


In een 013C - 0180 diagram van metamorfe calcieten is niet de helling
van de 0-0 lijn op zich een aanwijzing voor het optreden van pure
Rayleigh isotopen fractionatie tijdens decarbonatie reacties, maar
tevens de mate van isotopen depletie gerelateerd aan de hoeveelheid
decarbonatie.

Lattanzi. P. et al. 1980:
Am. Jour. Sci. 280. 890-906.

De conclusie van Mehnert en Busch dat Ba wordt aangerijkt in het
melanosoom ten opzichte van het leucosoom in de migmatieten van het
Zwarte Woud wordt niet door hun eigen waarnemingen gestaafd.

Mehnert. K.R. and Busch. W. 1982:
N. Jb. Miner. Abh. 145. 211-238.

De zonering van de silicaatnodules in de marmer-xenolieten van de
Santa Ollala batholiet is veeleer gevormd door reacties ten gevolge
van activiteitsgradienten dan door evenwichtsreacties in een prograad
metamorf pad.

Fuga. E. and Fontbote. J.M. 1980:
Schweiz. mineral. petrogr. Mitt. 60.
69-80.

De fluid die bij metamorfe reacties een rol speelt bevat meer dan
H20 en CO2 alleen.

Het bestaan van de eclogiet facies als afzonderlijke metamorfe facies
is ten onrechte in twijfel getrokken.

Winkler. H.G.F. 1974: Petrogenesis
of metamorphic rocks.
Heinrich. C.A. 1982: Contrib. Mineral.
Petrol. 81. 30-38.



Microprobe onderzoek aan marmers dient te worden verricht aan gepolijste
dunne doorsnedes waarbij het gesteente aan de zijde van"het glasplaatje
met Alizarine gekleurd is.

De Hunnedal dolerieten in Zuidwest Noorwegen zijn noch in tijd, noch
in plaats sterk gerelateerd aan de massieve anorthosieten. Daarrnee
wordt ook hun genetische verwantschap twijfelachtig.

Drent, H.P. et at. 1983: Abetr.

IUGG XVIII.

Om de concurrentiepositie van de Nederlandse geoloog op de internationale
banenmarkt niet al te zeer te verzwakken dient het nieuwe, twee-fasen,
studieprogramma meer te zijn dan slechts een verkorting van het oude.

Promovendi die gebruik maken van tekstverwerkers dienen er rekening
mee te houden dat deze apparaten op het beslissende moment defect
kunnen zijn.

De opkomst van de kabeltelevisie en de daarrnee gepaard gaande verdwijning
van televisieantennes betekent een aantasting van het biotoop van
de turkse tortel.

Utrecht, 9 mei 1983
p.e.c. Sauter

Stellingen behorende bij het proefschrift: "Metamorphism of siliceous
dolomites in the high-grade Precambrian of Rogaland, SW Norway".
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tite. Location B, height exposure about 3 m. By courtesy 
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ABSTRACT 

In the Precambrian granulite facies terrain of Rogaland, SW Norway, 
some small occurrences of marbles are present. They are mainly exposed 
at three locations A, Band C, at increasing distance from the anor
thositic and monzonitic intrusions. The Precambrian basement in Roga
land has undergone several high-grade metamorphic events: MI around 
1200 Ma, the granulite facies M2 around 1050 Ma and M3 around 950 Ma. 
Late retrogressive events M4a and M4b have a Caledonian age. 

The marbles belong to the Faurefjell formation, which furthermore 
consists mainly of quartzites, quartz-diopside gneisses, diopside 
rocks, alkalifeldspar-rich rocks and norites (Chapter I). The marbles 
are mainly forsterite marbles with the mineral association Fo-Cc-Phl± 
Do±Di±Sp. The mineral associations in the forsterite marbles indicate 
metamorphic temperatures of about 7000 C for location C to higher tem
peratures for location A. Some diopside marbles occur, showin~ the 
mineral association Di-Phl-Cc. These rocks and the diopside rocks 
(Di, Di-Phl) typically show high-variance assemblages, indicative of 
a metasomatic origin. The minerals in the marbles show a high-Mg 
chemistry. ~1g is higher than 0.85 for all minerals. With increasing 
XMo the order of minerals is: Sp>Cc>Fo>Phl~Di~Do. 

~Diopside (Chapter 2) can be strongly zoned, showing an Al-, Ti- and 
Fe3+-rich core and Mg- and Si-rich rims. The maximum range observed 
in one crystal (containing the highest Al content) is 2.5 to 8.5 wt% 
A1 203' The highest Al contents in diopside are found in spinel-bearing 
marbles. A late, low-AI stage of diopside formation has taken place 
as a result of metasomatic reactions, presumably during M3. 

The calcites in the marbles show a considerable amount of dolomite 
exsolution (Chapter 3). Dolomite exsolution in the form of tablets, 
rhombohedra and symplectites is the most common. The tablet exsolution 
type formed during the post-metamorphic cooling stage, the rhombohe
dral and symplectitic types presumably during Caledonian M4a and M4b 
retrogressive events. The exsolution of dolomite has resulted in a 
decrease of the Mg content of calcite. Recalculated Mg contents re
veal temperatures of about 7000 C for locations Band C. Because of 
the absence of dolomite, the higher temperature marbles of location A 
show lower Mg contents in calcite. 

The carbon and oxygen isotope ratios of calcite show a trend from 
d I3C=-4 (PDB) and d I80=+21 (SMOW) for location A, values close to 
those of unmetamorphosed Precambrian carbonate rocks, to d I3C=-7.5 
and d I80=+14 for location C. Isotopic compositions of veins and Cale
donian marbles close to or just above the Caledonian boundary, indi
cate that the isotopic depletion in the Precambrian marbles mainly is 
the result of interaction with Caledonian retrogressive fluids. 

The chemistry of forsterite, phlogopite and spinel is fairly con
stant within a sample (Chapter 4). They show the Mg-rich chemistry 
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common in siliceous dolomites. Forsterite shows comparatively high Mn 
contents (up to 0.8 wt% MuO). Phlogopite shows high Ba contents, up 
to 4.8 ,vt% BaO in a normal phloBOpi te, and about 20% BaO and 12 wt% 
Ti02 in a single occurrence of Ba-phlogopite. Spinel contains Zn, up 
to 2.4 wt% ZnO. 

Mg-Fe distribution between forsterite and diopside is mainly depen
dent on the Al content of diopside. A single occurrence of diopside
enstatite in location A suggests high (900 0 C) equilibration tempera
tures. Forsterite and spinel show extensive reequilibration chemistry. 
Geothermometry for these Cr-free spinel-olivine pairs is not reliable. 

Textural and chemical data for the minerals indicate a polymetamor
phic, partly metasomatic history of the Rogaland marbles. Several main 
minerals were formed pre-MI, and during MI, M2 and M3. The formation 
of retrograde minerals, like clinohumite, tremolite and chlorite, took 
place from late-M3 to M4b stages. 

The whole rock chemistry of the Faurefjell rocks (Chapter 5) shows 
a trend from Ca-Mg rich, Si-poor compositions in the forsterite 
marbles, towards compositions higher in Si, Al and alkalies in diop
side(-phlogopite) rocks, diopside-alkalifeldspar rocks, quartz-diop
side gneisses and quartz-alkalifeldspar rocks. Chemical characteris
tics of the marbles, especially the Ca/Mg and the Sr/Ca ratios, indi
cate sedimentary affinities for these rocks, while anomalous high con
tents of, in particular, Ba and Si indicate possibly early hydrother
mal activity as well as higher-grade metasomatism. 

SAMENVATTING 

In het Precambrische granuliet faciesgebied van Rogaland, zuidwest 
Noorwegen, zijn enkele kleine voorkomens van marmers aanwezig. Zij 
zijn voornamelijk ontsloten in drie lokaties A, B en C, op een toene
mende afstand van de anorthositische en monzonitische intrusiva. Het 
Precambrische basement in Rogaland heeft verschillende hoog-gradige 
metamorfe fasen ondergaan: MI rond 1200 miljoen jaar, de granuliet 
facies M2 rond 1050 miljoen jaar en M3 rond 950 miljoen jaar. Laat 
retrograde stadia M4a en M4b hebben een Caledonische ouderdom. 

De marmers behoren tot de Faurefjell formatie, die verder voorname
lijk bestaat uit kwartsieten, kwarts-diopsied gneizen, diopsied rot
sen, alkaliveldspaat-rijke gesteentes en norieten (Hoofdstuk 1). De 
marmers bestaan voornamelijk uit forsteriet-marmers met de mineraal
associatie Fo-Cc-Phl±Do±Di±Sp. De mineraalassociaties in de forste
riet marmers wijzen op metamorfe temperaturen van ongeveer 700°C voor 
lokatie C tot hogere temperaturen voor lokatie A. Enkele diopsied 
marmers komen voor, met de mineraalassociatie Di-Phl-Cc. Deze gesteen
ten en de diopsied rotsen (Di, Di-Phl) hebben karakteristieke hoog
variante assemblages, kenmerkend voor een metasomatische oorsprong. De 
mineralen in de marmers vertonen een hoog-Mg chemie. 

is groter dan 0.85 in aIle mineralen. Met toenemende XMg is deXMg

voIgorde van de mineralen: Sp>Cc>Fo>Phl~Di~Do.
 

Diopsied (Hoofdstuk 2) kan sterk gezoneerd zijn. Het vertoont een 
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Al-, Ti- en Fe 3+-rijke kern en Mg- en si-rijke randen. Ret maximale 
bereik gevonden in een kristal (met tevens het hoogste Al-gehalte) is 
2.5 tot 8.5 gewichtsprocent A1203. De hoogste Al-gehaltes in diopsied 
worden gevonden in spinel-houdende marmers. Een laat, laag-Al stadium 
van diopsiedvorming heeft plaatsgevonden als gevolg van metasomatische 
reakties, waarschijnlijk gedurende M3. 

De calcieten in de marmers vertonen een aanzienlijke hoeveelheid 
dolomiet-ontmenging (Hoofdstuk 3). Dolomiet-ontmenging in de vorm van 
tabletten, rhomboeders en symplektieten is het meest algemeen. De ta
blet-ontmengingsvorm werd gevormd gedurende de post-metamorfe koeling, 
de rhomboedrische en symplektietische types waarschijnlijk gedurende 
de Caledonische M4a en M4b retrograde fasen. De ontmenging van calciet 
heeft een verlaging van het Mg-gehalte tot gevolg gehad. Teruggereken
de Mg-gehaltes wijzen op temperaturen van 7000 C voor lokaties B en C. 
Vanwege de afwezigheid van dolomiet, vertonen de hoger-temperatuur
marmers van lokatie A lagere Mg-gehaltes in calciet. 

De koolstof en zuurstof isotopenverhoudingen van calciet vertonen 
een trend van d I3C=-4 (PDB) en d 180=+21 (SMOW) voor lokatie A, waar
den dicht bij ,die van niet-gemetamorfoseerde Precambrische karbonaat
gesteenten, tot d 13C=-7.5 en d I80=+14 voor lokatie C. Isotopensamen
stellingen van aders en Caledonische marmers dichtbij of juist boven 
de grens met de Caledoniden wijzen erop dat de isotopendepletie in de 
Precambrische marmers voornamelijk het gevole is van uitwisseling met 
Caledonische retrograde fluids. 

De chemie van forsteriet, phlogopiet en spinel is redelijk konstant 
binnen een monster (Hoofdstuk 4). Deze mineralen vertonen Mg-rijke 
samenstellingen die gewoonlijk in silicieuze dolomieten gevonden wor
den. Forsteriet heeft vergelijkenderwijs hoge Mn-gehaltes (tot 0.8 
gew.% MnO). Phlogopiet vertoont hoge Ba-gehaltes, tot 4.8 gew.% BaO in 
een normale phlogopiet en ongeveer 20% BaO en 12 gew.% Ti02 in een en
kel voorkomen van Ba-phlogopiet. Spinel bevat Zn, tot 2.4 gew.% ZnO. 

De Mg-Fe verdeling tussen forsteriet en diopsied is voornamelijk 
afhankelijk van het Al-gehalte in diopsied. Een enkel voorkomen van 
diopsied-enstatiet in lokatie A suggereert hoge (900 0 e) equilibratie
temperaturen. Forsteriet en spinel vertonen een sterke reequilibratie
chemie. Geothermometrie aan deze Cr-vrije spinel-olivijn paren is on
betrouwbaar. 

Texturele en chemische gegevens voor de mineralen wijzen op een po
lymetamorfe, deels metasomatische geschiedenis van de Rogaland-mar
mers. Verschillende hoofdmineralen werden pre-MI en gedurende MI, M2 
en M3 gevormd. De vorming van retrograde mineralen zoals clinohumiet, 
tremoliet en chloriet yond plaats vanaf de laat-M3 tot in het M4b 
stadium. 

De whole-rock chemie van de Faurefjell gesteenten (Hoofdstuk 5) 
vertoont een trend vanaf Ca-Mg-rijke, Si-arme samenstellingen in de 
forsteriet marmers, tot samenstellingen rijker aan Si, Al en de alka
lies in diopsied(-phlogopiet) rotsen, diopsied-alkaliveldspaat rotsen, 
kwarts-diopsied gneizen en kwarts-alkaliveldspaat rotsen. Chemische 
karakteristieken van de marmers, speciaal de Ca/Mg en de Sr/Ca verhou
dingen, wijzen op sedimentaire verwantschappen van deze gesteentes, 
terwijl de afwijkend hoge gehaltes aan vooral Ba en Si zowel wijzen op 
een mogelijk vroee hydrothermale aktiviteit als weI op metasomatose 
tijdens hoog-gradiger omstandigheden. 
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INTRODUCTION 

The siliceous dolomite system is comparatively well studied, in the 

field as well as by experiments (see for a review Winkler (1979), and 

more recent data of Kase and Metz (1980), Eggert and Kerrick (1981), 

Widmark (1980, 1981)). The successive reactions in T-XC02 space define 

well-mappable isogrades in several regional- en contact-metamorphic 

areas (e.g. the Alps, Trommsdorff (1966), aureoles in Montana, USA 

(Rice 1977a, b), on Naxos, Greece (Jansen et al., 1978)). In closed 

systems the fluid composition is buffered by the mineral assemblage. 

However, the reactivity of the dolomites makes them very susceptible 

for metasomatism. Then open system behaviour is often observed (e.g. 

Glassley 1975, Bucher-Nurminen 1977, 1982). 

In the high-grade metamorphic Precambrian of Rogaland, SW Norway, 

marbles, occurring in the Faurefjell formation, were reported by Her

mans et al.' (1975). The marbles are observed in the granulite facies 

terrain (Fig. 1, Chapter I). They cover only a very small part of the 

total mapped area, approximately 0.01%. Other members of the formation, 

notably the quartz-diopside gneisses, cover larger areas (Location D, 

Fig. I, Chapter I). 

Several internal reports of the Department of Petrology of the 

Rijksuniversiteit Utrecht, the Netherlands, deal with aspects of the 

Faurefjell formation (Hakstege, Hilversum, Teske, Wegelin, Venhuis, 

Blok, Meertens). Also a part of the thesis of Legrand (1976) was de

voted to these rocks. 

The main subject of the present thesis is the chemical evolution of 

the marbles, projected in the regional metamorphic history of the Pre

cambrian of Rogaland. Fieldwork was carried out in the summers of 

1979 to 1981. Detailed descriptions of field occurrences of the 

marbles are given in internal reports. 

In Chapter I a general view of the Faurefjell formation is given. 
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Field relations, petrography, assemblages and an introduction in the 

mineral chemistry are treated. This chapter was published under the 

same title in Norsk Geologisk Tidsskrift, Vol. 61, 1981. After com

pletion of this chapter Schreurs (internal report 1982) reported some 

small occurrences of marbles south of location A. They probably form 

a southward extension of the marble layers at A. The observed assem

blages are the same as in that location. An occurrence of wollastonite 

in quartz-diopside gneisses recently was reported by Venhuis (inter

nal report 1982). It is shortly described in Chapter 4. 

The simple concept of equilibrium outlined in Chapter 1 was tested 

with the help of additional microprobe analyses and, as usual, a far 

more complex story evolved. 

Particularly the strong AI-zoning in diopside attracted the atten

tion and a detailed microprobe study of this phenomenon was made; the 

results are shown in Chapter 2. 

Optically better visible, particularly after staining, were inho

mogeneities in calcite, due to exsolution of dolomite. In Chapter 3 

the time relationship between the beautifully developed microstruc

tures is settled, with an attempt to correlate them to the regional 

metamorphic history. Of course, the dolomite exsolution caused a sig

nificant chemical change in calcite, but recalculation of original 

Mg contents gives some indications of metamorphic temperatures. Car

bon and oxygen isotopic compositions were determined and again, the 

polymetamorphic history of the Rogaland area was established: the iso

topic depletion trend indicates the importance of Caledonian retro

gressive processes. 

With the help of textural and chemical data of the minerals in the 

marbles, in Chapter 4 a general petrogenesis is given. The rather 

complex history of the marbles is depicted, certainly still too 

simple, in Fig. 22 of this chapter. 

The high amount of silicates in the marbles, the high concentration 

of some elements, such as Ba and Zn, analysed in some minerals and 

the occurrence of some peculiar rock types in the Faurefjell formation 

raised questions on the origin of the rocks. With the help of whole
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rock analyses the origin is discussed in Chapter 5. Again the findings 

confirm the complex history of this polymetamorphic Precambrian 

terrain. 
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CHAPTER 1 

MINERAL RELATIONS IN SILICEOUS DOLOMITES AND RELATED ROCKS IN THE 

HIGH-GRADE METAMORPHIC PRECAMBRIAN OF ROGALAND, SW NORWAY 

P.C.C. SAUTER 

Norsk Geologisk Tidsskrift, 61 (1981), 35-45. 

ABSTRACT 

Forsterite- and diopside-bearing marbles, calc-silicate rocks, and 

quartz-rich rocks occur in the Precambrian granulite facies terrain of 

SW Norway. Most minerals in these rocks have a Mg-rich composition. 

Calcite-dolomite geothermometry, phase relations, and element 

distribution suggest a temperature gradient from about 7000 C in the 

northern part of the area to higher temperatures near the intrusive 

complexes in the south. The formation of high-variance mineral 

assemblages, for instance at contacts between carbonate-rich and 

silica-rich rocks, is attributed to metasomatic activity. 

INTRODUCTION 

The Precambrian basement of SW Norway consists of anorthositic 

masses, the lopolith of Bjerkreim-Sokndal and surrounding high-grade 

metamorphic migmatites. The migmatites contain intercalations of 

garnetiferous migmatites, augengneisses and rocks of the Faurefjell 

formation (Hermans et al. 1975). The mineral relations in rocks of 

this formation, which is mainly composed of marbles and calc-silicate 

rocks, are the subject of this paper. 
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In the eastern part of the area (Fig. 1) metamorphism has reached 

amphibolite facies conditions. Towards the west the grade of 

metamorphism gradually changes into a granulite facies. The increasing 

grade is marked by the hypersthene-in isograd (Hermans et al. 1975). 
the osumilite-in isograd (Maijer et al. 1981) and a change in amphibole 

properties (Dekker 1978). Two-pyroxene and Fe-Ti oxide geothermometry 

on metabasites revealed temperatures of about 8000 e near Oltedal in the 

north increasing to lOOOoe near the lopolith (Jacques de Dixmude 1978). 
Pyroxene crystallization temperatures of the upper quartz-monzonitic 

phase of the Bjerkreim-Sokndal lopolith are calculated at 900o-1050oe 

(Rietmeijer 1979). 

18 



Isotopic age determinations indicate ages of 1500, 1200 and around 

1000 Ma for the main metamorphic and/or magmatic events (Wie1ens et al. 

1980). The M2 granulite facies metamorphism (Maijer et al. 1981) is 

dated at about 1050 Ma, the intrusion of the quartz-monzonitic phase of 

the lopolith at about 950 Ma (Wielens et al. 1980). Retrogressive 

metamorphism down to the prehnite-pumpe1lyite facies is locally 

observed throughout the area. This metamorphism (M4) presumably has a 

Caledonian age as reflected by K-Ar and Rb-Sr ages of green biotite 

(400-450 Ma, Verschure et al. 1979) and lower-intercept ages of zircon 

V-Pb discordia plots (300-400 Ma, Wielens et al. 1980). 

The rock types in the Faurefjell formation are shown in schematic 

sections in Table 1. Outcrops are found at locations A, B, C and D, at 

various distances from the intrusive complexes (Fig. 1). In most places 

the rocks of the formation form relatively thin layers or lenses within 

the migmatites. The rocks are well-banded and locally intensely 

folded. Generally the contacts with the migmatites are concordant, but 

discordant contacts are present at location C. The thickness of the 

formation varies from 10 to 50 metres, except at location D, where the 

quartz-diopside gneisses may reach a thickness of 200 metres. This may 

be caused by intense folding or migration of quartz into fold hinges 

(Wegelin 1979b). 

Forsterite marbles are the most characteristic part of the 

formation. The dark, weathered surfaces are very conspicuous. Diopside 

marbles are present in minor amounts at Band C. Diopside rocks in the 

marbles occur as concordant layers, as discordant veins and, at A, as 

rounded blocks of various sizes. Diopside rocks also occur at contacts 

between marbles and silica-rich rocks. Thin alkalifeldspar-phlogopite 

rocks (only several centimetres thick) are inter layered in diopside 

rocks at A. Quartzites are associated with the marbles at locations A 

and B. They form thick, concordant layers or, as at B, discordant 

bodies. Diopside-alkalifeldspar rocks are found concordantly within the 

marbles. The quartz-alkalifeldspar rocks may contain bluish veins of 

pure alkalifeldspar, particularly at A. The quartz-diopside gneisses 

are finely laminated with thin quartz bands (several millimetres to 

centimetres thick). At D these gneisses form the main part of the 

formation. Thin layers of andradite-hedenbergite quartzite may be 

intercalated in the quartz-diopside gneisses, whereas pure andradite

hedenbergite rocks are found at the contact between marble and a norite 

at location B. 
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Table 1. Schematic sections of the Faurefjel1 formation at locations A, B, C and O. 

r----
Loca t i on A Locat ion B2) Locat i on 

thickness 30 m 
l ) 30-50 m iO m 

country rock 

Q-Oi gneiss 3 ) 

quartzite 
oi rock 

Fa marble 

Q-Kfsp/Oi-Kfsp 

and Oi rock 

Q-Kfsp rock 

oi rock 

Fo marble and 

oi rock 

Oi rock 

nor i te 

quartzite 

count ry rock 

coun t ry rock 

Q-Di gneiss 

oi rock 

Fa 

oi 

rna rb 1e 

rock 

and 

Di rock 
Q-Kfsp rock 

Di-Kfsp rock 

oi rock 

Fa marble, 

Di ma rb 1e and 

oi rock 

And-Hed 

rock 

quartzite%

coun t ry rock 

coun t ry rock 

oi rock and 

Oi-Kfsp rock 

Oi marble and 

oI rock 

Fo marble 

Oi marble 

Di-Kfsp rock 

Oi marble and 

Fa rna rb 1e 

oi rock and 

Q-Kfsp rock 

country rock 

Locat i on 

40-200 m 

country rock 

Q-Oi gneiss 

with small 

intercalations 

of Oi rock, 

quartzi te, 

And-Hed 

quartzite and 

( i n the ea s t ) 

Fa marble 

count ry rock 

Rock nomenclature mainly after Hermans et al. (1975). 1) W'estward the formation 

becomes thicker and grades into the Q-Oi gneisses of location O. 2) Compi lation 

of several ex.posures at location B. 3) Abbreviations used in this table and 

elsewhere: Fo=forsterite, Oi=diopside, Phl=phlogopice, Sp=spinel, Cc=calcite, 

Oo=dolomite, Tr=tremol ite, Q=quartz, Kfsp=alkal ifeldspar, An=anorthite. And= 

and rad i te. Hed=hedenberg i te. Scap=scapo lite. 
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PETROGRAPHY 

Nature and relative amounts of minerals in the main rock types of 

the Faurefjell formation are presented in Table 2. A petrographic 

description is given below. Terminology of textures is according to 

Moore (1970). 

Forsterite marbles have a grain size of 1 to 3 mm and a granoblastic 

inequigranular texture. Forsterite (2V-900 ) has curved boundaries. 

Locally serpentinization has occurred. Calcite is the predominant 

carbonate phase. Some dolomite is present in most samples at locations 

B en C, both as primary dolomite and as an exsolution product from 

calcite. This exsolved dolomite occurs as orientated, tablet-like 

crystals and as symplectitic intergrowth (cf. Legrand 1976). Colourless 

to light-brown phlogopite is generally present in the forsterite 

marbles. Most crystals are slightly bent and occasionally kinked. 

Colourless diopside (+2V:600 ) is observed in most samples, but only in 

minor amounts. Most diopside crystals are subhedral but in some 

samples diopside rims around forsterite are found. These rims may be 

connected with each other to form one large poikiloblastic crystal. 

Subhedral spinel, restricted to some samples at A and B, has a very 

pale-green to green colour. Clinohumite, apparently replacing 

forsterite, has yellow pleochroic colours and it often shows twin 

lamellae. 

Diopside marbles have a grain size of about 1 mm and a granoblastic 

equigranular texture. Poikiloblastic diopside crystals occur up to 

several centimetres. Diopside marbles contain less calcite than the 

forsterite marbles. Exsolved dolomite is omnipresent, primary dolomite 

is very rare. In many samples the parallel arrangement of abundant 

phlogopite defines a good foliation. 

Diopside rocks have a grain size of 1 to 2 mm, although larger crystals 

occur. The texture is equigranular and tends to be polygonal. 

Phlogopite can be abundant, it generally has a more brownish colour 

than in the marbles. Spinel and forsterite are some of the additional 

constituents. 

Alkalifeldspar-phlogopite rocks have a grain size of 1 to 2 mm. 

Orthoclase is the main alkalifeldspar, sanidine may occur. The brown 

phlogopite flakes define a good foliation. Green spinel forms small 

euhedral crystals. 
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Table 2. 

List of mineral contents. 

SAMPLE 

~ 
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L ] 
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~ " ;;: ~ 

U E 
o • 

I 
.
0 

~ 
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. ~ 

J .. ~ 

1 ~ j 
. 
~ 

~ N 

A164 Fa marble 

BE024 Fa m,Hble 

C273 Fa m<lrble 

C372 Fa marble 

C383 Fa marble 

HszoB Fa marbl e 

KAl03 Fa marble 

Q07~ Fa marble 

QI)8 Fa marble 

Q2D1 Fa marble 

C235 D; marble 

C339 Oi m<lrble 

BL064 Tr marble 

C095 D; rock 

C165 D; rock 

C232 D; rock 

C295 D; rock 

C382 D; rock 

QI!9 Tr rock 

C407 Kfsp-Phl rock 

C022 Oi -Kfsp rock 

C164 Oi-Kf5p rock 

C271 Oi-Kf5P rock 

OL040 Q-Kfsp rock 

I1A431 Q-Kfsp rock 

Io'A041 Q-Oi gneiss 

Io'A062 Q-O i gne i 55 ,om 

Io'A156 Q-Oi gneiss 

Io'A157 Q-Oi gneiss 

Io'AI79 Q-Oi gnei5s 

....A180 And-Hed quartzite 

....AIB) Hed-Scap quartzite 

0225 And-Hed rock 

Within each rock type samples are listed alphabetically. Mote: mineral presence does.not always mean exi5tence of mineral 

assemblage. Minerals are: x: major; 0: minor; a: accessory; r: retrogressive (based on textural grounds); rr: abundantly 

retrogressive; (): totally or for the greater part decomposed; e: exsolved dolomite (also) rresentj am: other amphibole 

than tremol ite; h: hedenbergite; m: muscovite; mi: microcl ine; or: orthoclase; s: sanidine; !I3: An% plagioclase; 

1) diopside only as rim around forsterite. 
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Diopside-alkalifeldspar rocks have a grain size of 0.5 to I mm. 

Diopside and alkalifeldspar, forming an equigranular polygonal texture, 

are present in approximately equal amounts. Locally diopside forms 

large poikiloblastic crystals. Generally orthoclase (-2V-600 ) and 

sanidine (-2V-200 ) occur at location A and orthoclase and microcline 

(-2V-800 ) at Band C. Sphene, forming anhedral crystals, is a minor but 

characteristic constituent. 

Quartzites are usually coarse grained (grain size larger than 5 mm). 

The grain boundaries are irregular, most grains show undulatory 

extinction. Diopside and calcite may occur in minor amounts. 

Quartz-alkalifeldspar rocks have an equigranular interlobate texture. 

The grain size is less than I mm. Alkalifeldspar variation is the same 

as in the diopside-alkalifeldspar rocks. Diopside may occur. Small 

needles of magnesioriebeckite are observed at A. 

Quartz-diopside/hedenbergite gneisses have a grain size of 2 to 5 mm. 

Quartz is mainly concentrated in small seams (several millimetres to 

centimetres thick) and it is commonly associated with colourless to 

green clinopyroxene, plagioclase (up to 85% An) and alkali feldspar 

(orthoclase and microcline). Calcite and brownish phlogopite may be 

present in minor amounts. Retrogressive metamorphism is widespread. 

Andradite-hedenbergite quartzites and rocks have a grain size of 2 to 5 

mm. Green hedenbergite forms subhedral crystals whereas the brown 

andradite grains are anhedral and poikiloblastic. In the quartzites 

almost pure anorthite, partly replaced by scapolite, may be present. 

Especially in the andradite-hedenbergite rocks sphene may be abundant. 

Evidence of some slight retrogressive metamorphism can be found in 

all these rock types. The occurrence of the minerals serpentine (formed 

from forsterite and occasionally from diopside), clinohumite (from 

forsterite?) and scapolite (from plagioclase) has already been 

mentioned. Furthermore tremolite and chlorite may partly or wholly 

replace diopside and phlogopite respectively. Epidote, zoisite and 

colourless mica are frequently observed as alteration products of 

plagioclase. Pumpellyite is present in some quartz-diopside gneisses. 

Extensive retrogressive metamorphism has been especially observed in 

some exposures at location B. Strong alteration has resulted in the 

occurrence of serpentine-, tremolite- and talc-rich rocks. The 

exposures are situated next to a small fault and a large discordant 
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quartzite body. The quartzite contains only H20-rich fluid inclusions, 

in contrast to most other quartzite bands and veins in the Faurefjell 

formation, where mainly C02-rich inclusions are found (Swanenberg 

1980) • 

Table 3. Mineral assemblages. 

IA: system CaO-MgO-S i0 -C0 -H O I2 2 

Assemb 1age 

Fo-D i -Cc-Do 

Fo-Cc-Do 

Fo-D i-Cc 

Di-Cc-Do 

Di -Q-Cc 

D j -Cc 

oi-Q 

oi 

2

Rock type Loc. Abundance 

ma rb I e 8,C common 

ma rb Ie B,C SC;lrce 

marble A common 

marble C rare 

Q-Di gnei 55 scarce0 

marb I e A,B ,C common 
oi rock 

Q-Di gnei 55 A, B, 0 common 
quartzite 

Di rock A,B ,C ,D common 

I B: system CaO-HgO-K 0-A1 0 3- S i0 -CO -H O II)
2 2 2 Z Z

)ow-si 1 ica/low-pota mssiu 

Assemblage Rock type Loc. Abundance 

Fo-D i-Ph l-Sp-Cc marble A common 

Fo-Di-Phl-Cc-Do marble B,C common 

Fo-Di-Sp-Cc-Do marble B rare 

Fo-Di-Phl-Cc marble A common 

Fo-Sp-Cc-Do marble B rare 

Fa-Ph l-Cc-Do 

Di-Phl-Sp 

Di-Phl-Cc 

oi -Ph I 

marb J e 

0; rock 

marb 1e 
0; rock 

oi rock 

B,C 

B 

B,C 

A,B,C 

scarce 

sea ree 

common 

common 

hi gh-s i 1 i ca/h i gh-potass j urn 

Assemb 1age 

D; -Ph I-Q-Kf5p-An 

D j -Q-Kfsp-An-Cc 

Di-Q-Kfsp-An 

0; -Q-Kf5p 

Di -Kfsp-Cc 

Phl-Sp-Kf5p 

Q-Kf5p 

Di-Kfsp 

Rock type 

Q-O i gne i ss 

Q-D i gneiss 

Q-O; gneiss 

Q-D i gneiss 
Q-Kf5p rock 

Di-Kfsp 
rock 

Kf5p-Ph I 
rock 

Q- Kf 5p rock 

Di-Kfsp 
rock 

Loc. Abundance 

0 rare 

0 sea ree 

A, B,O common 

A,B ,C, 0 common 

A,C sea ree 

sea reeA 

commonA,B ,C 

commonA, B,C 

1) On Iy rna j n assemb 1ages in th is system are 

ment i oned. 

MINERAL RELATIONS 

Most primary Mg-Fe minerals in rocks of the Faurefjell formation 

have a Mg-rich composition, which is reflected in their optical 

properties and demonstrated by microprobe analyses (Table 4). Therefore 

the mineral relations can be described in the system 

CaO-t1g0-K20-A1203-Si02-C02-1I20, if the Na content of the feldspars is 

also neglected. In most thin sections of the rocks, equilibrium between 

the mineral phases can be assumed on textural grounds. The occurrence 
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of diopside rims around forsterite and of replacement textures of 

minerals such as tremolite or clinohumite point to non-equilibrium 

conditions. 

As a first approximation the subsystem CaO-MgO-Si02-C02-H20 will be 

discussed. The assemblages in the subsystem are listed in Table 3A and 

the phase relations are illustrated by Fig. 2. The four-mineral 

assemblage Fo-Di-Cc-Do represents the isobaric univariant assemblage of 

reaction (14): lDi+3Do=2Fo+4Cc+2C02. The presence of this assemblage 

and of the assemblage Fo-Cc-Do point to T-XC02 conditions on 

respectively above reaction (14) for the locations Band C (see Fig. 

3). At A the presence of the assemblage Fo-Di-Cc, coupled with the 

absence of dolomite and of primary tremolite, indicates metamorphic 

conditions only on the high-temperature side of the reactions (14) and 

(13): 3Tr+5Cc=11Di+2Fo+5C02+3H20. The assemblage Di-Cc-Do, only found 

at C, could represent conditions of the low-temperature side of 

reaction (14). Both forsterite and dolomite are found to be 

incompatible with quartz in all the rocks of the Faurefjell formation. 

The assemblage Di-Q-Cc is not indicative for the P-T-XC02 range 

involved. Some rocks only consist of the assemblages Di-Cc or Di-Q or 

even only of Di. Regarding the widespread occurrence it is rather 

unlikely that these rocks have been isochemically formed from very 

special bulk compositions. Therefore the assemblages suggest an origin 

by metasomatic processes (Thompson 1959). Indeed, such 

nearly-monomineralic rocks are frequently observed in reaction zone 

sequences between carbonate-bearing and quartz-bearing rocks (e.g. 

Vidale 1969, Glassley 1975). In samples where diopside forms rims 

Fig. 2. Phase relations 
in the subsystem CaO
Mgo-Si02-C02-H20. Shaded 
areas indicate stable 

MgO mineral assemblages. 
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semblages. Reactions (13) 
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text. (7): 1 Tp + 3 Cc ~ 

1 Do + 4 Di + 1 C02 + 1 H2O. 
(11): 1 Tp + 11 Do ~ 8 Fo + 

0.0 1.0 13 Cc + 9 C02 + 1 H2O.XC02 (Aftep T-/inklep 1.979) 

around forsterite, the minerals torsterite, diopside and calcite do not 

reflect an equilibrium assemblage. Here diopside formation might be 

explained by the reversed reaction (14): 2Fo+4Cc+2C02=lDi+3Do. Dolomite 

production, however, is not observed near the diopside rims. Another 

explanation is that forsterite and calcite reacted with a later influx 

of Si02 to form diopside, according to the reaction: 

lFo+2Cc+3Si02=2Di+2C02 (Weeks 1956). The observed textures, such as the 

connected diopside rims, seem to favour the possibility of a 

metasomatic activity. 

The assemblages with phlogopite, spinel, alkalifeldspar and 

anorthite are described in the system CaO-MgO-K20-AI203-Si02-C02-H20 
(Fig.4). The main assemblages are listed in Table 3B. The low silica, 

low potassium assemblages of marbles and diopside rocks all plot in the 

projected triangle diopside-dolomite-spinel. The five-mineral 

assemblage Fo-Di-Phl-Sp-Cc is a low-variance assemblage possibly 

related to the reaction 6Phl+7Cc=7Di+4Fo+3Sp+7C02+3H20+3K20. This 

reaction has been proposed by Glassley (1975), taking K20 as a mobile 

component in the vapor phase. Other low-variance assemblages can be 

derived from assemblages in the subsystem CaO-MgO-Si02-C02-H20 by 

adding phlogopite or spinel. Formation of high-variance assemblages, 

such as Di-Phl, Di-Phl-Cc and Di-Phl-Sp could have resulted from 

metasomatism. 
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In the high-silica, high-potassium part of the rock system, 

assemblages with quartz, alkalifeldspar and anorthite occur. One of the 

main assemblages is Di-Q-Kfsp-An, with some additional phlogopite or 

calcite in a few samples. Common assemblages are Di-Q-Kfsp, Di-Kfsp 

(occasionally with some calcite) and Q-Kfsp. Although interpretation of 

these assemblages, in terms of reactions or P-T estimates, is more 

difficult than in the "marble" system, metasomatism might have been an 

important process in the formation of, at least, the high-variance 

assemblages. The individual minerals quartz, alkalifeldspar and 

anorthite are found to be mutually incompatible with forsterite, spinel 

and dolomite. The only exception is the pair spinel-alkalifeldspar in 

the scarcely occurring assemblage Phl-Sp-Kfsp. 

MINERAL CHEMISTRY 

As an illustration of the mineral chemistry some electron microprobe 

analyses of the minerals forsterite, clinopyroxene, phlogopite, spinel, 

garnet, scapolite, calcite and dolomite are given in Table 4. 

Forsterite. It has a XMg-ratio of 0.92 to 0.95 

(XMg=Mg(atoms)/(Mg+Fe+Mn)(atoms)). The MnO and CaO contents of 

forsterite are relatively high, up to 0.7 and 1.4 wt% respectively. 

Preliminary data show low Ca contents in forsterite cores and high 

(twice as much) in rims. 
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Table -4 Microprobe analyses 

'0 min. PhI PhI Ph' Hed And Scapmin. Fo Fo Oi Oi 01 Sp 

sample: 8[02-4 Q133 (213 8E024 QI38 CI65 8E024 sample: 8E02-4 Qn8 c165 Q225 WA180 WA180 ,loco : A Cloco 8 C C A• .,, 
36.9 41,1 39.5 -47.1 -40.2 47.141.3 -41.0 -42.5 52.6 55.0 50.7 0.76 

0.79 0.51 0.63 0.28 0.86b.d. b.d. b.d. 0.18 0.0-4 0.50 b.d. 

18.0 1-4.2 16.5 3.59 7.36 27.3 

-4.15 -4.55 7.08 0.94 0.66 3.16 -4.38 

0.03 b.d. 3.21 0.21 5.19 69.7 

1.52 1.22 3.78 19.8 17.21) b.d. 

HoO 0.61 0.-47 0.63 0.21 0.18 0.22 0.31 HoO 0.06 0.03 0.08 0.62 0.24 

HgO 52.7 53.0 50.5 17.9 18.0 1-4.6 23.7 HgO 26.1 26.3 25.2 5.78 0.35 

C.o 0.75 0.17 0.08 25.8 25.2 25.5 0.84 C.O 0.53 b.d. 23.3 32.9 20.6 

Total 99.51 99.22 100.79 100.8-4 99.29 99.87 99.69 ,.0 3.79 0.18 

b.d. 0.21 0.16 1. 16 

9.-41 10.3 10.5 1.10 

min. Cc Cc C( 3) Cc 005) 

0.952 0.9-49 0.921 0.965 0.97-4 0.885 0.900 

0.53 1.22 

2sample: A16-4 C235 HS208 Q138 Qn8 lotal ) 96.88 95.29 96.35 100.'17 99. J1 97.26,loc. C 
0.967 0.97-4 0.921 0.335.,% 

0.25 0.21 0.31 0.10 1.-42 1.02 1.07 

All analyses by P. Sauter, e;o;cept for Hed., And. and Scap.:
0.65 0.-43 0.-45 0.40 0.73 0.53 0.50 

analyst A. Wegelin. b.d.: below detection limit. n.a.: 
4.05 3.19 9.16 6.65 39.9 -43.6 -41.5 analysed. X :Mg(atoms)/(f'lg+Fe+Hn) (atoms). All iron as FeO.l1g

except for I): all iron as Fe 0 2) if F is analysed, totals95.8 95.6 90.7 93.1 59.0 55.-4 56.'1 2 r 
corrected for Oxygen equivalency of fluorine. 3) scan over'

100.75 99.'13 100.62 100.25 101.05 100.55 99.-47 
calcite with fine-grained dolomite e;o;solution. -4) exsolved. 

0.858 0.813 0.9-42 0.9-48 0.960 0.975 0.913 5) primar.,.. 

Clinopyroxene. - In the marbles of diopside varies from 0.94 toXMg 
0.98. Wt% AlZ03 is O.Z to 3.Z. The highest Al contents occur in 

spinel-bearing marbles. Preliminary data seem to point to AI-rich cores 

and AI-poor rims of the subhedral diopside crystals. Diopside rims 

(around forsterite) generally have a low Al content. In the diopside 

rocks is 0.88 to 0.91. Wt% A1203 varies between 1.8 and 5.2.XMg 
Fe-richer clinopyroxenes occur in quartz-diopside gneisses and in 

andradite-hedenbergite bearing rocks. In reality 'hedenbergite' has a 

composition of salite to ferrosalite. The XMg can be as low as 0.30. 

(Pure hedenbergite has been observed in an isolated occurrence of 

andradite-hedenbergite rock north of Tonstad (Wegelin 1979a». In the 

clinopyroxenes TiOZ may be present to a maximum of 0.50 wt% (in a 

diopside rock). Generally Ti shows a positive correlation with Al 

(Al:Ti is about 15:1). MnO is present up to 0.70 wt% (in an 

andradite-hedenbergite rock). 

Phlogopite. - varies from 0.94 to 0.97 in the marbles and from 0.91XMg 
to 0.93 in the diopside rocks. Phlogopite inclusions in diopside 

grains tend to have lower XMg values than other phlogopites. 

Phlogopite, mainly in barite-bearing marbles, may contain several 

percent of BaO. The F content varies from 0.2 to 3.3 wt%. 
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Spinel. - This is relatively rich in Fe compared with other minerals in 
the marbles. A nearly colourless spinel in marble has a XMg of 0.90. 

Garnet. This is a solid solution mainly between andradite and 

grossular. Molar ratios of andradite/grossular vary between about 55/34 
and 75/21. Pyrope and spessartine components may amount to 1 or 2 mol% 
each, almandine may be present up to 7 mol%. 

Scapolite. - This is a very meionite-rich variety. Me% is 85 to 87 
which is about the maximum amount possible. 

Calcite. - The MgC03 content in calcite varies from 2.5 to a maximum of 
approximately 11 wt% (microprobe and XRD analyses (Teske 1977)). XMg is 
about 0.80 in the lowest Mg-calcites and 0.95 in the highest. The 

MnC03 content is generally higher than the FeC03 content. Maxima are 
0.8 and 0.5 wt% respectively. 

Dolomite. - The CaC03 content in dolomite varies from 55 to 59 wt%. 
Exsolved dolomite with a high Ca content occurs in high Mg-calcites, 
dolomite with a lower Ca content in low Mg-calcites. Primary dolomite 
seems to have incorporated less Ca than exsolved dolomite. XMg in both 
types of dolomite is approximately 0.97. Wt% FeC03 and MnC03 have 
maxima of 1.6 and 0.7 respectively. 
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DISCUSSION AND CONCLUSIONS 

The sequence of the minerals with a decreasing XMg' 

Do-Di-Phl>Fo>Cc-Sp, is similar to that found by Glassley (1975) and 

Rice (1977a, 1977b). In Fig. 5 the of forsterite is plotted againstXMg 
the of diopside and phlogopite. Values of each location fallXMg 
approximately on one KD-line. This suggests a local attainment of 

equilibrium for the Mg, Fe and Mn distribution between the three 

phases. KD-values for location A are higher than for the other 

locations. This could be the result of higher metamorphic temperatures 

in the southern part of the area near the intrusive complexes. 

Application of calcite-dolomite geothermometry has revealed 

temperatures of about 6700 C for location C, 7400 c for Band 6000 C for 

A. These results, especially the temperature fo~ A, are not in close 

agreement with other independently determined temperature estimates 

(e.g. Jacques de Dixmude 1978, Maijer et al. 1981). This is due to 1) 

the absence of dolomite at location A, resulting in a Mg content in the 

calcite not being determined by the calcite-dolomite solvus, and 2) the 

dolomite exsolution in calcite at Band C, causing the formation of a 

lower Mg-calcite than the original unexsolved Mg-calcite. Therefore the 

temperatures must be considered as minimum values. The highest minimum 
temperature at a given location can be derived from the highest Mg 
content found in calcite. Calculation has been done with the formula 

given by Rice (1977a), based on the experimental data of Graf and 

Goldsmith (1955) and Goldsmith and Newton (1969): 

logxM~C03=-1690/TOK+0.795. Both the FeC03 and MnC03 content are low in 

the analysed calcites and they will not have large effects on the 

calculated temperatures (Bickle and Powell 1977). 

Total pressures in the region near the lopolith are estimated at 3-6 

kb (Hermans et al. 1976). At a pressure of 5 kb phase relations in the 

marbles indicate temperatures of about 6700 C and higher (especially at 

A) at moderate to high XC02 ratios (Fig. 3), assuming that (14) is the 

most determining reaction for the mineral assemblages in the marbles. 

Indeed relatively high XC02 ratios are found in fluid inclusions in 

quartz pods and veins enclosed in the marbles (Swanenberg 1980). 

All these factors, element distribution, calcite-dolomite 

geothermometry (only regarding B and C) and phase relations suggest a 

temperature gradient from low temperatures at location C to high 

temperatures at A, possibly reflecting the M2 phase of metamorphism 

(Maijer et al. 1981). From phase relations it is also concluded that 

metasomatism has played a certain role in establishing the mineral 

assemblages. This is supported by field observations such as the 

occurrence of diopside rocks between marbles and silica-rich rocks. 
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CHAPTER 2 

ZONING IN DIOPSIDE FROM GRANULITE FACIES MARBLES FROM ROGALAND, 
SW NORWAY 

ABSTRACT 

Mg-rich clinopyroxenes from marbles and diopside rocks from the 
granulite facies terrain of Rogaland, SW Norway, can be strongly zoned. 
The zoning, in general optically not visible, is characterized by an 
AI-rich core, in some cases enriched in Ti and Fe3+, and a rim, rich in 
Mg and Si. The zoning is observed to be strongest in spinel-bearing 
marbles and in phlogopite-bearing diopside rocks. The most determining 
factors in its formation are changes in the activity-ratio of AI and 
Si, while coupled substitutions play an important role in the chemistry 
of the pyroxene during growth. Presumably the zoning in the 
clinopyroxenes was formed in a prograde metamorphic as well as in a 

late, metasomatic stage. 

INTRODUCTION 

Several exposures of marbles and calc-silicate rocks, known as the 
Faurefjell formation, occur within the migmatites of the high-grade 
metamorphic Precambrian of Rogaland, SW Norway (Sauter 1981) (Fig. 1). 
These migmatites surround intrusive complexes of anorthosites and of 
the leuconoritic to quartz monzonitic lopolith of Bjerkreim-Sokndal 
(Hermans et al. 1975). Several stages of metamorphism, Ml to M4, have 
been recognized in garnetiferous intercalations within the migmatites 
(Kars et al. 1980, Maijer et al. 1981). The upper amphibolite facies 
metamorphism of the Ml stage is followed by the M2 stage, characterized 
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by a granulite facies metamorphism. The age of this stage is estimated 

at about 1050 Ma (Wielens et al. 1981). The temperature of this 

metamorphic event shows a gradual increase from about 8000 c at some 25 

to 30 km north of the intrusive masses to 10000 c near the intrusives 

(Jacques de Dixmude 1978, Hermans et al. 1976, Maijer et al. 1981). The 

M3 stage is a low granulite to upper amphibolite facies metamorphism. 

M4 represents a retrogressive stage and has presumably a Caledonian 

age. 

In marbles and diopside rocks of the Faurefjell Formation 

compositional zoning in diopside has been recognized by means of 

electron microprobe analysis. In metamorphic rocks compositional 

zoning in clinopyroxene is rare, or at least rarely described. In 
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garnet-bearing rocks however, zoned clinopyroxenes have been observed 

together with zoned garnet (e.g. Loomis 1977, Coolen 1980). In volcanic 

rocks zoning may be very common, due to fractionation processes between 

phenocrysts and the melt and a rapid cooling. In metasomatic rocks like 

skarns zoning may be present as result of fluctuating fluid 

compositions during growth (e.g. Kwak and Tan 1981). 

PETROGRAPHY 

In the marbles of the Faurefjell formation the main rock types are 

forsterite marbles and diopside marbles, characterized by the following 

main mineral associations: Fo-Phl-Cc~Di~Do~Sp and Di-Phl-Cc 

respectively (Sauter, 1981). Diopside rocks, intercalated in the 

marbles or at contacts between marbles and silica-rich rocks, mainly 

consist of diopside with varying amounts of phlogopite and calcite. 

Very seldomly forsterite or enstatite are present. The mineral content 

of the samples used in this paper is given in Table 1. 

Table 1: List of mineral contents. 

Sample loc Fo Oi En PhI Sp Cc 00 1) 

X A164 Fo marble A x 0 x x 

• BE24 Fa marble A x 0 0 0 x 

* 
+ C165 Oi-Phl rock C x a 

C235 Oi marhle C x x x 

• C336 Fo marble A x 0 2 ) 0 a 3 ) x 

4 C347 Oi-Fo-En rock A x x 0 a a 

0 C372 Fo marble B x a a a x 

() C480 Fa marble A x a a a x 

b. Q75 Fa marble B x 0 4 ) x x 

[0] Q138 Fa marhle B x a a x a 

0 HS208 Fa marble B x a a x a 

Only main minerals are mentioned. x=major, o=minor, 

a=accessory. 1) Exsolved dolomite not included. 2) 

Mainly in clusters, part ly surrounded by forsteri te 

rims. 3) Only a single grain, as inclusion in 

forsterite.o 4) Only as rims around forsterite. 

Fo=forsterite, Di=diopside, En=enstatite, PhI= 

phlogopite, Sp=spinel, Cc=calcite, Do=dolomite. 
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In all the rocks studied here, except in sample C480, diopside is 

completely colourless. It may contain inclusions of calcite and, 

especially in the diopside-phlogopite rock, inclusions of phlogopite. 

Twin lamellae parallel to (100) and occasionally clinopyroxene 

exsolution lamellae parallel to (001) may be present. 

In many forsterite marble samples diopside is only a minor 

constituent, representing only a few percent of the total rock volume. 

Diopside often contacts forsterite, and its crystals may partly enclose 

the rounded forsterite grains (Fig. 2). Small rims of diopside around 

forsterite also occur (Fig. 3), while in a few samples rims around 

several forsterite grains are connected to each other along calcite 
grain boundaries (Fig. 4). In this case an optically homogeneous, 

poikiloblastic diopside crystal has been formed. This diopside may also 

partly enclose phlogopite. In some forsterite marbles, e.g. C336, 

clusters of diopside grains occur, which are surrounded by a rim of 

forsterite or its retrogressive product serpentine. The forsterite may 

have a poikiloblastic appearance (Fig. 8). In the same thin section 

normal, rounded forsterite grains occur, occasionally with partly 

surrounding diopside grains and rims. Forsterite rims are also 

frequently observed at contacts between diopside rocks and forsterite 

marbles. 

Fig. 2. Diopside, partly surrounding rounded forsterite. Diopside, 
as well as forsterite are locally serpentinized. Photomicrograph, 
sample C372. Plane polarized light. See Fig. 6 for drawing. 
Abbreviations: Di = diopside, Fo = forsterite, Cc = calcite, Do = 
dolomite, Phl = phlogopite, Clh = clinohumite. 
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Fig. 3. Rim of diopside around forsterite. Photomicro
graph, A164. Plane polarized light. Abbr.: see Fig. 2. 

Fig. 4. Diopside rims around forsterite. The rims are 
connected with eachother along calcite grain boundaries. 
Diopside forms one large poikiloblastic crystal. Photo
micrograph, Q75. Plane polarized light. Abbr.: see Fig. 2. 
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In spinel-bearing forsterite marbles spinel can be incorporated in 
forsterite or it may occur as individual grains. No spinel inclusions 
have been observed in diopside. Phlogopite in these marbles is mainly 
present as inclusions in forsterite. 

In diopside marbles diopside is a major constituent, forming a more 
or less equigranular polygonal texture with phlogopite and calcite. 

In the diopside-phlogopite rocks, e.g. C165, the same texture is 
mainly formed out of diopside and phlogopite. The texture is in some 
cases obliterated by the occurrence of large diopside poikiloblasts, 
with inclusions of small phlogopite grains. 

In the enstatite-bearing diopside rock, c347, layers of pure 
diopside alternate with forsterite in irregular zones parallel to the 
diopside rock marble contact. Textures indicate that the 
fine-grained enstatite has formed at the expense of diopside and 
forsterite. 

Summarizing, it can be concluded on textural grounds that phlogopite 

and spinel are early phases, formed prior to forsterite. At least a 
part of diopside, i.e. those grains or parts of grains which surround 
forsterite, and the discrete diopside rims around forsterite, have been 

Fig. 5. Zoning in diopside, visible as region of differ
ent optical orientation. Photomicrograph, C480. Crossed 
polarizers. See Fig. 7 for drawing. Abbr,: see Fig. 2. 
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formed late in the metamorphic/metasomatic history of the marbles. A 

more detailed account of the succession of formation of the minerals is 

given in Chapter 4. 

MORPHOLOGY OF THE ZONING 

The pattern of the Al distribution is optically only visible, as it 

will appear later, in the Al- and Ti-rich clinopyroxenes of the 

forsterite-spinel-diopside marble C480. In plane-polarized light, parts 

of some crystals show a very faint brownish pleochroism. With crossed 

polarizers these parts are more clearly defined by means of a zonal 
extinction (Fig. 5). Although the boundaries between the zones are 

somewhat diffuse, clearly an inner and outer zone can be distinguished. 

The zonal extinction, although most evident at the zonal boundaries, is 

gradual through the whole crystal. In another clinopyroxene section in 

the same sample, the limits of the zones are accentuated by thin growth 

layers. Using the universal stage, the orientation of these growth 

layers could be determined as approximately (117) and (203). The 

boundaries of the zones in the clinopyroxene of Fig. 5 seem to have the 

same orientation. 

Fo 

Fo 

I 0,5 mm'l 

Fig. 6. Zoning of Al in diopside. Heavy lines represent 
Al contours. ~hQnbe~8 in rectangles indicate wt% Al203' 
Small circles are microprobe spots, numbers in parenth
esis correspond with the complete analyses given in the 
Appendix. Other analyses are part1:al. Observed range is 
1.2 to 5.7 wt% Al203' Drawing after photomicrograph 
(see Fig. 2), C372. Abbr.: see Fig. 2. 
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ANALYTICAL PROCEDURE 

Electron microprobe analyses have been obtained using the Cambridge 

Scientific Instruments Geoscan and Microscan M-9 at the Vrije 

Universiteit in Amsterdam. Operating conditions were 20KV accelerating 

potential and 25nA beam current. Various synthetic and natural oxides 

and silicates were used as standards. Raw data were corrected with the 

M-9 computer program. 

CHEMICAL CHARACTERISTICS OF THE ZONING 

Electron microprobe analyses of the clinopyroxenes, as listed in the 

Appendix, show a considerable spread in composition. This variation, 

especially reflected in the Al content, can be observed between 
samples, within a sample and even within one grain. As the chemical 

variation is generally not expressed in optical properties, except for 

o 0 

0 

01°,5 mm' l 

0 
(12) 

(13) 

Di 

Cc 

0 

Fig. 8. Zoning of Al in diopside. Explanation in tex& of Fig. 6. 
Observed range in the large diopside grain 0.3 to 3.4 wt% Al203, 
in the small grain enclosed by forsterite (bo&&om left) 2.7 to 
3.9 w&% Al203. The large diopside grain is part of a cluster of 
diopside grains, surrounded by an irregular, poikiloblastic rim 
of forsterite. Drawing after pho&omicrograph, C336. Abbr.: see 
Fig. 2. 
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Fig. 7. Zoning of Al in 
diopside. Explanation: 
see Fig. 6. Observed range 
2.5 to 8.6 ut% Al203
(small grains at bottom 
left not included). DrcruJ
ing after photomicrograph 
(see also Fig. 5), C480. 
A-B: microprobe stepscan 
of Fig. 9. Abbr.: see 
Fig. 2. 

Fig. 9. Microprobe step
scan across profile A 
(left) - B(right) in di
opside of C480 (see Fig. 
7). Semi-quantitative 
microprobe analyses. 
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clinopyroxenes from sample C480, the chemical morphology of the zoning 

has been made visible by means of several microprobe analyses of Al 
within one crystal (Figs. 6, 7 and 8). As it is clear from these 
figures, the Al distribution shows a zonal, somewhat irregular pattern. 
The compositional gradients may be sharp at some places, gradual at 
others. There is no evidence of a relation between the zoning pattern 
and the composition of the adjacent crystals. Compositional differences 
within a crystal may be very large, e.g. from 2.5 to 8.6 wt% Al203 in 
sample C480 (Fig. 7). 

A microprobe scan has been made over the high-AI region of the 
clinopyroxene of this sample to show the variation in AI, Si, Ca, Mg, 
Fe and Ti (Fig. 9). The central part of the pyroxene profile indicates 
an enrichment in AI, Ti and slightly in Fe, while the outer regions are 
enriched in Si and Mg. Ca shows no definite preference for either of 
the zones. Striking is the sharp jump in the amount of Al in the 
left-hand side of the figure, from about 6.8 to 8.3 wt% A1203. At the 
right-hand side the drop in AI is more gradual. The high-AI part of the 
crystal, depicted in Figs 7 and 9, coincides very well with the zone of 
different optical orientation as shown in Fig. 5. 
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Fig. 10. Compositions of the analysed clinopypoxenes in 
the pypoxene quadpilatepal. Inset (left) shows position 
of compositional tpiangles. Fpom samples with stpongly 
vapying compositions only the two extpemes ape plotted. 
~: Compositions plotted as functions 0/ Ca, Mg,' Fe+Mn 
&ons. B: End-membeps calculated accopdin~ to Cawthopn 
and CoUepson (]974). Symbols: see Table' 1. 
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CHEMISTRY OF THE CLINOPYROXENES 

Although the chemical variations are large, the compositions of the 

pyroxenes only occupy a small part of the pyroxene quadrilateral (Fig. 

10). The pyroxenes have a Mg-rich composition, as is usual for minerals 

from metamorphosed siliceous dolomites (e.g. Glassley 1975, Rice 1977a, 

1977b). The ferrosilite component does not exceed 7%. Fe-richer 

clinopyroxenes occur in the more siliceous parts of the Faurefjell 

formation, e.g. the quartz-diopside gneisses (Sauter, 1981), but these 

are not included in this study. 

Several analyses in the quadrilateral, plotted as functions of Ca, 

Mg and Fe+Mn (Fig. lOA), show a trend into wollastonite contents higher 

than 50%. These are not due to a higher amount of Ca, but to a lower 

Mg content and relatively low Mg+Fe+Mn totals in AI-rich 

clinopyroxenes. This distorting effect can be compensated for by 

assigning Al mainly to the Ca-Tscherma~'s molecule (CaAIZSi06), by 

calculating the pyroxene end members using the scheme of Cawthorn and 

Collerson (1974) (Fig. lOB). Anomalously low wollastonite contents are 

found for clinopyroxenes from a diopside-forsterite-enstatite rock 

~------.-----r-----'----------'------------'----'----l 

0.40 
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0.30 

AI 

020 

0.10 

o '--"---------'-
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Si 

Fig. 71. S1: versus Al plot (ions per 6 0) [01° the analysed 
clinopyroxenes. Symbols: see Table 1. 
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Fig. 12. Variation of xMa with Al for the analysed clinopy
roxenes. XMg~Mg/(Mg+Fe+Mh), where all Fe has been calculated 
as Fe 2+. Highest Al content found, in C480, corresponds to 
8.:5 wt% Al203' Inset shou)s the XMg-Al range within each ana
lysed grain in the samples C165, C480, C372, C3:56 and B£24. 
Left: C165, two grains. Middle: Stippled: C480, three grains. 
Middle: Interrupted lines: C372, two grains. Middle: solid 
lines: C:5:56, four grains. Right: B£24, six grains. Lowest 
range from diopside rim around forsterite. Symbols: see Table 1. 
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(sample C347). The compositional range encountered here is not the 
result of a variation in AI, but it is due to real variations in Ca and 
Mg. 

In the analysed clinopyroxenes the amount of Al is more than 
sufficient to compensate for silica deficiency on the pyroxene 
tetrahedral sites (Fig. 11). Excess AI, indicated as the amount of Al 
larger than Si+Al=2, thus enters the octahedral Ml site. The variation 
of octahedral Al with total Al is different for the various samples. 
With increasing total AI, in the analyses of samples C480 and C372 
octahedral Al remains nearly constant, while for the samples C165 and 
BE24 an increase of octahedral Al can be observed. 

The variation in total Al in the clinopyroxenes is well correlated 
with a change in XMg , calculated as Mg!(Mg+Fe+Mn) (Fig. 12). Generally 
excellent negative correlations exist between analyses within one 
grain, between grains from the same sample, and also between several 
samples. High Al contents are especially found in pyroxenes in the 
spinel-bearing samples (BE24, C372 and C480) and in the 
diopside-phlogopite rock (C165). Different grains from the same sample 
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generally all show the same negative correlation between AI and XMg , 

although range, and maximum and minimum Al content vary (See inset of 

Fig. 12). Diopside rimming forsterite, in sample BE24, shows the 

lowest amount of AI in this particular sample. Here there seems to be 

a complete transition from high Al contents in a large diopside 

crystal, via intermediate contents in small crystals to the low amount 

of Al in the diopside rims. In the spinel-lacking marble A164 the 

composition of diopside rims along forsterite is almost equal to that 

of the larger diopside crystals. In sample C336 a small diopside rim 

reveals a relatively high AI content, while the composition of large 

diopside crystals in a cluster grades into low Al values. A more or 

less homogeneous composition and a low Al content in the clinopyroxenes 

is encountered in the spinel lacking marbles. 

The variation in XMg with AI, as shown in Fig. 12, is the reflection 

of both a decrease of Mg as an increase of total Fe with increasing AI 

in the pyroxene composition (Fig. 13). The amount of Ca, and of Mn 

(not shown) does not seem to be influenced by a variation in AI. 

As has been stated at the discussion of Fig. 11, the amount of 

octahedral AI in pyroxenes from the samples C480 and C372 remains 

constant, irrespective of the total and tetrahedral Al content. 

Therefore, charge balance and replacement of Mg at the octahedral sites 

(see fig. 13) must be accomplished by some other ion species. In these 
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particular samples, the high Ti contents, up to 3.6 wt% Ti02, and the 
good positive correlations between Al and Ti (Fig. 14), indicate that 
Ti plays a major role. Samples with low amounts of Ti, such as BE24 and 

C165, also show positive AI-Ti correlations. In the low-AI pyroxenes, 
only sample Q75 (diopside rims around forsterite) contains relatively 
high amounts of Ti. 

The presence of Ti however, is not in all analyses sufficient for a 
total charge balance. Therefore it is assumed that a part of total Fe 

is present as Fe3+, a fact which is also supported by high cation sums 
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displayed in several analyses. The presence of Fe3+ has also been 

demonstrated in two samples (C165 and C235) by wet chemical analyses of 

diopside concentrates (see Appendix). In the microprobe analyses 

Fe3+ has been calculated using the charge balance equation 

AlVI+Fe 3++2Ti=AlIV+Na, according to Papike et al. (1974). 

Unfortunately, calculation of Fe3+ is inaccurate, due to errors in 5i 

and Al measurements, which may contribute to relatively high errors in 

AlIV and AlVI determinations. Wet chemically determined 

Fe3+/Fe 2+ ratios in the samples mentioned are considerably lower than 

those calculated from microprobe analyses. Nevertheless, some trends in 

the behaviour of Fe3+ can be recognized, which may give more 

understanding of the role of ferric iron in the formation of the 

pyroxenes. 

In Fig. 15, where for four samples total Fe has been divided in 

Fe 2+ and Fe3+, an increasing Al content seems to be coupled with an 

increasing amount of Fe 3+ present. On the other hand Fe 2+ seems to 

remain constant with variations in Al and Mg. Therefore, the positive 

correlation of total Fe with Al (Fig. 13) and the negative correlation 

of XMg with Al (Fig. 12), presumably are for the largest part due to a 

presence of Fe3+ in the AI-rich clinopyroxenes. 
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Recalculation of XMg , corrected for Fe3+, and replotting the 

XMg values in the XMg-AI plot (Fig. 16), reduces the total range of 
XMg observed, from approximately 0.88-0.98 to 0.92-0.99, and shifts and 
obscures the earlier trends. The new trends in XMg-AI, although much 
more ill-defined, presumably by the errors in Fe 3+ calculation 
mentioned above, show an almost constant XMg value, or a small decrease 
in XMg with increasing AI. 

It is noteworthy that clinopyroxenes from several other studied 
areas, in more or less comparable rock types, show the same chemical 

behaviour with respect to the (uncorrected) XMg-AI relation as the 
Faurefjell c1inopyroxenes do (Glassley 1975, Rice 1977a, 1977b, Kret~ 

1980). However, this holds only true for relations between samples, as 
chemical variation within a sample or within one crystal has not been 
reported from these studies. In Fig. 17 clinopyroxene data from several 
studies have been plotted. The trend within a sample of the Rogaland 
rocks is indicated by a solid line. Although for the y-axis in this 
figure another parameter has been used (wt% Al203 instead of cations 

Fig. 17. XMg-Al203 plot for 
clinopyroxenes from several 
areas. Note: symbols have dif
ferent meaning than in other 
figures. Open circles: Kretz 
(1980). Clinopyroxenes from 
high-grade Precambrian carbo
nate rocks, Grenville Province. 
Open squares: Rice (19??a). 
Contact metamorphic marbles, 
occasionally spinel bearing, 
Boulder aureole, Montana. 
Solid squares: Rice (1977b). 
Contact metamorphic marbles, 
Marysville aureole, Montana. 
Crosses: Glassley (1975). High 
grade metamorphic marbles and 
diopside rocks, LOfoten, Nor
z,Jay. Triangles: This z,Jork. For 
pyroxenes z,Jith large variations 
in Al content, only the extreme 
compositions are plotted, con
nected z,Jith a solid line. For 
all references, except Kretz: 
XMg=Mg/ (Mg+Fetot+Mn). For Kretz: 
XMg=Mg/OJg+Fe2+). 
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AI), these trends can easily be traced back to those in Fig. 12. 

AI-rich clinopyroxenes, occurring in spinel-bearing marbles (Rice 

1977a, this work) or in diopside rocks (three points with highest Al 

content from Glassley 1975, this work) generally have lower valuesXMg 
with respect to the AI-poor pyroxenes from the same areas. The 

spinel-free marbles from the Montana aureole (Rice 1977b) also show low 

Al contents. Pyroxenes from Grenville marbles (Kretz 1980) do not show 
a definite trend. 

DISCUSSION 

Formation of the clinopyroxenes, reaction sequences in T-XC02 space. 

Pyroxene growth in the forsterite marbles is possible at various 

stages in the metamorphic history. If the prograde metamorphism of the 

marbles has taken place under isochemical conditions, involving an 

internally buffered fluid composition, diopside will be formed prior to 

forsterite in the relatively Si- and Mg-rich calcareous rocks which are 

under interest here. The same is the case in externally buffered 

systems, where however the formation of diopside is dependent on the 

initial XCOZ ratio. 

In all these prograde reaction sequences forsterite will be formed 

from diopside- and tremolite-consuming reactions. No textural 

indications for the formation of forsterite have been found in the 

Rogaland marbles. 

A later, post-forsterite, formation of diopside, as is apparently 

the case for at least a part of the marble pyroxenes, is possible in 

two ways, retrogressively and metasomatically. The retrogressive 

reaction ZFo+4Cc+ZCOZ=lDi+3DO, possible at high and low XCOZ values 

(e.g. Eggert and Kerrick 1981) is one way to create diopside later than 

forsterite. Several authors (Martignole 1975, Legrand 1976, Lasnier 

1977, Zingg 1980) report thin diopside rims around forsterite and some 

of them (Martignole and Zingg) indeed favour this retrogressive 

formation. In the Rogaland case however, no new formation of dolomite 

has been observed along these rims, neither an incorporation of Mg in 

the calcite is expected with decreasing temperature. The diopside rims 

around forsterite are therefore better explained by metasomatic 

reactions. Textures like the interconnected diopside rims (Fig. 4) also 

strongly suggest a metasomatic origin. These reactions could be 
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initiated by silica-rich fluids and they may be of the type 

IFo+ZCc+3SiOZ=ZDi+ZCOZ and IDo+ZSiOZ=1Di+ZCOZ' Not only the thin rims 

around forsterite but also crystals and parts of crystals which partly 

enclose forsterite grains (see for example Fig. Z) may have originated 

as a result of these reactions. 

Development of the zoning. 

Some of the zoning patterns of the clinopyroxene, see for example 

Figs 6 and 7, and the steep transition between high- and low-AI zones 

in Fig. 9, are reminescent of sector zoning. This type of zoning, in 

which during growth chemical inequalities are produced in different 

crystallographic directions, has especially been observed in pyroxenes, 

notably titanaugites, in volcanic rocks (e.g. Hollister and Hargraves 

1970, Wass 1973, Leung 1974) but also in staurolites in 

contact-metamorphic rocks (Hollister 1970) and in biotites in skarns 

(Kwak 1981). Apparently a relatively rapid crystal growth is one of the 

requirements for the origin of sector zoning. 

In the Rogaland case an accurate determination of the zoning pattern 

in terms of crystal sectors is not possible, due to the scarce and 

faint optical expressions of the chemical zoning. In the crystal in 

Fig. 7 however, the chemistry of the high-AI zone, which perhaps could 

be designated as a basal sector, is in contradiction with the chemistry 

observed in basal sectors of titanaugites, which are low in Al (e.g. 

Leung 1974). Therefore it is assumed that the compositional zoning 

observed in the clinopyroxenes is not a sector zoning, but a more 

normal growth-zoning which originated during growth of the 

clinopyroxene, from a core rich in AI, and locally rich in Ti and Fe3+, 

to rims rich in Si and Mg. Diopside in a cluster in C336 (Fig. 8) 

shows an AI-rich zone at the rim of the large crystal. This too 

indicates a growth zoning: this metasomatically grown diopside started 

to form at the contact of a quartz pod or vein with the marble, and 

grew inwards towards lower Al compositions. 

As the largest Al contents and the largest spread in Al has been 

observed in clinopyroxenes in spinel-bearing marbles and in the 

diopside-phlogopite rock, so in AI-rich bulk compositions, it is 

inferred that the activity of AI, coupled with that of Si, is the most 

determining factor in the origin of the zoning. These activities may 

change as the result of a fractionation-depletion process, initially 
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described by Hollister (1966). Hereby the activity of, in this case, Al 

in the system is reduced by a continuous removal of Al by incorporation 

into the growing clinopyroxene. Concomitant crystallization of other 

AI-rich phases, like phlogopite or spinel, will enlarge the 

concentration gradient between core and rim of the clinopyroxene. 

During growth, coupled substitutions control the incorporation of other 

ions in the pyroxene structure. This is perfectly demonstrated by the 

well-defined trends in the several Al plots shown. 

Timing of clinopyroxene growth and zoning. 

Regarding the fact that the initial pyroxene composition apparently 

is dependent on the local bulk composition, e.g. AI-rich pyroxenes in 

spinel-bearing marbles, Ti-rich in C480, Fe-rich in C165, Fe-poor in 

BE24, one way of thought would be to assume that the AI-rich parts of 

the clinopyroxenes crystallized during the normal prograde 

metamorphism, before forsterite, in equilibrium with the other 

AI-bearing phases. The later, AI-poorer parts and rims around 

forsterite could be formed metasomatically after the forsterite 

formation. 

The other alternative is a completely metasomatic origin for the 

whole clinopyroxene crystal, after the forsterite growth. In this case 

the link between pyroxene and bulk chemistry has to be explained, 

particularly the clinopyroxene AI-richness in spinel-bearing marbles. 

Spinel itself is a relatively early phase, in view of its inclusions in 

torsterite, and thus there is no way to assume a simultaneous, 

metasomatic growth of spinel and clinopyroxene from a Si- and AI-rich 

fluid. Furthermore no evidence has been found for spinel-consuming 

reactions which form AI-rich clinopyroxene. On the contrary, spinel 

has a fairly euhedral appearance and shows no relation with 

clinopyroxene. 

Therefore, to explain the compositional relationship between 

clinopyroxene and bulk in a metasomatic origin it has to be assumed 

that an intruding Si-rich fluid has mixed with an intergranular AI-rich 

fluid phase. Zoning in the clinopyroxene may then develop by the 

fractionation-depletion process and by a dilution of the intergranular 

fluid by its metasomatic intruder. 
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It is difficult to decide which mode of origin is the most likely 
for the formation of the zoned clinopyroxenes in the marbles. Only for 
the diopside-phlogopite rock it seems clear, from field observations 
and phase relations (Sauter 1981), that the clinopyroxene formed under 
metasomatic conditions from a locally Si-, Al- and K-rich fluid. For 
the diopsides in the marbles a formation mainly in two stages, a 

high-AI prograde stage and a lower-AI metasomatic stage, seems to be 
the most likely. Zoning may have formed during both stages. 

Striking features of the observations made here are the fact that 
this zoning is present in such high-grade rocks and that the zoning 
locally displays such sharp boundaries between high- and low-AI zones 

(see Fig. 9). For garnets it is demonstrated that original zoning 
patterns are often obliterated during high-grade metamorphism (Anderson 
and Olimpio 1977, Woodsworth 1977). Little is known however about Al 
diffusion in clinopyroxene. On crystal chemical grounds generally low 
diffusion rates for Al in silicates are expected (Dowty 1980). At 
about 12000 c and 1 bar, Al diffusion in diopside (Seitz 1973) has 
approximately the same magnitude as Mn-Fe diffusion in garnet (Freer 
1979), but extrapolation of high-temperature data to lower temperatures 
is dangerous because of the possible abrupt change in slope of the DIT 
curve (Dowty 1980). 
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CHAPTER 3 

EXSOLUTION, MAJOR ELEMENT AND ISOTOPE CHEMISTRY OF ROGALAND CARBONATES 

ABSTRACT 

The Mg-calcites in the Rogaland marbles show a large amount of 
dolomite exsolution. Several exsolution types can be recognized, of 

which tablet-like, rhombohedral and symplectitic types are the most 
important. The rhombohedral and a fine-grained symplectitic type may 
be correlated to retrograde metamorphic events. 

The exsolution of dolomite has caused a decrease of the Mg-content 
of calcite. Original, pre-exsolution Mg-contents may have amounted up 

to 12 mole% MgC03, corresponding to a temperature of about 7000 C for 
locations Band C. The Mg-content of calcite in the dolomite-free 
marbles of location A is lower. 

The carbon and oxygen isotope ratios of calcite show a trend from 
about d13C=-4 (PDB) and d180=+2l (SMOW) for location A, to d13C=-7.5 
and d180=+14 for location C, close to the Caledonian front. Isotope 
ratios of calcites from veins and Caledonian marbles close to or just 
above the Caledonian boundary do not fit in the main trend. They show a 
d 13C of -1 to -7 and a d180 of about +11. The decrease of the isotope 
ratios of calcites in the Precambrian marbles is mainly attributed to 
the activity of Caledonian retrogressive fluids. 

INTRODUCTION 

Marbles in the granulite facies Precambrian of Rogaland, SW Norway, 
occur in the Faurefjell formation, which rocks are intercalated in 
mainly charnockitic migmatites (Sauter 1981). These migmatites envelop 
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the intrusive complexes consisting of anorthosites and the lopolith of 
Bjerkreim-Sokndal (Hermans et al. 1975) (Fig.l). The marbles mainly 
consist of forsterite marbles, containing the mineral association 
Fo-Phl-Cc±Do±Di±Sp, while diopside marbles show the main association 
Di-Phl-Cc. Other rock types in the Faurefjell formation include 
diopside rocks, alkalifeldspar-rich rocks, quartzites and 
quartz-diopside gneisses. During the M2 granulite facies metamorphism 
temperatures in the migmatites reached values up to 10000 C close to the 
lopolith, grading towards lower temperatures around 8000 C more to the 

north and the east (Jacques de Dixmude 1978). The hypersthene-in 
isograd marks the transition from amphibolite to granulite facies 
metamorphism. The peak of metamorphism M2 is dated at approximately 
1050 Ma, earlier phases MO and Ml at 1500 and 1200 Ma respectively 
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(Wielens et al. 1981). At 950 Ma a M3 stage is recognized. A 

late-Precambrian peneplanization is followed by a Cambro-Silurian 

sedimentation and subsequent burial metamorphism (M4a). A part of the 

very low-grade metamorphic effects in the Precambrian basement is 

ascribed to this event (Sauter et al. 1983). Caledonian thrusting and 

metamorphism follows, the resulting retrograde greenschist facies 

metamorphism (M4b) is effective in the basement in a zone close to the 

Caledonian boundary (Verschure et al. 1980). 

As part of a study of the metamorphic evolution of the Rogaland 

marbles investigations were carried out into the calcite-dolomite 

microstructures, the major element chemistry of the carbonates and into 

the carbon and oxygen isotopic composition of the carbonate minerals. 

Mainly samples from three marble locations were studied, locations A, B 

and C (Fig.l) (Sauter 1981). These three locations all had different 

temperature histories. Location A, close to the intrusives, suffered 

very high temperatures during the granulite facies metamorphism, but 

was not affected by the retrograde greenschist facies. Location C, 

further north and close to the Caledonian front, underwent high-grade 

temperatures around 700-750o C only, but it suffered a severe Caledonian 

impact, amounting to at least 4000 c (Verschure et al. 1980). Location 

B lies just at the edge of the retrograde greenschist zone and had an 

intermediate position with regard to temperature. 

Generally the marbles, including related rocks such as diopside 

rocks and alkalifeldspar-rich rocks, occur as lenses within the 

migmatites (Sauter 1981). Location A is one of the largest occurrences 

of marbles. Here the Faurefjell formation as a whole is exposed over at 

least 600 m and it is at least 20 m thick. The marbles occur in 

several levels with layer thicknesses up to 10 m. Numerous small lenses 

and blocks of diopside rocks are included. The bottom of the formation 

consists of a 7 m thick, coarse-grained quartzite. To the south the 

formation thins out; to the northwest it evolves into the thick 

quartz-diopside gneisses of location D. Here sporadically marbles are 

found, indicating the relation with the marbles of location A. 

Location B consists of several large and small lenses of the Faurefjell 

formation, most of which seem to belong to a certain level within the 

migmatites. Many diopside rocks are intercalated in the marbles. Some 

exposures, close to a fault and a large quartzite body, are heavily 

retrograded, showing tremolite, talc and chlorite. Location C is a 

small road cut in a Faurefjell lens, approximately 30 m long and 
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several meters high, within the migmatites. The marbles generally are 

less than 1 m thick. Diopside rocks and diopside-alkalifeldspar rocks 
form a large part of the exposure. 

CALCITE-DOLOMITE MICROSTRUCTURES 

DESCRIPTION 

In almost every sample from the Rogaland marbles at least one type 
of dolomite intergrowth in calcite can be recognized with normal 
light-microscopic methods. Besides these generally fine-grained 
dolomite intergrowths coarser-grained dolomite may also occur, often as 
elongated grains at calcite and silicate grain boundaries. In the text 
all not-intergrown dolomite will be referred to as "primary", to 
distinguish from the exsolved dolomite types 1 to 6, although a part of 
this primary dolomite presumably will be secondary. 

Earlier, calcite-dolomite intergrowths in the Rogaland marbles were 
described by Legrand (1976). 

The distinction between calcite and dolomite in thin section was 
greatly enhanced by staining. For this purpose the uncovered thin 
section was firstly etched in a 1.5% acetic acid solution for 10 
seconds and then immersed in a soured Alizarin Red S solution for 2 
minutes (the method described by Hutchison 1974). 

The grain size of the carbonates in the marbles varies greatly. 
Generally the carbonates in the forsterite marbles are coarse grained 
(up to 5 mm). In several samples the grain size is reduced by 
recrystallization (occasionally down to 0.25 mm). The carbonate grain 
size in the diopside marbles is small (0.5 mm). Twin lamellae in 
calcite and dolomite are widespread. The grain boundaries may be 

straight to highly irregular. At some calcite-silicate boundaries thin 
rims of recrystallized calcite occur, with or without fine-grained 
dolomite intergrowths. 

Six different types of dolomite intergrowths in calcite have been 
recognized in the Rogaland marbles, in approximate order of origin, 

type 1 to 6. Three of these types, 1, 4 and 5, are common in the 
Rogaland marbles, the other three are subordinate. 
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Type 1. This type of dolomite intergrowth has the form of small tablets 

(Fig. 2A, 2B). The diameter of the tablets may range from about 15 

to 70 um, the thickness from 5 to 25 um. The tablets have a strict 

crystallographic relationship with the host calcite. The c-axes are 

parallel to each other, the flat sides of the tablets lie in the 

(0001) plane of calcite. Deviations from this structural pattern 

are caused by later processes (see type 5). The tablets may be 

homogeneously distributed in the host calcite, but in some cases 

they are concentrated in certain parts of the crystal. Borders of 

calcite grains are free of dolomite tablets. In some cases the 

tablets seem to have coarsened and to have lost their typical habit, 

so giving rise to type 2 and possibly to type 3. 

To my knowledge, this tablet-like dolomite intergrowth in calcite 

has never been described from elsewhere. 

Type 2. This type, only rarely found, is characterized by lamellar type 

of inclusions. The dolomite lamellae may be broad and irregular 

(Fig. 2C) or thin and elongated (Fig. 2D). The thickness of the 

broad lamellae may reach about 100 urn, their length to 3 mm. The 

thickness of the thin lamellae is 5 to 10 um, their length may 

amount to 4 mm. The largest dimension of the lamellae lies in the 

(0001) plane of calcite, the crystallographic orientation is the 

same as of the calcite hosts and also of the dolomite tablets (type 

1), which may be present in the same calcite grain. In fact, in 

some cases dolomite tablets may be observed at one of the ends of a 

lamella. In sample C510 a few lamellae lie in other calcite planes 

and may have a slightly different crystallographic orientation (Fig. 

2D). 

Lamellar or rod-like dolomite intergrowths in calcite have been 

described, for instance, by Coomaraswamy (1902) in Ceylon marbles, 

by Van der Veen (1965) in several carbonatites and a marble, by 

Puustinen (1974) in a carbonatite complex in Finland, and by Kretz 

(1980) in Grenville metamorphic marbles. 

Type 3. This type is a coarse-grained symplectitic type of dolomite 

intergrowth (Fig. 2E), to be distinguished from the fine-grained 

symplectite of type 5. Its occurrence is not very common. The size 

of the elongated dolomite blebs is generally about 25 um, 

exceptionally 50 um. Again, the intergrown dolomite has the sam 

crystallographic orientation as the calcite host. Dolomite, showin 

only a vaguely symplectitic habit, is situated in large calcit 
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Fig. 2. Photomicrographs of ca~cite-do~omite exso~utions. A: Type 
1. Do~omite tab~ets, section II c-axis (C509). B: Type 1. Dolomite 
tablets, section ~ c-axis (C511). C: Type 2. Coarse dolomite la
mellae (C372). D: Type 2. Thin dolomite lamellae (SW to NE), ~a

me~lae with different orientation (SE to NW), dolomite tablets 
(upper left) and dolomite rhombohedra (between thin lamellae) 
(C510). E: Type 3. Coarse-grained symp~ectite (C515). F: Type 3. 
Dolomite tablets (inner parts, approx. N-S), overgrown by dolomite 
(SW-NE) in coarse-symplectite bearing calcite (C510). A~~ photo
graphs: plane po~arized light. Calcite (stained by Alizarine) dark, 
dolomite light. 
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Fig. 3. Photomic~og~aphs of calcite-dolomite exsolutions. A: Type 
4. Dolomite ~hombohed~a (C405). B: Type 5. Fine-grained symplecti
te (C236). C: Type 5. Fine-g~ained symplectite (da~k), g~owing 
into tablet-bea~ing calcite (light) (C511). D: Type 6. Fine
g~ained symplectite. Right: calcite and dolomite in same c~ystal
log~aphic o~ientation, showing little cont~ast. Left: diffe~ent 
o~ientation, showing la~ge contpast. Note the same di~ection of 
the dolomite vePmicula on both sides of the calcite g~ain bounda
Py ((138). A, B: plane polapized light, calcite (stained by Ali
zapine) dapk, dolomite light. C: cpossed pola~izeps. D: plane po
lapized light, vepy thin section. 

grains. In the same sample equal-sized calcite grains may contain 

dolomite tablets. Sporadically tablets are also present in 
symplectite-bearing calcite grains, with the same orientation. Other 
tablets however, as well as symplectitic blebs, may show different 

optical orientations and overgrowing textures (Fig. 2F). 

Type 4. This type is represented by very small rhombohedron-like 
particles of dolomite (Fig. 3A). Their size may vary from less than 
1 urn to, exceptionally, 50 urn, but generally they do not exceed 5 to 

10 urn. The planes of the dolomite rhombohedra are parallel to the 
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calcite cleavage planes and both calcite and dolomite have the same 

crystallographic orientation. This type of dolomite intergrowth is 

very common. The particles are concentrated in trails, or they are 

evenly distributed in the calcite together with other small 

impurities, giving it a cloudy appearance. Often a precipitation

free zone can be observed around the larger dolomite intergrowths of 

types 1, 2 and 3. 

Small rhombohedral dolomite inclusions in cloudy calcites have 

been described before by e.g. Goldsmith (1960) and Hormann and 

Morteani (1972). 

Type 5. In all types of calcite-dolomite intergrowths described above, 

a second, fine-grained, type of symplectite may be observed (Fig. 

3B, 3C). Again, the dolomite particles have the same 

crystallographic orientation as the calcite host. The symplectites 

typically occur at calcite grain boundaries, where they grow into 

adjacent calcite grains, involving grain boundary migration. Calcite 

in the symplectite has the same orientation as the grain from which 

it grows, different from the orientation of the calcite into which 

it is growing. Swapped boundaries, where grain boundary migration 

and formation of symplectites develop at two sides of the calcite 

grain boundary, are occasionally observed. During their growth, the 

symplectites may enclose preexisting dolomite tablets. Because the 

optical orientation of these tablets remains fixed, the resulting 

configuration is a calcite with a fine-grained symplectite, 

including dolomite tablets with a different optical orientation 

(Fig. 3C). Dolomite rhombohedra (type 4) however are consumed, so 

that the new calcite in the symplectite is cleaner than the often 

cloudy calcite into which it is growing. 

Type 5 symplectite is much more widespread than the 

coarse-grained symplectite type 3. The fine-grained type 5 

symplectite may even be present within a type 3 symplectite. The 

main differences between the two types are: 1) Type 5 is 

finer-grained, with respect to both the dolomite particles (1 - 10 

um, occasionally amounting to 30 um), and the calcite host 

(generally not exceeding 1 or 2 mm). 2) Type 5 does not contain the 

dolomite rhombohedra of type 4. In some cases however, the 

distinction can not be easily made. 

Calcite-dolomite symplectites have often been described in 

literature, for instance by Coomaraswamy (1902) in Ceylon marbles, 

by Joplin (1935) in a contact-zone in New South Wales, by Goldsmith 
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et al. (1955) in granulite facies marbles from West Greenland, by 

Puustinen (1974) in a carbonatite from Finland, by Legrand (1976) in 

Rogaland marbles, by Kretz (1980) in Grenville marbles and by Valley 

and O'Neil (1981) in Adirondack marbles. 

Type 6. This type of microstructure is represented by a 

calcite-dolomite symplectite, in which calcite and dolomite have 

different optical orientations (Fig. 3D). It occurs only within 

grains with symplectite of type 5. In parts of type 5 symplectite 

calcite has changed its orientation whereas the morphology of the 

calcite-dolomite'intergrowth and the orientation of dolomite have 

remained the same. 

DISTRIBUTION OF THE MICROSTRUCTURES 

The distribution of dolomite and its exsolution types over the 

various locations is given in Table 1. One of the striking features is 

the virtual absence of dolomite at location A, only exsolution types 4 

and 5 are rarely found. Locations Band C show the same intergrowths, 

except for types 2 and 3, which are restricted to forsterite marbles 

from location B. The dolomite tablets (type 1) tend to be somewhat 

larger in location B. Exsolution in the diopside marbles has only been 

observed in types 1, 4 and 5, and it is not as abundant as in the 

Table 1: Distribution of dolomite exsolution types 

over the locations. 

Dolomite type 

Location 

Location 

Location 

0 1 2 3 4 5 6 

A a a 

B x x 0 0 x x 0 

C x x x x a 

O=primary dolomite, see text for explanation 

of other dolomite types. x=abundant, o=minor. 

a=rare. 
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forsterite marbles. 

There exist some relations between the occurrence or abundance of 

some microstructural types and the primary or retrogressive assemblage 
in the marbles. The absence of dolomite tablets in 

primary-dolomite-free marbles (at least in location A) has already been 
mentioned. Furthermore, in all locations the amount and grain size of 
the rhombohedron-type dolomite (type 4) is larger in samples with 
strongly serpentinized forsterite. No clear relations with primary or 
retrogressive assemblages have been found for the other types. 

Serpentinization of the olivines is not necessarily related to calcite 
grain boundary migration and the occurrence of fine-grained 
symplectites. This symplectite shows some tendency to occur in samples 
containing clinohumite and retrogressively altered diopside, phlogopite 
or spinel, but this is certainly not a general rule. Type 2 and perhaps 
also type 3 seem to grow from the tablets of type 1 but there is no 
indication of any relation with the assemblage. Types 1 to 3 can be 
found together in the same thin section, even within one grain. Type 6, 
the last symplectite type, occurs only in samples with a large amount 
of type 5 symplectite. The occurrence of microstructural types could 
also not be related to special field relations within a locality, such 
as distance to the country rock, diopside rocks or pegmatites. 

ORIGIN OF THE MICROSTRUCTURES 

It is difficult to establish the nature of the coarse dolomite 
grains at calcite and silicate grain boundaries. A part of this 
dolomite will be primary, especially those large grains concentrated 
near the silicate phases, but the smaller, elongated grains at calcite 
grain boundaries might well be the product of exsolution. The fact that 
the border zones of calcite grains are free of dolomite tablets, is 
indeed an indication that dolomite has exsolved from these regions and 
has concentrated at the grain boundaries. The textures of types 1 and 
4, the tablets and the rhombohedra, are thought to have originated by a 
"normal" exsolution process. During the post-metamorphic cooling the 
Mg-calcite becomes supersaturated in Mg and a dolomite phase starts to 
exsolve, firstly as tablets. The later exsolution of the rhombohedral 
type of dolomite, in the relatively high-Mg zones between the tablets, 
seems to be enhanced by the presence of a fluid: the fine dolomite 
particles often lie in trails, crossing calcite grain boundaries. 
Moreover this type of exsolution especially occurs in serpentinized 
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samples. The textures of type 2, the dolomite lamellae, can best be 

interpreted as a product of coarsening of the dolomite tablets. The 

coarse-grained symplectite, type 3, partly appears to have the same 

origin. The tablets seem to coarsen in irregular forms and to produce a 

symplectitic habit. In some samples however the coarse symplectites do 

not show their initial crystallographic relationship with the host 

calcite. Locally they also seem to have overgrown preexisting tablets. 

This suggests a separate, perhaps later coarsened, type of symplectitic 

exsolution. Type 5 symplectites are found in all foregoing types 1 to 

4, and they are interpreted to represent the youngest exsolution phase. 

Such a texture, also observed in metallic and silicate systems, may be 

produced in several ways: in solid-liquid transformations as a result 

of an eutectic crystallization from the melt, and in the solid state as 

the result of an eutectoid reaction or of a discontinuous precipitation 

(e.g. Boland 1980). The close crystallographic relation between 

symplectitic calcite and the calcite from which it is growing, and the 

incorporation of old dOlomite tablets in the growing symplectite, point 

to an origin in the solid state. Moreover, temperatures, at least in 

locations Band C, were probably too low to produce a melt. Little is 

known about phase transformations of high-temperature polymorphs of 

calcite, which could form eutectoid points in the phase diagram. 

Presumably they have not played a role in the temperature interval of 

about 8000 C and lower (Goldsmith and Newton 1969), assumed for 

locations Band C. Also the aragonite field has presumably not been 

reached during the Rogaland cooling history (Swanenberg 1980). 

Therefore a discontinuous precipitation process is thought to have been 

responsible for the formation of the type 5 microstructures. The 

formation of the symplectite is accompanied by an extensive grain 

boundary mobility, characteristic of discontinuous precipitation. It is 

suggested here that Caledonian retrogressive M4b metamorphism could be 

the cause of such a recrystallization accompanied by dolomite 

exsolution. The coincidence of this type of microstructure with some 

retrogressive minerals seems to confirm this, as well as its spatial 

distribution: abundant in Band C, rare in A. However, the role of 

carbonate chemistry, notably the low original Mg content of the calcite 

at A, must also be taken into account. Type 6 symplectites seem to be 

the result of an advanced stage of grain boundary migration, rather 

than a new precipitation process. In this type of symplectite no new 

precipitates seem to have been formed, and no coarsening of type 5 

symplectite has been observed (Scholten, 1982). 

The following succession of calcite-dolomite microstructures is 
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proposed: 

1)	 Formation of dolomite tablets in locations Band C during 
post-metamorphic cooling after M3. The relatively low Mg content of 

the calcites in location A (see the following paragraph) inhibited 
nucleation of a dolomite phase. 

2)	 and 3) Lamellar coarsening and symplectitic coarsening in location 
B. 

4)	 Formation of rhombohedral dolomite in locations A, Band C. 
Precipitation-free zones around types 1, 2 and 3. Presumably 
simultaneously with serpentinization of forsterite (M4a?). 

5)	 Formation of fine-grained symplectite as result of discontinuous 
precipitation in locations A, Band C, minor in A. (M4b?). 

6) Locally advanced grain boundary migration, mainly in location B, 

rarely in C. Presumably a continuous process from type 5 to 6. 

CHEMISTRY OF THE CARBONATES 

Microprobe analysis of the carbonate phases proved to be a difficult 
task. Within calcite grains differences in chemical composition were 
detected, which could be due either to the presence of very small 
dolomite rhombohedra or to real chemical inhomogeneities within the 
calcite. Damaging of the carbonates by the electron beam was another 
disturbing factor in carbonate analysis. Part of these difficulties 
could be avoided by analysis of a small area of about 30 um2 , instead 
of analysing a spot. 

ANALYTICAL PROCEDURE 

Electron microprobe analysis of the carbonate minerals were obtained 
using a TPD microprobe and a Cambridge Scientific Instruments Microscan 
M-9. Operating conditions were 15 and 20KV accelerating potential and 

25nA beam current. Diopside, olivine, hematite and rhodonite were used 
as standards. 
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Table 2: Microprobe analyses of the carbonates. 

mole% 

FeC03 

HnCO) 

HgCO) 

CaCO) 

XMg 

molet 

FeCO) 

MnCO) 

HgCO) 

CaCO) 

XMg 

mole? 

FeCO) 

MnCO) 

HgCO) 

CaCO) 

XMg 

mole% 

FeC03 

MnCO) 

HgCO) 

CaCO) 

XMg 

AI64 

CDU2 

0.2 

0.6 

4.7 

94.5 

0.86 

C236 

COl21 

0.3 

0.5 

8.1 

91.1 

0.91 

C372 

( 2) 

CD059 

0.3 

0.4 

5.7 

93.7 

0.90 

Q75 

rim 

CDI41 

0.2 

0.4 

5.1 

94.3 

0.90 

CDI22 

0.3 

0.5 

4.6 

94.7 

0.86 

rim 

COl)] 

0.1 

0.6 

2.9 

96.4 

0.81 

C383 

CDOl5 

0.2 

0.3 

5.9 

93.7 

0.93 

rim 

CDI51 

0.2 

0.3 

5.7 

93.8 

0.92 

CDI03 

0.2 

0.5 

4.2 

95.1 

0.85 

C267 

CDI61 

0.4 

0.5 

5.5 

93.6 

0.8S 

C397 

CD053 

0.2 

0.6 

CDU3 

0.2 

0.4 

4.7 

94.8 

0.88 

CDI61 

0.4 

0.4 

8.6 

90.6 

0.91 

C480 

CD342 

0.4 

0.4 

BE24 

COl21 

0.2 

0.4 

7.3 

92.1 

0.93 

C0171 

0.4 

0.4 

8.4 

90.8 

0.91 

CD342 

0.3 

0.3 

3.27.97.0 

96.0 

0.81 

CDI61 

0.2 

0.3 

8.1 

91.4 

0.94 

91.3 

0.91 

Ql38 

(I) 

CIlISI 

0.2 

0.3 

7.3 

92.1 

0.93 

92.4 

0.92 

(I) 

CD161 

0.1 

0.4 

7.8 

91.8 

0.95 

CD121 

0.2 

0.5 

7.0 

92.3 

0.91 

CDl71 

0.5 

0.4 

7.5 

91.6 

0.89 

CD352 

0.5 

0.5 

7.1 

91.9 

0.88 

QI59 

CD161 

0.3 

0.3 

8.2 

91.2 

0.93 

c24 

CD091 

0.3 

0.5 

6.9 

92.3 

0.89 

C273 

CD141 

0.3 

0.5 

7.8 

91.5 

0.92 

CD482 

0.3 

0.4 

5.5 

93.7 

0.88 

CD171 

0.3 

0.3 

8.1 

91.3 

0.94 

COlOl 

0.2 

0.4 

6.9 

92.4 

0.91 

C336 

CDI53 

0.3 

0.4 

6.1 

93.2 

0.90 

/iS208 

CDUI 

0.2 

0.3 

5.1 

94.4 

0.91 

rim 

CDI81 

0.2 

0.8 

3.8 

95.2 

0.80 

C235 

CD091 

0.4 

0.4 

7.3 

91.9 

0.90 

C347 

CD084 

0.9 

1.1 

4.3 

93.7 

0.68 

CDI41 

0.1 

0.3 

4.5 

95.1 

0.91 

CDlll 

0.4 

0.5 

6.8 

92.4 

0.90 

C372 

CD352 

0.1 

0.4 

3.9 

95.7 

0.90 

(5) 

CD072 

0.2 

0.3 

5.7 

93.8 

0.92 

(5) 

C0121 

0.2 

0.4 

3.8 

95.7 

0.87 

CD352 

0.1 

0.3 

5.9 

93.7 

0.94 

(6) 

CD082 

0.1 

0.3 

4.5 

95.1 

0.91 

CDI02 

0.4 

0.4 

8.6 

90.5 

0.91 

rim 

CD372 

0.1 

0.3 

2.7 

96.9 

0.86 

8cn(6) 

CD092 

0.3 

0.4 

10.6 

88.7 

0.94 

C235 C273 C347 C372 

(I) ( I) (0) 

COIOI CD151 CD074 CD342 

1.3 1.1 4.0 0.6 

0.5 0.6 2.1 0.4 

44.0 43.8 42.6 48.0 

54.2 54.5 51.3 51.0 

0.96 0.96 0.88 0.98 

scn(4) 

CDIl2 

0.4 

0.5 

7.5 

91.7 

0.90 

(2) 

CD039 

0.1 

0.4 

3.4 

96.2 

0.88 

Q75 

CD121 

0.2 

0.3 

6.6 

92.8 

0.92 

(2) 

CDOl9 

0.7 

0.3 

47.7 

51.3 

0.98 

c236 

COlOl 

0.4 

0.4 

9.9 

89.3 

0.92 

(2) 

CD049 

0.1 

0.2 

5.1 

94.6 

0.95 

CDI31 

0.3 

0.3 

6.6 

92.8 

0.92 

(2) 

CD029 

0.6 

0.4 

47.9 

51.1 

0.98 

C372 C383 HS208 Ql38 

(2) (2) (2) (4) (I) ( I) (0) (0) (I) (I) 

molet cn069 C0079 CD089 CDOl4 CD094 CD025 COO)~ cnOlI CD121 CDl31 Cn131 CDI41 CDl71 CDI81 

FeCO) 0.6 0.9 0.6 0.8 0.7 0.7 0.8 0.8 0.7 0.6 0.8 1.0 0.8 0.9 

HnCO) 0.4 0.4 0.3 0.3 0.2 0.2 0.4 0.3 0.6 0.5 0.4 0.5 0.5 0.4 

MgCO) 47.8 47.4 47.8 48.5 49.3 48.6 38.7 48.3 47.7 48.4 47.7 47.3 46.1 46.0 

CaCO) 51.3 51.3 51.3 50.5 49.9 50.5 60.1 50.7 51.0 50.5 51.1 51.3 52.7 52.7 

XMg 0.98 0.98 0.98 0.98 0.98 0.98 0.97 0.98 0.97 0.98 0.98 0.97 0.97 0.97 

Each analysis 1s indicated by its sample number (A164 etc.) and by its spot code (COIl2 etc.). Numbers in 

parentheses refer to microstructural types. scn""microprobe scan. XHg""Mg/(Mg+Fe+Hn). 
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SAMPLES AND RESULTS 

Most carbonate minerals were analysed in forsterite-bearing marbles 
(A164, BE24, C336, C480 from location A; C372, C383, HS208, Q75, Q138 
from location B; C24, C236, C267, C273 from location C), and some in 
diopside marbles (C235 (loc.C), Q159 (loc.B». Carbonate from sample 
C347 (loc.A) was analysed at a tre~olite-bearing contact zone between a 
diopside-forsterite-enstatite rock and a quartzite. C397 (loc.B) is a 
grossular-bearing diopside rock in which small calcite grains are 

enclosed. A list of mineral contents of these samples has been taken up 
in the Appendix. The microprobe analyses of the carbonate minerals are 
listed in Table 2 and, as far as the Mg-content is concerned, depicted 
in Fig. 4. Calcite shows an overall spread in Mg-content from about 2 

to 11 mol% MgC03' The highest Mg-contents, from 8 to 10 mol%, are 
analysed in samples from locations Band C (C235, C267, C236, Q75, 
Q159). The value of 10.6 mol% MgC03 in HS208 was obtained by scanning a 
fine-grained symplectitic calcite-dolomite intergrowth. Within a sample 
appreciable chemical variations may occur. These are mainly due to 
recrystallization (C236, Q159, Q75) or to retrograde formation of 
calcite in reaction rims around serpentinized forsterites (C372). Based 
on textures, it is also possible that the low Mg-calcites of samples 
C347 and C397 are of retrogressive origin. Dolomite exsolution too 
seems to produce chemical variations within a sample. A calcite in a 

fine-grained symplectite (type 5) in C235 has a much lower Mg-content 

Fig. 4. Mg-content of calcite and dolomite. Analyses of the 
same carbonate type within one sample are averaged. Numbers 
in parentheses indicate microstructural types. Calcite con
tains some type 1, 2 or 4 dolomite, unless indicated other
wise. Temperature scale: calcite-dolomite geothermometry, 
according to Rice (1877). 
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than other calcites. Small differences have also been found between 

type 5 and type 6 symplectite in sample HS208. Qualitative data of 

Scholten (1982) also suggest a decreasing Mg content in calcites of 

later exsolution types. These compositional differences imply that 

large scale chemical reequilibration of the major elements has not 

taken place. The compositional differences observed are well 

explained, regarding the sequence of origin of the microstructures and 

the shape of the calcite-dolomite solvus (Fig. 5). Calcites belonging 

to early exsolution types will contain more Mg than later calcites. 

The Fe content of the calcites mainly varies between 0.1 and 0.5 

mol% FeC03' In sample C347 an exceptionally high value of 0.9 mol% is 

encountered. The Mn content of the calcites generally is somewhat 

higher than the Fe content. MnC03 varies between 0.2 and 0.8. In C347 

MnC03 is 1.1 mol%. 

The data mentioned above refer to calcites from which a variable 

amount of dolomite has been exsolved. Only for samples from location A, 

where there is only a minor amount of dolomite exsolution, the analysed 
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compositions approximately represent the pre-exsolution chemistry. 

Samples from locations Band C however show a considerable amount of 

dolomite exsolution, mainly in the tablet form. Volumetrically the 

largest amount of exsolution has been observed in the lamellar 

exsolution type of sample C372 (maximum 25 vol%). Recalculation reveals 

an original MgC03 content of approximately 12 mol%. Recalculation of 

tablet exsolution types from both locations Band C, results in 

approximately 10 to 11 mol%. A microprobe scan over a fine-grained 

symplectitic exsolution type (HS208) gave the same MgC03 content of 

about 11 mol%. 

The microprobe analyses of dolomite show a spread in MgC03 content 

from 42 to 49 mol% (Table 2, Fig. 4). The low value of 38 mol% in the 

rhombohedral exsolved dolomite in sample C383 is dubious because of its 

very small grain size. The composition of exsolved dolomite generally 

is more Ca-rich than the primary dolomite in the same sample (C372, 

QI38). The difference in composition between primary and exsolved 

dolomite, although small, is in contradiction with expectations (Fig. 

5). The reason could be a more readily reequilibration of the larger 

dolomite grains to lower temperatures, in contrast to the smaller 

exsolved dolomite grains, enclosed in calcite. The Mn content of 

dolomite generally varies between 0.2 and 0.6 mol% MnC03, the Fe 

content varies between 0.6 and 1.3. Dolomite in C347 shows exceptional 

FeC03 and MnC03 values of 4.0 and 2.1 respectively. 

GEOTHERMOMETRY 

The Mg content of calcite in equilibrium with dolomite is dependent 

on temperature (Graf and Goldsmith 1955). The influence of pressure on 

the solubility of Mg is rather small (Goldsmith and Newton 1969). The 

equation given by Rice (1977) is used here to calculate the 

calcite-dolomite temperatures. In Rogaland the widespread dolomite 

exsolution from Mg-calcite presents a serious problem for the 

application of the calcite-dolomite geothermometer. In the only 

location (location A) where exsolved dolomite is only a minor 

constituent, primary dolomite is not present. Calculated temperatures 

for this location only represent minimum values. The highest Mg content 

found is 7.9 mol% MgC03 which corresponds to a minimum metamorphic 

temperature of 617oc. In locations Band C the recalculated Mg 

contents of exsolved Mg-calcites may give an indication of the 

temperature reached. Sample C372 with a recalculated mol% MgC03 of 12% 
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reveals a temperature of 710oC, samples from locations Band C with 

tablet exsolution types, recalculated to 10-11 mol%, give temperatures 
of 670 to 690oc. However, it has to be stressed here that these values 
are dependent on uncertainties in the microprobe analyses as well as in 
the recalculation of the Mg content from the amount of exsolved 
dolomite. The Mg content of calcite after exsolution shows a wide 
range, corresponding to calculated temperatures of about 500 to 600oc. 
In sample C372 the lowest amount of Mg, and thus the lowest calculated 

temperatures, around 500oC, are found in calcites very close to the 
coarse dolomite lamellae. Although this might give some indication 
about the temperature of exsolution, it could be questioned if 
exsolution took place according to the calcite-dolomite solvus. 
Therefore, temperatures of exsolution can not exactly be obtained. The 
amounts of Fe and Mn in the carbonates are low and they are not 
expected to change significantly the calculated temperatures (cf. 
Bickle and Powell 1977). The calculated temperatures for locations B 
and C (around 7000 C) may represent minimum metamorphic temperatures. 
They are 70 to 1000 C lower than Fe-Ti oxide and Opx-Cpx temperatures in 
the same region, obtained by Jacques de Dixmude (1978). This may be the 
result of post-metamorphic reequilibration in the carbonates. However, 
regarding the large spread in composition of the exsolved phases even 
within one sample, an overall reequilibration at lower temperatures has 
not taken place. A lower Mg content in high temperature calcites, not 
coexisting with dolomite, as in location A, has also been observed by 
Rice (1977) in the contact metamorphic marbles of the Marysville 
aureole. The Mg content of calcite in this case is not controlled by 
the calcite dolomite solvus any more, but is fixed by the local mineral 
assemblage. 

CARBON AND OXYGEN ISOTOPES 

SAMPLES 

Carbon and oxygen isotope ratios were measured on several carbonate 
samples from the Rogaland area (see Fig. 1). The samples were mainly 
selected from the three marble locations A, Band C and some other 

samples were taken from an apatite marble (location E), from a calcite 
vein in retrograde augengneisses (location F), from the calcite matrix 
in explosion breccias near the Caledonian front (location G) and from 
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quartz marbles in a Caledonian unit close to the boundary with the 

Precambrian (location H). 

The samples, with their isotopic composition, mode, extent of 

retrograde metamorphism, recrystallization and exsolution, are listed 

in Table 3. 

Additionally the carbon isotopic composition of graphite from 

several samples from the garnetiferous migmatites was measured and also 

carbonaceous material from an explosion breccia close to the Caledonian 

front was analysed (see Fig. 1). Table 4 lists the samples with their 

carbon isotopic composition. 

Calcite of samples with a large variety in modal composition and in 

extent of retrograde metamorphism was analysed from the marble 

locations A, Band C. 

In location A all samples except A122 and C346 were collected in the 

same, 5 to 10 m, thick marble bed, within a distance of about 100 m. 

A164, C322 and C346 were collected from the basal parts of the marble, 

C48l from the middle, and C335 and C480 from the top. Samples A122 and 

C346 were taken from a marble layer in the same formation, several 

hundreds of meters away from the other samples. The samples A122, 

A164, C480 and C48l are fresh samples with varying amounts of the 

minerals calcite forsterite, diopside, phlogopite and spinel. Calcite 

may form large or recrystallized, small grains. Sample C346, also 

fresh, contains only a small amount of silicate and oxide minerals. It 

represents a carbonate-rich zone between a diopside rock and a normal 

forsterite marble. Sample C322 contains a large amount of silicate 

minerals, mainly diopside. Forsterite is completely altered to 

serpentine. This sample forms the transition between a diopside rock 

and a forsterite marble. In the samples C324 and C335 forsterite is 

completely serpentinized. Calcite in C324 is fine grained and 

recrystallized, in C335 it is coarse grained. In samples from this 

location dolomite is only present as minute exsolved particles. 

In location B samples C509, C510, C5ll and Z52 were collected from 

the same marble lens, approximately 50 m long and 5 m thick. The first 

three samples were taken at 8, 17 and 24 cm distance from a small 

pegmatite. Q128 and Z177 were collected from two strongly retrogressive 

exposures. C372 and Z75 were taken from two more isolated marble 

lenses. The samples C372, C509, C510 and C5ll contain varying amounts 

of calcite, dolomite, forsterite, diopside, phlogopite and spinel. 

Dolomite exsolution is volumetrically important especially in C372, 

where large dolomite lamellae occur. In C509, 510 and 511 dolomite 
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Table 3: Isotopic composition and modal composition (locations A. B and C) 

of the analysed carbonate samples. 

NCU Mode% 

Sample coord d13C dl8 0 I Cc Dol Fo Di Ph] Sp 

LOCATION A (PDB) (SMOW) 

Al22 Fo marble 337-070 -4.0 20.4 57 31 2 10 

A164 Fo mdrble 336-076 -3.2 20.0 49 25 7 18 

C322 Di marble 336-076 -fl .3 16.6 27 (13) 60 

C324 Fo marble 336-076 -5.6 16.3 53 (19) 

C335 Fo marble 336-075 -4.2 19.6 53 (33) 12 

C346 Fo marble 337-069 -4.2 21.5 85 13 <1 

C480 Fo marble 336-076 -3.6 21.4 71 24 1 <1 

C48l Fo marblE' 336-076 -3.6 20.0 51 19 20 10 

LOCATION B 

C372 Fo marhle 268-260 -3.8 17.1 47 31 4 19 <1 <1 

C372 dolomite -3.6 18.2 

C509 Fo marhle 255-273 -6.0 16.6 67 5 (23) 4 

C510 Fo marble 255-273 -5.7 17.9 65 (21 ) 

C511 Fo marble 255-273 -6.0 17.1 50 7 (21) 7 15 

Q128 Tr marble 257-274 -4.7 16.9 60 205 17 6 3 7 

252 Fo marble 255-273 -5.9 14.5 66 ( 25) (2) 4 

275 Fo marble 274-261 -6.3 14.2 52 (34) 6 

zr77 Di marhle 261-270 -5.0 10.2 18 64 18 7 

LOCATION C 
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52 1 0 

56 5 0 a 

77 15 

57 85 x a 

56 70 

22 <1 

40 <1 

55 2 x 

30 20 

38 20 

38 25 

48 30 

36 "100" 

40 25 

57 80 0 0 

82 20 

-7.5 13.4 mainly calcite. some tremoliteCi63 Tr vein 192-316 

C236 Fo marble 192-316 -7.4 13.4 5) 4 (27 )(59) 

c264 Di marble 192-316 -7.4 14.4 40 (4) 39 17 

C273 Fo marble 192-316 -7.4 13 .5 61 2 (29) ( 1) 

C521 Di marble 192-316 -7.0 14.1 41 (4) 36 18 

C522 DiFo marble 192-316 -8.2 13.3 37 ( 12) 24 28 

c533 Fo marble 192-316 -7.9 13 .1 53 (25) 8 11 

LOCATION E 

Al87 Ap rnB rble 343-305 -3.5 12. ') Cc, Ap. Q. Ep. Ti 

47 40 0 x 

62 10 

46 55 

59 10 

64 25 

52 45 0 0 

MA97 Ap marble 343-305 -2.8 12.2 Cc. Ap. Q. Kfsp, ChI, EP. Ti 

LOCATION F 

C76 Cc vein 185-361 -6.5 11.1 CC (Q. Fsp) 

LOCATION G 

MA3l0 breccia 276-461 -3 ·3 10.2 CC (matrix) J Q. Fsp E1 

MA311 breccia 276-461 -4.6 11.4 Cc (matrix), Q. Fsp, B1 

LOCATION H 

C160 Q marble 266-433 -1.7 11.0 CC, Q, Bi. Fsp 

C210 o marble 266-433 -1.2 10.2 Cc. B1 (both matrix), Q. Fsp 

Analysed carbonate phase is calcite, in C372 also dolomi te has been analysed. 

1) mainly primary dolomite. 2) proportion of silicates which has been 

retrograded. 3) recrys ta llizat ion/exsolu ti on is: x=abundant. o=moderate, 

a=minor. 4) 25~ primary dolomite, 6% lamellar dolomite. 5) talc. 6) 

t remoli te. 7) chlorite. Fo=forsteri te. Dl=diopside. Cc=calci te, Do=doloDlite, 

Phl=phlogopite, Sp"'"spi nel, Tr=treroo11te, Ap=apati te, Q=quartz, Ep=epidote, 

Ti=titanite, (K)Fsp=( alka 11) fel dspar , Bi""green hioti te. Numbers in 

parentheses: partly or wholly retrograded. 
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tablets and coarse-grained symplectitic dolomite are the predominant 

exsolution types. The samples 252 and 275 are more retrogressively 

altered, forsterite and diopside are largely serpentinized, 275 

contains a large amount of clinohumite, overgrowing serpentine. In 

Q128 newly formed tremolite and talc have completely replaced 

forsterite and/or diopside. Calcite shows old, dusty cores, with new, 

clear rims. Some chlorite has replaced phlogopite. 2177 is a diopside 

marble in which phlogopite is almost completely retromorphosed to 

Mg-chlorite. 

All samples from location C were taken within a distance of 20 m 

within this small exposure. The forsterite marbles C236, C273 and C533 

have varying amounts of calcite, dolomite, forsterite, diopside and 

phlogopite. In C533 calcite has undergone extensive recrystallization. 

C264 and C52l are diopside marbles with a relatively high silicate 

content. C522 is intermediate between forsterite and diopside marbles, 

the result of a fine layering. Forsterite and diopside in the analysed 

Fo marbles samples from location C are partly serpentinized. Dolomite 

exsolution is extensive in the form of tablets and of rhombohedral 

dolomite. C163 represents a small, coarse-grained, tremolite-calcite 

vein, which intersects a diopside rock. Along this vein diopside is 

altered to tremolite. 

The grain size of the silicates in the forsterite marbles generally 

varies between 1 and 2 rom. In some samples it amounts to 4 rom. The 

grain size of the carbonates greatly varies. It may amount to 6 mm in 

several samples, but in those samples where recrystallization has 

played a role it does not exceed 1 rom. In the diopside marbles the 

overall grain size generally is not larger than 1 mm. 

Apart from these marble locations other carbonate samples were 

collected. A187 and MA97 (location E) are apatite marbles from a 50 to 

100 cm thick lens intercalated in garnetiferous migmatites. Showing a 

very different chemistry and occurring in a very different geological 

setting, these Precambrian marbles are not assumed to belong to the 

Faurefjell formation. The samples show coarse-grained, subhedral 

apatite crystals, in some cases exceeding 5 rom. They form 30 to 40% of 

the rock volume. The grain size of calcite occasionally is 5 rom, but 

most grains seem to have recrystallized to a grain size of 0.5 rom. 

Other minerals include chlorite, epidote, quartz and titanite. 

C76 (location F) is a small calcite vein in retrograde 

augengneisses. Its location is close to the Caledonian overthrust. The 
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vein contains coarse-grained calcite (up to several centimeters large) 

and some quart~ and feldspars. These latter minerals presumably are 
fragments from the country rocks. Locally fluorite is associated with 
this kind of calcite veins. 

MA310 and MA311 (location G) are breccias, presumably the result of 
explosive volcanism (Maijer, pers. comm.). These breccias occur in the 
Precambrian basement, mainly close to the Caledonian front. The 
fragments are angular and only represent material from the adjacent 
country rocks. The matrix is fine grained and often consists of small 
fragments of quartz, feldspars and green biotite. Occasionally (in 
samples MA310, 311) calcite forms the matrix. The grain size of the 
calcite varies from large (2 to 3 mm) to small (20 um). Textures 
indicate that the grain size reduction is the result of deformation and 

recrystallization. Some small quartz, feldspar and biotite grains may 
be found in the calcite matrix. 

Samples G160 and G210 (location H) were collected from a mylonitized 
zone just above the Precambrian. They are supposed to be 
parautochthonous units of Cambro-Ordovician age (Tobi, pers. comm.), 
although Birkeland (1981) suggests a more allochthonous origin, of 
possible Precambrian age. These rocks mainly consist of calcite and 
quartz. G160 is a fine-grained rock (50 to 100 urn), consisting of a 
polygonal texture of calcite and quartz. Locally streaks of green 
biotite are present. G210 contains semi-rounded, deformed and partly 
recrystallized quartz grains, with a size of 1 to 2 mm and some large, 

Table 4: d13C of graphite in garnetiferous 

rocks and in a breccia. 

d13cNGD 

Sample coord (PDB) 

A75 Ga granofels 384-033 -22.3 

BE51 Ga granorels 335-029 -23.2 

G80 breccia matrix 263-418 -27.8 

L156 Ga-Cord-Si11-Sp granofels 370-984 -22.2 

Q96 Ga-Cord-Sil1 granofe1s 201-216 -23.8 

Y33 Ga granofels 311-212 -24.7 

Y121 Ga-Cord-Si11-Sp granofe1s 327-114 -23.9 

Ga=garnet, Cord~cordierite) Sill=sillimanite, 

Sp~spine1. 
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deformed alkalifeldspar grains, lying in a matrix of fine-grained 

calcite and quartz with a polygonal texture. Some alkali feldspar and 

green biotite occur in the matrix. 

The graphite-bearing samples from the garnetiferous migmatites are 

coarse-grained garnet granofelses. They all contain the minerals 

quartz, alkalifeldspar, plagioclase and garnet, and additionally some 

of the minerals cordierite, sillimanite, spinel and biotite. Graphite 

is present as large, elongated flakes. The matrix of the explosion 

breccia G80, nearby location H, consists of very fine-grained quartz, 

feldspars, green biotite and carbonaceous material. 

ANALYTICAL PROCEDURE 

Carbon and oxygen isotope analyses were performed at the Vening 

Meinesz Laboratory for Geochemistry. Carbonates were reacted with 100% 

H3P04. Carbon and oxygen isotopic compositions are given in 0/00, 

relative to PDB and SMOW respectively. The "d" notation is used for 

"delta". The reproducibility of the carbonate analyses is better than 

0.1 0/ 00 • Graphite was combusted with CuO. The reproducibility of the 

graphite analyses is better than O.Z 0/00. 

Modal compositions of the samples used for isotope analysis were 

determined using a Swift & Son point counter. In order to estimate the 

amount of COZ released during decarbonation, for each mineral 

(silicates and spinel) the equivalent of COZ was calculated. starting 

with the components dolomite, quartz and alkalifeldspar and using the 

simple reactions: ZDo+1Q=lFo+ZCc+ZCOZ, 1Do+ZQ=lDi+ZCOZ, 3Do+1Kfsp+1HZO= 

lPhl+3Cc+3COZ, 13Do+ZKfsp=6Fo+13Cc+1Sp+13COZ+1KZO, 3Do+4Q+lHZO= 

lTa+3Cc+3COZ, SDo+8Q+1HZO=lTr+3Cc+7COZ. This yields an equivalency of 

Z mole COZ for each mole of forsterite, Z COZ for each diopside, 3 

COZ for each phlogopite, 13 COZ for 1Sp+6Fo, 3 COZ for each talc and 7 

COZ for each tremolite. Using these COz-equivalents a total mole% 

silicates+spinel is calculated. 
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RESULTS 

The d 13C and d 18a values for the analysed carbonates are presented 

in Table 3 and in Fig. 6. 

Samples from the three marble locations A, Band C, except one 

(Z177). define a trend in the d 13C - d 18a plot, from about d 13C = -4 

and d 18a = +21 for samples from the southernmost location A to a value 

d 13C d 18aof about = -7.5 and +14 for those of the northern location 

d 13CC.	 Most samples from location B define a value in between, about = 
d 18a-5 and = +17. There are some notable deviations from these mean 

values. Two samples from location A show a distinct depletion in the 
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heavy isotopes, especially in 180 , the silicate-rich rock C322 and the 

serpentinized and recrystallized C324. Other samples which show either 

recrystallized calcite (A122, A164, C480) or strongly serpentinized 

forsterite (C335) do not show significant depletion effects. 

From location B the samples 252, 275 and 2177 are depleted mainly in 
180 with respect to the other samples from this location. These samples 

are moderately to strongly retrograde. The chloritized diopside marble 

2177 has the lowest value observed for samples from the threed 180 

marble locations (d180 = 10.2) and does not fit on the main trend. The 

tremolite- and talc-rich sample Q128 has isotopic ratios which fall in 

the range of not- or weakly-retromorphosed marbles of location B. The 

carbon and oxygen isotopic composition of dolomite was analysed in 

sample C372. This sample contains a large amount of dolomite, partly as 

exsolution lamellae. The measured values are = -3.6,d 13C d 180 

+18.2. 

All samples from location C show isotopic ratios closely falling in 

the same range. Two diopside-phlogopite marbles, C264 and C521, have 

somewhat higher d 13C and d 180 values than the forsterite marbles. The 

isotope ratios of the calcite-tremolite vein C163 do not deviate from 

those of the forsterite marbles. 

Isotope ratios of calcite from all other locations do not show any 

d 180systematic relation with the main trend (Fig. 6). The ratios of 

these samples are all relatively low, from +10.2 to +12.5, while the 

d 13C ratios show a wide spread, from -1.2 to -6.5. The quartz marbles 

G160 and G210 show the highest d 13C values observed: -1.2 and -1.7 

respectively. The calcite vein C76 has a relatively low d 13C of -6.5. 

The results of the carbon isotope determinations of graphite in 

rocks of the garnetiferous migmatites and in an explosion breccia are 

listed in Table 4 and are presented in Fig. 1. In the garnetiferous 

migmatites d 13C shows a small spread from -22.2 to -24.7. The breccia 

shows a d 13C of -27.8. 

The results of the point counter analysis are listed in Table 3. The 

total mole% C02 equivalents of the silicate minerals and spinel (see 

analytical procedure for explanation) is plotted versus the d 13C and 

d 180 ratios of calcite from the marble locations A, Band C in Fig. 7. 

Most samples fall between about 40 to 60 total mole% (C02 equivalents), 

without systematic variation between the locations. However there seems 

d 180to be a negative correlation between total mol% and for samples 

80 



v 

~ 90 
+ 177

080 
0 
u 

70 
.~ 

60 335 164 
v Xii: ' 481 X 122 00 

~ 40 

346" 20 

0 

~ 

3°L.". 
w
 
<;
 10E 10 12 14 16 18 20 22 -8 -6 -4 -2 

" ~ 

Fi~. 7. dlBO and d13c of calcite versus total mole% sili
cates and spinel {C02-equivalents, see text for expla
nation} of samples from location A {crosses}, B {circles} 
and C {plusses}. 

from location A as well as for those from location B. In location A the 
silicate-rich sample C322 has a relatively low d180, whereas the 
calcite-rich sample C346 has a high value. Equally in location B, the 
diopside marble Z177 shows a low value, while other,d180 
silicate-poorer rocks from the same location have lower d180 values. 
These relations are not recognized in the d 13C plot. 

DISCUSSION 

The isotopic composition of the calcites from the marble locations 
A, Band C covers a wide range, from values close to those reported for 
unmetamorphosed Precambrian sedimentary carbonate rocks (approximately 
dI3C=0~3, dI80=20~5 (Schidlowski et al. 1975, Veizer and Hoefs 1976)), 

to much lower isotope ratios (Fig. 6). Such a depletion of 13C and 180 
of calcite, resulting in a good correlation between d13C and d180, is a 
well-known phenomenon of metamorphism of siliceous dolomitic rocks 
(e.g. Deines and Gold 1969, Shieh and Taylor 1969, Kolodny and Gross 
1974, Taylor and q'Neil 1977, Lattanzi et al. 1980) (Fig. 8). Several 
effects could be responsible for such a depletion process in the 
Rogaland marbles: 1) decarbonation reactions, 2) dolomite exsolution, 
3) exchange with external fluids. The possibility of original isotopic 
differences between the locations can not totally be excluded. 
However, it is unlikely to assume that original differences would 

define such a large-scale trend in d13C and d 180. 

81 



28 

I __---'K~+~G~--------., 
26r_ 

,----- ---,
I /\ I24 : . \ /! i 

22 !-l/,"j : 
20 

/ /7, i t I
./ / :~! I 

/ I,··", I
18 / 1/ /}'I Io 

/ II ; il/ I!!:> 
/ _ 11 i/ .. I
 

16
 
(£) 

/ . I I) ill I 
/ ! ), .' i' I
/./ L-~;'~lf------~ 

14 ! . /1 ':/1

i j/ / i)/
 
\. /( I , i I
 

...... .........' I r:" I
 
12 T+O':N··- i / S+ J I ., /// 

I / // 
10 L\ I / /

\i"\.j/ // 
\ /8 ~/ D+G 

6~--"-----L-----''---_-L-_---L__L-_-L----.J 
-10 -8 -6 -4 -2 o +2 +4 

6 13 C 

Fig. 8. Isotopic variation 
of carbonates from several 
localities. Horizontally 
hatched area: Rogaland, this 
work. D+G: Deines and Gold 
(1969). S+T: Shieh and Taylor 
(1969). K+G: Kolodny ar~ 

Gross (1974). T+O'N: Taylor 
and O'Neil (1977). L: Lattan
zi et al. (]980). Rectangle: 
approximate compositional 
field for unmetamorphosed 
Precambl'ian carbonates, af
ter Schidlowski et al. 
(]975) and Veizer and Hoefs 
(]976) . 

1) Decarbonation reactions in siliceous dolomitic rocks produce 

isotopically heavy C02, leaving carbonates which are depleted in 13C 

and 180 (Shieh and Taylor 1969). With a continuous removal of C02 the 

isotopic composition of the remaining carbonates can reach fairly low 

values with respect to the unmetamorphosed dolomitic limestones. Such 

a process can be described as a Rayleigh distillation process (Lattanzi 

et al. 1980) and it is supposed to be the main process to have occurred 

in several contact metamorphic aureoles (Deines and Gold 1969, Lattanzi 

et al. 1980). 

The observed large-scale trend in the isotopic composition of the 

Rogaland calcites however, cannot be the result of prograde 

decarbonation. Firstly, in the siliceous dolomite system most 

decarbonation reactions take place at much lower temperatures than the 

maximum temperatures reached in locations A to C. So when in the 

prograde metamorphic sequence temperatures reached the maximum value 

for location C observed now, the largest part of isotopic shift as a 
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resu~t of decarbonation would have already taken place in all 

locations. The extra granulite facies heat, especially felt at location 

A, caused only a minor amount of decarbonation (Sauter 1981) and the 

result would be a slightly more and l3e depleted marble. This is180 

exactly the reverse of what is observed in this study. 

Secondly, there is no evidence of differences between the locations 

in the amount of decarbonation as a result of variable initial 

carbonate-silica ratios. These variations should be reflected in the 

now observed carbonate-silicate ratios, and, as is shown in Fig. 7, 

there is no consistent trend in these ratios between the locations. On 

a local scale however, decarbonation might have influenced the isotope 

ratios. Some extreme silicate-poor (e346) or silicate-rich samples 

(e322, Z177) show relatively high, respectively low d 180 values (Fig. 

7) but the absence of such a correlation for d 13e excludes a pure, 

prograde, decarbonation effect. 

The slope of the d 13e-d180 line is often used to determine whether 

decarbonation is the only process involved in shifting the isotope 

ratios of calcite during metamorphism (Taylor and O'Neil 1977, Lattanzi 

et al. 1980). The slope of the depletion trend for the Rogaland marbles 

is about 1.6. This is much lower than the calculated slopes for calcite 

in equilibrium with C02, which are between 3.1 and 2.5 for temperatures 

between 4000 e and 9000 e. Due to extrapolation of the fractionation 

factors (given by Bottinga 1968) above 7000 e, the slopes for higher 

temperatures must be regarded with caution, but presumably they will 

not reach much lower values than those quoted here. Relatively large 

depletions in 13e and therefore small slope values are reported by 

Kolodny and Gross (1974) and by Taylor and O'Neil (1977) (Fig. 8). 
These small slopes are supposed to be the result of exchange with 

C02 derived from oxidation of carbonaceous material. Thus, as 

additional evidence, the slope of the depletion line of the Rogaland 

calcites indicates that decarbonation was not a main process in the 

depletion of the isotope ratios. 

2) Dolomite exsolution is widespread in the marbles of locations B 

and e, while the samples from location A only show a small amount of 

exsolved dolomite, such as the rhombohedral type and as the 

fine-grained symplectitic type. It is likely to assume that dolomite 

exsolution from Mg-calcite causes an isotopic exchange. Regarding the 

carbon and oxygen fractionation factors between dolomite and calcite 

(Sheppard and Schwarcz 1970), dolomite will be enriched in l3e and 180 
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with respect to calcite. However, the fractionation factors are so 

small that eKsolution of relatively small amounts of dolomite could 

never result in such large shifts in the oKygen and carbon isotope 

composition of calcite. In sample C372 the bulk isotopic composition 

of dolomite, which consists for about 25% of eKsolution lamellae, 

indeed deviates only slightly from the composition of calcite (see Fig. 

6). Apart from the fact that the analysed dolomite is a miKture of 

primary and eKsolved dolomite, the calcite-dolomite fractionations, 

pointing to temperatures above 10000C for the carbon- and about 2800c 
for the oKygen fractionation (Sheppard and Schwarcz 1970), clearly 

indicate non-equilibrium conditions for the bulk dolomite-calcite 

eKchange. 

3) The rejection of these two possibilities, decarbonation and 

eKsolution, as the main factors for the origin of the depletion trend, 

suggest a major role for eKchange with eKternal fluids. Assuming that 

there were no significant original isotopic differences between the 

three marble locations, interaction of isotopically light C02 with 

marbles with a composition close to that of location A is needed to 

shift the isotopic composition to that of locations Band C. Such an 

interaction could have taken place at several stages: a) a prograde 

metamorphic-migmatitic stage, b) a low-grade retrogressive stage. 

a) High-temperature marbles undergo more isotopic eKchange than 

low-temperature marbles. Such a behaviour has been demonstrated in the 

marbles at Naxos, Greece (Rye et al. 1976). At high temperatures 

however, such as in Rogaland, differences in exchange as a result of 

temperature variation presumably are not significant, as is also 

pointed out by Rye et al. (1976). The Rogaland marbles of location A 

apparently show a limited exchange only. Regarding the isotopic 

composition of unmetamorphosed Precambrian carbonate rocks (Schidlowski 

et al. 1975, Veizer and Hoefs 1976) they remained relatively closed for 

isotopic exchange, as is also observed in high-grade marbles of the 

Grenville Province (Sheppard and Schwarcz 1970, Shieh and Schwarcz 

1974). The difference in exchange between locations A and C might also 

be the result of regional differences in the availability of fluids. 

During granulite facies metamorphism at least compositional differences 

in the fluid have existed (Swanenberg 1980), but nothing is known of 

variations in the amount, which could have caused a limited isotopic 

exchange between country rocks and marbles in location A. Besides 

that, the largest part of isotopic exchange is expected to have already 

taken place at lower temperatures, and there is no reason to assume a 
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large difference in the amount of fluid available for exchange, between 

locations A and C at that metamorphic stage. Locally the amount of 

exchange can also be controlled by the accessibility of fluids which is 

for instance dependent on the thickness of the marble layers. On 

Naxos, Greece, (Rye et al. 1976) and in the Austrian Alps (Schoell et 

al. 1975), the margins of marble lenses are more susceptible for 

exchange than the inner parts. In the Rogaland marbles however, no 

clear relation between position in the layers and isotopic composition 

has been found in any of the locations. Sample C324 from the bottom 

contact of a marble and a diopside rock in location A indeed shows a 

low isotopic composition, but strong calcite recrystallization and 

strong serpentinization of forsterite also suggest a retrogressive 

influence. 

Little is known about the isotopic composition of prograde 

metamorphic fluids. Swanenberg (1980) reported three d 13C values of 

-3.1 to -8.7 for C02 in fluid inclusions in quartz from several 

Rogaland rocks which are not associated with the marbles. Quartzites 

close to or in the marbles of location B show values of -3.3 and +0.0. 

Especially this last value, from a small quartz pod in the marble, 

containing primary fluid inclusions (Swanenberg 1980), could well 

represent C02 derived from decarbonation reactions. The d 13C of a 

fictitious calcite in equilibrium with this C02 is about -2, a value 

even higher than that of the calcites of location A. This might 

indicate an original isotopic composition of the marbles from location 

B, and it supports the idea of a common origin of all the marbles. 

Isotope ratios from C02-rich inclusions from quartzites at location A 

(-6.0 and -7.4), however, are far too low to represent decarbonation 

C02. They possibly reflect the composition of a prograde metamorphic 

fluid, which however apparently did not equilibrate with the isotopic 

composition of the calcites in location A. The low d 13C of this 

C02 could be derived from deep-seated C02 or from exchange with the 

light graphite in the garnetiferous migmatites. However, the d 13C 

values for the graphite analysed here are low (see Table 4) and 

comparable with the values reported for graphites in metasedimentary 

rocks in the Arendal area (Andreae 1974) and in the Grenville Province 

(Weis et al. 1981). These values suggest an organic origin for this 

graphite without a later large-scale exchange with fluids (Weis et al. 

1981). Oxygen isotope ratios for Rogaland rocks are reported by 

Demaiffe and Javoy (1980). Some noritic, granitic and charnockitic 

gneisses show whole rock d 180 values from +4.3 to +9.8. 
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Combination of these data leads to the suggestion of a prograde 
metamorphic fluid with relatively low oxygen and carbon isotope ratios, 
theoretically capable of producing an isotopic shift in the marble 
carbonates. It is not clear however how exchange with such a fluid 
could cause such a gradual and regional isotopic shift in the marbles. 
Therefore the retrograde metamorphism, from which it is known that at 

least a part of its effects are distributed in a gradual way from north 
to south in the Precambrian basement, (Sauter et al., 1983) needs to be 
taken into consideration too. 

b) Investigations of thin sections of some 200 marble samples from 
locations A, Band C has shown that generally the marbles from 
locations Band C show more retrograde effects than those from location 
A. These effects include the formation of serpentine, chlorite, 
tremolite, talc and clinohumlte. Also dolomite exsolution from calcite 
is more widespread in Band C than in A. In Table 2 a rough measure for 
the retrogradation is listed, indicating in each thin section the 
proportion of the silicate minerals which retrogressively has been 
altered. 

In other rocks of the Precambrian basement generally two low-grade 

retrogressive stages can be recognized: the very low-grade metamorphism 
mainly in the prehnite-pumpellyite facies (M4a), over a large part of S 
Norway, and the mainly greenschist metamorphism (M4b) in a zone along 
the Caledonian front (Verschure et al. 1980, Sauter et al. 1983). In 
the marbles, a part of serpentine is attributed to the M4a, while 
clinohumite, tremolite and talc overgrowths on serpentine are supposed 
to belong to the M4b phase (Chapter 4). 

The general increase of retrograde metamorphism from south to north 
and the depletion in heavy isotopes in the calcites in the same 
direction suggests a relationship in itself. Moreover, several 
retrograde samples from locations A and B (C324, Z52, Z75) show an 
isotopic depletion with respect to the bulk composition of their 
locations in more or less the same direction as the large-scale trend 
(Fig. 6). The most significant isotopic depletion in these samples is 
in 180. Sample Z177 even shows such a large depletion, that it does not 
fit on the main trend any more. The d180 falls in the range of samples 
which lie close to or just above the Caledonian boundary. The isotopic 
composition of the quartz marbles from location H, G160 and G2l0, 
indicates an extreme depletion only in 180, assuming an original 
Palaeozoic isotopic composition of d l3C between -2 and +1 and d 180 
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between 20 and 25 (Veizer and Hoefs 1976). Also the isotopic 

composition of other samples in this group, MA310, MA311 and C76 

indicate the existence of low d 180 fluids associated with a Caledonian 

event. This event presumably involved the thrusting and M4b 

metamorphism, which induced the greenschist facies metamorphic 

overprint in the Precambrian basement. The role of the carbon isotopes 

is less clear. The range of d 13C in the samples associated with the 

Caledonian front is large, the most negative value is found in the 

calcite vein C76 (Fig. 6). However, fluids with still more negative 

d 13C values are needed to induce the isotopic shift observed in the 

Precambrian marbles. Strongly negative d 13C values possibly could be 

obtained by exchange of Caledonian fluids with the graphite-rich 

phyllites which form the lowest nappe in the Caledonian nappe system in 

the Stavanger area (Birkeland 1981). 

The tremolite bearing samples C163 and Q128 do not show an isotopic 

depletion relative to other samples of locations C and B respectively. 

Tremolite in C163 could have formed in the M3 stage, before the 

isotopic depletion, but tremolite in Q128 clearly indicates a M4b 

formation. Apparently no extra isotopic depletion of calcite in this 

sample has taken place. The apatite marbles from location E show 

retrograde metamorphism (chlorite, epidote) which could have caused 

their low oxygen isotopic composition. However, their complete 

different chemistry could also point to a different original isotopic 

composition. 

No examples are known in which such a large isotopic shift in 

calcite is caused by exchange with low-grade retrogressive fluids. Only 

the isotopic data of carbonate samples retrograde in the 

staurolite-kyanite zone of southeastern Vermont (Sheppard and Schwarcz 

1970) suggest perhaps a retrogressive influence, apart from 

decarbonation effects. In burial metamorphic rocks massive oxygen 

isotopic exchange at relatively low temperatures (225-3100 C) has been 

demonstrated by Eslinger and Savin (1973), while disequilibrium between 

carbonates and quartz suggests that the carbonate is much more subject 

to retrograde exchange than the silicates (Eslinger and Savin 1973, 

Magaritz and Taylor 1976). 

More research is needed to fully establish the effect of retrograde 

metamorphism on the isotopic composition of the Rogaland carbonates. A 

study of fluid inclusions and of the isotopic composition of carbonate 

veins and rocks close to or in the Caledonian front deserves herein 

much attention. Oxygen isotope compositions of the silicate phases in 
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the marbles could also attribute to a better understanding of the 

isotope chemistry of these rocks. The results thus far show that 

interpretation of isotopic data of such polymetamorphic rocks is 

difficult, and that such a study always has to be accompanied by 

extensive field and petrographic studies. 
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CHAPTER 4 

MINERALOGY AND PETROGEKESIS OF THE MARBLES 

INTRODUCTION 

In this chapter the occurrence, chemistry and petrogenesis of the 

minerals in the marbles will be treated, except for diopside and 

carbonates. Diopside is described in Chapter 2: Zoning in diopside from 

granulite facies marbles from Rogaland, SW Norway. The carbonates are 

described in Chapter 3: Exsolution. major element and isotope chemistry 

of Rogaland carbonates. Firstly the main minerals forsterite, 

phlogopite and spinel will be described, followed by the more rarely 

occurring minerals and the retrogressive minerals. Representative 

mineral analyses and a list of mineral contents of the samples 

mentioned in the text are given in the Appendix. 

At the end of this chapter element distribution between the minerals 

and geothermometry will be discussed. A general petrogenesis will be 

given in the last section of this chapter. 

ANALYTICAL PROCEDURE 

Most electron microprobe analyses of the minerals were performed at 

the Cambridge Scientific Instruments Geoscan and Microscan M-9. at the 

Vrije Universiteit in Amsterdam. Both instruments were equipped with 

wave-length dispersive systems. 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. Some analyses were 

made with the electron microprobe at the Vening Meinesz Laboratory for 
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Geochemistry in Utrecht. This microprobe, constructed by the 

Technisch-Physische Dienst TH/TNO-Delft, is also equipped with a 

wave-length dispersive system. Operating conditions were 15 kV and 40 

nA sample current for a periclase standard. Various oxide and 

silicates were used as standard. Data were corrected with the Springer 

correction program. 

MAIN MINERALS 

Forsterite 

Forsterite is the most abundant non-carbonate phase in the 

forsterite marbles, with a modal amount up to about 40%. Generally 

forsterite forms rounded grains with a maximum grain size of about 3 

rom. (Fig. 1). Often irregular grain forms are observed. Small calcite 

inclusions in forsterite are common, in some samples spinel or 

phlogopite inclusions are present. Forsterite often shows 

Fig. 1. Forsterite-phlogopite marble. Photomicrograph, 
A122. Crossed polarizers. Abbreviations in all photo
micrographs: Fo = forsterite, phl = phlogopite, Cc = 
calcite, Sp = spinel, Do = dolomite, Chl ~ chlorite, 
Hbl = Magnesio-hornblende, Chu = clinohumite, Cho 
chondrodite, Tr = tremolite, Ht = hydrotalcite. 
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serpentinization, beginning as thin networks, developing through the 
whole crystal. In some samples (e.g. Q75) forsterite may be replaced by 

clinohumite. In one sample forsterite is replaced by diopside + 
calcite. Forsterite-spinel contacts have become unstable, invariably a 
zone of fine-grained chlorite is found between these minerals. Besides 
the abundant occurrences of discrete forsterite grains, forsterite may 
also occur as massive zones along contacts of marbles and diopside 
rocks, with a thickness of several millimetres. (e.g. C347). In 
several samples such a zone has completely been serpentinized. 
Poikiloblastic forsterite grains are found around a diopside aggregate 
in sample C336 (see Fig. 8 in Chapter 2). They seem to be an 
equivalent of the above mentioned forsterite zones. No forsterite zones 

are found around single diopside grains. 

Chemistry 

The forsterite compositions lie very close to the Mg-end member, 
XMg varying only between 0.92 and 0.96. The amount of Mn falls mainly 
between 0.45 and 0.77 wt% MnO. Forsterite in an amphibole-bearing 
marble (C383) has a low Mn content of 0.29 wt% MnO. Fig. 2 shows 
XMg plotted versus MnO. Although Mn is incorporated in the XMg term, 
the trend of decreasing Mn content with increasing XMg is only slightly 
the result of this calculation. It indicates a substitution of Mn 
preferentially in olivines richer in Fe. Simkin and Smith (1970) 
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reported the same trend in olivines of igneous origin. The Mn content 

of the Rogaland forsterites is much higher than in the igneous 

forsterites and also higher than in the metamorphic olivines in 

siliceous dolomites described by e.g. Glassley (1975) and Rice (1977a). 

Within a sample the composition of forsterite is remarkably constant 

and even the compositional spread between several samples is small. 

The forsterite rim around diopside aggregates in C336 shows the same 

composition as the normal forsterites in the same sample. Also the 

forsterite zone in C347 does not deviate from the general compositional 

trend (Fig. 2). The Ca content of the forsterite generally is below the 

detection limit, traces do not exceed 0.07 wt% CaD. The high Ca 

contents mentioned in Sauter (1981) (Chapter 1) could not be 

reproduced. They were possibly due to interferences of surrounding 

calcites at the rim of the forsterites. 

Petrogenesis 

As already pointed out by Sauter (1981) (Chapter 1), in a prograde 

sequence forsterite can be formed by tremolite- and diopside-consuming 
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marbles, at Pf = 5 kb. 
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Kase and Metz (1980), 
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reactions. In the Rogaland marbles no textural indications for the 

reactions are found. The lower stability of forsterite in the siliceous 

dolomite system is limited by the reactions: ITr+llDo= 

8Fo+13Cc+9COZ+lHZO (11) and lDi+3Do=ZFo+4Cc+ZCOZ (14) (Fig. 3) 

(reaction numbers after Winkler 1979). For Fig. 3, a fluid pressure of 

5 kb has been chosen, being a reasonable estimate for the conditions of 

the high-grade metamorphism in Rogaland (Hermans et al. 1976). 

Experiments by Kase and Metz (1980) show that at a pressure of 5 kb and 

at high XCOZ values ()0.7) this lower stability limit is about 7000 c. 
Jacobs (in Eggert and Kerrick 1981) places reaction (14) about 

500 lower. This could be due to the use of natural minerals in the 

experiments of Jacobs, in contrast to the synthetic starting materials 

used by Kase and Metz (1980). However, calculations by Rice (1977a) 

and by Bucher-Nurminen (1981) predict only an insignificant temperature 

change of forsterite-forming reaction (11) when a considerable amount 

of Al substitution in tremolite is taken into account. For the Al 

substitution in diopside the same small effect may be assumed for 

reaction (14). Basically the forsterite rims at marble-diopside rock 

contacts can be thought to have been formed by reaction (14): 

1Di+3Do=ZFo+4Cc+ZCOZ, in which Do may represent the dolomite fraction 

in the calcite solid solution. The diopside-forsterite zones between a 

quartzite and a marble also reflect decreasing Si and increasing Ca and 

Mg activities across the contact. 

Phlogopite 

Phlogopite is very common in the Rogaland marbles, both in the 

forsterite and the diopside marbles. Furthermore it occurs in diopside 

rocks, in minor as well as in major amounts. In the marbles phlogopite 

occurs as subhedral, elongate grains with a maximum grain size of about 

Z mm. (Fig. 1). Generally no preferred orientation is present, except 

in the diopside-phlogopite marbles. In most spinel-bearing marbles 

phlogopite only occurs as small grains enclosed in forsterite. In some 

of these marbles however, phlogopite may also be present as large 

grains (Fig. 4). In the forsterite-spinel marble C480 this phlogopite 

has a very pale-brown pleochroic dark colour, no=red-brown, ne=light 

brown, in contrast to the very pale-brown pleochroic colours normally 

observed in the phlogopites. Frequently chloritization of phlogopite is 

observed, especially in samples from retrograde exposures in location 

B. 
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Fig. 4. Phlogopite as small inclusions in forsterite 
and as large grain of Ba-phlogopite (lower left). 
Forsterite also contains spinel inclusions. Calcite 
dark by staining with Alizarin. Fhotomicrograph, 
C480. Plane polarized light. Abbl°.: see Fig. 1. 

Chemistry 

A characteristic feature of the phlogopites is their Ba content 
(Fig. 5). The range encountered in the analysed "normal" phlogopites, 

(except the coarse phlogopite in C480) is from 0 to 4.8 wt% BaO. The Ti 

content generally is low, 0.4 to 0.8 wt% Ti02, but phlogopite, enclosed 

in forsterite, in spinel-bearing marbles C372 and C480 have higher 

amounts, up to 2.7 wt%. Phlogopites in spinel-bearing marbles show high 

Al contents, up to 18.5 wt% A1203 in BE24. Na and Mn are only present 

in minor amounts, Ca only as a trace. The XMg ratio varies from about 

0.91 for phlogopite in a Di-Phl rock to 0.97 in Fo marbles Q75 and 

Q138. Most values fall in the range 0.94 to 0.97. Fluorine, not 

analysed in all samples, is present up to 3.3 wt%, (in Q75, a 

clinohumite-bearing sample), corresponding to a F/(F+OH) ratio of 0.37. 

Except for its Ba content, the composition of phlogopite is comparable 

with phlogopites from similar occurrences, for instance those reported 

by Glassley (1975), Rice (1977b), Kretz (1980) and Bucher-Nurminen 

(1982) • 
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Coarse phlogopite not enclosed in forsterite, in sample C480, shows 

exceptionally high Ba contents up to 24 wt% BaO, high Ti contents up to 

14 wt% Ti02 and low K and Si contents, down to 1.2 and 23.3 wt% 

respectively. For unknown reasons the oxide totals of the analyses 

generally are too high. Therefore the absolute values for the oxide 

wt% have to be regarded with caution although the Ba contents remain 

among the highest ever recorded. Such extreme compositions have not 
been described earlier from metamorphic environments. The Ba-biotites 

from Hawaiian nephelinites (Mansker et al. 1979) have a composition 

very much alike, except for their Mg/Fe ratio, which is lower in 

Hawaii. Wendlandt (1977) described Ba-phlogopites from peridotite and 

turjaite, which have a composition close to that of the low-Ba 

phlogopite group, except for their somewhat lower Al and higher Ti 
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content. The Ba-phlogopite from Jacupirange carbonatite (Gaspar and 

Wyllie 1982) has lower Ti contents than the Rogaland phlogopites. 

The compositional variation of the Rogaland phlogopites, together 

with compositional data of the Ba-phlogopites of Wendlandt (1977), 

Mansker et al. (1979) and Gaspar and Wyllie (1982), is shown in Fig. 5. 

Comparing the high-Ba phlogopite of C480 with the low-Ba group, there 

is a decrease of K, Si and Mg, and an increase of Ti and Fe with 

increasing Ba. Within the group of low-Ba phlogopites these trends are 

not always clear and sometimes even reversed. Ti is variable within 

this group, with high Ti contents especially in C480. The behaviour of 

Mg and Fe just seems to be the reverse of the large-scale trend: an 

increase of the Mg/Fe ratio in the low-Ba phlogopites, and a decrease 

in the high-Ba phlogopites with increasing Ba. 

The decrease of K with increasing amount of Ba illustrates the Ba 

substitution for K on the phlogopite interlayer sites. Charge balance 

is restored by AlIV substitution for Si on the tetrahedral sites, 

according to the substitution scheme: Ba+AlIV=K+Si (1) (Wendlandt 

1977). In all phlogopites the amount of AlIV substituting for Si is 

more than sufficient to achieve this charge balance. In the low-Ba 

phlogopites, where Si+Al)8 (Fig. 6), AlIV compensates also for AIVI and 

Ti substitutions for Mg and Fe on the octahedral sites. The 

substitutions playing a role here are the phlogopite-eastonite 

substitution: Mg+Si=AlIV+AlVI (2) and the substitution Ti+2AlIV=Mg+2Si 

(3) (Robert 1976). The high-Ba phlogopites show, despite their high Al 
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content, Si+Al<8 (Fig. 6). The Ti content of these phlogopites is so 

high that Ti can not be sufficiently compensated by AllV according to 

substitution scheme (3). Therefore the extra Ti will substitute 

according to 2Mg=Ti+vacancy (4) (Forbes and Flower 1974). The 

octahedral vacancies, induced by this substitution, are reflected in 

the low cation sums (about 15) observed in the high-Ba phlogopites from 

Rogaland. The same is observed in the high Ba-Ti biotites from Hawaiian 

nephelinites (Mansker et al. 1979). For these biotites Mansker et al. 

suggested the substitutions scheme Ba+2Ti+3Al=K+3Mg+3Si, as a 

combination of the substitutions (1), (3) and (4). When calculating and 

plotting these values for the Rogaland phlogopites (Fig. 7), it is 

obvious that the high-Ba phlogopites of C480 and the low Ba group did 

not substitute following the same scheme. The low-Ba phlogopites plot 

close to the stoichiometric line (Ba+2Ti+3Al+K+3~lg+3Si=44)• The 

Ba-phlogopites of Wendlandt (1977) and Gaspar and Wyllie (1982) also 

fallon the same line approximately. Phlogopites in this group with 

higher Ti contents (Rogaland: C480, samples of Wendlandt) show a slight 

deviation from the stoichiometric line, indicating a small number of 

vacancies introduced by substitution scheme (4). The high-Ba 

phlogopites approximately fallon the same line as the Ba-biotites of 

Mansker, both at a larger distance from the stoichiometric line, 

illustrating the octahedral vacancies. 

Fe 3+ may account for the tetrahedral Si+Al deficiency in the high-Ba 

phlogopites, although the substitution of Ti may not be excluded. The 

incorporation of tetrahedral Ti in silicates is controversial (Hartman 

1969). High-Ti micas do not seem to contain tetrahedral Ti (Robert 

1976), although Farmer and Boettcher (1981) suggest the occurrence of 

tetrahedral Ti in their "normal" pleochroic Ti-phlogopites which 

contain tetrahedral Fe 3+. Similarly, the lowest Ba-phlogopites of 
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Wendland t (1977), also showing a reversed pleochroic scheme, have 

strong indications for Fe3+. The increase of Ti with increasing Ba in 

his "normal" phlogopites, as well as the high Ti contents of the 

Ba-biotites of Mansker et al. (1979) and of the Rogaland phlogopites 

suggest the existence of tetrahedral Ti. 

Petrogenesis 

The formation of phlogopite in the siliceous and potassic/aluminous 

dolomite system may take place by alkali feldspar-consuming reactions at 

temperatures slightly below the upper stability of dolomite + quartz 

(Rice 1977b). In the Rogaland marbles no evidence for certain reaction 

types have been preserved. The phlogopites in the spinel-bearing 

marbles, especially in BE24, have a notably high Al content (Al=3.l 

cations in formula). Besides the crystal-chemical factors related with 

the Ba substitution, high temperatures must also be responsible for 

these high amounts of AI. Glassley (1975) also found high Al contents 

in a spinel-bearing marble (Al=2.9) in the granulite facies, while 

Bucher-Nurminen (1981, 1982) reported Al contents of 2.6 to 2.7 at 

temperatures of 600-630oc. In lower grade marbles of the tremolite zone 

Sanford (1980) found phlogopites with Al=2.4. 

The difference in chemistry and in substitution mechanisms between 

the low- and high-Ba phlogopites of the Rogaland marbles indicates an 

origin under different conditions. Textural evidence in 

forsterite-spinel marble C480, where low-Ba phlogopites only occur as 

small grains enclosed in forsterite, while the high-Ba phlogopites 

occur as large, individual grains (both types being very scarcely 

distributed in the rock), indicates a difference in age. The low-Ba 

phlogopites apparently survived the spinel-forming reaction from 

phlogopite. Cations released by this reaction, which could not be 

incorporated in the reaction products, may have been transported away, 

but locally a new growth of phlogopite seems to have taken place, 

concentrating especially Ba and Ti in the Ba-phlogopite. 

Spinel sporadically occurs in forsterite marbles of locations A and 

B. Rarely it is found in diopside rocks. Its colour varies from almost 

colourless - pale green, to deep green, dependent on the Fe content. In 

the marbles spinel occurs as subhedral grains, with grain sizes up to 3 

mm (Fig. 8). Occasionally spinel is enclosed in forsterite. At the 
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Fig. 8. Spinel in fopstepite mapble. Zone of fine
gpained Mg-chlopite at fopstepite-spinel contact. 
Photomicpogpaph, C372, plane polapized light. 
Abbp.: see Fig. 1. 

contacts with forsterite a very fine-grained Mg-chlorite is formed 

(Fig. 8), in some cases consuming the whole spinel. Another alteration 
product of spinel is hydrotalcite (Fig. 17). Small opaque exsolution 
lamellae in spinel are observed in a few samples. Rarely phlogopite 
inclusions are found. 

Chemistry 

Spinels in the Rogaland marbles have the lowest observed XMg ratio 
of all the primary minerals. XMg is down to 0.84, the range is from 
0.84 to 0.91. Spinel from a diopside zone in sample C397 still is 
richer in Fe+Mn and has a ratio of about 0.8. The colour of theXMg 
spinels seems to be related with the Fe content, the low-Fe spinels 
being almost colourless. Zn may be present in fairly large amounts, up 
to 2.4 wt% ZnO in marble C480 and up to 3.1 wt% in diopside rock C397. 

The Fe3+/(Fe3++Fe 2+) ratio varies between 0 (BE24) and 0.5 (C383). The 
Mn content has a fairly constant value of 0.3 wt% MnO, except for C397, 

where spinel contains about 0.7 wt%. Cr is only present as a trace in 
BE24, it does not exceed 0.1 wt% Cr203' 
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Within a sample spinel shows a fairly constant composition. Only at 

the outer rims (max. 50 urn) in contact with carbonates is a small 

decrease of Fe 3+, coupled with an increase of AI, observed. The 

compositional spread between the samples, in terms of mole % spinel, 

hercynite, gahnite and magnetite, is shown in Fig. 9. The composition 

of the spinels is close to that of the Mg-endmember. The gahnite 
content increases with hercynite, but no relation is found between 

magnetite and gahnite. 

In many impure dolomites (e.g. Glassley 1975, Rice 1977a, 

Bucher-Nurminen 1981, 1982) spinel is the most Fe-rich phase observed, 

Zn in spinel is only reported by Rice (1977a), with low amounts of 

about 0.2 wt% ZnO. 

Petrogenesis 

In AI-containing siliceous dolomites spinel may be formed by 

chlorite consuming reactions (Rice 1977a, Bucher-Nurminen 1976, 1981, 

1982, Widmark 1980, 1981). Chlorite is present in some spinel-bearing 

marbles in Rogaland, but it is considered as a retrogressive product 

(see section chlorite). The common observation that phlogopite in 

spinel-bearing marbles only occurs as inclusions in forsterite, suggest 

a spinel-forming reaction out of phlogopite. The same kind of 

relationships were observed by Glassley (1975) in granulite facies 
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marbles from the Lofoten region. He suggested the reactions: 2Phl+7Do= 

6Fo+7Cc+lSp+7C02+2H20+lK20 or 6Phl+7Cc=7Di+4Fo+3Sp+7C02+6H20+3K20, 

which could also be applicable for the Rogaland situation. The topology 

in T-XC02 space of the system including K is about the same as in the 

K-free system (Glassley 1975, Bucher-Nurminen 1981, 1982, Widmark 1981) 

although the exact location of these reactions in T-XC02 space is not 

known. In the K-free system the assemblage Fo+Sp is stable above about 

7000 C at 5 Kb for a large range of XC02 (Fig. 3). The absence of 

sp\nel in location C might be due to a temperature effect, although the 

spinel inclusions in forsterite in locations A and B suggest an earlier 

spinel formation already at lower temperatures, also prevailing in 

location C. Therefore the absence of spinel in location C is mainly 

considered to be a bulk rock effect, the formation of spinel being 

favoured by low K/AI ratios and low Si activities. 

MINOR AND SECONDARY MINERALS 

In this section minerals will be described which are only rarely 

observed or which are secondary products of earlier described minerals. 

The minerals involved are: enstatite, magnesio-hornblende, humite-group 

minerals, tremolite, chlorite, serpentine and hydrotalcite. 

Representative microprobe analyses of these minerals are given in the 

Appendix. Finally, the occurrence of wollastonite in the 

quartz-diopside gneisses is described. 

Enstatite 

This mineral is only observed in one sample from location A, C347, 

which contains a reaction zone between a forsterite marble and a 

quartzite. In this reaction zone several parallel layers of 

medium-grained (0.5-2 mm) forsterite and diopside are observed. 

Discordantly within layers close to the quartzite contact aggregates of 

fine-grained (0.3 mm) enstatite occur (Fig. 10). The enstatite shows a 

well-defined polygonal texture. The relations between enstatite and the 

forsterite-diopside zones indicate a replacement of forsterite or 

diopside by this mineral. Enstatite contains fine clinopyroxene 

exsolution lamellae II (100). The amount of lamellae is fairly large, 

so that a pigeonitic origin of these enstatites may not be excluded 

(Rietmeijer, pers. comm.). 
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Fi l7. 10. Enstatite in diopside-enstatite-forsterite 
rock. Photomicrograph, C34?, crossed polarizel's. 
Abbr. : see Fig. 1. 

Chemistry 

Enstatite found in C347 is nearly pure enstatite (En93FS6Wol), a 

composition not found earlier in the Rogaland/Vest-Agder region. The 

amount of Mn is fairly high, approximately 1 wt% MnO. 

Petrogenesis 

The forsterite and diopside zones in sample C347 are the normal, 

often observed, reaction products between quartzites and marbles. The 

enstatite seems to have formed from diopside and forsterite, at a later 

stage of metasomatism. The formation of enstatite by disequilibrium 

reactions of the type: Fo+Si02=2MgSi03 can take place anywhere in its 

stability field. The lower stability of enstatite is bounded by 

several anthophyllite and magnesite involving reactions. At 5 kb 

minimum temperatures for the stability of enstatite are approximately 

7000 c at XC02=O and 5700 C at XC02=1 (Johannes 1969) (Fig. 3). A 

similar metasomatic origin of orthopyroxene has been observed by 

Carswell et al. (1974) and by Sack (1982). In these cases an 

orthopyroxene reaction zone was described between a peridotite and a 

quartz-rich vein. 
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Fig. 11. Magnesio-hornblende in forsterite-spinel
dolomite marble. Photomicrograph, C383, plane pola
rized light. Abbr.: see Fig. 1. 

Magnesio-hornblende 

This mineral has only been found in one sample, a forsterite-spinel
dolomite marble C383 (location B) (Fig. 11). The pale-green amphibole 
in this sample forms a small zone within the rock. It has a grain size 
up to 4 mID and it shows primary textures, in contrast to the more 
frequently occurring tremolite in other samples, which clearly is a 
retrogressive product. The magnesio-hornblende may contain inclusions 
of forsterite, phlogopite or spinel. This sample has a unique mineral 
content, not found elsewhere in the Rogaland marbles. It contains large 
amounts of forsterite and spinel, while dolomite is the main carbonate 
phase. Chlorite occurring in this sample is interpreted to be a 
retrogressive product. 

Chemistry 

According to Leake (1978) the amphibole in sample C383 is a 
magnesio-hornblende; Na+K+Ba and Ti are low, XMg is high (0.89) and 
AlIV is moderate. The total Al and AlIV contents lie just between the 
values found for tremolitic and pargasitic amphiboles in lower grade 
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aluminous dolomites (Rice 1977a, Bucher-Nurminen 1981, 1982). The 

compositions of amphiboles in lower grade rocks indicate a 

compositional gap between tremolitic and pargasitic amphiboles (Misch 

and Rice 1975), while at amphibolite grade Misch and Rice found a 

continuous tremolite-hornblende series. The amphibole described here 

(C383) and those from the granulite facies terrain in the Lofoten area 

(Glassley 1975) form part of this continuous series. 

Petrogenesis 

Pargasitic amphiboles are frequently observed in aluminous marbles, 

often associated with spinel (Glassley 1975, Rice 1977a, 

Bucher-Nurminen 1982). Their scarcity in the Rogaland marbles might be 

due to special bulk chemical factors. The sample in question is very 

rich in spinel, forsterite and dolomite, and thus in Mg and AI, and 

relatively poor in Ca, compared with other forsterite marbles. There 

are no clear textural indications for reactions involving the 

amphibole. A theoretical reaction in the system is given by Rice 

(1977a): 8Chl+23Cc+11C02=3Tr+17Do+8Sp+29H20 (Fig. 3), placing the 

occurrence of tremolite+spinel at medium to high temperatures and high 

XC02 values. However, at higher temperatures tremolite+dolomite is 

unstable with respect to forsterite+calcite. The deviation from ideal 

tremolite chemistry might enlarge the stability field for 

Mg-hornblende, although Rice (1977a) and Bucher-Nurminen (1981) 

calculated only a very small temperature difference for the 

forsterite-forming reaction from an Al-rich tremolite. Bucher-Nurminen 

(1982) describes pargasite + dolomite forming reactions at the expense 

of spinel + forsterite+calcite as a result of introduction of Na to the 

rock system, forming an edenitic component in the pargasite. The 

inclusions of forsterite and spinel in the hornblende of C383 and the 

abundance of dolomite make such a type of reaction possible. The very 

limited occurrence of the magnesio-hornblende makes a detailed study of 

phase relations and chemistry not possible however. 

Humite-group minerals 

The minerals of this group are rarely present in the Rogaland 

marbles. They are mainly found in location B, sporadically in C and 

only very rarely in location A. The humite minerals occur in two ways: 

1) as a replacement of forsterite, often epitaxially overgrowing this 
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Fig. 12. Clinohumite overgrowth on forsterite. pho
tomicrograph, C382, plane polarized light. Abbr.: 
see Fig. 1. 

mineral (Fig. 12), and 2) as an overgrowth on serpentine, a 

retrogressive product of forsterite or diopside (Fig. 13). The 

pleochroic na-colour of the hurnite minerals ranges from colourless to 

yellow. In some samples colourless rims along yellow cores are 

observed. The grain size is variable, the size of large humite 

minerals overgrowing serpentine may amount to several mm. 

Chemistry 

The humite group has the general formula nMg2Si04' 

Mgl-xTix(OH,F)2-2x02x, where n=2 for chondrodite and n=4 for 
clinohumite. Replacement of Mg+2(OH,F) by Ti+2(0) and of Mg by Fe or Mn 

can occur. In the Rogaland marbles the humite group shows a range in 

composition in terms of the tetrahedral/octahedral ratio from about 

chondrodite to close to forsterite (Fig. 14). The Ti and Mn contents 

also show a considerable variation. 

Chondrodite-like compositions are observed in sample Z75. They 

generally are Ti-poor (Ti02 about 0.15 wt%) and Mn-rich (MnO about 

1.2%). Some chondrodites in this sample show much higher Ti contents, 

(up to 2.3 wt%), compensated by lower Mg contents. Clinohumite-like 

compositions are found in samples C236, C372, Q75 and Z75. They show a 
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Fig. 13. Overgro~th of chondrodite and clinohumite 
on serpentine. Photomicrograph, 275, plane pola
rized light. Abbr.: see Fig. 1. 

Ti content up to 3.2 wt% Ti02 and a Mn content of 0.4 to 2.4 wt% MnO. 

In sample Z75 chondrodite and clinohumite can be found epitaxially 

intergrown, with colourless chondrodite as rims along yellow 

clinohumite. Unlike other reported occurrences, where chondrodite and 

clinohumite contain the same amount of Ti in formula (Aoki et al. 1976, 

Franz and Ackermand 1980), chondrodite usually contains less Ti than 

clinohumite. This throws some doubt on the ordering of Ti at the M3 

octahedral sites (Ribbe 1979) in the Rogaland humite group. 

In sample C372 a spread in tetrahedral/octahedral ratios is observed 

from clinohumite to forsterite compositions. The Ti and Mn content is 

much higher than in the associated forsterite (Ti02: humites 0.29 to 

3.24, forsterite nihil; MnO: humites 1.4 to 2.4, forsterite 0.4 to 

0.5). The highest tetrahedral/octahedral ratios are found in minerals 

overgrowing serpentine, which presumably is a retrogressive product of 

diopside. These humite-like minerals also contain a small amount of AI. 

The cause of the compositional range of the humite minerals is not 

known. Possibly very fine-scale intergrowth of different members of the 

humite group and forsterite itself are present at forsterite-humite 

contacts. 
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Fig. 14. Chemical variation 
range C372
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= SYMg+Fe+ Mn + Ti 

Fluorine was analysed in the clinohumites of samples CZ36 and Q75. 

In the low-Ti clinohumites of Q75 F is higher (about Z.9 wt%) than in 

the higher-Ti clinohumites of CZ36 (about Z.O wt%). These differences 

are a reflection of the substitution Mg+Z(F)=Ti+Z(O). 

Petrogenesis 

Formerly, minerals of the humite group were thought to originate 

solely as a result of low-pressure contact metamorphism and the 

metasomatic introduction of fluorine. Rice (1980a) showed that these 

minerals also can form as a normal product of regional, isochemical 

metamorphism. The T-XCOZ stability field of the humite minerals 

expands to high XCOZ values with an increasing amount of F substitution 
in the mineral. The substitution of Ti has the same effect, while an 

increase of pressure decreases the stability field again to low 

XC02 values (Rice 1980a). In the Rogaland marbles textures of 
clinohumite replacing forsterite indicate the following reaction: 

4Fo+1Do+1HZO=IChu+Cc+COZ (Rice 1980a). In sample Q75 the F/(F+oH) ratio 

(XF) is about 0.5. At 5 kb the T-XC02 stability field for such a 

clinohumite+calcite relative to forsterite+dolomite lies at low 

Xc02 values for a large range of temperatures (approximately (O.Z at 
7000 C, (0.05 at 5000C) (Fig. 3). So, most likely the clinohumites 

replacing forsterite were formed at a retrogressive stage of 

metamorphism in HzO-rich fluids. If, as is the case in sample Q75, the 

sample shows hardly any signs of retrogradation to serpentine or 
chlorite, this seems to have happened at temperatures high enough to 

prevent forsterite from serpentinization (about 400-5000C). On textural 

grounds it is not possible to establish the time relationship between 

clinohumite and diopside rims which occur in the same sample, but both 

could,have formed at the M3 stage. 

109 



The clinohumites and chondrodites of the second group are more 

clearly related with retrogradation. The overgrowing of these minerals 

on serpentine indicates that they were formed at a late or second stage 

of retrograde metamorphism. Trommsdorff and Evans (1980) place the 

stability field of Ti-hydroxyl clinohumite inside that of antigorite, 

at very low XC02 values, but a small amount of F substitution would 

certainly enlarge the stability field for the clinohumites. 

Unfortunately no F analyses are available for clinohumite and 

chondrodite in sample Z75, but the presence of chondrodite suggests a 

certain amount of F substitution (Rice 1980b). In that case the 

formation of clinohumite and chondrodite can have taken place at a 

second stage of retrograde metamorphism (M4b), for instance as a result 

of an introduction of some fluorine. 

Tremolite 

Locally, colourless tremolite is a fairly common retrogressive 

product in the Rogaland marbles, occurring mainly in locations Band C. 

In location A it is only rarely observed, for instance in the diopside

forsterite-enstatite rock C347, where it replaces diopside. Such 

replacements of diopside are more common in locations Band C, as well 

as in forsterite marbles, diopside marbles and diopside rocks. 

Generally, tremolite forms small rims around diopside and locally large 

parts of diopside may be altered to tremolite (Fig. 15). In some 

samples tremolite grows into serpentine pseudomorphs after forsterite. 

Generally tremolite only has a small grainsize, but in strongly 

retrograded rocks the size may amount to several centimeters. In the 

strongly retrogressive marbles, mainly in location B, tremolite may 

form euhedral to subhedral crystals, while virtually no relics of 

diopside or forsterite are present. Talc may be associated with 

tremolite. In location C some small (a few em.) tremolite-calcite veins 

are observed in which tremolite forms large elongated grains. The 

diopside rock, which this vein intruded, is altered into tremolite 

along the border of the vein. 

Chemistry 

According to the nomenclature of Leake (1978), the amphibole of 

sample C347, amphiboles of sample Q159 and amphibole analyses of Teske 

(1977) represent true tremolites. They all contain a low amount of 

non-quadrilateral components. In C347 Al is somewhat higher (0.2 wt% 
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Pig. 15. TY'emolite overgrouith on diopside. Photo
micrograph, (]126, crossed polar'£zers. Abbr.: see 

1. 

oxide) than in the associated diopside «0.1), Mn is lower. XMg is 

about the same in tremolite and diopside, a feature also observed in 

prograde metamorphic sequences. No fluorine was detected in the 

tremolite of sample Q159. The Al content of tremolite in prograde 

metamorphic sequences generally is higher (Glassley 1975, Rice 1977b). 

Petrogenesis 

The absence of tremolite as a primary phase in the marbles places 

the high-grade metamorphic conditions of the Rogaland marbles above 

reactions (7) and (13) (upper stability of tremolite+calcite) in 

T-XC02 space (Fig. 3). The retrogressive formation of tremolite may 

have taken place under a large range of T-XC02 conditions and, 

therefore, over a long time span during the cooling and retrogressive 

history of Rogaland. The occurrence of tremolite mainly at locations B 

and C suggests a relation with Caledonian metamorphism. In particular, 

tremolite growing in the serpentine pseudomorphs is regarded as a late 

retrogressive product, presumably formed during the M4b phase of 

metamorphism (Sauter et al. 1983). In H20-rich fluids its formation can 

take place at relatively low temperatures. For tremolites where such 

textural relations are not present a higher temperature ~13 age of 

formation can not be excluded. 
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Chlorite 

Chlorite is, like tremolite, fairly common as a retrogressive 

mineral in the Rogaland marbles. Several types of formation of chlorite 

can be recognized: 1) decomposition of phlogopite, 2) decomposition at 

the contact of spinel and forsterite, 3) decomposition of spinel. 

1) Phlogopite can be partly or totally retrograded into chlorite. The 

chlorite can be a pennine, with negative optical sign, or a Mg-chlorite 

with a positive optical sign and a high birefringence. In some samples 

a relic phlogopite core can successively be rimmed by chlorite and 

Mg-chlorite. The chloritization of phlogopite is mainly observed in 

locations Band C. 

2) At all forsterite-spinel contacts observed in locations A and B (no 

spinel is present in location C), a very fine-grained Mg-chlorite 

aggregate has been formed (Fig. 8). In some cases it seems to have 

consumed the whole spinel, but also forsterite is partly consumed. 

3) In spinel-bearing marbles of location B (e.g. C372, C383) a 

coarse-grained Mg-chlorite is observed with positive optical sign and 

high birefringence. At first glance it has a primary appearance, but 

corroded spinel in contact with this chlorite suggests a retrogressive 

reaction between these two minerals (Fig. 16). In some cases the 

coarse-grained chlorite seems to grow from the fine-grained 

Mg-chlorites of type 2. 

Chemistry 

Chlorites were analysed in marbles C372 and C383. In the two samples 
the three types of chlorite have an almost similar composition. In the 

nomenclature used by Deer et al. (1962) the composition falls just at 

the boundary between the sheridanite and clinochlore fields, with 

tetrahedral Al ranging from 2.1 to 2.6 (per 28 0). In both samples 

chlorite at forsterite-spinel contacts has a somewhat higher XMg ratio 

(0.98) than the two other types of chlorite (0.96 to 0.97). Chlorite 

forming from phlogopite has the same XMg as phlogopite. Qualitative 

data available for chlorite retrogressive after phlogopite in the 

spinel-lacking sample Q159, show much lower Al contents, AlIV being 

about 1.3. This points to a pennine composition. No fluorine is 

detectable in this chlorite. 

The composition of the chlorites in the spinel-bearing marbles in 

Rogaland, notably the AlIV content, is close to that observed in the 

prograde sequences of Rice (1977a) and Bucher-Nurminen (1981, 1982). 
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Fig. 16. Mg-chlorite-spinel-dolomite contacts. 
Photomicrograph, C383, plane polarized light. 
Abbr.: see Fig. 1. 

Petrogenesis 

In the AI-containing siliceous dolomite system, chlorite is stable 
over a large range of T-XC02 conditions (Rice 1977a, Bucher-Nurminen 
1981, 1982). Chlorite+calcite even has a higher temperature stability 
than tremolite+calcite up to high XC02 values (Fig. 3). Chlorite+ 
calcite is unstable, forming spinel, in a part of the tremolite+calcite 
stability field, only at XC02 values higher than about 0.6. Because of 
this large stability field it is difficult to pinpoint the conditions 
of the retrograde formation of chlorite in the Rogaland marbles. Rice 
(1977a) noted an increase of AIIV in chlorite with increasing grade of 
metamorphism. In the same kind of rocks (spinel marbles) 
Bucher-Nurminen (1981, 1982) found the same amount of AIIV at higher 
pressures. The similar range of AIIV in the Rogaland chlorites suggests 

this retrograde formation of chlorite in the spinel marbles to have 
occurred at relatively high temperatures (M3?), close to the upper 
stability of ch1orite+carbonate. 
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Serpentine 

Serpentine in the Rogaland marbles is the retrogressive product of 
forsterite as well as diopside. Serpentinization of cracks in 
forsterite is common in all forsterite marbles, and in several samples 
complete serpentinization can be observed. If so, only the outer form 
of the pseudomorphs may indicate an origin from forsterite or diopside. 
In locations Band C a later overgrowing of serpentine by tremolite, 

talc and clinohumite or chondrodite is observed. In a strongly 
retrograded exposure in location B some chrysotile fibre veins are 
present. 

Chemistry 

Some analyses of serpentine show a variation in composition notably 

in AI. A low amount of Al is present in serpentine retrogressive after 
forsterite, and up to 3.2 wt% Al is present in serpentine retrogressive 
after diopside. The XMg ratio of serpentine is about the same as in the 
associated forsterite. 

Petrogenesis 

Serpentine is a common alteration product of forsterite. The 
serpentinization of forsterite in a pure H20 fluid takes place at about 

4000 C. In fluids somewhat richer in C02, serpentinization may begin at 
SOOoC, but the stability field of serpentine is confined to very low 
Xc02 values (Johannes 1969) (Fig. 3). The T-XC02 conditions of 
serpentinization of diopside are not known, but the extension of the 
AI-rich serpentine towards the compositional fields of chlorite or 
septechlorite, suggest an enlargement of its stability field with 
respect to pure Mg-serpentine. 

The formation of serpentine possibly can have taken place during the 
post M3 cooling stage, but a great part will have been formed during 
Caledonian M4a and M4b metamorphic phases, when temperature was low 
enough and fluids were available to form serpentine. 

Hydrotalcite 

The mineral hydrotalcite was recognized with the aid of microprobe 
analysis of some spinel marbles. This Mg-Al hydroxycarbonate occurs in 
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aggregates rimming spinel (Fig. 17), while in some cases complete 

consumption of spinel has taken place. Strongly bent crystals may occur 

in an otherwise undeformed rock, the strong bending apparently being 

the result of the replacement of spinel. The mineral has an appearance 

much like serpentine or chlorite. It is optically negative, uniaxial, 

it has a refractive index of about 1.5 and a birefringence of about 

0.01. The grainsize is less than about 0.3 rom. In some cases 

hydrotalcite is observed between spinel and fine-grained Mg-chlorite, 

indicating that it was formed later than the formation of Mg-chlorite 

at the expense of spinel+forsterite. 

Chemistry 

The microprobe analyses showed a composition close to the 

theoretical formula: Mg6AlZ(OH)16C03.4HZO. Only a small amount of Fe 

has replaced Mg. No other elements were detected. XRD analysis 

confirmed the chemical determination and showed that the mineral is a 

mixture of the rhombohedral (hydrotalcite) and hexagonal (manasseite) 

polymorphs of this hydroxycarbonate. This is a common feature in this 

group of minerals (Frondel 1941, Struwe 1959). 

Fig. 17. Agg~egate of hyd~otalcite a~ound spinel. 
Photomic~og~aph, BL085, plane pola~ized light. 
Abb~.: see Fig. 1. 
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Petrogenesis 

Hydrotalcite is an alteration product of Mg-spinel in aluminous 

dolomites, not frequently described. Possibly it often is overlooked 

and mistaken as chlorite. Struwe (1959) described hydrotalcite and 

manasseite as an alteration of spinel in contact-metamorphic dolomites 

in the French Pyrenees, while Trommsdorff and Schwander (1969) found 

hydrotalcite in brucite marbles from the Bergell Alps. The conditions 

of formation of hydrotalcite in metamorphic rocks are not known. In 

other environments for instance it is observed as a very 

low-temperature (900 c) alteration product of basaltic glasses, 

interacting with sea water (Thomassin and Touray 198Z). 

Accessory minerals 

Accessory phases in the marbles are scarce. Barite is among the most 

conspiceous accessories, occurring in forsterite marbles from locations 

A and B. Apatite can be present in marbles from all locations. It is 

rich in chlorine. Zircon is very scarce in the marbles. Sphene is 

mainly present in the diopside marbles. Most of the opaques are Fe 

oxides, retrogressively formed during serpentinization of forsterite. 

In strongly retrograde marbles pyrite can occur. 

Wollastonite 

The occurrence of wollastonite in the quartz-diopside gneisses is 

treated here too, as it is in contrast to the absence of this mineral 

in the marbles. Recently Venhuis (198Z) reported the occurrence of 

wollastonite in a quartz-diopside gneiss of location A. Until then, no 

wollastonite was reported from rocks of the Faurefjell formation. No 

exact fluid data are available for the wollastonite-bearing rock, but 

the occurrence of a high proportion of carbonic inclusions in the 

quartz-diopside gneisses (Swanenberg 1980) suggests a high temperature 

formation of wollastonite (Fig. 3). Despite the high temperatures 

inferred for the marbles of location A, close to the intrusive 

complexes, no wollastonite has been found in these marbles. This is due 

to the relatively high Mg activity in the marbles which favours the 

formation of Mg-silicates such as diopside, forsterite or even 

enstatite at any metamorphic or metasomatic SiOz-introducing phase. The 

widespread occurrence of wollastonite in the high-temperature marbles 
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of the Bergell area in the Alps (Trommsdorff 1966) and the Morin 

anorthosite-granulite terrain in the Grenville Province (Martignole 

1975) indeed is the result of different bulk compositions: these 

marbles generally contain quartz, plagioclase or scapolite, and 

diopside, in contrast to the Rogaland marbles. 

ELEMENT DISTRIBUTION AND GEOTHERMOMETRY 

As already pointed out by Sauter (1981) (Chapter 1), the order of 

preference for Mg over Fe and Mn in the minerals of the Rogal and 

marbles grossly is the same as in other studied siliceous dolomite 

occurrences (Glassley 1975, Rice 1977a, b, Bucher-Nurminen 1981, 1982). 

The order of increasing XMg in the Rogal and marbles is: 

Sp)Cc)Fo)Phl-Di-Do (Fig. 18). In the studies of Rice (1977a, b) and 

Bucher-Nurminen (1981, 1982) tremolite and pargasitic amphiboles fall 

in the high XMg range, with XMg values larger than that of forsterite 

or spinel. In the higher temperature marbles of the Lofoten (Glassley 

1975) and of Rogaland pargasite and magnesio-hornblende are among the 

most Fe-rich phases, together with spinel. The higher AI content in 

these amphiboles apparently is correlated with a high Fe content, 

possibly partly in the form of Fe3+. 
The ordel of XMg ratios of retrograde minerals such as tremolite, 

chlorite and clinohumite is the same as in prograde sequences (Rice 

1977a, b, Bucher-Nurminen 1981, 1982): tremolite approximately shows 

the same ratio as diopside, chlorite about the same as phlogopite and 
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the value for clinohumite lies between that of forsterite and 

phlogopite. 

The element distribution between several minerals in the Rogaland 

marbles shows a fairly complicated pattern, mainly because of the 

compositional variation in diopside. The Mg, Fe and Mn distribution, in 

terms of XMg=Mg/(Mg+Fe+Mn), between forsterite and diopside is shown in 

Fig. 19. This is a refinement and an extension of Fig. 5 in Chapter 1 

(Sauter 1981), mainly because of the addition of data from some 

spinel-bearing rocks. As is apparent from Fig. 19, a fact already 

mentioned in preceding sections, the XMg of forsterite in a sample is 

nearly constant, while there is a large variation in of diopside.XMg 
The data show a tendency to spread towards lower KD values, i.e. 

farther away from the KD=l line, for samples from locations Band C. 

One of the possible reasons for such a KD shift is temperature 

variation, the marbles from locations Band C having experienced lower 

metamorphic temperatures than those of location A. However, new data on 

the AI-rich diopsides from spinel-bearing marbles show that also a 

compositional factor has to be taken into account: the XMg of diopside 

is strongly correlated with its Al content. In Chapter 2 it is shown 

that in AI-rich diopsides the larger total Fe content partly is due to 

a larger Fe3+ content. A direct correction of XMg of diopside for 

Fe 3+is not appropriate, due to large errors in the Fe 3+ calculation, 

but the compositional effects on KD can be studied in the KD versus 

AlZ03 (diopside) plot of Fig. 20. Because of the constant forsterite 

composition within a sample, the good correlation in several samples 
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between Kn and A1203 is directly related to the XMg-Al correlations in 

diopside. When the Kn-A1203 lines for the high-AI samples BE24, C336, 

C372 and C480 are extrapolated to an A1203 content of 0.5 wt%, a value 

equal to the lowest Al content in BE24 and equal or close to the low-AI 

diopsides of locations Band C, all Kn values fall in a narrow range, 

except for samples C347 and C372. This feature suggests a major 

control of the Al and Fe3+ content in diopside on the Kn values between 

diopside and forsterite. The temperature effects Kn only indirectly: 

in the same assemblage the Al content in diopside is 

temperature-dependent (see next paragraphs) and in that way the Mg 

distribution between forsterite and diopside is dependent on 

temperature. Only the distributions in C372 (a forsterite-spinel marble 

from location B) and C347 (a forsterite-diopside-enstatite rock from 

location A) are significantly different from other samples. The reason 

for the relatively high extrapolated Kn value for sample C372 is 

unknown. In C347 the formation of the forsterite-diopside-enstatite 

rock, as a metasomatic product between a quartzite and a marble, 

perhaps suggests non-equilibrium conditions. The occurrence of 

tremolite in this rock could also point to different late-metamorphic 

reequilibration conditions, relative to other samples from location A. 

For the reasons mentioned above, geothermometry based on the Mg-Fe 

distribution between diopside and forsterite is not possible in the 

Rogaland marbles. For instance, the temperatures obtained applying the 

Powell and Powell (1974) olivine-clinopyroxene geothermometer are 
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strongly variable and they depend more on the Al content in diopside 
than on the Mg-Fe distribution between forsterite and diopside (Sauter 
1978). The use of this geothermometer must be also rejected for other 
reasons (Wood 1976). 

Virtually no Al is present in the only clinopyroxene-orthopyroxene 
pair found, but the problem in this sample is equilibrium: enstatite in 
this sample presumably formed metasomatical1y, as a result of 

disequilibrium reactions involving forsterite and diopside (see section 
on enstatite). Therefore, the calculated temperatures using the opx-cpx 

geothermometer of Wood and Banno (1973) (989 0 C) and of Wells (1977) 
(8500 C) must be regarded with caution. The Ca and Mg contents in 
diopside and enstatite also indicate fairly high temperatures, higher 

than 9000 c (using Lindsley et al. 1981). 

The Al content in clinopyroxene, expressed as the Ca-Tschermak's 
component, is, among other factors, dependent on the temperature. 
Herzberg (1978) experimentally studied the Al content of pyroxene in 
several lherzolitic assemblages. In the spinel lherzolite field 
(assemblage Opx-Cpx-Fo-Sp) the Al content increases with increasing 

temperature, while in the plagioclase and garnet lherzolite fields the 
Al content also is dependent on pressure. In the Rogaland marbles the 
highest AI contents are observed in spinel-bearing marbles of location 

A. By analogy with the spinel lherzolite system they must represent 
fairly high temperatures, but the absence of experimental data in the 
siliceous-aluminous dolomite system, with assemblages different from 
those in the lherzolitic system, excludes the determination of exact 
temperatures belonging to these high-AI diopsides. 

The Mg-Fe-Mn distribution between forsterite and phlogopite and 
spinel is shown in Fig. 21. Generally the forsterite-phlogopite pairs 
from location A show a tendency to plot closer to the KD=l line than 
the pairs from locations Band C. However, bulk-chemical and 
crystal-chemical factors also play a large role in phlogopite. 
Generally the Al content is larger in spinel-bearing marbles, but also 
the Ba and Ti contents influence the Mg/Fe ratio in phlogopite. 

The Mg-Fe-Mn distribution between forsterite and spinel (Fig. 21) 

(XMg spinel corrected for Fe3+) shows KD values in a closer range than 
for instance the distribution between forsterite and phlogopite in the 
same samples. Also the forsterite-spinel pairs of the contact 
metamorphic marbles of Rice (1977a) and those from the regional 
metamorphosed marbles from Spitsbergen and Greenland (Bucher-Nurminen 
1981, 1982 respectively) show a similar distribution. Some of the the 
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Lofoten marbles (Glassley 1975) show forsterite-spinel pairs with lower 

KD values. The Mg-Fe-Mn distribution in the Rogaland forsterite-spinel 

pairs suggest a certain degree of equilibration; the almost similar 

distribution of other pairs from various areas even suggest a general 

reequilibration of forsterite-spinel pairs in marbles. Such a 

reequilibration is also commonly observed in other rock types, for 

instance lherzolitic rocks (Fabries 1979, Roeder et al. 1979) and in 

other spinel-mineral pairs (spinel-cordierite, Kars et al. 1980). 

Spinel-olivine geothermometry will thus only reflect reequilibration 

temperatures. The use of these geothermometers (Fabries 1979, Roeder et 

ale 1979) gives very variable results. For marbles from location A: 

BE24: Fabries 6700 C, Roeder 9500 C C480: Fabries 695-8350 C, Roeder 

1080-12950 C; C338: Fabries 645-8750 C, Roeder 850-1090oC. The 

temperatures obtained from the Roeder thermometer often give 

unreasonable results. The large variation in temperatures within one 

sample mainly is caused by the close spacing of the iso-temperature 

lines in this high-Mg part of the spinel-forsterite KD plot. 

Furthermore, the KD values for these Cr-free spinels only show little 
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variation with temperature. So, small differences, even within 

analytical error, in XMg of spinel and forsterite result in large 

temperature differences. Also the small differences in Fe 3+ in spinel 

lead to relative large temperature variations. Applying the 

geothermometer of Fabries (1979) to the marbles of Rice (1977a) and 

Bucher-Nurminen (1981, 1982), yields temperatures which lie up to 100 

to 2500 higher than the metamorphic temperatures inferred for these 

areas. These results show that spinel-olivine geothermometry is 

unreliable when used for marbles. 

GENERAL PETROGENESIS 

The textural and chemical data presented in this and in preceding 

chapters indicate a very complex, polymetamorphic and metasomatic 

history of the Rogaland marbles. The apparent succession of processes 

in the normal, closed, siliceous dolomite system and metasomatic, open 

system processes makes the metamorphic history of these types of rocks 

difficult to unravel. 

In the metapelitic rocks of the Rogaland area four metamorphic 

stages are recognized, M1 to M4 (Kars et al. 1980, Maijer et al. 

1981). These stages are correlated with four main geochronological 

events, around 1200 Ma, 1050 Ma, 950 Ma and 400 Ma (see Wielens et al. 

1981 for a review). A very old MO stage is indicated only 

geochronologically at an age of 1500 Ma. M1 (1200 Ma) is mainly an 

upper amphibolite facies, M2 (1050 Ma) an amphibolite facies in the 

east grading to granulite facies in the west, M3 a lower granulite 

facies to upper amphibolite facies and M4 a greenschist facies to very 

low-grade metamorphism. The cooling path after M3 is characterized by 

amphibole blocking temperature (550-4900 C) ages of about 950 Ma and 

biotite blocking temperature (about 4000 C) ages of about 870 Ma. The 

Caledonian M4 metamorphism is divided in a very low-grade M4a 

metamorphism and a greenschist M4b metamorphism (Verschure et al. 1980, 

Sauter et al. 1983). 

In the marbles geochronological data are lacking, so that the 

general petrogenesis and the correlation with the regional metamorphic 

history must be based on textures, stability fields for minerals and 

mineral assemblages and, possibly, geothermometry. Indicators for 

metamorphic pressures are not present in the Rogaland marbles. A 

pressure of 5 kb is used here, being a reasonable estimate for the 
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pressure during the M2 metamorphism (Hermans et al. 1976). The 

pressure during the Ml stage might have been somewhat higher, about 7 
kb (Rietmeijer 1979, Jansen and Maijer 1980). 

The succession of formation of the minerals, tentatively fitted in 

the regional metamorphic history, is shown in Fig. 22, and is discussed 

in the following paragraphs. 

Both calcite and dolomite can be early as well as late mineral 

phases. The formation of calcite has taken place during all stages of 

decarbonation and successive exsolution. It can also have formed 

during retrograde reactions. Dolomite was the main carbonate phase in 

the carbonate rocks prior to metamorphism (Chapter 5), but it may also 

have formed in the prograde sequence as a result of the reaction Tr+Cc= 

Di+Do (Fig. 3) and in the retrograde path as a result of exsolution. 

Assuming a complete homogenization of Mg-calcite at the peak 

metamorphic temperatures, exsolution starts in the cooling trajectory, 

during or after M3. The rhombohedral dolomite exsolution presumably is 

a late M3 or M4a product, while symplectitic exsolution appears to be 

related with M4b metamorphism (Chapter 3). 

The occurrence of forsterite in the marbles is indicative for high 

metamorphic temperatures, approximately 700°C at 5 kb fluid pressure 

(Fig. 3). The disappearance of dolomite in location A as a result of 

the forsterite forming reaction Di+Do=Fo+Cc (Fig. 3), clearly reflects 

the M2 event. In the marbles of locations Band C the equilibrium 

assemblage still seems to be present, thus reflecting the thermal 

gradient induced by the intrusion of the lower part of the lopolith 
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during the M2 stage. It is not known whether a part of forsterite 

already has formed during the Ml amphibolite facies. Calcite marbles in 

the amphibolite facies terrain near Kristiansand (about 100 km to the 

SE) do not show forsterite (Falkum 1966), but their different chemistry 

(no dolomite present) excludes a direct comparison. The assemblage 

tremolite-calcite-diopside in the Kristiansand marbles indicates that 

the forsterite producing reaction (13) has not taken place, but this 

assemblage has a stability higher than the lower stability of 

forsterite+calcite in the dolomitic Rogaland marbles, for a range of 

XC02 values (see Fig. 3). The forsterite rims along diopside rocks or 

clusters may be of the same age and origin as the discrete forsterite 

grains, growing at the expense of earlier formed diopside rocks, or 

they may be contemporaneous with this diopside rock, growing in 

activity gradients across the marble-diopside rock-quartzite contact. 

Diopside was formed mainly in two different periods, firstly at M1, 

and secondly, post-forsterite, presumably in the M3 stage, formed by 

metasomatic reactions (Chapter 2). 

Phlogopite is found as inclusions in forsterite, diopside and, 

rarely, in spinel. This indicates a relatively early formation, as is 

also indicated by the reactions in the T-XC02 diagram, where phlogopite 

can be formed at temperatures slightly below the upper stability of 

dolomite+quartz (Fig. 3). Phlogopite thus can be formed at least prior 

to the M1 stage. High-Ba phlogopite presumably has formed later than 

fosterite and spinel, in the M2 or M3 stage. 

Spinel can occur as inclusions in forsterite, while sporadically 

phlogopite inclusions in spinel are observed. This indicates a growth 

of spinel after the first formation of phlogopite and before the last 

formation of forsterite. The T-XC02 diagram suggests a formation in M1 

as possible. 

The data for enstatite and magnesio-hornblende are scarce. Cpx-Opx 

geothermometry suggests a high-temperture M2 equilibration, whereas the 

possible pigeonitic origin of enstatite suggests an M2 age for the 

formation of the mineral. The magnesio-hornblende chemistry indicates a 

high-temperature formation, its textures possibly a post-forsterite, 

post-spinel M3 age. 

The formation of the retrogressive minerals already may have begun 

at high temperatures. Clinohumite, chlorite and tremolite may have 

formed in a late M3 cooling stage. Serpentine formation may have taken 

place still later during cooling and also in Caledonian M4a and M4b 

retrogressive stages. The age of hydrotalcite is uncertain, at least 

it must be later than the Mg-chlorite alteration of spinel, possibly in 
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late M3 or M4. The overgrowth of clinohumite/chondrodite, tremolite and 
talc on serpentine, especially in locations Band C, suggest a M4b 
metamorphic age. 
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CHAPTER 5 

WHOLE ROCK CHEMISTRY 

INTRODUCTION 

To get an impression of the wide variety in whole rock compositions 

within the Faurefjell formation, whole rock analyses were made of 

several rock types from locations A, Band C (Fig. 1 in Chapter 1). 

The rock types involved are: forsterite marbles, diopside marbles, 

diopside and diopside-phlogopite rocks, diopside-alkalifeldspar rocks, 

a quartz-diopside gneiss, quartz-alkalifeldspar rocks and an 

alkalifeldspar-phlogopite rock. The general petrography of these rock 

types, their occurrence and relationships, are described in Chapter 1 

(Sauter 1981). Representative whole rock analyses, as well as a list of 

mineral contents of these samples, are given in the Appendix. Some 

whole rock analyses were made of associated granites and pegmatites. 

The pegmatite samples form a successive series (e.g. C506-C499B) in an 

outcrop in location B (See photograph at first pages of this thesis). 

This pegmatite seems to have originated by small-scale migmatization in 

surrounding quartz-diopside gneisses (C393). It has intruded the 

marbles, forming plagioclase-rich zones (C499B) and diopside 

(-phlogopite) rocks at the rims. Some granite samples were taken at 

location A, where, at the discordant contact with the marbles, a 

leucogranite (C242) changes via a syenitic composition to a pure 

microcline rock (C21). Small, retrograded plagioclase veins intrude the 

marble, forming rims of diopside rock. Unfortunately such contact 

phenomena between granites or pegmatites and the marbles are 

accompanied by retrograde metamorphism. Especially the outer, 

plagioclase-rich zones of the pegmatite, at the very contact with the 

diopside rock, are often heavily retrograded. 
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ANALYTICAL PROCEDURE 

Most whole rock analyses were performed at the Service Laboratory of 
the Instituut voor Aardwetenschappen (rapid rock method), some others 

were performed at the Vening Meinesz Laboratory (XRF) The rapid rock 
method is based on the single-solution method of Shapiro (1967), using 
both colorimetry and atomic absorption. Trace elements (Rb and Sr) were 

analysed with atomic absorption. Representative analyses are listed in 
the Appendix. 

RESULTS AND DISCUSSION 

The chemical variation between the analysed rocks is depicted in 
Fig. 1. Here the samples are plotted in a compositional triangle, as 

functions of SiOZ, AlZ03+KzO+NazO+BaO and CaO+MgO+FeO+MnO. The analysed 
rocks show a trend from the forsterite marbles close to the CaO-MgO 
corner to the quartz-alkalifeldspar rocks close to the SiOZ apex. 

The marbles show a large variation in composition, mainly in the 
SiOZ content. In forsterite-spinel marble C37Z it is about 8 wt%, in 
diopside marble CZ35 about 30 wt% SiOZ. As can be seen from Fig. 1, the 

increase of SiOZ is accompanied by a moderate increase of Al and the 
alkalies. In the samples in question this is reflected by an increasing 
phlogopite content. The increasing Si-K-Al trend is extended in the 

SiOz Fig. 1. Whole rock analy
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diopside-phlogopite rocks, diopside-alkalifeldspar rocks, quartz

diopside gneiss into to quartz-alkalifeldspar rocks. Some diopside 

rocks however, lie only on an increasing Si trend. The pegmatites show 
a reversed trend from quartz-alkalifeldspar rich to more Ca- and 

Mg-rich compositions. 

In Fig. 2 the mole fractions Si02, CaO and MgO+FeO+MnO of the 
marbles are plotted. It is shown that in the forsterite marbles the 

molar Ca/Mg ratio is about equal to one. 
The tielines in the compositional triangle of Fig. 2 indicate the 

reaction lDi+3Do=2Fo+4Cc+2C02 (14) in the system CaO-MgO-Si02-C02-H20 
(Chapter 1). In fact the whole rock analyses should be corrected for 
the presence of phlogopite and spinel wh~n plotting them in the 

CaO-MgO-Si02 system. However, such a correction only results in a 
slight shift towards the CaO corner. Two samples from location A, A164 

and C48l, plotting above the forsterite-calcite tieline, contain the 
association Fo~Cc-Di, in accordance to their position in the triangle. 
The absence of dolomite in all samples from this location indicates 
that reaction (14) really seems to have proceeded to the right. The 

samples from locations Band C however, generally show the assocation 
Fo-Di-Cc-Do. The study of zoning in diopside (Chapter 2) has shown the 

complexity of the occurrence of diopside. Both primary diopside and 

metasomatic diopside seem to occur. The presence of reasonable amounts 
of dolomite in rocks so close to or even above the forsterite-calcite 
tieline might indicate that Fo-Di-Cc-Do is the equilibrium assemblage 

Q 
Fig. 2. Whole rock analy
ses of forsterite marbles 
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shift from the Fo-Cc-Do field towards the Si02 apex, as a result of 

metasomatic formation of diopside. 

A rather conspicuous feature of the Rogaland marbles is their Ba 

content. A highest value of 1.6 wt% BaO is analysed in A164. In Fig. 3 

is shown that in the marbles Ba shows a positive correlation with K, 

reflecting the presence of Ba in phlogopite. Another main Ba carrier is 

barite, which is an accessory phase in several marbles. In most other 

rock types the Ba content does not exceed that of the marbles. Only at 

the margin of the pegmatite Ba is strongly enriched, up to 6 wt% BaO 

(Fig. 3). In these rocks Ba increases with an increasing Ca and a 

decreasing K content. (Fig. 4). 

Rb shows in all rock types a good positive correlation with K. In 

the marbles this element will be concentrated in phlogopite, in the 

other rock types mainly in alkalifeldspar. The Rb content in the 

marbles is the highest in diopside marbles, amounting to 200 ppm. In 

most forsterite marbles Rb does not exceed 50 ppm. In high-K rocks, 

such as diopside-phlogopite rocks, diopside-alka1ifeldspar rocks and 

alkalifeldspar pegmatites, Rb is much higher, up to 680 ppm in a 

pegmatite. 

The Sr content in the marbles shows a maximum content of about 200 

ppm, while most values fall in the range of 60 to 140 ppm (Fig. 4). No 

clear relation between Ca and Sr is present in the marbles. In other 
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rock types the maximum amount of Sr is about the same as in the 

marbles. In the pegmatites Sr and Ca do show a positive correlation, 

apparently due to the incorporation of Sr in plagioclase. In the 

diopside rocks high as well as low Sr contents are analysed. No 

positive correlation with the phlogopite content, and thus with the Rb 

content, is present, so that the contribution of radiogenic Sr is not 

demonstrable. In these rocks Sr will be mainly concentrated in 

diopside. 

The amount of Ti in the marbles generally is low, not higher than 

0.08 wt% Ti02' Only in phlogopite rich marbles it is higher, up to 0.25 

wt% in A164, suggesting that in these rocks Ti is mainly concentrated 

in phlogopite. In other rocks of the formation comparatively high Ti 

contents are especially observed in quartz-diopside gneisses and in 

diopside-alkalifeldspar rocks (maximum 0.5 wt% in a diopside

alkalifeldspar rock). These rocks generally contain sphene. 

The Mn content in the marbles is about 0.2 to 0.4 wt% MnO. The main 

Mn carriers in these rocks are carbonate and forsterite, so, as 

expected, in diopside rocks the Mn content is somewhat lower, while in 

the other rock types only low Mn contents are present. 
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DISCUSSION OF ORIGIN 

The Rogaland marbles show a high Si content, compared with other 

Precambrian limestones and marbles. The Grenville marbles studied by 
Kretz (1980) generally have a modal carbonate content larger than about 
90%. For comparison the modal amount of carbonate in the low-Si marble 
C372 is about 80%, all other marbles contain less carbonate. The marble 

bodies in the Lofoten (Glassley 1975) also contain a high amount of 
carbonates, 80 to 90%. Somewhat lower carbonate contents, closer to 
the composition of the Rogaland marbles, are found in marbles from the 
Caledonian fold belt in Greenland (Bucher-Nurminen 1982) and in 
Early-Precambrian marbles from the Brazilian Shield (Sighinolfi 1974). 
In the compositional triangle (Fig. 1) average chemical compositions of 

limestones and carbonate rocks, calculated by Vinogradov and Ronov and 
by Wedepohl (both in Wedepohl 1969), plot close to the low-Si Rogaland 
marbles. However, these average compositions show larger molar Ca/Mg 
ratios (3 and 16) than the Rogaland marbles, where this ratio is about 
equal to one. This value fits well in the common trend of a decreasing 
Ca/Mg ratio in carbonate rocks back through time (see e.g. Fairbridge 
1967). If it is assumed that Ca nor Mg preferentially left the 
Rogaland marbles in considerable amounts, dolomite was the main 
carbonate mineral in their source rock. 

The Sr/Ca ratio in dolomite also shows a decrease with increasing 
age (Veizer 1977). The ratio in the Rogaland marbles generally falls 
well within the range observed for Precambrian dolomites (1000Sr/Ca 

about 0.2 to 0.5). The Rb content of the marbles falls within the 
range of carbonate sediments (Wedepohl 1969). 

It can be concluded that the Rogaland marbles show many sedimentary 
affinities. The Ca/Mg ratio, the Sr/Ca ratio, the carbon and oxygen 
isotopes (although partly these are strongly influenced by retrograde 
metamorphism, Chapter 3), all indicate the sedimentary, dolomitic 
origin of the marbles. This is confirmed by the field relations. The 
marbles are often associated with quartzites and within the migmatites 
they occur in certain levels which can be traced over long distances in 
the field. 

The Ba content is the main deviation from a normal sedimentary 
composition, while also the Si content may be comparatively high. The 
Ba content in the Rogaland marbles is a factor 50 to 150 larger than 
the mean value of 105 ppm for non-recent carbonate rocks, calculated by 
Puchelt (1967). This high content, together with the occurrence of 
rocks with alkalic affinities, like the diopside-alkalifeldspar and 
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quartz-alkalifeldspar rocks, might suggest a carbonatitic or~g~n of the 

marbles. However, the characteristics mentioned above, as well as the 

absence of any other specific chemical characteristics of carbonatites, 

such as high PZ05, high Ti and high Sr, excludes a carbonatitic origin. 

Various other sources of Ba in the marbles might be consider~d. It 

could have been present in detrital clay material in the original 

sediments, or precipitated as barite during diagenetic processes. The 

high Ba contents, coupled with high Zn contents (analysed in spinel), 

might also suggest hydrothermal activity, possibly associated with 

exhalative volcanism. Are the alkalifeldspar-rich rocks the remnants of 

such volcanics? The chemistry of these rocks is very inconclusive. The 

quartz-alkalifeldspar rocks show very high Si, the diopside

alkalifeldspar rocks low Ti and P compared with igneous rocks in the 

same range of major elements. Na is very low relative to the K content. 

The texture of these rocks is metamorphic, while they often show 

high-variance mineral assemblages, indicative for metasomatism. A 

sedimentary, arkosic, origin for these rocks, later modified by 

metasomatism, can not be excluded. 

As a whole the Ba content in the Rogaland migmatites is fairly high, 

about 1000 ppm and higher (Schreurs et al. pers. comm.). Therefore a 

metasomatic origin of Ba in the marbles, during migmatitic stages, also 

has to be taken into account. However, the behaviour of Ba in the 

pegmatite does not suggest introduction of Ba. At the plagioclase-rich 

rims of the pegmatite Ca and Ba are enriched relative to the core of 

the pegmatite. The enrichment of Ca will be due to a relative depletion 

of Si and K, forming diopside and phlogopite, as well as diffusion of 

Ca from the marble. Given the relatively low Ba content in the marble, 

the enrichment of Ba in the marginal pegmatite zone presumably will be 

due solely to the relative depletion of Si and K. Such an enrichment 

thus indicates that Ba does not easily migrate together with Si and K 

into the marbles. 
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APPENDIX 

Table A. List of mineral contents of samples used for microprobe and 

whole rock analyses. 

Table B. Representative electron microprobe analyses. 

Each analysis is indicated by its sample number (e.g. A164) and by 

its microprobe-spot code (e.g. KI52). 

b.d.: below detection limit. 

FeO: total Fe calculated as Fe2+. 

XMg = XMg(a) = Mg/(Mg+Fetot+Mn) (all minerals except spinel). 

XMg = XMg(b) = Mg/(Mg+Fe 2++Mn) (spinel and diopside). 

XFe 3+ = Fe3+/(Fe3++Fe2+). 

XF = F/(F+OH). 

tet/oct = tetrahedral/octahedral ratio. 

Totals corrected for F, if analysed. 

Table C. Representative whole rock analyses. 

In wt% oxides, Rb and Sr in ppm. 

b.d.: below detection limit. 

Comprehensive list of mineral and whole rock analyses available on 

request. 

Department of Petrology 

Instituut voor Aardwetenschappen 

Rijksuniversiteit Utrecht 

Postbus 80.021 

3508 TA Utrecht 

The Netherlands 
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Table A. List of mineral contents 

"' ~' ]... ..
0 2 
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~ f!. p ~ ~ a 2 ~I :< ~ £ ~ i'l ;j tl' £ !t ~ 15' 

SAMPLE COORD. 

1\164 Fa marble 336-076
 

A168 Q-Kfsp rock 337-076
 x x S ' or 

BE14 Fa marble 336-076
 

C21 micracline rack 192-316
 

C164 Di-Kfsp rock 192-316
 

C165 oi-Phl rock 192-316
 

C23~ oi marble 192-316
 

C236 Fa marble 192-316
 

c242 leuca granite 192-316 x Xm~X) 

C267 Fa marble 192-316 (x) 

C273 Fa marble 192-316
 

C336 Fa marble 337-074
 

en
 
C347 oi-Fa-En rock 337-069 x x oa
 

c372 Fa marble 268-260
 

C383 Fa marble 267-261 
am

r
° 
or 

c393 Q-Oi gneiss 255-273 x x 

c397 01 rack-PhI zane 255-273
 

c407 Kfsp-Phl rock 336-076 x
 
or
 

C478B Di rack 336-076
 

C480 Fa marble 336-076 x e
 

C481 Fa marble 336-076
 

C498B oi rock 255-273
 

c499B (Plag) pe'Jlllatite 255-273 (x) r 

C506 Kfsp granite 255-273 x xor 

CS09A Fa marble 255-273
 

HS20B Fa marble 267-259
 

MA431 Q-Kfsp rack 336-076 (a) x rxs,or am 

Q75 Fa marble 278-252
 

Q138 Fa marble 269-261
 

Q159 oi marble 261-272 x (x) 

Z75 Fe marble 274-261 (x) (0) 

M.ineral presence: x: major; 0: minor; a: accessory; r: retrogressive. ( ): totally or for the qreater part decomposed; 

e: only exsolved dolomite present; am: other amphibole than trelllOlite; mil microcline; or: orthoclase; s: sanidine; 

Fa: forsterite; Q: quartz; Kfsp: alkalifeldspar; Di: diapside; phI: phlogapite; En: enstatite; Plag: plagioclase. 
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Table B. Microprobe analyses 

Sample A164 BE24 C165 C235 C336 c347 c372 C4BO HS208 

No. K152 KOBI K043 K131 KI02 KGI! KGl3 K163 K061 K082 KI22 K182 K044 KGlt 

Sial 53.23 52.70 54.75 50.61 53.27 54.41 52.11 54.87 55.21 54.27 50.24 45.65 53.17 55.57 

Tie
Z 

b.d. 0.18 b.d. 0.40 0.18 0.10 0.14 0.04 b.d. 0.04 1.39 3.65 0.42 0.05 

AI 
2
0) 2.05 3.89 0.37 5.46 2.49 0.70 3.85 0.41 0.07 1.40 4.82 8.26 2.55 0.21 

~eO 1.61 0.96 0.65 3.30 2.65 1.34 2.03 1.18 1.36 1.19 2.04 2.55 1.80 0.65 

MnO 0.21 0.19 0.19 0.23 0.22 0.28 0.18 0.21 0.50 0.17 0.17 0.19 0.22 0.17 

MgO 16.61 16.64 18.14 14.82 16.50 17.53 16.15 17.79 19.06 17.38 15.82 13.63 16.60 17.75 

CaD 25.31 25.49 25.44 25.33 25.48 25.57 25.20 25.37 23.53 25.03 24.98 25.04 25.02 25.49 

0.09 b.d. b.d. 0.06 0.06 0.03 0.06 0.06 0.05 b.d. 0.21 0.15 b.d. 

Total 99.11 100.05 99.54 100.21 100.85 99.96 99.72 99.93 99.78 99.48 99.46 99.18 99.93 99.89 

Ions per 6 a 

1. 952 1. 909 1. 989 1.855 1. 931 1.977 1.904 1. 990 1.998 1.974 1.846 1.701 1.935 2.008 

0.048 0.091 0.011 0.145 0.070 0.023 0.096 0.010 0.002 0.026 0.154 0.299 0.065 

0.041 0.075 0.005 0.091 0.037 0.007 0.070 0.008 0.001 0.034 0.055 0.063 0.044 0.009 

Ti b.d. 0.005 b.d. 0.011 0.005 0.003 0.004 0.001 b.d. 0.001 0.039 0.102 0.011 0.001 
2+ 

Fe 0.035 0.023 0.014 0.065 0.053 0.029 0.040 0.032 0.041 0.036 0.042 0.032 0.045 0.020 
3+ 

Fe 0.014 0.006 0.006 0.036 0.027 0.012 0.022 0.004 0.021 0.047 0.010 

Mn 0.006 0.006 0.006 0.007 0.007 0.008 0.006 0.006 0.015 0.005 0.005 0.006 0.007 0.005 

Mg 0.908 0.899 0.982 0.BI0 0.891 0.949 0.879 0.962 1.028 0.942 0.866 0.757 0.901 0.956 

Ca 0.995 0.989 0.990 0.~95 0.990 0.996 0.986 0.986 0.912 0.976 0.984 1.000 0.976 0.987 

Na 0.007 b.d. b.d. 0.004 0.004 0.002 0.004 0.004 0.003 b.d. 0.015 0.011 b.d. 

X 
Mg 

(a) 0.943 0.963 0.974 0.882 0.911 0.951 0.928 0.958 0.948 0.958 0.927 0.899 0.936 0.975 

(b) 0.957 0.969 0.980 0.918 0.937 0.962 0.950 0.962 0.949 0.952 0.945 

DIOPSIDE - continued 

Sample Q75 Q138 C165 1 ) C235 1 ) Sample A164 BE24 C236 C273 C]]6 C347 c372 C383 C480 

No. K031 KOll No. F065 FOIl F051 FIll F051 1"011 F012 FIOI F052 

53.97 54.98 52.31 53.11 41. 23 41.29 42.25 42.20 41.90 41.88 41. 51 41.28 40.27 

0.34 0.04 0.16 0.05 6.22 3.82 5.96 7.23 6.26 5.40 3.99 3.88 7.30 

1. 38 0.21 3.05 0.84 MnO 0.68 0.59 0.67 0.65 0.76 0.74 0.48 0.29 0.63 

1.15 0.66 ;: ~:;~ 0.26 
1.03 

MgO 51. 25 53.55 51.47 50.77 53.3350.98 52.22 53.33 
-------

50.86 

MnO 0.17 0.180.22 0.25 
Total 99.38 99.25 100.35 100.85 99.90 100.24 99.31 98.78 99.06 

MgO 17.58 17.95 16.50 17.70 

25.26 25.20 24.65 25.50 Ions per 4 0 

0.03 b.d. 0.04 b.d. Si 1.001 0.994 1.013 1.013 1.012 1.004 0.998 0.998 0.988 

99.88 99.22 99.49 98.74 
Fe 0.126 0.077 0.120 0.145 0.126 0.108 0.080 0.078 0.150 

Mn 0.0\4 0.012 0.014 0.013 0.016 0.015 0.010 0.006 0.013 
Ions per 6 a 

Mg 1.856 1.922 1.840 1.816 1.835 1.866 1.912 1.921 1.860 

1.959 

0.041 

2.001 1.915 

0.085 

1.957 

0.036 
X 

Mg 
0.930 0.'356 0.933 0.920 0.928 0.938 0.955 CJ.958 0.919 

0.018 0.009 0.047 

Ti 0.009 0.001 0.004 0.001 

Fe 
2+ 0.028 0.020 0.063 0.032 

FeJ+ 0.007 0.014 0.007 

Mn 0.005 0.006 0.007 0.008 

Mg 0.951 0.974 0.901 0.972 

Ca 0.983 0.983 0.967 1.007 

Na 0.002 b.d. 0.003 b.d. 

XMg (a) 0.960 0.974 0.915 0.954 

__(_b)_O._9_66_~ --,0c:c.~92c:c8_ 0.960 1) wet-chemically 
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Table B. Microprobe analyses~ continued 

FORSTERITE - continued SPINEL 

Sample H5208 Q75 QUB Z75 Sample BE24 c372 c383 C397 C480
 

No. F041 FOll FIll F052 No. 5041 S023 5081 S021 5025
 

SiOZ 42.29 41.49 41.20 42.07 AiZO) 71.33 67.21 65.63 67.44 66.33 

FeO 4.64 6.36 4.55 3.39 FeO 4.37 6.73 9.04 9.51 9.18 

MnO 0.54 0.53 0.47 0.49 MnO 0.30 0.32 0.22 0.69 0.27 

MgO 52.42 51.85 53.49 53.31 ZnO 1.82 0.12 0.15 3.12 2.43 

Total 99.89 100.23 99.71 99.26 
MgO 23.99 24.65 24.40 20.20 22.19 

Total 101.81 99.03 99.44 100.96 100.40 
Ions per _4_0 _ 

Si 1.013 0.999 0.991 1.009 
Ions per 4 0 

0.093 0.128 0.092 0.068 Al 2.015 1.949 1.909 1.980 1.939 

Mn 0.011 0.011 0.010 0.010 
3+ 

Fe 0.051 0.091 0.020 0.061 

"9 1. 871 1.862 1.918 1.905 
2+ 

Fe 0.088 0.088 0.096 0.178 0.130 

X 
M9 

0.947 0.931 0.950 0.961 Mn 

Zn 

0.006 

0.032 

0.007 

0.002 

0.005 

0.003 

0.015 

0.057 

0.006 

0.044 

Mg 0.857 0.904 0.897 0.750 0.820 

x 0.901 0.906 0.900 0.796 0.859 
M9 

XFe3+ 0.369 0.488 0.102 0.319 

Sample A164 BE24 C165 c235 c236 c336 C372 C383 C480 1) 1) Hs208 Q75 Q138 

No. B135 B101 B081 B031 B081 B091 B017 B033 BOll B046 B242 B081 Bl11 B041 

Si0
2 

38.21 37.21 38.73 40.99 40.40 36.73 38.79 36.83 36.97 24.34 26.52 36.89 40.78 41.13 

Ti0
2 

0.50 0.67 0.58 0.53 0.44 0.78 1.17 0.87 2.6313.1611.26 0.72 0.57 0.51 

A1
2

0 
3 

16.87 18.50 16.22 14.55 14.71 17.20 17.07 16.27 17.07 18.87 17.61 15.60 13.92 14.24 

FeO 2.46 1.36 3.90 2.50 1.51 2.50 1.56 1.96 3.37 6.07 6.02 1.41 1.27 1.22 

MnO 0.05 0.04 0.07 0.07 0.04 b.d. b.d. h.d. b.d. 0.11 b.d. 0.04 0.03 

MgO 24.6924.7624.0725.8226.7623.7824.5325.3922.77 11.98 14.25 24.8925.8726.28 

BaO 1.6B 3.69 O.OB b.d. 3.07 0.17 3.61 1.40 24.&2 IB.31 4.B4 b.d. 0.18 

0.0& 0.12 0.21 0.17 0.09 0.15 0.11 0.58 0.38 0.23 0.23 0.21 

9.98 9.48 10.11 10.62 10.30 9.56 10.89 9.53 10.25 1. 34 2.91 8.43 10.80 10.33 

0.5 0.8 1.3 1.1 3.3 1.2 

Total 94.79 96.29 93.97 96.00 94.80 93.71 94.18 94.&1 94.5& 100.96 97.37 93.01 95.39 94.82 

Ions per 22 ° 
Si 5.495 ~.322 5.572 5.778 5.726 5.388 5.524 5.371 5.349 3.942 4.262 5.475 5.833 5.827 

Ai 2.8593.1182.7512.4172.4572.9742.8662.7982.909 3.602 3.336 2.729 2.347 2.378 

Ti 0.054 0.072 0.063 0.056 0.047 0.086 0.126 0.096 0.286 1.603 1.361 0.080 0.061 0.054 

Fe 0.2960.1&30.4700.2950.1790.3070.18& 0.239 0.408 0.822 0.809 0.175 0.152 0.145 

Mn 0.006 0.005 0.008 0.008 0.005 b.d. b.d. b.d. b.d. 0.015 b.d. 0.005 0.004 

Mg 5.293 5.279 5.160 5.426 5.654 5.198 5.205 5.517 4.912 2.893 3.414 5.507 5.517 5.550 

Ba 0.095 0.207 0.004 b.d. 0.1760.0100.20& 0.0791.5621.1530.282 0.010 

Na 0.017 0.033 0.058 0.04& 0.026 0.042 0.031 o. t82 0.118 0.066 0.064 0.058 

1.8311.7301.8561.9101.8621.7891.9781.772 1.B92 0.277 0.5971.5961.971 1.867 

0.23 0.36 0.58 0.49 t .49 0.54 

x 
M9 

X
F 

0.946 0.969 

0.060.09 

0.915 0.947 0.969 

0.150.12 

0.944 0.966 0.958 0.923 0.779 0.806 0.969 0.972 0.974 

0.370.14 

1) Ba-Phiogopite 
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Table B. Microprobe analyses, continued 

HAGNESIO HUMITE-GROUP 

HORNBLENDE 

sample c347 c383 c347 sample C236 c372 Q75 Z75 

No. E012 T05I T033 No. CH141 CH044 CH025 CH012 CHOIl CH081 

Si0
2 

58.40 46.71 57.56 510
2 

38.27 37.48 40.00 38.32 37.98 35.30 

Ti0
2 

b.d. 1.16 0.19 Ti0
2 

0.83 3.24 1.49 b.d. 0.50 0.16 

AI 20] 0.05 10.02 2.81 FeD 4.87 2.24 2.26 4.73 2.27 1.27 

FeD 4.09 3.94 0.27 MIlO 1.71 1.41 1.34 0.42 0.32 1.27 

Mno 1.00 0.05 22.79 MgO 49.20 51.86 50.67 53.77 54.71 55.58 

HqO 35.39 19.06 12.76 ,., Al 0.73F 3.3 

CaO 0.67 13.64 0.18 
Total 96.15 96.23 96.49 99.15 95.78 93.58 

BaO 0.50 
Ions per 17 °	 9 0

Na 0 0.03 0.32 0.30
2 

K,O 0.31	 Si 4.153 3.977 4.195 4.043 4.023 2.038 

Ti 0.0680.2590.118 b.d. 0.040 0.007
Total 99.63 95.71 96.86 

Fe . 0.442 0.199 0.198 0.417 0.201 0.061 
Ions per 6 0 230 '3 0 Hn 0.157 0.127 0.119 0.038 0.028 0.062 

Si 2.006 6.717 7.974 Hg 7.959 8.204 7.922 8.458 8.638 4.784 

Al 0.002 1.698 0.030 0.77 Al 0.090 F 1.10 

Ti b.d. 0.125 0.326 
X 0.930 0.962 0.961 0.949 0.974 0.975 

HgFe 0.118 0.474 0.032 
)IF 0.43 0.56 

Hn 0.029 0.006 4.705 
tet/oct 0.481 0.452 0.513 0.454 0.452 0.415 

Hg 1. 812 4.086 1.893 

Ca 0.025 2.101 0.049 

Ba 0.028 

Na 0.002 0.089 0.052 

0.057 

0.925 0.895 0.929 

CHLORITE	 H~DRDTALCITE 

Sample c383 Sample c372 sample c372 

No. C093!) CO?3]) No. C045 1 ) C044 2) No. C018 

29.07 30.42 28.85 38.60 39.87 16.3 

0.12 b.d. b.d. 3.24 0.12 0.2 

20.17 18.11 20.32 b.d. 0.05 MgO 36.0 

2.23 1.01 1.88 FeO 1.77 2.70 
Total 52.5 

HgO 33.41 34.31 32.89 HgO 39.65 40.15 
Ions per 9 0 

Total 85.00 83.85 83.94 'Ibtal 83.26 82.89 
Al 2.09 

Ions per 28 0 Ions per 7 0 
Fe 0.02 

si 5.589 5.881 5.602 Si 1.883 1.964 Hg 5.84 

Al 4.570 4.127 4.650 Ai 0.186 0.007 

Ti 0.017 b.d. b.d. Hn b.d. 0.002 

Fe 0.358 0.164 0.305 0.072 0.111 

Hg 9.572 9.884 9.517 Hq 2.883 2.948 

X 0.964 0.984 0.969 0.'976	 0.963
Hg 

1) decomposition of phlogopite I} ex diopside? 

2)	 fine-grained at contact 2) ex forsterite 
forsteri te-spinel 

3)	 coarse-grained decomposition 
of spinel 
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Table C. Whole rock analyses 

Location A 

Sample A164 C4BO 

B 

C372 CSD9A C236 

D1 marble 

C235 

D1 rock 

C478B C49SB 

Vi-PhI rock 

C165 

Di-Kfsp rock 

C164 

5i0
2 

26.52 13.97 8.12 13.10 15.16 29.9 52.24 53.04 40.7 56.6B 

TiO
Z 

0.25 0.06 b.d. 0.02 0.01 0.17 0.06 0.07 0.32 0.27 

AI 20) 5.56 3.35 1.61 1.27 0.93 4.05 3.81 1.89 7.5 7.92 

Fe 
Z
0 

3 
0.99 0.76 0.41 0.70 0.85 0.65 1.44 0.91 1.33 0.38 

FeQ 1.30 2.32 0.74 1.22 1.15 1.17 1.07 1.65 1.68 1.80 

MnO 0.28 0.40 0.31 0.31 0.36 0.23 0.22 0.21 0.15 0.18 

MgO 18.66 20.08 17.68 15.75 18.84 16.6 15.90 15.64 17.9 10.81 

CaO 22.00 30.53 34.10 33.48 32.49 28.5 23.80 22.78 20.9 15.53 

BaD 1.66 0.40 0.28 0.89 0.32 0.48 0.95 0.70 0.42 0.45 

Hazo 0.01 0.02 0.05 b.d. 0.02 0.08 0.09 0.11 0.08 0.43 

K10 2.95 b.d. b.d. 0.37 0.26 2.35 0.04 0.55 3.2 5.34 

PzOs 0.01 b.d. b.d. 0.09 0.02 0.09 b.d. 0.07 0.15 0.19 

3.82 1. 77 2.72 3.20 0.32 1. 25 1.09 

CO2 16.30 26.30 32.30 29.80 29.69 17.85 0.87 0.60 5.64 0.83 

Total 100.31 99.96 98.32 100.20 100.42 102.12 101.7499.3199.97 100.36 

Rb 82 b.d. b.d. 22 17 192 20 42 372 256
 

Sr 80 112 90 130 119 66 228 30 150 62
 

Q-Di gneiss Q-Kt"sP rock Kfsp-phl rock Granite and Pegmatite 

Location B 

Sample C393 MA431 e407 e21 e242 e4998 C506 

5i0 69.50 75.3 52.41 61.8 73.9 47.38 68.95
2 

Ti0 0.32 0.12 0.73 0.05 0.06 0.07 0.10
2 

Al 0 8.91 12.2 22.90 20.3 14.3 17.55 14.12
2 3 

Fe203 0.67 0.94 0.91 0.14 0.12 0.08 0.09 

FeO 1.43 0.23 1.23 0.11 0.27 0.16 0.15 

MnO 0.11 0.01 0.03 0.01 0.01 0.11 0.04 

MqO 4.04 0.02 4.29 0.23 0.15 3.03 0.51 

CaO 5.18 0.18 b.d. 1.56 0 •.71 12.95 0.99 

BaO 0.68 0.83 6.42 0.58 

0.11 0.13 1.57 2.73 0.10 0.60 

11.0 13.35 12.8 7.85 6.26 11.81 

0.07 0.11 0.13 0.08 0.13 0.03 

3.21 1. 33 1.07 

0.31 1.13 0.76 0.32 3.70 0.22 

Total 100.11 100.49 101. 26 99.91 100.50 99.27 99.26 

Rb 212 596 220 460 

Sr 38 b.d. 140 b.d. 

142 



Curriculum Vitae
 

Toegevoegd op verzoek van het College van Decanen van de Rijks


universiteit te Utrecht.
 

De schrijver van dit proefschrift behaalde in 1971 het diploma 

Gymnasium S aan het St. Janslyceum te 's-Hertogenbosch. In datzelfde 

jaar werd begonnen met de studie geologie aan de Rijksuniversiteit 

te Utrecht. In mei 1976 werd het kandidaatsexamen G 3 afgelegd, 

in januari 1979 volgde het doctoraal examen, met hoofdvak Petrologie 

en bijvakken Strukturele Geologie en Economische Geologie. In de 

jaren 1975 tot en met 1978 werden student--assistentschappen vervuld 

bij de afdeling Petrologie van het Instituut voor Aardwetenschappen 

van de Rijksuniversiteit te Utrecht. Van februari 1979 tot en met 

mei 1982 was de schrijver werkzaam bij dezelfde afdeling, als weten

schappelijk assistent in dienst zijnde bij de Nederlandse Organisatie 

voor Zuiver-Wetenschappelijk Onderzoek (Z.W.O.). 

143 




