimated by substituting the observed dI80_, d13C-values (dts) 

along with the appropriate F-values (Table 4.8) in the Rayleigh equation. The average 

a-values used are: a I80(fluid-rock) =1.008 and a13C(fluid-rock) =1.0030. The "corrected" 

calcite data points (di's) for areas A-C are plotted in Figure 4.14, together with 

generalized calcite O,C isotopic data fields for areas A-C (dts, without Z177). Also 

indicated is the field for Cal and Dol in Proterozoic unmetamorphosed chalks and 

limestones (after: Schidlowski et al. 1975; Veizer and Hoefs 1976). Positive d13C 

excursions (up to 613C = 10 permil) from the Proterozoic carbonate record, as 

indicated by (inferred) premetamorphic carbonate compositions in 2 Ga old marbles 

from Lofoten-Vesteralen (Norway; Baker and Fallick 1989) and the Lomagundi 

Province (Zimbabwe; Schidlowski et al. 1976) are not included in the 

unmetamorphosed carbonate field. The average magnitude of the combined d180_ 

d13C depletion in the FF marbles due to carbonation is calculated using the average 

F-values of areas A-C (Table 4.9) at the same a's, and is shown in the inset of 

Figure 4.14. 

All FF calcite 6180 compositions fall within the range reported for 

unmetamorphosed Precambrian carbonates, whereas most FF calcites are lower in 

99 



- 14-+----r---r---r---,----r~.-.--..__....-..-----r--,----r---,----r---,r-~,.-.-----T 

10 12 14 16 24 26 28 30 

180Fig. 4.14: Initial 15 vs. initial d13C inferred for 22 marbles in areas A-C. 
The F(O) and F(C) values (F's) in Table 4.8 were combined with the 
corresponding O,C isotopic compositions (dfs) in the Ra~leigh equation in 
order to obtain initial isotopic ratios. The a's used are: a 80(fluid
rock) =1.008 and a13C(fluid-rock) =1.0030, respectively. The inset shows the 
magnitude of the average isotopic shift due to decarbonation in the marbles, 
substituting the above a's, and the average F's the Rayleigh equation. The 
generalized O,C isotopic data fields (drs) of areas A-C are included for 
comparison. The rectangle represents the approximate compositional field 
for unmetamorphosed Proterozoic sedimen1firy carbonates (after: 
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013c. When corrected for decarbonation effects, most calcites plot inside the 

Precambrian carbonate field, but the generally low o13C-values remain a striking 

feature. It is important to note that the calcite isotopic data, even when "corrected" 

for the amount of decarbonation indicated by the F(COz) value of their host, still 

show a considerable (and coupled) O,C isotopic trend (Fig. 4.14). 

It is unlikely that the regional (O,C) isotopic trend in the FF calcites simply 

reflects the isotopic variability of the sedimentary precursor carbonate minerals. 

Detrital silicate minerals with low 0180 values that were mixed in during 

sedimentation potentially have shifted the 0180-values of the presently metamorphic 

calcites away from the field of sedimentary carbonates, as inferred in other areas 

(Valley and O'Neil 1984). Indeed, the positive covariation between 0180 and F(COz) 

within area A and B (Fig. 4.11a) may be partly related to original variations in 

carbonate/silicate ratio, especially since similar covariations between o13C and F(COz) 

are absent (A) or less clear (B; Fig. 4.11b). However, variable amounts of 

sedimentary silicate admixture probably did not cause the entire regional 0180 shift 

observed in the marbles, since the average silica content of the marbles in distinct 

areas, as reflected by the average wt% COz within each area, does not vary 

systematically with 0180 (Table 4.9; Fig. 4.9a). Moreover, whether corrected for 

decarbonation or not, the calcite 0180 and ooC values are significantly correlated, a 

feature not easily explained by sedimentary admixture of (O-bearing, C-free) silicate 

minerals. 

Although most calcite isotopic compositions plot outside the field for 

unmetamorphosed Precambrian carbonates, it is impossible to rule out the possibility 

that the unmetamorphosed precursor of the marbles had sedimentary carbonate 

grains with a range in isotopic compositions comparable to those presently observed 

for the calcites. Also, there is a possibility that the original sediments contained 

organic matter. Even if there is no graphite now, organic matter may have been 

present once, exchanged 13C at low grade, and than have been oxidized to COz• 

However it is more likely that the FF calcite compositions point towards interaction 

with external fluids. 

Summarizing, we conclude that decarbonation processes alone cannot account 

for the large regional 0180 variability observed in Cal (Figs. 11a,13a). Also, pure 

decarbonation cannot produce the observed 013C values, that clearly set apart the 

different areas, but seem unrelated to F(C) (Fig. 4.11b). Similarly, variation in the 
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carbonate/silicate ratio inherited from the sedimentary marble protolith may have 

caused part of the 0 isotopic variation presently seen in the calcites, but again, it 

cannot account for the entire regional 05 180 and c5
lJC range. Therefore, besides 

decarbonation reactions and sedimentary variations, interaction with externally 

derived, oxygen- and carbon-bearing fluids is likely to have occurred in the FF 

marbles, in order to produce the observed isotopic shifts between and, partly, within 

the areas. These interactions may be hypothesized to have occurred before, during or 

after the main metamorphic events. 

4.5.2 fluids associated with the anorthositic complex 

Oxygen isotopic ratios of the Rogaland anorthosites and related magmatic units range 

from 5.2 to 7.1 permil (whole-rock; Taylor 1969; Demaiffe and Javoy 1980) and any 

fluid that equilibrated at high temperatures with these igneous masses must be 

accordingly low in 05180. Within the anorthosite complex, some subsolidus isotopic 

exchange is indicated by relatively low isotopic temperatures (500-700"C) calculated 

from oxygen isotopic fractionations between mineral pairs (Demaiffe and Javoy 1980). 

This may be related to slow post-orogenic ascent of the igneous bodies under wet 

conditions, or to deuteric readjustment by a fluid phase. Catazonal gneisses directly 

surrounding the isotopically fairly homogeneous anorthosite bodies have a wide 05180 

range (whole rock 4.3-9.8 permil; Demaiffe and Javoy 1980). This puts serious 

constraints on the possibility of large scale fluid fluxes from the magmatic complex 

into the granulitic envelope. Furthermore, the calcite 15180 values of the FF marbles 

are highest in the vicinity of the anorthositic complex, and interaction with high

temperature (low 05180) fluids derived therefrom, if any, can thus be excluded as a 

possible cause of the regional isotopic trends seen in the marble minerals. 

4.5.3 Caledonian alteration effects (M4) 

Retrogression resulting from the Caledonian orogenesis (M4) is widespread in both 

the FF and its country rocks from area C, less prominent in area B, and only weakly 

present in area A (see the zone of Caledonian green biotite in Fig. 4.1). It is 

interesting to note that the south to north decrease in calcite 05 180 and dUC within the 

FF marbles coincides with the increase of retrograde metamorphism towards the 
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Caledonian nappe system. Hence, the hypothesis that the regional calcite isotopic 

trend is a systematic isotopic shift due to differential interaction with fluids derived 

from the Caledonian nappe system may be further tested. 

In Table 4.8, the proportion of silicate minerals which has been altered to 

typical M4 minerals (Srp, ChI, Tr, TIc and Chu) is indicated, providing a rough 

measure of the amount of retrogradation in the marbles. In fact, some retrograde 

marbles (C324, Z52, Z75, Z177, FF196) have lower calcite dUC and especially d180 

values, than most other marbles from the corresponding areas. However, within the 

distinct areas A-E no unambiguous relation could be established between the 

presence of retrograde minerals and the degree of calcite d180 and dUC depletion (d. 

Table 4.1 with Table 4.8). For instance, Cal in Tr-bearing samples 0128 (B) and C163 

(C) is isotopically similar to Cal in the bulk of the samples in areas B and C 

respectively (Table 4.1). Nevertheless it is conceivable that low d180, low dUC fluids 

derived from Caledonian nappes, that once covered a large part of the Rogaland area 

(Sauter et al. 1983), interacted with marbles from the various areas in different 

degrees. If so, these fluid/rock interactions took place without destroying the 

beautifully preserved Dol exsolution textures that are observed in calcites of all areas, 

but mostly in areas B and C, and which record the complex cooling history during M3 

(Sauter 1983). 

Indeed, calcites in other carbonate bearing rocks from locations F through I, 

which lie close to or just below the Caledonian thrust front (Fig. 4.1), are low in d180 

(10.2-12.5 permil; Table 4.6; Fig. 4.3b). If the quartz marbles G160 and G210 (I) 

originally had isotopic compositions somewhere in the field of unmetamorphosed 

Precambrian carbonates (cf. Fig. 4.14), their present calcite d180 compositions would 

indicate extreme d180 depletions. The calcite d180 values of other samples from this 

group also suggest that fluids associated with the Caledonian events were low in d180. 

The calcite d13C values from locations F-I range from -2.8 to -6.5, the lowest value is 

observed in the calcite vein C76 (G). At the temperatures inferred for M4 (Fig. 4.2) 

still lower dUC values are expected for calcite in equilibrium with any Caledonian 

fluid that may be related to the regional calcite dUC shift observed for the FF 

marbles. 

Moreover, conclusive evidence against a dominant role of Caledonian fluids in 

the formation of the regional calcite isotopic trend is found within the marbles 

themselves. Oxygen isotopic compositions of typical high-grade (Ml, M2) 
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Table 4.10: Coefficients for the oxygen isotope fractionation 
equation used to calculate "isotopic temperatures" 

Equation'): 1000lna(Qtz, mineral) = A + B*106~ 

Mineral A B Temperature range (DC) 

Calciteb 
) 0.00 0.38 >600 

Feldsparb 
) 0.00 0.95 +An* 1.02 >600 

Pyroxene·) 0.00 2.20 400-845 
Amphiboled 

) -0.30 3.15 500-800 
Biotited 

) -0.60 3.69 500-800 
Magnetite") 0.00 6.29 600-1300 

a) Bottinga and Javoy 1973; b) Clayton et al. 1989; c) Matthews 
et al. 1983 (their wollastonite fractionation data are assumed to 
be applicable to all pyroxenes in this study); d) Bottinga and 
Javoy 1975; e) Chiba et al. 1989; 
An = mole fraction anorthite in feldspar. 

metamorphic minerals (Di,Phl) that occur within the FF marbles reflect the regional 

<5 '80 trend observed for the calcites (see Table 4.1, for <5 '80 correlation coefficients for 

various mineral pairs). Di and Phi within the marbles are highest in <5 '80 in area A, 

intermediate in B, and are lowest in area C (Fig. 4.4a). It is extremely unlikely that 

low <5 '80 Caledonian fluids exchanged significantly oxygen isotopes with silicate 

minerals in the marbles without concomitant recrystallization of the calcites. 

Although some retrograde effects can be recognized throughout the Rogaland 

terrane in high-grade minerals of most rock type~ investigated (see below), no 

systematic regional trends were found in quartzites (Fig. 4.5), Qtz-Di gneisses 
13C(Fig. 4.6a) and enderbites (Fig. 4.8a) surrounding the marbles. The uniformly low <5 

values for the graphites (-27.8 to -22.2 permil; Table 4.7; Fig.l ) suggest an organic 

origin, without later large scale exchange with fluids. It is difficult to envisage, that 

Caledonian fluids selectively exchanged with calcites and high-grade silicate minerals 

within the FF marbles on a regional scale, without producing similar regional shifts, at 

least to some degree, in minerals from other units. 

Therefore, we conclude that the regional isotopic shifts observed within the 

marble minerals can not be attributed to differential interaction with Caledonian 

metamorphic fluids. 
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4.5.4 partial oxygen isotopic re-equilibration and exchange with low <5 180 fluids during 

post-M2 cooling 

Valley and O'Neil (1984) proposed that "isotopic temperatures" are not as accurate as 

"petrologic temperatures". This is due to a) the generally poor calibration and low 

temperature sensitivity of isotopic geothermometers; b) unknown effects of solid 

solution; c) analytical error; and d) the possible presence of isotopic zoning and/or 

resetting. We calculated lBO-temperatures merely to test temperature concordance 

among mineral pairs and to compare them with petrologic temperatures. As such, 

isotope thermometry may provide insight in the degree of retention of metamorphic 

isotope compositions and isotope equilibrium between minerals. 

Isotopic temperatures obtained from IBO fractionations between Di-Phl pairs 

within marbles from areas A-C are low ( < 640"C, most fall between 420-320"C) 

compared to peak metamorphic temperatures inferred from the M2 isograd pattern 

(Table 4.11). This cannot simply be attributed to poor analytical precision. For 

example, if the .6.IBO(Di-Phl) of CSOOA in reality is 0.5 permilless than the difference 

between the measured <5 IBO compositions of Di and Phi, the isotopic temperature 

should be 389°C, instead of 345°C. Coefficients which are substituted in the 

fractionation equation used for lBO-thermometry are listed in Table 4.10. Other 

combinations of appropriate published coefficients generally yield similar or lower (by 

up to lOO°C) Di-Phl isotopic temperatures. Whichever coefficients used, the IBO_ 

temperatures calculated for Di-Phl pairs display no regional variation. This is in 

contrast with the Fe/Mg distribution between these minerals in areas A-C, which still 

reflect the different peak metamorphic temperatures experienced by marbles from 

distinct areas (Sauter 1983). The isotopic temperature calculated for a Di-Phl pair 

from the rim of a Spl-Di-Phl vein in marbles from area E (948°C) compares favorably 

with the petrologic temperature (950°C), which may be fortuitous. 

The generally low, fairly constant lBO-temperatures inferred for Di-Phl pairs may 

be taken to indicate partial subsolidus oxygen isotopic exchange between these 

minerals, as result of the extremely slow cooling rates that prevailed during M3. 

However, partial serpentinization of Fo and PhI observed in the marbles is related to 

introduction of aqueous fluids during M4 (Sauter 1983). The slightly lower <5 IBO in 

partly serpentinized Phi (20% Srp) in C165 (Table 4.1) indicates that, besides 

subsolidus re-equilibration, isotopic exchange with external fluids may have affected 
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Table 4.11: Isotopic Temperatures 

-marbles and diopside rocks 

T(isotopic)oC T(petrologic)oC 

Sample# Cal/Di Cal/Phl Di/Phl Qtz/Di 

A122 638 900 
A164 rev 873 323 900 
C322 rev 900 
C480 347 900 
C481 rev >1000 613 900 
FF273 997 900 
C397 821 800 
CSOOA 345 800 
C500B 379 800 
C502A >1000 800 
C509 551 800 
Q128 >1000 658 330 800 
ZI77 rev 800 
C165 353 (316)" - 750 
C235 >1000 750 
C264 544 750 
CJ,73 668 750 
C521 892 629 420 750 
CS22 586 603 637 750 
C533 >1000 750 
FF260 583 900 
FF190 948 950 

-quartz diopside gneisses 

T(isotopic)oC T(petrologic)"C 

Sample# QtzlDi 

VH38 >1000 900 
VH84 >1000 900 
VH85 803 900 
VH87 751 900 
Q215 981 800 
Q237 727 800 
V68 981 900 
V12 531 900 
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Table 4.11 - continued 

-metalaterites 

T(isotopic)oC T(petrologic)oC 

Sample# PlIOpx Pl/Mag Opx/Mag 

JM137 645 774 808 900
 
JM151 rev 950 680 900
 
JM136 452 866 >1000 900
 
JM143 786 900
 
FF122 >1000 900
 
JM144 602 741 778 900
 
FF137 >1000 900
 
FF136 >1000 900
 
FF138 >1000 900
 
FF139 >1000 900
 

-enderbites 

T(isotopic)oC T(petrologic)oC 

Sample# Qtz/Opx Qtz/Bt Qtz/Pl b 

A40 451 450-413 900
 
A89 543 660-612 900
 
Q63 460 660-613 800
 
Q186 365 410-374 800
 
C25 453 285-256 750
 

"Isotopic temperatures" are obtained using the mineral-pair fractionation 
equations specified in Table 10. The averaged anorthite content 
for Pl in metalaterites (An =40%) and in enderbites (An =35%) is used. 
a) Di/Phl temperature within brackets corresponding to partly serpentinized 
(20% Srp) phlogopite in C165; b) Two isotopic temperatures are calculated 
for each Qtz/Pl pair in the enderbites: The first is calculated by 
substituting d180 of the Pl-Qtz mixture for d180 of Pl in the formula, 
the second is corrected for an average 10% qtz admixture; 
rev=no temperature calculated due to isotopic reversal, indicating 
disequilibrium. "Petrologic temperatures" are peak metamorphic temperatures 
estimated from the M2 isograd pattern. 

the value of /!,,180(Di-Phl). 

The 180-temperatures calculated for Cal-Phl pairs are generally higher, again 

with no regional variation. Cal-Di fractionations are commonly small or even 

reversed, and, of the 180-temperatures of Cal-Di pairs, all but one exceed those 
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reached during M2. It is important to realize however, that at high temperatures the 

oxygen isotope fractionation factor for mineral pairs becomes small, and analytical 

and calibration errors as well as small deviations from isotopic equilibrium drastically 

influence the calculated temperatures. For instance, using the fractionation 

coefficients in Table 4.10 and assuming that the minerals once equilibrated 

isotopically at the peak metamorphic temperatures listed in Table 4.11, we find that, 

on average, A
I80(Cal-Di) values are 0.9 permil too low; A

I80(Cal-Phl) values are 0.85 

permil too high; A
I80(Di-Phl) values are 1.9 permil too high. Hence, in terms of 

isotopic temperatures, the degree of isotopic disequilibrium may sound worse than 

when expressed in permil. 

Carbonates are commonly more subject to retrograde exchange than silicate 

minerals (Eslinger and Savin 1973; Magaritz and Taylor 1976). An exception may be 

K-feldspar which is reported to be more readily altered than calcite (Valley and 

O'Neil 1984) though the reverse may be true at low P (Clayton et al. 1968). Wada 
180(1988) demonstrated that (l values in calcite grains from a high-grade marble from 

the Hida belt, Japan, decrease from core to rim within 200-300.um by up to 7 permil, 

due to exchange with metamorphic fluids. Assuming an average calcite grain size of 5 

mm he estimated that the bulk calcite (l180 composition was lowered by up to 0.6 

permil. In fact, Cal grains in many FF marbles are recrystallized (Table 4.8), as 

indicated by grain size reduction (down to 0.25 mm) and by growth of new clear Cal 

at the expense of old dusty grains. Hence, the higher temperatures calculated from 

Cal-Di and Cal-Phi pairs are possibly caused by differential interaction of retrograde 

metamorphic fluids with the various metamorphic minerals. This implies that I8oro 

ratios in many calcites were presumably higher before retrograde recrystallization, 
180and part of the calcite (l range within each area may be caused by interaction with 

low (l
18

0 fluids after M2. However, on average, post-M2 lowering of calcite (l
18

0 

values due to the combined effects of subsolidus re-equilibration and interaction with 
180extemallow (l fluids is likely less than 1 pernPI, since the observed A

I80(Cal-Di) 

values are, on average, within 1 permil from peak-metamorphic equilibrium (see 

above). 

Within the enderbites, isotopic temperatures of Qtz-Opx (365-543°C), Qtz-Bt 

(453°C) and Qtz-Pl (285-6600C) are lower than peak metamorphic temperatures. 
180After correcting (l of PI for Qtz admixture, the calculated Qtz-Pl temperatures in 

enderbites are lower (256-613°C). Again. these temperatures may tentatively be 

108 



attributed to partial subsolidus re-equilibration. Alternatively, the low temperatures 

may reflect interaction with low 0180 post-M2 fluids, since, analogous to Cal in the 

marbles, PI in the silicate rocks has a high susceptibility to isotopic exchange at low

grade conditions (O'Neil and Taylor 1967). However, caution is necessary in 

interpreting 180-fractionations between Qtz-PI pairs: the inferred temperatures are 

almost meaningless due to the small fractionation coefficient (Table 4.10). On 

average, 1.5 permil must be added to the observed plagioclase 0180 values, in order to 

yield 180-temperatures equal to the peak metamorphic temperatures. 

Similarly, preferential lowering of 0180 in PI by low 0180 retrograde 

metamorphic fluids may explain the unrealistically high 180-temperatures (> 1000"C) 

calculated for five PI-Mag pairs in the metalaterites from area A, whereas Opx-Mag 

and Sil-Mag pairs may have partly retained higher grade oxygen isotopic compositions. 

On average, the /).ISO(PI-Mag) values observed in the metalaterites are 0.9 permil 

lower than may be expected at peak metamorphic equilibrium. 

Qtz-Di fractionations in Qtz-Di gneisses yield temperatures ranging from well 

above 9000C in area A to about 500"C in area D. On average, /).180(Qtz_Di) values 

are 0.1 permil above peak metamorphic equilibrium. 

Summarizing, it may be stated that, in the marbles, the Qtz-Di gneisses, the 

metalaterites and the enderbites, average deviations from isotopic equilibrium up to 2 

permil are indicated by oxygen isotopic fractionations between mineral pairs (Figs. 

4,6-8). From our data set, and from data given by Demaiffe and Javoy (1980), it can 

be concluded that both the Rogaland anorthosite complex and its high-grade 

metamorphic envelope were affected to some degree by subsolidus isotopic exchange, 

with no clear geographic trends. Similar limited amounts of isotopic exchange are 

commonly found in other granulite terranes (Matthews et al. 1983; Chiba et al. 1989). 

4.5.5 reservoir effects 

From the above discussion it is clear that, during or after M2, pervasive fluids did not 

cause significant oxygen isotope exchange at high-grade metamorphic temperatures 

with the various rock types. Isotopic heterogeneity, occasionally within a meter 

(Fig. 4.15), is observed for Cal and PhI in marbles, for Qtz in quartzites, in Qtz-Di 

gneisses and in enderbites, for PI in enderbites and in metalaterites, for Di in marbles 

and in Qtz-Di gneisses, and for Mag in metalaterites (Figs. 4-8). Similarly, isotopic 
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Fig. 4.15: Diopside (and calcite) 0180 values in Di-rock vs. distance from a 
quartzite layer in area A 

heterogeneity is reported for noritic and felsic gneisses directly surrounding the 

anorthosite complex (Demaiffe and Javoy 1980). "Carbonic metamorphism" as 

proposed for granulite formation in other areas (Janardhan et al. 1979; Newton et 

al. 1980; Janardhan et al. 1982) is not supported for the Rogaland terrane by the 

present isotopic data. Permeating rocks with large quantities of CO2 from some deep

seated reservoir, at temperatures recorded by M2 granulite facies mineral 

assemblages, would likely have a pronounced and homogenizing effect on the isotopic 

composition of distinct minerals, regardless the mineralogical or original isotopic 

composition of their host-rock (Rumble 1982). This is simply not observed. Besides, 

the effects of M2 are least prominent within area C, where the isotopic composition 

of Cal seems most altered. Any regional isotopic trend in marbles produced by 

variable CO2 introduction hypothetically related to the degree of granulite facies 

metamorphism would topologically be opposite to the one documented in this study. 

Sigmoidal 0180 profiles across marble-schist contacts are reported, for example, 

from Naxos (Rye et al. 1976; Baker et al. 1989), from Sifnos (Ganor et al. 1989), both 
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Fig. 4.16: Calcite, diopside and K-feldspar 0180 values in Fo-marbles and Di
rocks vs. distance from the diopside front enveloping a pegmatite in area B. 

Greece, and from several locations in the Adirondack Mountains, New York (e.g., at 

Cascade Slide, Valley and O'Neil 1984; see also Cartwright in Bohlen et aL 1989, pp 

37-38). Such profiles evidence (limited) isotopic communication via a fluid phase 

between lithological units in a boundary zone. Similar subtle isotopic "reservoir 

effects" between FF marbles and contacting country-rocks are not substantiated, since 

for the marble minerals no clear relation between isotopic composition and position 

within the marble layer (see Appendix A, Figs. 4A.1-4A.3 for sample positions) or 

distance from a pegmatite (Fig. 4.16) is noticed. Presumably, any preexisting 0180 

gradients in the marbles resulting from earlier isotopic interactions with adjacent 

silicate layers are wiped out by later deformation events. 

On a larger scale, oxygen isotopic interactions between the bulk of the FF 

marbles and the bulk of the enveloping silicate-rich rocks may have occurred. The 

magnitude of the bulk 0180 effect in the marbles depends, besides upon the 

availability and accessibility of fluids, on the volumes of the isotopic reservoirs 

involved. The 0180 values of PI separates from enderbites more or less equal the bulk 
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isotopic compositions of their host and may be taken to represent the isotopic 

composition of the country-rock of the FF as a whole. It can easily be demonstrated 

that isotopic compositions of Cal (and Di and PhI) in marbles from all areas are 

grossly out of equilibrium with those of the enderbite PI separates, for all 

temperatures of interest. However, the marble occurrences in areas C, D and E 

represent approximately equal carbonate volumes, as estimated from their outcrop 

area, that are small compared to those from A and B. Yet, marbles from C, D and E 

have widely different isotopic compositions. Therefore, we do not suppose that 

lithologic reservoir effects were an important factor in reaching the present isotopic 

compositions of Cal. 

4.5.6 timing of the marble trend 

Complex intergrowths (symplectites, coronas) composed of mixed MI-M2, M2-M3 

and even MI-M2-M3 anhydrous mineral assemblages are found in many rock types 

throughout the Rogaland terrane (Tobi et al. 1985). Together with the regional 

observation that compositional equilibrium is often restricted to small domains 

( < 1cm), the intergrowths provide evidence that metamorphic reactions were 

controlled by solid state volume diffusion (cf., Tracy and McLellan 1985). In general, 

the textures and the minerals observed in the granulite facies rocks surrounding the 

anorthositic bodies are indicative for vapor deficjent M2 granulite-facies 

metamorphism, induced in rocks that were already "dried out" during MI, and 

followed by an equally "dry" cooling period during M3 (Maijer and Padget 1987). 

Important deviations from this generalized scheme are manifest in the vicinity of 

some granites and pegmatites where hydrous M3 minerals developed, but such rocks 

are not considered in this study. Therefore, it may well be that the M2 and M3 stages 

merely preserved pre-existing bulk isotopic characteristics of many rocks, without 

inducing significant isotopic alterations. 

Apparently, the regional (O,C) isotopic trend is exclusively a property of the 

impure dolomitic marbles, since similar systematic regional shifts are not observed in 

minerals from other lithologies. The marbles may have acted as an aquifer sometime 

before M2. A pre-M2 "plumbing system", although looked for, is not identified in the 

marbles, but vestiges of former veinlets, e.g. arrays of recrystallized Cal grains, may 

easily be obliterated by subsequent high-temperature M2 events. Isoclinically folded 
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pegmatitic veins with thick Di rims and, locally, with desilicified cores are still visible. 

These (macroscopic) pegmatites represent major conduits of aqueous fluids 

wherefrom silica metasomatically invaded the marbles and many of them intruded the 

FF prior to M2 (Bol and Jansen, in preparation). Di from Di-nms of pegmatites and 

from other Di-rocks is generally lower in 0180 than Di in the marbles (Table 4.1, 

Figs. 4a,15). It is conceivable that 180 and 13C depletions in the marbles are related to 

a pre-M2 metasomatic influx of silica-bearing, 10w-olBO fluids with subsequent 

decarbonation reactions. However, in area B the isotopic composition of Cal seems 

unrelated to distance from a pegmatite with particularly well developed metasomatic 

rims (Fig. 4.15). Moreover, no difference in the abundance of veins is noted between 

areas A, B, C and E. In area D marbles are subordinate and intercalated in an 

intersecting Di±Kfsvein network. Yet, Cal in marbles from area D is less depleted in 
180 and 13C than in those from Band C. The overall conclusion is that isotopic 

alterations associated with the pegmatitic veins are restricted to the Di-nms. 

The bulk compositions of the marbles and the enveloping Qtz-Di gneisses differ 

mainly in silica/carbonate content (Sauter 1983), possibly reflecting differences in 

carbonate/silica ratios of the sedimentary precursors. If so, the fluid/rock interactions 

that caused the regional isotopic shift in the marbles presumably would have occurred 

sometime after the event in which the carbonates in the precursors of the Qtz-Di 

gneisses were exhausted by calc-silicate producing reactions, since the isotopic trends 

in the marbles are not reflected by olBO compositions of Qtz and Di in the associated 

Qtz-Di gneisses. Similarly, Di-marbles are on average higher in silica than Fo-marbles 

(Sauter 1983). This difference may also be due to sedimentary carbonate/silica 

variations. On the other hand it may reflect variable metasomatic input of silica that 

cannot be related to a vein system anymore. In this context it is interesting and 

important to note that, regionally, no systematic differences are observed between the 

isotopic compositions of Cal in Fo-marbles and Cal in Di-marbles. For example, in 

area C, calcites have higher 0180 values in Di-marbles than in Fo-marbles, and in area 

B calcites have generally lower 0180 values in Di-marbles. Calcites in Di-marbles from 

area A fall isotopically within the range of calcites in Fo-marbles (Table 4.1). 

Whatever process caused the variation in silica content within the marbles, apparently 

it is not simply related to the regional isotopic trends seen in marble minerals. 

Alternatively, the present day regional isotopic variation in the impure dolomitic 

marbles may reflect bulk isotopic characteristics acquired during or shortly after 
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deposition, diagenesis, and lithification of their sedimentary precursors. 

Dolomitization may have occurred in the FF if the marble precursor was a 

limestone. In that case, the replacement of primary CaC03 by CaMg(C03)2 was 

complete, since the molar Ca/Mg ratio is about one in marbles from all areas. Large 

isotopic difference between marbles from various areas resulting from dolomitization 

alone must therefore be related to differences in dolomitization temperature, or to 

differences in isotopic composition or quantity of dolomitizing fluids. 

Changes in the proportion of sedimentary and diagenetic components, may have 

a tremendous effect on the bulk isotopic composition. Tucker (1982) reports widely 

varying <5 13C and <5 180 values for distinct Dol components (sedimentary grains, internal 

sediments, cements) of the Beck Spring Dolomite, California (Fig. 4.14). In this 

unmetamorphosed marine Proterozoic dolostone, successive generations of diagenetic 
180Dol cement become progressively lower in <5 13C (by 4 permil) and, especially, in <5 

180(by 12 permil), presumably in response to lowering of <5 in pore fluids as a result 

of influx of meteoric water. 

The possibility of preservation of premetamorphic oxygen isotopic compositions 

is also explored for the isotopic composition of the adjacent metalaterites (see below). 

4.5.7 oxygen isotopic composition of metamorphic· minerals in the metalaterites 

Desilification during premetamorphic weathering of a presumably basaltic protolith 

caused residual enrichment in AI, Fe, Ti, P, Zr, REE and other transition elements in 

the metalaterites, with superimposed supergene enrichment in Fe, Ni and Co in the 

silica poorest rocks. The expected loss of K and other alkaline (earth) elements 

during weathering is less systematic in the metalaterites, and may be partly 

compensated for during syn-diagenetic metasomatism (Bol et al. 1989b). Apart from 

H and 0 loss during and before Ml, no notable modification of the bulk chemistry is 

supposed for the metalaterites. 

Little is known about oxygen isotopic systematics in modern laterite profiles. 

Incipient subaerial or submarine weathering of volcanic and plutonic materials 

(perlitisation, hydration of fine grained mesostasis and feldspars) almost invariably 

leads to an increase in lBO/60 (Muehlenbachs 1987). Clay minerals and hydroxides 

formed during continued or severe continental weathering have oxygen and hydrogen 
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isotopic ratios approximately in equilibrium with downward percolating rainwater 

(Lawrence and Taylor 1972). Accordingly, many weathering minerals, when formed at 

constant temperatures, define trends on <5 180_<5D diagrams parallel to the meteoric 

water line and have higher <5 180 and lower <5D values than the related meteoric water 

(Savin 1981). At surficial temperatures (±25°C), the approximate a180(mineral-HzO) 

values of the bauxitellaterite minerals kaolinite (AIzSizOs(OH)4)' boehmite 

(AIO(OH)), gibbsite (AI(OH))) and goethite (aFeOOH) are: a(Kln-HzO) = 1.026 

(Lawrence and Taylor 1972), a(Bhm-HzO) =1.018 (Bird et al. 1989), a(Gbs

H20) = 1.014 (Bird et al. 1989; c.f. Lawrence and Taylor 1972)), a(Gth-HzO) = 1.006 

(Yapp 1987). 

Upon weathering, the original rock mass, consisting of fresh unaltered protolith 

minerals, is progressively replaced and/or diluted by a combination of clay minerals, 

AI-Fe (hydr)oxides, and water (HzO+,H20} The <5 180 value of this blend is, besides 

being dependent on weathering temperature and on isotopic composition of the 

associated meteoric water, primarily a function of its mineralogical composition. 

Chemically and mineralogically unaltered parent minerals may retain essentially their 

primary isotopic composition (Taylor and Epstein 1964; Lawrence and Taylor 1972). 

Therefore, to a first approximation, the bulk 180/60 systematics during lateritization 

processes may be represented by binary mixtures of oxygen isotopic ratios in the 

protolith and in the composite weathering product, analogous to a two component 

submarine weathering model for MORBs (Muehlenbachs and Clayton 1972). 

Progressive bauxitization is expected to increase the bulk <5 180 values of most 

substrates, whereas the formation and accumulation of large amounts of low <5 180 

hydrous and anhydrous iron (III) oxides during lateritization may compensat~ for, or 

reverse this trend (Borshchevskiy 1976). Oxygen exchange and oxygen loss during 

subsequent diagenesis and metamorphism may partly erase the bulk <5 180 systematics 

in the weathering profile (Cf, Yapp 1990). 

Possible premetamorphic trends in bulk <5 180 with progressive lateritization (i.e., 

with decreasing silica content) are ambiguous at best from the <5 180 variation of 

individual metalaterite minerals (Fig.4.7a). 

Mag and SiI tend to have high <5 180 values in silica poor metalaterites, and low 

values in silica-rich metalaterites. In contrast, PI has lowest <5180 values in silica poor 

rocks. These vague trends are not related to whole-rock alkaline (earth) content or to 

the degree of saussuritization of feldspars. Mag from JM137, JM136 and FF122 is 
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unaltered in thin section and proved to be pure by XRD. Yet, Mag from these 

samples is relatively high in b180. The relatively low b180 in Mag from FF139 may 

reflect the significant supergene iron (hydr)oxide enrichment, as anticipated for this 

sample (Bol et al. 1989b). 

Mag-Opx, Mag-PI and Opx-PI fractionations in orthopyroxene-bearing 

metalaterites are not concordant, indicating a lack of oxygen isotopic equilibrium 

between these minerals. Although accurate isotopic fractionation factors for Sil are 

not known, the same probably holds true for Sil-bearing rocks. At equilibrium., it can 

be expected that 180 is fractionated into PI for all temperatures of interest (Fig. 4.7B). 

A b180 reversal for the Opx-PI pair, such as in sample JM151, together with the lower 

b180 in PI from the low silica rocks may be taken as evidence that PI was altered by 

reaction with low-grade metamorphic (M4) or meteoric fluids whereas Opx, Mag and 

Sil crystals partly re-equilibrated to lower metamorphic temperatures during M3. 

Hence, in the metalaterites, premetamorphic bulk oxygen isotopic systematics 

are not reflected by PI, and their relation with the present b180 values of Mag, Sil and 

Opx is ambiguous. These results neither support nor exclude the possibility of 

preservation of premetamorphic bulk (O,e) isotopic characteristics in the marbles. 

4.6 CONCLUSIONS 

1) The isotopic composition of Cal in marbles from the granulite-facies 

metasedimentary Faurefjell Formation regionally varies from about b180 =21.5 and 

b13C =-3.2 in the south (near the Rogaland anorthosite complex) to about b180 =13.1 

and b13C =-8.2 in the north (near the Caledonian thrust front). This isotopic trend is 

reflected by the 0180 values of other marble minerals (Di, PhI). Silicate minerals from 

adjacent metasedimentary layers (quartzites, Qtz-Di gneisses) or from rocks 

enveloping the FF (enderbites) do not show similar regional b180 trends. 

2) Several fluid/rock interaction processes may have operated successively or in 

concert in reaching the (O,e) isotopic compositions observed for the marble minerals. 

The main shift in b180 and b13C predates the peak metamorphic events, since the 

(O,e) isotopic trend in Cal is reflected in b180 values of high-grade silicate minerals 

(PhI, Di) in the marbles. 
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3) Decarbonation reactions must have occurred in the FF marbles, but, 

unaccompanied by other processes, they cannot account for the large local and 

regional range in d180 and d13C values observed for Cal. Even if significant variability 

is assumed in the mineralogical or isotopic composition of the sedimentary precursor 

of the marbles, interactions with externally derived fluids must have occurred, in 

addition to devolatilization reactions. 

4) From the data presented in this paper, no notable (O,C) isotopic interactions 

between the Rogaland anorthosite complex and the enveloping granulite facies 

terrane can be substantiated. In general, isotopic communication between adjacent 

lithologies is not observed. Even within single metasedimentary layers, the isotopic 

compositions of distinct minerals varies widely. This is at variance with petrogenetic 

models invoked for other granulite facies terranes which involve large quantities of 

all-pervading fluids during metamorphism. 

5) Both the Rogaland anorthosite complex and its high-grade metamorphic envelope 

were affected by subsolidus isotopic exchange. Isotopic alteration by low d180 fluids 

during M3/M4 regionally affected several minerals (most notably PI and Cal). 

However, the regional isotopic shifts observed for the marble minerals can not be 

attributed to differential interaction with Caledonian metamorphic fluids. 

6) Premetamorphic processes may have caused regional and local bulk (O,C) isotopic 

variations in the marble precursors, which are currently expressed by the isotopic 

trends seen for individual marble minerals. Bulk oxygen isotopic systematics inherited 

from premetamorphic weathering are not unambiguously identified from d180 values 

of minerals in a metalaterite layer directly adjacent to the marbles in area A 
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4.A APPENDIX A: SAMPLE INFORMATION 

Additional sample information for rock types 1-7 is given below, with emphasis on 
carbonate-bearing rocks. The position of some of the marble samples is indicated on 
three sketches of exposures in areas A, B and C (Figs. 4A1-4A3). In Chapter I of this 
thesis, detailed petrographic information on marbles and metalaterites (types 1 and 4) 
can be found. The mineral associations in samples investigated for O,C isotopes are 
given in Table 4A.1. 

4A.l marbles and diopside rocks 
The grain size of carbonate minerals in the marbles greatly varies. It may 

amount to 6 mm in several samples, but in those samples where recrystallisation has 
played a role (see Table 4.3) it does not exceed 1 mm. In general, the grain size of 
the silicate minerals in the Fo-marbles varies between 1 and 2 mm. In some samples 
it amounts 4mm. In the Di-marbles the overall grain size does generally not exceed 
1mm. 

In area A all marble samples except A122, C346, and FF174 were collected in 
the same,S to 10m thick, marble bed, within a distance of about 100 m (Fig. 4A.l). 
Al64, C322 and C324 were collected from the basal parts of the marble, C481 from 
the middle, and C335 C480 and FF283 from the top. Samples A122 and C346 were 
taken from a marble layer in the same area, 600m southwest from the other samples. 
The samples A122, A164, A169, C480 and C481 are fresh samples with varying 
amounts of Cal, Fo, Di, PhI and Spl. Cal may form large or recrystallized small grains. 
Sample C346, also fresh, contains only a small amount of silicate and oxide minerals, 
mainly Di. Fo is completely altered to Srp. This sample represents the transition zone 
between a Di-rock and a Fo-marble. In the samples C324 and C335 Fo is completely 
serpentinized, in samples A169, FF174 and FF283 partly. Cal in C324 is fine-grained 
and recrystallized, in C335 it is coarse-grained. In samples from this area, Dol is only 
present as minute exsolved particles. The diopside-nodules FF273 and FF277 were 
collected in the vicinity of C335. Besides Di, they contain varying amounts of Kfs, PhI, 
Cal and Spn. The Di-rocks FF167, FFl71A, FF175, FF179, FF182 and FF185 are 
nearly monomineralic Di parts of a sample profile across a > 5m thick Di ± Kfs layer 
that is sandwiched by quartzites and that has a core of Fo-marble (FF174). 

In area B samples C509, C510, C511, C512, C514 and Z52 were collected from 
the same marble lens, approximately 50 m long and 5 m thick. They were taken at 8, 
17, 24, 8, 10 and 50 cm distance from a pegmatite cross-cutting the marble lens 
(Fig. 4A.2). The Di-rocks C397, CSOOA, C502B represent the outer portions of this 
pegmatite and the Kfs-rich samples C499A and C502A were taken from the pegmatite 
core. 0128 and Z177 were collected from two strongly retrogressive exposures. 0138, 
0201, C372 and Z75 were taken from three small, isolated marble lenses. The 
samples C372, C509, C510, C511, C512, C514, 0128 and 0201 contain varying 
amounts of Cal, Dol, Fo, Di, PhI and Spl. Dol-exsolution is volumetrically important 
especially in C372, where large Dol lamellae occur. In C509, C510 and C511, Dol 
tablets and coarse-grained symplectitic Dol are the predominant exsolution types. The 
samples Z52 and Z75 are more retrogressively altered, Fo and Di are largely 
serpentinized, Z75 contains a large amount of Chu, overgrowing Srp. In 0128 newly 
formed Tr and TIc have completely replaced Fo and/or Di. Cal has old, dusty cores, 
with new, clear rims. Some ChI has replaced PhI. Z177 is a Di-marble in which PhI is 
almost completely retromorphosed to Mg-Chl. 

All samples from area C were taken within a distance of 20 m within this small 
exposure (Fig. 4A.3). The forsterite marbles C236, C273 and C533 have varying 
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amounts of Cal, Dol, Fa, Di and Phl. In C533 Cal has undergone extensive 
recrystallisation. C235, C264 and C521 are Di marbles with a relatively high silica 
content. C522 is intermediate between Fa-marble and Di-marble, the result of a fine 
layering. Fa and Di in the analyzed Fa-marble samples from area C are partly 
serpentinized. Dol exsolution is extensive in the form of tablets and of rhombohedral 
Dol. C163 represents a small, coarse-grained, Tr-Cal vein, which intersects a Di-rock. 
Along this vein Di, is replaced by Tr. Sample C165 represents the central portion of a 
thick (3m) Di±Phl±Kfslayer 

All samples from area D except FF260 are silica rich Di-marbles that were 
collected within 5m from a roadcut near Bue, the sole occurrence of marble in D (see 
arrow in Fig. 4.1). The marbles are intercalated within a banded vein network of 
Di±Phl,Kfs±Qtz, and Di-Kfs±Phlrocks. FF260 is a finely banded specimen from a 
similar Di-Kfs-Qtz veining system 5km further west. 

Samples FF142, FF192 and FF196 are Fa-marbles from area E collected along 
strike from an intensely folded 5m thick marble bed. Fa grains are wholly 
serpentinized in FF196 and partly in FF142 and FF192. FF190 represents a thin 
(7cm) Di-Spl-Phl vein crosscutting FF192. The vein has a Di +Spl core, symmetrically 
jacketed by Phl and, further towards the marble, by Di. 

4A.2 quartzites 
Quartzites occur at several stratigraphic levels within the FF, the most prominent 
being a thick layer at the base of the formation also known as "Quartzite de base de 
la serie de Gjestal" (Michot 1960). They consist almost entirely of quartz. Feldspars, 
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Bt, Di, Ep and Mag are minor or accessory minerals. Quartzites from area A were 
sampled along strike from the thick basal quartzite layer. The same layer was 
probably sampled in areas B, D and E, although the exact stratigraphic position of the 
quartzites is not as clear in these areas. Quartz grains often display undulatory 
extinction and have interlobate grain boundaries. 

4A.3 quartz-diopside gneisses 
Qtz-Di gneisses occur at three stratigraphic levels within the FF, together with 
marbles and the diopside rocks. Their bulk composition differs from the marbles 
mainly in silica content. In general, they contain Qtz +Di±Kfs±Plwith accessory 
amounts of Bt, Spn, 2m and ore minerals. The Qtz-Di gneisses are generally thinly 
banded (O.3-1cm) due to alternation of Qtz-rich and Di-rich layers. Occasionally 
diopside nodules (up to Scm) occur. In area B the gneisses may have a mosaic fabric 
due to intense recrystallization. The isotopically investigated Qtz-Di gneisses are from 
various layers with distinct stratigraphic positions within the FF at areas A, B and D. 
In samples from area A, Ep is observed and two of them contain Pmp. Some 
retrogression is also evident in Q237 were newly formed albitic PI is observed. VH87 
is a Di-Kfs rock intercalated within the Qtz-Di gneisses. It differs from similar Di-Kfs 
rocks within the marbles in that it contains some Qtz. 

4A.4 metalatelites 
All metalaterites are sampled from the same heterogeneous basic layer of the 

FF in area A (Fig. 3.3; see Bol et al. (1989b) for exact position of the samples within 
the "Upper Basic Layer"). The basic granulites (massive hypersthene-plagioclase 
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granolites) are medium-grained inequigranular granoblastic rocks with coarser grained 
lenticular aggregates of ferromagnesian minerals that define a weak foliation. The Fe
Al granofelses (spinel-cordierite-sillimanite granoblastites) have textures similar to 
those of the basic granulites and are generally coarse-grained. Sillimanite defines a 
weak foliation. Retrograde metamorphic minerals and/or alteration of PI, Opx and 
Crd is virtually absent in these rocks. 

4A.5 enderbites 
The enderbites are a prominent rock-type within the Charnockitic Migmatites and 
they are selected in this study to represent the country rock surrounding the FF in 
areas A-C. They consist predominantly of PI (An=25-40),Qtz, and Opx with minor 
amounts of Bt, Kfs (microcline), Cpx and Amp. Accessory minerals are Ap, 2m. Opx 
may be partly serpentinized in enderbites from area B (slightly) and C (severely). 

Samples A40, A89, A96, 064, C25 and C28 are from the "mainly banded" units 
of the Charnockitic Migmatites, as defined by Hermans et al. (1975), 063 and 0186 
are from the "mainly massive" parts. Generally, the degree of serpentinization and/or 
chloritization of Opx in the Rogaland enderbites decreases with distance from the 
Caledonian front. Opx in area A is fresh, in B slightly altered, and in C wholly 
replaced by lower grade minerals. 

4A.6 miscellaneous carbonate-bearing rocks 
Apart from the FF-marbles in areas A-E, some other calcite-bearing rocks from 
locations F-I (see Fig. 4.1) were investigated. 

A187 and MA97 (location F) are apatite marbles from a 50 to 100cm thick lens 
intercalated in garnetiferous migmatites. Having a very dissimilar chemistry and 
occurring in a very different geological setting, these Precambrian marbles are not 
assumed to belong to the FF. The samples contain coarse-grained, subhedral Ap 
crystals, in some cases exceeding 5mm. They constitute 30% to 40% of the rock 
volume. The grain size of Cal occasionally is 5 mm, but most grains seem to have 
recrystallized to a grain size of O.5mm. Other minerals are Chi, Ep, Qtz and Spn. 

C76 (location G) is a small calcite vein in retrograde augen gneisses. Its 
location is close to the Caledonian overthrust. The vein contains coarse grained Cal 
(up to several centimeters large) and some Qtz and feldspars. These latter minerals 
are fragments from the country rocks. Locally Fl is associated with this kind of calcite 
veins. 

MA310 and MA311 (location H) are breccias, presumably the result of 
explosive volcanism (C. Maijer, pers.comm.). These breccias occur in the Precambrian 
basement, mainly close to the Caledonian front. The fragments are angular and 
represent material from adjacent silicate country rocks. The matrix is fine-grained and 
often consists of small fragments of Qtz, feldspars and green Bt. Occasionally (in 
samples MA310 and MA311) Cal forms the matrix. The Cal presumably precipitated 
at or after the time of brecciation. The grain size of Cal varies from 20,um to 3mm. 
Textures indicate that the grain size reduction is the result of deformation and 
recrystallization. Some small Qtz, feldspar and Bt grains are observed in the Cal 
matrix. 

Samples G160 and G210 (location I) were collected from a mylonitized zone 
just above the Precambrian basement. They are supposed to be parautochtonous units 
of Cambro-Ordovician age (AC Tobi, pers.comm), although Birkeland (1981) suggests 
a more allochtonous origin, of possible Precambrian age. These rocks mainly consist 
of Cal and Qtz. G160 is a fine grained rock (50-100 ,urn), consisting of a polygonal 
texture of Cal and Qtz. locally streaks of green Bt are present. G210 contains semi
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rounded, deformed and partly recrystallized Qtz grains, with a size of 1 to 2 mm and 
some large, deformed Kfs grains, lying in a matrix of fine-grained Cal and Qtz with a 
polygonal texture. Some Kfs and green Bt occur in the matrix. 

4A. 7 graphite-bearing rocks 
All but one (G80) graphite-bearing samples are optically fresh, coarse-grained Grt
granofelses from the Gyadal Garnetiferous Migmatites. This marker unit crops out 
throughout the Rogaland terrane and has a supracrustal origin (Huijsmans et 
a1. 1981). The Grt-granofelses all contain Qtz, Kfs, Pl (An =25-40) and Grt, and some 
of the minerals Crd, Sil, Spl and Bt. Graphite is present as large, elongated flakes. 
The matrix of the explosion breccia G80, nearby location I (Fig. 4.1), consists of very 
fine-grained Qtz, feldspars, green Bt and carbonaceous material. 
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Table 4. A: Mineral associations in the samples analyzed for oxygen and carbon isotope ratios 

Samplell Type Loc NGU- Mineral Association 
coord. ----------------------------------------------------

1) marbles and diopside rocks Cal Dol Fo Di Phi Spl Ep Spn Tr Tic Ap Brt Srp Kfs 

A122 • Fo-marble A 337-070 x - x a 0 - - - - - a a a 
A164 • Fo-marble A 336-076 x - x 0 0 - - r - - - a a 
A169 Fo-marble A 337-076 x - x - 0 a - - - - a a a 
C322 · Di-marble A 336-076 0 - (0) x 
C324 Fo-marble A 336-076 x - (x) - 0 
C335 ·· Fo-marble A 336-075 x - (x) a 0 
C346 · Fo-marble A 337-069 x - (x) a 0 a 
C460 · Fo-marble A 336-076 x - x a a x - 0 - - - a 
C461 · Fo-Di-marble A 336-076 x e x 0 0 
FF167 Di-rock A 295-095 - - - x a - - a - - - - - 0 

FF171A Di-rock A 295-095 - - - x 
FF174 Fo-marble A 295-095 x e (x) 0 x - - - - - - - r 
FF175 Di-rock A 295-095 - - - x - - - a - - - - - a 
FF179 Di-rock A 295-095 - - - x a - - a 
FF162 Di-rock A 295-095 - - - x 
FF165 Di-rock A 295-095 - - - x - - - a 
FF273 Di-nodule A 337-074 - - a x x 
FF277 Di-nodule A 337-074 - - - x a - - a - - - - - a 
FF263 Fo-marble A 336-076 x - (x) (x) x - - - - - a - r 

C372 · Fo-marble B 266-260 x x, e x a a 0 r - r 
C372 Di-rock B 255-273 - - - x x 0 - - - - r 
C499A Kfs-vein B 255-273 - - - - - - - - - - - - - x 
C500A Di-rock B 255-273 - - - x x - - a 
C500B Di-marble B 255-273 x a a x x 
C502A Di-Kfs-rock B 255-273 - - - x a - - - - - a - - x 
C502B Di-rock B 255-273 - - - x a - - a 
C509 • Fo-marble B 255-273 x 0 (x) 0 0 - - - - - - a r 
C510 Fo-marble B 255-273 x 0 (x) 0 0 - - - - - - - r 
C511 ·• Fo-marble B 255-273 x x (x) 0 0 - - - - - - - r 
C512 Fo-marble B 255-273 x 0 x (0) 0 - - - - - a - r 
C514 Fo-marble B 255-273 x 0 (x) (0) 0 - - - - - a - r 
Q126 · Tr-marble B 257-274 x 0 - 0 0 - - - x 0 - - - - Chi 
Q136 Fo-marble B 269-261 x a x - x - x - - - a - - - Chi 
Q201 Fo-marble B 269-261 x a (x) - x 0 - - - - - - r - Opaque 
Z52 • Fo-marble B 255-273 x 0 (x) a x - - - - - - - r 
Z75 • Fo-marble B 274-261 x a (x) - (0) - - - - - - - r - Chu, Chi 
Z177 • Di-marble B 261-270 x - - x (x) - - - - - - - - - Chi 



Table 4.A -continued Cal Dol Fo Di Phl Spl Ep Spn Tr Tlc Ap Brt Srp Kfs 

C163 Tr-vein C 192-316 x - - - - - 0 
C165 DiPhl-rock C 192-316 - - - x x - - a 
C235 Di-marble C 192-316 x e - x x - - a - - - - a 
C236 • Fo-marble C 192-316 x 0 x 0 x - - - - a - - - Hu, Zrn 
C264 · Di-marble C 192-316 x - (0) x x - - - - - - - r 
C273 • Fo-marble C 192-316 x 0 (x) a x - a - - a - r 
C521 • Di-marble C 192-316 x - (0) x x - - - - - - - r 
C522 • DiFo-marble C 192-316 x - (x) x x - - - - - - - r 
C533 • Fo-marble C 192-316 x a (x) 0 x - - - - - - - r 

FF4B Di-marble D 245-062 x e - x 0 

FF4C Di-marble D 245-062 x a - x 0 

FF47 Di-marble D 245-062 x e - x x 
FF51 DiKfs-rock D 245-062 a - - x a - - - - - - - - x 
FF52 Di-rock D 245-062 a - - x 0 
FF53 Di-marble D 245-062 0 e - x x 
FF260 DiKfsQ-vein D 195-056 - - - x - - - - - - - - - x Qtz 

FF142 Fo-marble E 385-004 x - (x) - 0 - - - - - - - r - Mag 
FF190 SpDiPhl-vein E 385-004 - - - x x x 
FF192 Fo-marble E 385-004 x - (x) - 0 - - - - - - - r 
FF196 Fo-marble E 385-004 x - (x) - - - - - - - - - r - Mag 

2) quartzi tes Qtz Kfs Pl Bt Di Ep Op 

FFl18 quartzite A 312-089 x - - - - - a 
FF124 quartzite A 297-092 x - - - - - a 
FF132 quartzite A 334-078 x 
FF134 quartzite A 332-086 x - - a 
FF270 quartzite A 337-074 x - - a 
FF248 quartzite B 255-273 x 
FF251 quartzite B 271-261 x (0) - - - a 
Ql15 quartzite B 257-274 x 
Z81 quartzite B 265-265 x a a - - a 
U87 quartzite D 220-100 x - a - a 
Ul00 quartzite D 337-221 x - 0 
FF143 quartzite E 385-004 x 
FF152 quartzite E 385-004 x - - - - - a 

..... 
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Table 4.A -continued 

3) quartz-diopside gneisses Qtz Di Kfs Pl Bt Ms Opx Ep Spn Zrn Op Pmp 

VH6 
VH38 
VH84 
VH85 
VH87 
Q215 
Q237 
U68 
U120 

Qtz-Di-gneiss 
Qtz-Di-gneiss 
Qtz-Di-gneiss 
Qtz-Di-gneiss 
Kfs-Di-gneiss 
Qtz-Di-gneiss 
Qtz-Di-gneiss 
Qtz-Di-gneiss 
Qtz-Di-gneiss 

A 
A 
A 
A 
A 
B 
B 
D 
D 

325-082 
304-088 
327-083 
324-082 
328-080 
256-266 
260-248 
195-054 
245-084 

x 
x 
x 
x 
0 

x 
x 
x 
x 

0 

x 
0 

0 

a 
x 
x 
x 
x 

-
-
-
-
x 
0 

0 

x 
-

x 
x 
x 
x 
-
-
r 
x 
x 

-
-
a 
-
-
0 

0 

a 
a 

-
0 

-
-
-
-
-
-
-

-
-
a 
a 
-
-
-
-
-

r 
0 

a 
0 

-
-
-
-
-

-
a 
-
-
a 
a 
a 
-
a 

a 

a 
a 
-
a 
a 
a 
a 

a 

a 
a 
-
a 
a 
a 

r 

r 

- Ap 

4) metalaterites Pl Opx Mag Hc Crd Bt Kfs Sil Zrn Ap Mnz Spn Crn 

JM137 
JM151 
JM136 
JM143 
FF122 
JM144 
FF137 
FF136 
FF138 
FF139 

basic granul 
basic granul 
Fe-Al granof 
Fe-Al granof 
Fe-Al granof 
Fe-Al granof 
Fe-Al granof 
Fe-Al granof 
Fe-Al granof 
Fe-Al granof 

A 
A 
A 
A 
A 
A 
A 
A 
A 
A 

267-093 
326-081 
297-093 
302-085 
326-081 
302-085 
326-081 
326-081 
326-081 
326-081 

x 
x 
x 
x 
x 
x 
0 

0 

0 

0 

x 
x 
x 
-
-
x 
-
-
-
-

x 
x 
x 
x 
x 
x 
x 
x 
x 
x 

a 
a 
x 
x 
x 
x 
x 
x 
x 
x 

-
-
x 
x 
x 
x 
x 
x 
x 
x 

0 

0 

-
0 

-
0 

-
-
-
-

-
0 

0 

-
-
0 

-
-
-
-

-
-
-
x 
a 
-
x 
x 
x 
-

a 
a 
a 
a 
a 
a 
a 
a 
a 
a 

a 
a 

-
a 
a 
a 
a 
a 
a 

-

a 
a 
a 

a 

-
-

a 
a 

5) enderbites Qtz Cpx Kfs Pl Bt Amf Opx Ep Ap Zrn Op Grt Spn 

A40 
A89 
A96 
Q63 
Q64 
Q186 
C25 
C28 

enderbite 
enderbite 
enderbite 
enderbite 
GrtBt-enderb 
enderbite 
Bt-enderbi te 
norite 

A 
A 
A 
B 
B 
B 
C 
C 

398-044 
323-095 
350-087 
268-263 
278-252 
272-283 
195-315 
194-306 

x 
x 
x 
x 
x 
x 
x 
0 

-
-
-
-
-
-
-
0 

-
-
-
-
-
-
0 

-

x 
x 
x 
x 
x 
x 
x 
x 

-
-
-
0 

x 
0 

x 
x 

-
-
-
-
-
-
-
x 

x 
x 
x 
x 
x 
x 

(0) 

(0) 

-
-
-
r 
-
r 
0 

-

a 
a 
a 
a 
a 
a 
a 
a 

a 
a 
a 
a 
a 

a 
a 
a 
-
a 

x 

- x Dhl, Srp 



Table 4.A -continued 

6) other cal ci te-bearing rocks Cal Qtz Pl Kfs Bt Ep Spn Zrn Ap Chl 

A187 Ap-marble F 343-305 x x - - - 0 a - a
 
MA97 Ap-marble F 343-305 x x - x - 0 a - - a
 
C76 Cal-vein G 185-361 x (x) (x) (x)
 
MA310 Breccia H 276-461 x x x x x - - - - - (Cal in matrix)
 
MA311 Breccia H 276-461 x x x x x - - - - - (Cal in matrix)
 
G160 Qtz-marble I 266-433 x x x x x - - - - 
G210 Qtz-marble I 266-433 x x x x x - - - - - (Cal and Bt in matrix)
 

7) graphi te-bearing rocks Grt Qtz Kfs Pl Gr Spl Crd Sil Bt 

A75 Grt-granofels 384-033 x x x x 0 
BE51 Grt-granofels 335-029 x x x x 0 

LI56 Grt-granofels 370-984 x x x x 0 0 x x 
Q96 Grt-granofels 201-206 x x x x 0 - x x 
Y33 Grt-granofels 311-212 x x x x 0 
Y121 Grt-granofels 327-114 x x x x 0 0 x x 

G80 Breccia matrix 263-418 - x x x - - - - x Carbonaceous material 

x=abundant, o=moderate, a=accessory, e=exsolved phase, r=retromorphic. 
Brackets indicate partly or wholly retrograded minerals . 
• = Modal compositions are determined for marked samples, see Table 3.
 
Mineral abbreviations (after Kretz 1983): Amf=Amphibole; Ap=Apatite; Bhm=Boehmite; Brt=Barite;
 
Bt=Biotite; Cal=Calcite; Chl=Chlorite; Chu=Clinohumite; Cpx=Clinopyroxene; Crd=Cordierite; Crn=Corundum;
 
Di=Diopside; Dol=Dolomite; Ep=Epidote; Fl=Fluorite; Fo=Forsterite; Gbs=Gibbsite; Ght=Goethite;
 
Gr=Graphite; Grt=Garnet;Hc=Hercynite; Hu=Humite; Kfs=K-Feldspar; Kln=Kaolinite; Mag=Magnetite;
 
Mn=Monazite; MS=Muscovite; Op="Opaque"; Opx=Orthopyroxene; Phl=Phlogopite; Pl=Plagioclase;
 
Pmp=Pumpellyite; Qtz=Quartz; Sil=Sillimanite; Spl=Spinel; Spn=Sphene; Srp=Serpentine; Tlc=Talc;
 
Tr=Tremolite; Zrn=Zircon.
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CHAPTER V: GENERAL CONCLUSIONS 

With reference to the scope of this thesis, as defined in Chapter I, the following 

inferences can be made: 

1) Chemical compositions of high-grade metamorphic minerals in marbles of the 

Faurefjell Metasediment Formation show evidence for local ( < nun scale) buffering of 

element activities (Sauter 1983). For example, high activities of barium and titanium 

in some phlogopites are probably buffered by phase relations involving neighboring 

barite and ilmenite grains. The concentrations of Ba and Ti in nearby phlogopites are 

much lower in the absence of directly adjacent high-Ba or high-Ti phases (Chapter 

II), indicating low mobilities for these elements. This low mobility on its turn, may be 

combined with the proposed low hydrogen content of the hydroxyl-site (Chapter II) to 

infer low water activities in the marbles after the peak metamorphic conditions (M2). 

Rock volumes in late veins (ie, veins consisting of low-grade hydrous minerals) 

represent an exception. 

2) Open system behaviour is demonstrated for various chemical elements in 

heterogeneous basic layers (basic granulites and Fe-AI-rich granofelses) which occur 

together with the marbles. These layers acquired their present bulk compositions by 

premetamorphic interaction with rain water (weathering) and groundwater (syn

diagenetic metasomatism; Chapter III). During the subsequent high-grade 

metamorphic events, the basic rocks were not notably altered. The conservation of 

premetamorphic bulk compositions, and the absence of reaction with chemically 

contrasting neighboring lithologies (quartzites, marbles) provide evidence for very 

limited metamorphic mass transfer in these rocks. The low mobilities of elements 

during metamorphism imply low amounts of transporting fluids. 

3) The Faurefjell Metasediments were open to fluid-fluxes which caused significant 

oxygen and carbon isotopic shifts in the marbles or in their sedimentary precursors 

sometime before the peak metamorphic events (M2; Chapter IV). Locally, and in 

some minerals, rehydration during post-M2 low-grade events may have caused 

alteration of oxygen isotopic compositions. However, bulk isotopic compositions 

present at M2 conditions have generally been preserved. This preservation, together 
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with the observed small scale oxygen and carbon isotopic heterogeneity, precludes the 

possibility of pervasive regional passage of isotopically homogeneous oxygen-bearing 

fluids at or after M2. 

In general, open system behaviour of chemical elements in the Faurefjell 

Metasediment Formation is related to the possibility of reaction with fluids. This 

possibility was highest early in the rock history (deposition, diagenesis, early 

metamorphism), before loss of permeability due to compaction and recrystallization. 
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