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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, B and C, at increasing disl.:ance from r.hg anor-
thositic and monzonitic intrusionn. The Precambrian basement in Roga-
land has undergone several high-grade metamorphic events: Ml around
1200 Ma, the granulite facies M2 around 1050 Ma and M3 around 950 Ma.
Late retrogressive events M4a and M4b have a Caledanign age.

The marbles belong to the Faurefjell formation, which furthermore
consists mainly of quartzites, quartz-diopside gneisses, diopside
rocks, alkalifeldspar-rich rocks and norites (Chapl:ef 1). The marb'I‘;:f
are mainly forsterite marbles with the mineral association FoTCt:TP £
Do*DitSp. The mineral associations in the forsterite marble_s indicate
metamorphic temperatures of about 700°C for location C to hfgher tem-
peratures fou locatien A.. Some diopside marbles oceur, s}.u:wmp, the
mineral asscciation Di-Phl-Ce. These rocks and the diopside rocks
(Bi, Di-Phl) typiially show high-variance assemblages, xnd}canve of
a metasomatic origin. 1he minerals in the marbles shuw.a h}gh-Hs .
chenistry. Xyg is higher than 0.85 for all minerals, With increasing
Xg_the order of minerals is: Sp>Ce>Fo>Phl~Di~To. L 3 .

Diopside (Chapter 2) can be strongly zoned, showing an Al-, Tx-dam
Fe+-rich core and Mg~ and Si-rich rims. The maximum range observe
in one crystal (containing the highest Al content) xs_2.5 to 8.5 w:?
Al03. The highest Al contents in diopside are found in spinel-bearing
marbles.”A late, low-Al stage of diopside formation has taken place
as a result of metasomatic reactions, presumably during M3. R

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 exsal:::on
type formed during the post-metamorphic cooling stage, the rhombo! :b
dral and symplectitic types presumably during'Calednman Mba and M
retrogressive events. The exsolution of dolomite has resulted in a_
decrease of the Mg content of calcite. Recalculated Mg contents rg
veal temperatures of about 700°C for locations B and C, Because o »
the absence of dolomite, the higher temperature marbles of locatio A
show lower Mg contents in caleite. .

The carbon and cxggen isotope ratios of calcite show a trend from
dl3¢=-4 (PDB) and dlB0=+21 (SMOW) for location A, values cles to
those of unm dPp ian carbonate rocks, to d13¢=-7.5
and d'Bo=+14 for location C. Isotopic compositions of veins and Cale-
donian marbles close to or just above thz Caledol'lian boundary,_mdxf
cate that the isotopic depletion in the Precambrian lgarbles.mamly is
the result of interaction with Caledonian retrogressive Elux_.ds.

The chemistry of forsterite, phlogopite and spxnel_:.s fa“}y con-
stant within' a sample (Chapter 4). They show the Mg-rich chemistry




common in siliceous dolomites, Forsterite shows comparatively high Mn
contents (up to 0.8 wtZ Mnp), Phlogopite shows high Ba contents, up
to 4.8 wtZ Ba0 in a normal phlogopite, and about 20% BaG and 12 wtz
Ti0; in a single occurrence of Ba-phlogopite. Spinel contains 2n, up
to 2.4 wtZ ZnO.

Mg-Fe distribution between forsterite and diopside is mainly depen-
dent on the Al content of giopsid A single o e of diopside-
enstatite in location A suggests high (900°C) equilibration tempera-
tures, Forsterite and spinel show extensive reequilibrarion chemistry.

1-olivine pairs is not religble.

wminerals indicate a polymetamor-
phic, partly metasomatic history of the Rogaland marbles. Several main
minerals were formed pre-Ml, and during Ml, M2 and M3. The formation
of retrograde minerals, like clinchumite, tremolite and chlorite, took
place from late~M3 to M4h stages.

The whole rock chemistry of the Faurefjell rocks (Chapter 5) shows

rom Ca-Mg rich, Si-poor compositions in the forsterite

marbles, towards compositions higher in Si, Al and alkalies in diop-
side(~phlogopite) rocks, diopside-alkulifeldspar rocks, quartz-diop-
side gneisses and quartz-alkalifeldspar rocks. Chemical characteris—
ties 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, zuidgest
Noorwegen, zijn enkele kleine v van ig. Zij
2ijn voornamelijk ontsloten in drie lokaties A, B en C, op ecn 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 Jjaar 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-
1lijk bestaat uit kwartsieten, kwarts-diopsied gneizen, diopsied rot-
sen,. alkaliveldspaat-rijke gesteentes en norieten (Hoofdstuk 1), pe
marmers bestaan voornamelijk uit forsteriet-marmers met de mireraal-
associatie Fo-Cc-Ph1Do:Di*Sp, Da 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 (Pi, Di-Ph1) hebben karakteristieke hoog-
variante assemblages, k voor een ische 3. De
i in de v een hoog-Mg chemie.

Xyg is groter dan 0.85 in alle mineralen, Met toenemende XMg is de
volgorde van de mineralen: Sp>Ce>Fo>Phl~DinDo.

Diopsied (Hoofdstuk 2) kanm sterk gezomeerd zijn. Het vertoont een

i H-rijke k Mg- en Si-rijke randen. Het maximale
- - en Fe Tijke kern en Mg .
‘I::t::i:lgevonden in &n kristal (met tevens het hoogste Al—gehn}tg)‘ls
2.5 tot 8.5 gewicht Al303. De Al-gehaltes in dxnpsl;ed
o di o evond in spinel-h . Een laat, laag-Al stadium
::: diomat ing heeft pl den als gevolg van metasomatische
kties hijnlijk ged M3, . i
De calcieten iane marmers vertonen een aanzienlijke hoeveelheid
1 e_cP ing (Hoofdstuk 3). Dolomiet-ontmenging in de vorm van
tabl edi en lekti is het meest algemeen. De ta-
— ingsvorm werd d de de p st-metamorfe koeling,
h:e': ontmgl:g::gls‘g en lektietische types hijnlijk gedurende .
‘ i . De ontmenging van calcie

ledonische Méa en Mib retrograde fasen. t
::e‘f:: :en verlaging van het Mg-gehalte tot gegnls gehad. Teruggereken
de Mg-gehaltes wijzen op temperaturen van 700°C voor lokaties B en C.
v de afwezigheid van dolomi vertonen de_hoger—tmpuatuu-

r: katie A lagere Mg-gehaltes in calciet.
mﬁrlsm:;:ti: en g‘ i g ge i van calciet vertonen
een trend van d}3Ca~4 (PDB) en d189a+2] (SMOW) voor llzka:ie A, waar-

i ij di n niet: de P sche karb
d:nt:::::nbl:n:l:lggﬂ-LS en d!8p=+14 voor lokatie C. Isotopensamen-—
Et:uingen'van aders en Caledonische marmers du_:lll:bx_] of juist boven .
de grens met de Caledoniden wijzen erop dat de‘uotopegde?letig in de

£ ische v ijk het gevolg is van uitwisseling met
P
ische retrograde fluids. R R ..
cal;:n:lll:;ie 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 vergelijkemderwijs hoge Mn-gehaltes (tot 0.8 )
gew.Z MnO). Phlogopiet vertoont hoge Ba-gehaltes, tot -’o.? gew.Z Ba0 in
een normale phlogopiet en ongeveer 20% Ba0 en 12 gew.Z Ti02 in een en—
kel voorkomen van Ba-phlogopiet. Spinel bevat‘Zn.'tot'z.lo gew.% z-lu‘).
De Mg-Fe verdeling tussen forsteriet en diopsied is voornamelijk
afhankelijk van het Al-gehalte in diopsied. Een enke% voo:k?mgn van
diopsied-enstatiet in lokatie A suggereert hoge (900°C) egux!.xl.:rau?-
temperaturen.. Forsteriet en spinel vertonen een stegkg_reequxlﬂ_:ung-
chemie. Geothermometrie aan deze Cr-vrije spinel-olivijn paren is on—
baar, . 3+
bec’:‘e’::-::le en chemische voor de i Wiljzen op een po-
fe, deels ische geschiedenis van de Rogaland-mar-
mers., Verschillende hoofdmineralen werden pré-Ml en gedutem;le Mi, M2
en Hf’! gevormd. De vorming van retrograde mineralen zoalg l:hnnlmmzt,
tremoliet en chloriet vond plaats vanaf de laat-M3 tot in het Mib
sug:“:l;ole-rock chemie van de Paurefjell genteentent (;l:?fdstul': ."vt)l
nd vanaf Ca-Mg-rijke, Si-arme samenstellingen in de
vertnon::g:en rae tot . ":in;nn rijker aan Si, Al en de alka-
fopsi i iopsied-alkaliveldspaat rotsen
lies in diopsied(-phlcgopiet) rotsen, diopsied-a paat .
k;i:t:'-ldiopspied gneizen en kwarts-alkaliveldspaat rotsen. Chemische
karakteristieken van de warmers, speciaal de Ca/Mg :n de Sr/Ca verhou-
i ijzen i ire h van eze ntes,
::g;;i ::Jaiwigll:end hoge gehaltes aan vo?ral Ba en Si zowel wijzen op
een mogelijk vroeg hydrothermale aktiviteit als_wel Op metagomatose
tijdens hoog-gradiger omstandigheden.




INTRODUCTION

The siliceous dolomite system is comparatively well studied, in the
field as well as by experiments (see for a review Winkler (1979}, ana
more recent data of Kise and Metz (1980), Eggert and Kerrick (1981),
Widmark (1980, 1981)). The successive reactions in T-Xcop Space define
well~mappable isogrades in several regional- en contact-metamorphic
areas (e.g. the Alps, Tromsdorff (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 fomation, were reported by Her-
mans et al.. (1975), The marbles are observed in the granulite facies
terrain (Fig. 1, Chapter 1). They cover only a very small part of the
total mapped atea, approximately 0.01%Z. Octher members of the formation,
motably the quartz-diopside gneisses, cover larger areas (Location D,
Fig. 1, Chapter 1.

Several internal reports of the Department of Petrology of the
R.ijksunivers:’.teit 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 198, Detailed descriptions of field occurrences of the
marbles are given in internal reports. g

In Chapter | a general view of the Faurefjell formation is given.

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 | was tested
with the help of additional microprobe analyses and, as usual, a far
more complex story evolved.

Particularly the strong Al-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 ¢oslomite. 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. 0f course, the dolomite exsolution caused & sig=
niffgant chemical change in caleite, but recalculation of original

Mg ,cé})l:ent:s gives some indi i of phic P 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 occurren;:e of some peculiar rock types in the Faurefjell formation
raised questions on the origin of the rocks. With the help of whole-




rock analyses the origiu is discussed in Chapter 5. Again the Eindings
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 rocis, ud
quartz-rich rocks occur {n the Precambrian granulite facies teriai¢ of
SW Norway. Most minerals ia thege rocks have 8 Mg-rich composi(iuc.
Caleite-dolomite geothermometry, phase relations, and eleamt
distribution sugg at gradient from about 700°C 15 the
northern part Oof the area to higher temperstures near the tntrusive
complexes in the south. The formation of high-variance mineral

ages, for 1 at b carbonate-rich and
silica-rich rocks, is attributed to metasomatic activity.

INTRODUCTION

The Precambrian basement of sy Norway conslsts. of anorthositic
magses, the lopolith of Bjerkrelm-Sokndal and ding high-grade
metamorphic migmatites. The nignatites contain intercalations of
garnetiferous migmatites, augengnefsses and rocks of the Faurefjell
formation (Hermans et al. 1975)., The wmineral relatfons in rocks of
this formation, which 18 mainly composed of marbles and calc-silicate
rocks, are the subject of this paper.




Fig. 1. Geological
EIT. ' e
Covdnans of the Faurefjell
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In the eastern part of the area (Fig. 1) petamorphism has reached
amphibolite facies conditions. Towards the west the grade of
metamorphism gradually changes into a granulite facies. The increasing
grade 18 marked by the hypetstheng-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 geothermonetry
on metabasites revealed temperatures of about 8009C near Oltedal in the
north increasing to 1000°C near the lopolith (Jacques de Dixmude 1978).
Pyroxene crystallization temperatures of the upper quartz-monzonitic
phase of the Bjerkreim-Sokndal lopolith are calcylated at 900°-10500C
(Rietmefjer 1979). -

Isotopic age determinations indicate ages of 1500, 1200 and around
1000 Ma for the main wetamorphic and/or magmatic events (Wielens 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 Ms (Wielens et al. 1980). Retrogressive
metamorphism down to the prehnite-pumpeliyite facfes is locally
observed throughout the area. This metamorphism (M4) presumably has a
Caledonian age as refleected by K-Ar aad Rb-Sr ages of green biotite
(400-450 Ma, Verschure et al. 1979) and lower—intel‘cepl: ages of zircon
U-Pb discordia plots (300-400 Ma, Wielens et a]. 1980).

The roek types in the Faurefjell formation are shown in schematic
sections in Table 1. Outcrops are found at locations A, B, Cand 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 intemsely
folded. CGenerally 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 wetres, except at location D, where the
quartz-diopside gneisses may reach a thickness of 200 metres. This may
be cavsed 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
mnrbles!are Present in minor amounts at B and ¢, Diopside rocks in the
mtble_g otcur as layers, as di dant veins and, at A, as
rounded blocks of varfous sizes. Diopside rTocks alsp occur at contacts
between marbles and silica-rich rocks. Thin alkalifeldspar-phlogopite
rocks (only several centimetres thick) are interlayered 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. Dlnpside-alkn]_u;uapar rocks are found concordaatly within the
marbles. The quartz-alkalifeldspar rocks miy contatn blulsh velns of
pure alkalifeldspar, particularly at A. The quartz-diopside gueisses
ave finely laminateq with thin quartz bands {several millimetres to
centimetres thick). At D these gnelsses forp the main part of the
formation. Thin layerg of andradite-hedenbergite quartzite may be
intercelated in the quartz-diopside gneisses, whereas pure andradite-
hedenbergite rocks are found at the contact between marble and a norite
at location B.




Table 1. Schematic sections of the Faurefjell formation at locations A, B, € and p.

Location 82
36-50 m |

country rock country rock country rock

-0i gnetss? -

auarizite @01 gnelss

Fo curble DI rock and
Q-KRfsp/Di-Kisp Bi-Kfsp rock
ang pi_rock

O1_rack
Q-KFfsp rock Fo marble and E—
= DI rock D1 marble and

0i rock
—_—
O7_rork
Q-Kfsp rack
Fo marble and 0i-Kfsp roek
Di_rock

Fo marble

Ol marble

Fo rarble,

01 marble and
Di rock Di-Kfsp rock
_—
norite and
And-Hed

rock

BT rarbic and
Fo marble

Di rock end

quartzite QKfap rock

‘<
country rock country reck

cauntry rock

cauntry rock

Q-0F gnelss
with smal)
intercalations
of O1 rock,
Qquarctzite,
And-Hed
quarezite and
(in the east)
Fo marble

_—
eountry rock

Rock nemenclature painly after Heemans et at. (1975). 1) Westward the formacfon
becomes thicker and grades into the Q-1 gnefsses of locatfon D. 2) Compilation
of several espasures 3t location B. 3} Abbreviations used In this table and
elsevhere: Fostorsterite, Di=diapside, Phlephlogopite, Spespinel, Cewcalcite,
Oosdotomite, Tretremlite, Qequartz, Kfspsalkalifeldspor, Aneanorthite, Ands

andradite, Hedshedenbergite, Scapescapolite.

PETROGRAPHY

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

the Faurefjell formation are presented in Table 2. A petrographic
description is given belaw. Terminology of textures is according to
Hoore (1970).
Forsterite marbles have a grain size of ! to 3 mm and a granoblastic
inequigranular texture. Forsterite (2v~90°) has curved boundaries.
Locally serpentinization has occurred. Caleite is the predemfnant
carbonate phase. Some dolomite is present in most samples at locations
B en ¢, both as primary dolomite and as an exsolution product from
caleite. This exsolved dolomite occurs ss orientated, tablet-like
erystals and as symplectitic intergrowth (cf. Legrand 1976). Colourless
to light-brown phlogopite 1s generally present in the forsterite
marbles. Most crystals are slightly bent and occasionally kinked.
Colourless diopside (+2V=60°) 15 obgerved in most: saaples, but only in
minor amounts. Most diopside crystals are subhedral but in gope
samples diopside rims around forsterite are found. These rims may be
connected with each other to form ope large poikiloblastic erystal.
Subhedral spinel, restricted to some samples at A and B, hag 2 very
Pale~green to green colour,  Clinohuaite, apparently replacing
forsterite, has yellow pleochroic colours and it often shows tuin
lamellae.

Rﬁm‘lhﬂ have a grain size of about 1 mm and & granoblastic
equigranular} texture. Poikiloblastic diopside crystals occur up o
several cén:imetres. Diopside marbles contain less calcite than the
fors:eut; marbles. Exsolved dolomite 15 omnipresent, primary dolonite
is very rare. In oeny samples the parallel arrangement of abundant
phlogopite defines a good follatfon,

M have a grain size of 1 to 2 mm, although larger crystals
occur. The texture 18 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,
——=alifeldspar-phlogopite rocks

Orthoclase {s the main alkalifeldspar, sanidine may occur. The brown
Phlogopite flakes define 8 good foliation. Green spinel forms small
euhedral crystals.
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Diopside-alkalifeldspar rocks have a graln size of 0.5 to 1 m.

Dicpside and alkalifeldspar, forming an eguigranular polygonal texture,
are present in approximately equal amounts. Locally diopside forms
large poikiloblastic crystals. Generally orthoclase (-2v~609) and
sanidine (-2V~20%) occur at locatfon A and orthoclase and microcline
{-2v-80°) at B and C. Sphene, forming anhedral crystals, is a minor but
characteristic constituent.

Quartzites are usually coarse grained {grain size larger than § om) .
The grain daries are 1 lar, o8t grains show undulatory
extinction. Diopside and calcite wmay occur in miner amounts.

gx_mrtz-nlknlifeldsut xocks have an equigranular interlobate texture.

The grain size 1s less than 1 mm. Alkalifeldspar variation is the same
as in the dlopsla'e-alkalifeldspar-racks. Diopside may occur. Small
needles of magnesioriebeckite are observed at A.

guartz—diozsidElhedenbergltg gneisses have a grain size of 2 to 5 om.

Quartz is mainly concentrated in small seams (several millimetres to
centimetres thick) and it is conmonly associated with eolourless to
green clinopyroxene, plagioclase (up to 85% An) and alkalifeldspar
(orthoclase and microecline). Calcite and brownish Phlogopite may be
Ret: ve sm is wid

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

om. Green'hedenbergite forms subhedral crystals whereas the broun
andradite grains are anhedral and poikiloblastic. In the quartzites
almost pure’, anorthite, partly replaced by scapolite, may be present.
Especially 1n the andradite-hedenbergite rocks sphene may be abundant.

present in mincr

Evidence of some slight retrogressive metamorphism can be found in
all these rock types. The occurrence of the minerals serpentine (formed
from te and o ionally from d: de), clinohumite (from
forsterite?) and scapolite (from plagloclase) 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
plagloclase. Pumpellyite 1s present in some quartz-diopside gneisses.

e r ve phism has been especially gbgerved in

some exposures at location B. Strong alteration has resulted in the
of —~, tremolite- and talc-rich rocks. The

exposures are situated next to a small fault and @ large discordant




quartzite body. The quartzite contains only Hp0-rich fluid inclusions,
in contrast to wmost other quartzite bands and veins in the Faurefjell
formation, where mainly C0-rich inclusions are found (Swanenberg
1980).

Table 3. Hineral assemblage..

At system CaD-Ag0-510,-C0, Fo-Phl-Cc-Do  |mirble scarce

Asserblage Rock type  Loc. Abundance | Di-Phi-sp DI rock scarce

Fo-Di-Ce-Do marble [ X3 comeon D1-Phl-te rerhle

i rock
Fa-Cc-Do macble 8. scarce
Di-Ph)
Fo-Dl-Ce marble A common

DI-Ce-Do machle c

Di-g-Cc. Q-DJ grefss| D
Assenblage Rock type  Loc.  Abundance

(1 marble
01 rock DI-PhI-Q-Xfsp-An|Q-0f gneiss rare
0i-Q Q-01 gnelss|A,8,0 i-Q-Kisp-An-Cc [Q-DI gnelss scarce
quartzite
BI-Q-Kfsp-An  |Q-01 gneiss common

] DI rock 4,8.2,0]
0i-Q-Kfsp Q-01 gneiss| A

Q-Kfsp cock

IB stem CaD-Hg0-K,0-A1 0,510 - DI-Kfsp-Cc nl-xn:
rocl

lowsilica/lowpotassium
y PhI-Sp-KFsp Xfsp-Phi
rock

Assemblage Rock type Abundance

FoDi-Phi~$p-Cc| marble comon QKfsp Q-Kfsp cock| A,B,¢

marble common DI-Kfsp D1-Kfsp ABC
rock

Fo-Di-Sp-Ce-0c | marble

Fo-Di-Phi-Cc | marbte 1) Only maln assesblages in this system are

Fo-Sp-Ce-Do | marble mentloned.

MINERAL RELATIONS

Most primary Mg-Fe minerals in rocks of the Faurefjell formation
have a Mg-rich composition, which iz veflected in their optical
properties and d by ot analyses (Table 4). Therefore
the nineral relations’ can be described 1in the systea
Ca0-4g0-K20-A1303-5102-C02-1130, 1f the Na comteat of the feldspars 1s
also neglected. In most thin sections of the rocks, equilibrium between
the nineral phases can be on The o
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of diopside rims around forsterite and of replacement toxtures of
minerals guch as tremolite or clinohumite point to non-equilibrium
conditions.
As a first the G 3! 2-C02-H30 will be
di « The blages in the are listed in Table 3A and
the phase relations are illustrated by Fig. 2. The four-mineral
assemblage Fo-Di-Ce-Do represents the isobaric univariant assemblage of
reaction (14): 1Di+3Do=2Fo+4Cc+2C0z. The of this age
and of the assenblage Fo-Cc~Do point to T-Xgpz conditions on
respactively above reaction (l4) for the locations B and C (see Fig.
3). At A the of the blage 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): 3'l'x+SCc-l1D1+2Fa+5(:02+3H20. The assemblage Di-Ce-~Do, only found
at C, could represent conditions of the low-temperature side of
reaction (14). Both forsterite and dolomite are Ffound to be
incompatible with quartz in all the rocks of the Faurefjell formation.
The assemblage Di-Q-Cc 1is not indicative for the P-T-Xgo2 range
involved. Some rocks only consist of the assemblages Di-Cc or Di-qQ or
even only of Di. Regarding the widespread occurrence it is rather
unlikely that these rocks have been isochemically formed from very
special bulk tions. £ the age! 28 an origin
by  met e ¢ 1959).  Indeed,  such
nearly-uonomineralic rocks are frequently obcerved £n reaction zone
et and quartz-bearing rocks (e.g.
Vidale 1969, élags1gy 1975). In samples where diopside forms rims

Si02
Q

Pig. 2. Phase relations
in the subsystem Cal-
Mg0-5i05~C0g-Hg0. Shaded
areas indicate stable
mineral assemblages.




Fig. 3. Teobaric T~XC0y dia-
grarm for the system Ca0-Xg0-
5109-C0g~Ho0 at Pp=5 kb.
Small triangles indicate
possible stable mineral as-
semblages. Reactions (13}
and (14) are given in the
Do text. (7): 1 Tr + 3 Co =

1 D0+ 4 Di+ 109+ 1 Hy.
(11): 191 + 11 Do = § Fo +
13 Ca + 9 COp + 1 o0,
(After Winkler 1979}

Xcoy~

around forsterite, the minerals torsterite, diopside and caleite do not
reflect an equilibrium asgemblage. Here diopside formation night be
explained by the reversed reaction (14): 2Fot+4Cc+2C02=1D1+3Do, Dolomite
production, however, is not observed near the diopside rims. Another
explanation 1s that forsterite and caleite reacted with a later influx
of 5107 to form diopside, according to the reaction:
1Fo#2Cc+3510222D1+2C07 (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 Ca0-Mg0-R30~A1203~510,-C05-1150
(Fig.4). The main assemblages are listed in Table 3B. The low silica,
lovw 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 1s a  low-variance assemblage possibly
related to the reaction 6Ph1+7cc-7Dl+I¢Fo+JSp+7COZ+3u20+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-HgO-Sloz-coz-uzo 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
metasonatism.
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Fig. 4. Schematie dia-
gram of phase rela-
tione in the system
Ca0-HgO-K20-AL 503~
5105-C0y-Hg0. Swall
tetrahedron shows
projection of mine-
ral compositions
from the Ca0 apex on-
to the 5i0g~MgO-Alg’s
triengle.

In the high-silica, high-potassium pert of the rock system,
asseablages with quartz, alkalifeldspar and anorthite occur. One of the
main sasemblages 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 interpretatifon of
these assemblages, in terms of reactions or P-T estimates, is more
difficult than in the "wmarble” system, netasonatism might have been an
important process in the formation of, at least, the high-variance
asscmblages. The individual minerals quartz, alkalifeldspar and
anorthite are found to be wmutually incompatible with forsterite, spinel
and dolomlt‘e. 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
analyges of the minerals forsterite, clinopyroxene, phlogopite, spinel,
garnet, scapolite, calcite and dolomite are given in Table 4.

Forsterite. - It has  a Xyg-ratio of 0.92  to 0.95
(XHE-Mg(stoms)/(Hg+Fe+Mn)(acoms)). The Mn0 and Ca0D contents of
forsterite are relatively high, up to 0.7 and 1.4 wtZ respectively.
Preliminary data show low Ca contents in forsterite cores and high
(twice as much) in rims.
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Clinopyroxene. ~ In the marbles Xyg of diopside varies from 0.9 to
0.98. wWex Al303 1s 0.2 to 3.2. The highest A1 contents occur in
splnel—beartng marbles. Preliminary data seem to point to Al-tich cores
and  Al-poor rims of the subhedral diopside crystals. Diopside rims
{around forstecite) generally have a low Al content, In the diopside
rocks Xyg is 0.88 to 0.91. WeZ 41203 varies between 1.8 and 5.2.
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 Xyg can be as low as 0.30.
(Pure hedenbergite has been observed in an isolated occurrence of
andradlte-hedenhugue rock north of Tonstad (Wegelin 1979a)). In the
clinopyroxenes T10; may be present to & maximum of 0.50 wtZ (in a
diopside rock). Generally Ti shows a positive correlation with AL
(Al:TL 1is about 15:1)., Hn0 1s present up to 0.70 wt% (in an
andradite-hedenbergite rock).

Bhlogopite. - XMg varies from 0.94 to 0.97 in the marbles and from 0.91
to 0.93 in the diopside rocks. Phlogoplte 1inclusions in, diopside
grains tend to  have lower Xqg values  than other phlogopites.
Phlogopite, maifnly in parite-bearing marbles, may contain several
percent of BaO. The F content varles from 0.2 to 3.3 weX.
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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 Xyg of 0.90.

Garnet. = This is a solid solution malnly ber . sadredite snd
grossular. Molar ratlos of andradite/grossular vary becween about 55/34
and 75/21. Pyrope and spessartine components may amount to 1 or 2 molZ
each, almandine may be present up to 7 molZ.

Scapolite. — This 1s a very melonite-rich variety. Me% is 85 to 87
which 18 about the maximum amount possible.

Calecite. — The choa content in calcite varies from 2.5 to a maximum of
Calcite.

approximately 11 weX (microprobe and XRD analyses (Teske 1977)). Xig is
about 0.80 in the lowest Mg-calcites and 0.95 in the highest. The

"MnCO3 content 1is generally higher than the FeCO3 content. Haxima are

0.8 and 0.5 wtX respectively.

Dolomite. - The CaCO3 content in dolomite varies from 55 to 59 wtZ.
Exsolved dolomite with a high Ca content occurs in high Mg-calcites,
dolomite with a lower Ca content in low Mg-calcites. Primary dolomite
seens to have incorporated less Ca than exsolved dolomite. Xyg in both
types of dolonite is approximately 0.97.  WtXZ FeC03 and- MnCO3 have
maxima of 1.6 and 0.7 respectively.

Fig. 5. Ky ~plot for
the minerald forsterite,
diopside and phlogopite
from locations 4, B and
C. Averages of Xy
values are used j%r each
mneral. Solid lines
indicate maximm (near
Kp=1) and minimm Ky~
mzuf‘"' iny ,min q_yFo)
—xFO 7. -xFo).
KX (11" e 11y




DISCUSSION AND CONCLUSIONS

The sequence of the pinerals with & decreasing Xyg»
Do-Di~Ph1>Fo>Ce~Sp, 18 similar to that found by Glassley {1975) and
Rice (1977a, 1977b). In Fig. § tpe of forsterite is plotted against
the Xyg of diopside and Phlogopite. Values of each location fall
approximately on one Kp-line. Tnis suggests a local attainment of
equilibrium for the Mg, Fe and My distribution between the three
phases. Kp-values for location 4 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  hag revealed
temperatures of about 670°C for jocation C, 740°C for B ana 6009C for
A. These results, especially the tepperature for A, are pot in close
agreement with other lndependently determined temperature egtimates
(e.g. Jacques de Dixmude 1978, Maijer et al. 1981). This 15 due to 1)
the asbsence of dolomite at location 4, resulting in a Mg content {n the
calcite not being determined by the calcite-dolomite solvus, and 2) the
dolonite exsolution in caleite gt B gnd C, causing the formation of a
lover Mg-calcite than the original unexsolved Mg-calcite. Therefore the
temperatures must be considered ag oininum values. The highegt oininum
temperature at a given location capn be derived from the highest Mg
content foind 1in calcite. Calculation has been done with the formula
glven by Rice (15772}, based on the experimental data of gras and
Goldsmith (1955)  and Goldsmith and  Newton (1969):
LogXfiEo3=-1690/T°K+0.795. Both the FeC03 and HnCC3 content are low in
the analysed caleites and they will not have large effects on the
calculated temperatures (Bickle and Powell 1577).

Total pressures in the region near the lopolith are estimated at 3-6
kb (Hermans et al. 1976). At a preggure of 5 kb phase relations in the
merbles indicate temperatures of abour 670°C and higher (especially at
A) at noderate to high Xggy raties (Fig. 3), assuming that (14) ig the
Bost deteraining reaction for the mineral assemblages in the marbles.
Indeed relatively high Xcop ratios are found in fluid inclusions in
quartz pods ard veins enclosed in the marbles (Swanenberg 1980),

All  these factors, element distribution, calctte~dolonite

y {only r 8 B and C) and phase relatfong suggest 8
temperature gradient from low temperatures at location ¢ to high
temperatures at A, possibly reflecting the M2 phase of metamorphism
(Maijer er al. 1981). From phase relations it is als0 concluded thar
metasomatism has played a certain role in establishing the mineral
assemblages. This 1s supported by field observations such ag the
o of pside rocks bet marbles and silica-rich rockg,
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CHAPTER 2

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

ABSTRACT

Mg-rich clinopyroxenes frow 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
Al-rich core, in some cases enriched in Ti and Fe3"', and a rim, rich in
Mg and Si. The zoning 1is observed to be stru}lgest in ep’lnel—henrins
marbles and in phlogopite-bearing diopside rocks. The most determining
factors in 1ts formation are changes 1im the activity-ratio of Al and
si, vhile coupled substitut{ons play an important role fa the chemistry
of the pyroxene during growth. Presumably the zoning 1in the
clinopyroxenes was formed in a prograde metamorphic as well as in a
late, metasomatic stage.

INTRODUCTION

Several exposures of marbles and cale-silicate rocks, known as the
Faurefjell formation, occur within the migmatites of the high-grade
metanorphic Precambrian of Rogaland, SW Norway (Sauter 1981) (Pig. 1)-
These migmatites surround intrusive complexes of anorthosites and of
the leuconoritic to quartz monzoritic lopolith of Bjerkreim—Sakndal
(Hermans et al. 1975), Several stages of metamorphism, M1 to H4, have
been recognized in garnetiferous intercalations within the wmigmatites
(Kars et al. 1580, Maifer et al. 1981). The upper amphibolite facies
metamorphism of the M1 gtage s followed by the M2 stage, characterized




Fig. 1. Geological
sketeh-map of SH
Roruay. Outcrops of
the Faurefjell for—
mation, at locations
A, B, C and D, are
indicated in black.

by a granulite facies wetamorphism. The age of this stage is estimated
at about 1050 Ma (Wielens et al. 1981). The temperature of this
metamorphic event shows a gradual incresse from about 8009C at some 25
to 30 kn north of the intrusive masses to 1000°C near the intrugives
{(Jacques de Dixmude 1978, Hermans et al. 1976, Meljer e: al. 1981). The
M3 stage is a low granulite to upper apphibolite facies metamorphism.
M& r a stage and has presumably a Caledonian

aga.

In marbles and diopside rocks of the Faurefjell Formatfon
compoeitional zoning in diopside hag been recognized by means of
electron microprobe analysis. 1In hic rtocks positional
zoning in clinopyroxene 18 rare, or at least rarely described. In

have been observed

garnet-bearing rocks » 2oned cl
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 coolfng. In metasomatic rocks like
skarne zoning may be present as result of fluctuating fluid
compositions during growth (e.g. Kwak and Tan 1981).

PETROGRAPRY

In the marbles of the Faurefjell formation the main rock types are
forsterite marbles and diopside marbles, d by the following
main  mineral associations: Fo-FPhl~CciDi+Dot+Sp and  Di-Phl-Cc
Tespectively (Sauter, 198l). Diopside rocks, Iintercalated in the
marbles or at contacts between marbles and silica-rich rocks, mainly
consist of diopside with varylng amounts of phlogopite and calcfte.
Very secldomly forsterite or enstatite are present. The mineral content
of the samples used in this paper is given in Table 1.

Table 1: List of alneral contents.
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In all the rocks studied here, <¢xcept in sample C480, diopside is
completely colourless. It may contein inclusions of calcite and,
especially in the diopside-phi ite rock, inel of phlogopite.
Twin lamellae parallel to (100) and occasionally clinopyroxene
exgolution lamellae parallel to (00l) may be present. .

In many forsterite marble samples diopside is only a minor
constituent, representing only a few percent of the total rock volume.

often ] te, and its crystals may partly enclose
the rounded forsterite gralas (Fig. 2). Swall rims ‘of diopside around
forsterite also occur (Fig. 3), vhile 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,
polkiloblastic diopside crystal has been formed. This diopside may also
partly enclose phlogopite. In come 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 polkiloblastic appearance (Fig. 8). In the same thin section
normal, rtounded forsterite grains occur, occasionally with partly
surrounding diopside graine 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 €372. Plane polarized light. See Fig. 6 for drawing.
bbreviati Di = diopside, Fo = § rite, Ce = caleite, Do
dolomite, PhL = phl ite, Clh = clinohumite

P

Fig. 3. Rim of diopside around fo ite. Ph i
graph, Al164..Plane polarized light. Abbr - ¢ see Fig. 2.

Fig. 4. Diopside rims around forsterite. The rima ave
connected with eachother along caleita grain boundaries.
Diopside forms one large potkiloblastic crystal. Photo-
micrograph, 975. Plane polarized light. Abbr.: see Fig. 2.




In spinel-bearing forsterite merbles 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 ig mainly
present as inclusions in foreterite.

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

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

In the enstatite-bearing diopside rock, €347, layers of pure
diopside alternate with forsterite in irregular zomes 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, {.e. those grains or parts of grains which surround
forsterite, and the discrete diopside rims around forsterite, have been

Fig. 5. Zoning in diopeide, uimfble as region of differ-
ent optical orientation. Ph graph, €480, Crossed
polarizers. See Fig. 7 for drawing. Abbr.: gsee Fig. 2,

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 i1s 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 browaish pleochroism. With crossed
polarizers thesz 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 (11Z) and (203). The
boundaries of the zones in the clinopyroxene of Fig. '5 seem to have the
same orientation.

Fig. 6. Zoning of Al in diopaide. Heavy lines represent
Al contours. lNumbers in rectangles indicate wtd Alg0z.
Small circles are microprobe epots, numbers in parenth-
eatg correspond with the complete analyses given in t)fe
Appendiz. Other analyses are partial. Observed range is
1.2 to 5.7 wt% Alg03. Drawing after photomicrograph
(see Fig. 2}, C372. Abbr.: see Fig. 2.




ANALYTICAL PROCEDURE

Electron microprobe analyses have been obtained using the Cambrid,
Scientific and M M-9 at  the Vrije
Universiteit in Amsterdam. Operating conditions were 20KV accelerating
potent{al and 25nA beam current. Varfous synthetic and natural oxides
and silicates vere used as standards. Raw data were corrected with the
H~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

Fig. 8, Zoning of Al in diopside. Explanation in text of Fig, 6.
Obgerved range in the large diopeide grain 0.3 to 3.4 wt% Aly03,
in the small grain enclosed by forsterite (bottom left) 2.7 to
3.9 ut# AL03. The large diopside grain is part of a clusten of
Yiopaide grains, ded by an irregular, potkiloblastic rim
of forsterite. Drawing after photomicrograph, C336. Abbr.: gee
Fig. 2.

Di (A1,0,:2.6)
o

Fig. 7. Zoning of AL in
diopside. Explanation:
see Fig. 6. Observed range
2.5 to 8.6 wt% Al,03.
(small grains at bottom
left not ineluded). Drau
ing after photomicrograph
(see also Fig. 5), 480,
A-B: mieroprobe stepscan
of Pig. 9. Abbr.: gee
Fig. 2.

Fig. 9. Microprobe step-
scan acroas profile A
(left) - B(right) in di-
opside of €480 (see Fig.
7). Semi-quantitative
microprobe analyses.




clinopyroxenes from sample €480, 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 {s clear from these
figures, the Al distribution shows a zonal, somewhat irregular pattern.
The compositional gradients may be sharp at sgome places, gradual at
others. There 18 no evidence of a relation between the zoning pattern
and the composition of the adjacent crystals. Compositional differences
within & crystal may be very large, e.g. from 2.5 to 8.6 wt% Alp03 in
sample C480 (Fig. 7).

A wicroprobe acan has been wade over the high-Al region of the
clinopyroxene of this sraple to show the variatiom in Al, Si, Ca, Mg,
Fe and TL (Pig. 9). The central part of the pyroxene profile indicates
an enrichment in Al, T{ 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 ig the sharp jump 1n the amount of Al in the
left-hand side of the figure, from about 6.8 to 8.3 wtX Aly03. At the
right-hand side the drop in Al is more gradual. The high-Al part of the
crystal, depicted in Figs 7 and 9, coincides very well with the zone of
different optical orientotion as shown in Fig. 5.
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Fig. 10. Compositions of the analysed clinopyrozenes in
the pyrozene quadrilateral. Inset (left) shows position
of eompositional triangles. From samples with strongly
varying compositions only the two extremes are plotted.
A: Compositions plotted as_functions of Ca, Mg, Fetin

Zons. B: End-members caloulated according to Cauthorn
and Collerson (1974). Symbola: see Table 1.

CHEMISTRY OF THE CLINOPYROXENES

Although the chemical variations are large, the compositions of the
pyroxenes only occupy a small part of the pyroxenc 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 FeiMn (Fig. 104), show a trend into wollagtonite contents higher
than 50%Z. These are not due to a higher amount of Ca, but to a lower
Mg content and relat{vely low Mg+FetMn totals in Al-tich
clinopyroxenes. This distorting effect can be coumpensated for by
assigaing Al mainly to the Ca-Tschernak’s molecule (CaAlzS10g), by
calculating the pyroxene end members using the scheme of Cawthorn and
Collerson (1974) (Fig. 10B). . Anomalously low wollastonite contents are
found for clinopyroxenes from a diopside~forsterite-enstatite rock

N e

200

195
Si

Fig. 11. Si versus Al plot (ions per 6 0) for the analysed
clinopyrozenea. Symbols: see Table 1.
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Fig. 12. Variation of Xy, with Al for the analysed clinopy~
rozengg. Xyg=Hg/(Ug+Fe+ifn), where all Fe has been calculated

as Fe?*. Highest AL content found, in €480, cqrrgspondg to

8.3 wts Alg03. Inset shouws the Xy,-Al range within each ana-
ysed grain in the samples (165, 3480, €372, C336 and BE24.
Left: €165, two graina. Middle: Stippled: 6‘480,. three graing.,
Middle: Interrupted lineg: €372, two grains. Mgddle: aolid
Lines: €336, four graina. Right: BE2¢, sixz graing. Lowegt

range from diopside rim around forsterite. Symbols: see Table 1.

(sample C347). The positional range d here is not the
Teeult of a variation in Al, but 1t {s due to real variations in Ca and
Mg.

In the analysed clinopyroxenes the amount of AL 18 more than
sufficient to compensate for gsilica deficlency on the pyroxene
tetrahedral sites (Fige 11). Exceas Al, {ndicated as the amount of Al
larger than Si+Al=2, thus enters the octahedral Ml site. The variation
Of octahedral Al with total Al i1g different for the various saoples.
With fncreasing total Al, in the analyses of samples C480 and €372

h 1 Al i nearly , while for the samples C165 and
BE24 an increase of octahedral Al can be observed.

The variation in total AL in the clinopyroxenes 1s well correlated
with a change in Xyg, calculated ag Mg/(MgiFeiitn) (Fig. 12). Generally
excellent negative correlations exist between analyses within one
grain, between pgraing from the same sawple, and also between geveral
samples. High Al contents are especially found in pyroxenes in the
spinel-bearing samples (BE24, (372 and C480) and  fn  the
diopside-phlogopite rock (C165). Different gralns from the same sample
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Fig. 13. Variation
of Ca, My and total
Fe (as Fe2*) with
Al content (iong
per 6 0) for the
clinopyrozenes from
the samples BE24,
C165, €336, €372 and
C480. Symbolg: gee
Table 1.
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generally all ghow the same negative correlation between Al and Xug>»
although range, and and Al vary (See inset of
Fig. 12). Diopside rimming forsterite, in sample BE24, shows the

lowest amount of Al 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 npim:l-lncldng marble Al64 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 Telatively high Al content, while the composition of large
diopside crystals in g cluster grades into low A) values. A more or
less homogeneous composition and & low Al content in the clinopyroxenes
is encountered in the spinel lacking marbles.

The variation in Xug with Al, as shown in Fig. 12, is the reflection
of both a decrease of Mg as an increase of total Fe with increasing Al
in the pyroxene composition (Fig. 13). The amount of Ca, and of Hn
(not shown) does not seem to be influenced by a varistion in Ale

As has been stated at the discussion of Fig. 11, the amount of
octahedral Al ip pyroxenes from the samples C480 and €372 remains
constant, Iirrespective of the total and tetrahedral Al content.
Therefore, charge balance and replacement of Mg at the actahedral sites
(see fig. 13) must be accomplished by some other ion species. In these

Fig. 14. Variation of Ti with AL (ions per 6 0) for the clino-
pyrozenes. Note the different slopes for different samples. Sym—
bols: see Table 1.

particular samples, the high Ti contents, up to 3.5 weI Ti0p, 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 posittve Al-TL correlations. In the low-Al pyroxenes,
only sample Q75 (dfopside rims around foraterite) contains relatively
high amounts of Ti.

The presence of Ti however, 18 not in all analyses sufficient for a
total charge balance. Therefore it is assumed that a part of total Fe
is present as Fe3*, 3 fact which 1s also supported by high cation sums

————

Fig. 15. Variation of iy, Fe2* and Fe** with AL content (ions per
o of

6 0) for

> .e8 in samples C165 (A}, 336 (B),
€480 (¢) and €372 (D). .




Fig. 16..Shift of Xy, in
the pyroxene Xy -Al plot
as a result of the cop-
rection for Fe®*, Imtep-
rupted lines: Xy ~Al
variation for BE24, C165,
€336, €372 and C480, X,
caleulated with totql Fg
as Fe?* (as in Fig, 12).
Solid lines: Xy,, cop-
rected for Fed+, ig ogi-
culated as Mg/(Mg+Felts
n).

displayed In several analyses. The presence of Fe3t has also been
demonstrated in two samples (C165 and €235) by wet chemical analyges of
diopside concentrates (see Appendix). 1In the oilcroprobe analyses
Fed* hag  been calculated using the charge balance equation
ALVL4pedtagTi=p1 V4Na, according o Papike et  al.  (1974).
Unfortunately, calculation of Fed+ 45 inaccurate, due to ervors in S1
and Al measurements, which may contribute to relatively high errors in
A1V gng m1VD determinations.  Wet chemically  determined
Fe3+/l-‘e_z+ ratios in the samples mentioned are considerably lower than
those calculated from microprobe analyses. Nevertheless, some trends in
the behaviour of Fed* can be recognized, which may give more
understanding of the role of ferric iron in the formation of the
pyroxenes.

In Fig. 15, vhere for four samples _total Fe has been divided tn
Fe2+ and Fe3+, an increasing Al content seems to be coupled with an
increasing amount of =>3* present. on the other hand Fe2+ seems to
remain constant with :v.itions in Al and Mg. Therefore, the positive
correlation of total Fe with Al (Fig, 13) and the negative correlation
of Xyp with Al (Fig. 12), presumably are for the largest part due to a
presence of Fe3t in the Al-rich clinopyroxenes.

Recalculation of Xy, corrected for Fe3*, and replotilng the
Xug values in the Xg-AL plot (Fig. 16), reduces the total range of
Xyg observed, from approximately 0.88-0.98 to 0.92-0.99, and shifts and
obscures the earlier trends. The new trends in Xyg=Al, although much
more 1ill-defined, presumably by the errors in Fedt calculation
mentioned above, show an almost constant Xyg value, or a smwall decrease
in XHB with increasing Al.

It 1is noteworthy that clinopyroxenes from several other studied
areas, {n more or less comparable rock types, show the same chemical
behaviour with respect to the {uncorrected) Xug—Al relation as the
Faurefjell clinopyroxenes do (Glassley 1975, Rice 1977a," 1977b, Kretz
1980). However, this holds only true for relatfons between samples, as
chemical variatfon within a sample or within one crystal has not been
teported from these studies. In Fig. 17 clinopyroxene data from several
studies have been plotted. The trend within a sample of the Rogaland
rocks s indicated by a solid 1line. Although for the y-axis 1in this
figure another parameter has been used (wtX Aly03 instead of cations

Fig, 17, ng-Algo_; plot for
clinopyroxenes from.several
areas. lote: symbols have dif-
ferent meaning than in other
figures. Open cireles: Kretz
(1980}, Clinopyrozenes from
high-grade Precambrian carbo-
nate rocks, Grenville Province,
Open squares: Rice (1977a).
Contact metamorphic marbles,
occastonally spinel bearing,
Boulder aureole, Montana.

Solid squares: Rice (1977b).
Contact metamorphic marbles,
Harysville aureole, Montana.
Crosses: Glassley (1975). Hign
grade metamorphie marbles and
diopeide rocks, Lofoten, Nor—
way. Triangles: This work. Fop
pyroxenes with large variationg
in Al content, only the extreme
compoaitiona are plotted, con-
nected with a solid line. Fop
all references, excapt Kretz:
Xyg=Mg/(Mg+FetotMn), For Krets:
XygHg/ € HgtFel*).




Al), these trends can easily be traced back to those in Fig. 12.
Al-rich clinopyroxenes, occurring im 3pinel-bearing marbles (Rice
1977a, this work) or in diopside rocks (three points with highest Al
content from Glassley 1975, this work) generally have lower st values
with respect to the Al-poor pyroxenes from the same aress. The
eplnel-free marbles from the Hontana aureole (Rice 1977b) also show low
AL contents. Pyroxemes from Grenville marbles (Kretz 1980) do not show
2 definite trend.

DISCUSSION

ion of the clinopy in T-Xgg2 space.

Pyroxene growth 1In the forsterite marbles 4s possible at various
stages in the metamorphic ‘history. If the prograde metamorphisn of the
marbles has taken place under {sochemical 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

where h the of diopside is dependent on the
initial Xgo2 ratio.

In all these prograde 1 £ ite will be formed
from diopside- and tremolite-consuming reactions. No textural
indications for the formation of forsterite have been Zfound 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, 4s possible in
two ways, y and ically. The trogressive
reaction 2Fo+4Ce+2C05=1D1+3Da, possible at high and low Xgo2 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 forgterite and some
of them (Hartignole and Zingg) indeed favour this retrogressive
formation. In the Rogaland case however, no new formation of dolomite
has been observed along these rims, meither an incorporation of Mg in
the calcite is expected with 1 e. The rins
around forsterite are therefore better explained by metasouatic
reactions. Textures like the interconnected diopside rims (Fig. 4) also

suggest a E: ic origin., These reactions could be

inftisted by silica-rich fluide and they may be of the type

1 2Di+2C07 and 1p; 2 2C02. Not only the thim rims

2
around forsterite but also crystals and parts of crystals which partly
enclose forsterite graine (see for example Fig. 2) may have originated
as a result of these reactions.

Development of the zoning,

Some of the zoning patterns of the c. s see for P!
Fige 6 end 7, and the steep transition between high- and low-Al zones
in Fig. 9, are reminescent of gector zoning. This type of zoning, in
which during growth chemical inequalities are produced in different
crystallographic directions, has espectally been observed in pyroxenes,
notably titanaugites, in volcanic rocks (e.g. Hollister and Hargraves
1970, Wass 1973, Leung 1974) but also in staurclites in
contact-metamorphlc 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 {s not possible, due to the. scarce and
faint optical expressions of the chemical zoning. In the crystal in
Fig. 7 hovever, the chemistry of the high-Al zone, which perhaps could
be designated as a basal secctor, is in contradiction with the chenistry
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 {s not a sector zoning, but a more
normal growth-zoning  which originated . during growth ‘of the
clinopyroxene, from a core rich in Al, and locally rich in Ti and Fe3¥,
to riws rich in S and Mg. piopside fn a cluster in €336 (Fig. 8)
shous an Al-rich zone at the rim of the large -crystal. This too
indicates a growth zoning: this netasomatically grown diopside started
tc form at the contact of ga quartz pod or vein with the marble, and
grew inwards towards lower Al compositions. .

As the largest Al contents and the largest spread fn Al has been
observed 1in cl in epinel marbles and in the
diopside-phlogopite rock, so -in Al-rich bulk compositions, it is
inferred that the activity of Al, coupled - with that of Si, 1s the most
determining factor 1in the origin of the zoning. These activities may
change ae the result of a f; depletion , initially




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
Al-rich phases, 1ike phlogopite or spinel, will enlarge :he_

di b cote and rviw of the clinopyroxene.
During growth, coupled substitutions control the imcorporation of other
ions in the pyroxene structure. This is perfectly demonstrated by the
well~defined trends in the several Al plots shown.

ration

Timing of clinopyroxene growth and zoning.

Regarding the fact that the initial py composition app 1y
is dependent on the local bulk composition, e.g. Al-rich pyroxenes in
spinel-bearing marbles, Ti-tich in C480, Fe-rich in C165, Fe-poor in
BE24, one way of thought would be to assume that the Al~rich parts of
the clinopyroxenes crystallized during the normal prograde
metamorphism, before forsterite, in equilibrium with the other
Al-bearing phases. The later, Al-poorer parts and rims around
forsterite could be formed wmetasowatically -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 1link between pyroxene and bulk chemistry has to be explained,
particularly the clinopyroxene Al-richness {n spinel-bearing marbles.
Spinel itself is a relatively early phase, in view of f{ts {nclusions in
torsterite, and thus there is no -way to assume a simultaneous,
metasomatic growth of spinel and clinopyroxene from a Si~ and Al-rich
fluid. Furthermore no evidence has been found for spinel-consuming
reactions which. form Al-rich cl P On the y, spinel
has a ' fairly euhedral appearance and ‘shows no  relatfon .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 Al-rich
fluid phase. Zoning in the clis - may thea. develop by the
‘fractionation-depletion process and by a . dilution of the intergranular
fluid by its metasomatic intruder. 3 : R

It is difficult to decide which mode of origin is the wost 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 und
metasomatic conditions from a locally Si~, Al- and K-rich fluid. Kor
the diopsides in the marbles a formation mainly din two stages, a
high-Al prograde stage and a lower-Al metasomatic stage, seems to be
the most likely. Zoning may have formed during both etages.

Striking £ of the ob ons made here are the fact that
this zoning 1s present {n such high-grade rocks and that the zoning
locally displays such sharp boundaries between high~ and low-Al zones
(see Fig. 9). For it ia 4 d that iginal. zoning
patterns are often obliterated during high-grade metamorphism (Anderson
and Olimpfo 1977, Woodsworth 1977). Little 1s 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 12000C and 1 bar, Al-diffusfon in diopside (Seitz 1973) has
approximately the same magnitude as Mn-Fe diffusion in garnet (Freer
1979), but polation of high: data to lower temperatures
18 dangerous because of the possible abrupt change in slope of the D/T
curve (Dowty 1580). .
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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
dolonite exsolution. Severasl exsolution types can be recognized, of
which tablet-like, rhombohedral and symplectitic types are the most
important. The rhont dral and a fii symplectitic type may
be correlated to retrograde metamorphic eventa.

The exsolution of dolomite has caused a d of the Mg:
of calcite. Original, p lution Mg may have up
to 12 wmoleX MgCOg, ding to & p of about 700°C for
locations B and C. The Mg-content of calcite {in the dolomite-free
marbles of location A 1s lower.

The carbon and oxygen isotope ratios - of calcite ghow a trend from
about d13Ce-4 (PDB) and dl80~t21 (SMOW) for location A, to dl3ce-7.5
and d180+14 for location C, close to the Caledonfsn front. Isotape
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
d13C of ~1 to -7 and a d}80 of about +11. The decrease of the isotope
ratios of calcites in the Precambrisn marbles is npainly attributed to
the activity of Caledonian retrogressive fluids.

d

INTRODUCTION

Marbles in the granulite facies P;ecambrian of Rogaland, SW Norway,
occur in the Faurefjell formatlon, which rocks are intercalated 1in
nainly charnockitic migmatites (Sauter 1981). Thege migmatites envelop
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the intrusive complexes consisting of anorthosites and the lopolith of
Bjerkrefm-Sokndal (Hermans et al, 1975) (Pig.1). The marbles mafnly
Consist of forsterite marbles, containing the mineral association
Fo-Phl-CeiDo#Di#Sp, while diopeide marbles show the main assoctation
Di~Phl-Ce. Other rock types ia the Paurefjell formation fnclude
diopside  rocks, alkalifeldspar-rich rocks, quartzites and
quartz-diopside gneisses. During the M2 granulite facles metamorphism
t in the mi ites reached values up to 1000°C close to the
lopolith, d ds lower around 800°C more to the
morth and the east (Jacques de Dixmude 1978). The hypersthene-in
1sograd. marks the transition frop amphibolite to granulite facies
metamorphism, The peak of wmetamorphism H2 1s dated at approximately
1050 Ma, earlier phases MO and M) ap 1500 and 1200 Ma Teapectively
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(Wielens et al. 1981). At 950 Ma a M3 stage i8 recognized. A
late-Precatbrian peneplanization is followed by a Cambro-Silurian
sedy and burial phism (M4a). A part of the
very low-grade metamorphic effects 1in the Precambrian basement is
ascribed to this event (Sauter et al. 19¢3). Caledonian thrusting and
metamorphism follows, the resulting retrograde greenschist facies
metamorphism (M4b) is effective in the basement 1im a zome close to the
Caledonian boundary (Verschure et al, 1980).

As part of a study of the wetamorphic evolution of the Rogaland
marbles {nvestigations were carried cut 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 threc marble locations were studied, lccations A, B
and C (Fig.1) (Sauter 1981). These three locations all bad different
temperature histories. Location A, close to the intrusives, suffered
very high temperatures during the granulite facies metamorphism, but
was not affected by the retrigrads greenschist facies. Location ¢,
further north and close to the Caledonian front, underwent high-gra}le
temperatures arzund 700-750°C only, but {¢ suffered a scvere Caledonian
impact, amounting to at lecst 400°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 1lenses within the
migmatites (Sauter 1981). Location A {s one of the largest occurrences
of marbles. Here the Faurefjell formation as a whole is exposed over at
least 600 w 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
consigts 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, dere sporadically marbles are
found, indicating the velation with the narbles of location A.
Locatfon B consists of several large and small lenses of the Faurefjell
formatfon, most of which seem to belong to a certain  level within the
mignatites. Many diopside rocks are intercalated in the marbles. Some
exposures, close to a fault "and-a large quartzite body, = are heavily
Tetrograded, showing tremolite, talc and chlorite. Location C ig a
small road cut 4n a Faurefjell lens, approximately 30 o long and




several meters high, within the migmatites. The warbles generally are
less than 1 m thick. Diopside rocks and diopside-alkalifeldspar rocks
form a large part of the cxposure.

CALCITE-DOLOMITE MICROSTRUCTURES
DESCRIPTION

In almost every sample from the Rogaland marbles at least one type
of dolonite intergrowth In calcite can be recognized with normal
light-microscopic methods. Besides these generally fine-grained
dolonite Intergrowths coarser-gratned 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 p bly will be dary.

Earlier, calcite-dolomite intergrowths in the Rogaland marbles were
described by Legrand (1575).

The distinceion Letweer calcite and dolomite In thin section was
greatly enhanced by ataleing. For this purpose the uncovered thin
section was Eirstly etched in 2 1.5% acetfc acid solution for 10
seconds and then fmuersed in a sovred Alizarin Red § solution for 2
minutes (the method deseribed by Hutchison 1974),

The grain size of the carbonates in the marbles varies greatly.
Generally the carb in the £ ite marbles are coarse grailned
(up to 5 mm). 1In sgeveral samples the pgrain size is reduced by
recrystallization (occasionally down to 0.25 mm). The carbonate grain
size 1n the diopside marbles is small (0.5 um). Twin lamellae in
calcite and dolomite are widespread. The prain 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 Rogoland 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.

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 calefte. The c-axes are
parallel to each other, the flat sides of the tablets 1ie din the
(0001) plane of caleite. Deviations from this structural pattern
are caused by later processes (see type 5). The tablets may be
homogeneously distributed 4in the host caleite, but in some cases
they are concentrated in certain parts of the crystal. Borders of
calcite graine 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
(Fige 2€) or thin and eiongated (Fig. 2D). The thickness of the
broad lamellae may reach about 100 um, their length to 3 ma. The
thickness of the thin lamellae 15 5 to 10 um, their length may
amount t0 4 @m, The largest dimension of the lamellse 1ies 4in the
(0001) plame of calcite, the crystallographic orfentation is the
same as of the calcite hosts and also of the dolomite tablets (type
1), which may be present 1in the same calcite gragn, In fact, in
some cases dolomite tablets may be observed at one of the ends of a
lamella. .In sample 510 a few lamellae lie in other calcite planes
and may have a slightly different crystallographic orientation (Fig.
2D). : ! .

Lagellar or rod-like dolomite intergrawths in calcite have been
described, for instance, by Coomiraswimy (1902) in Ceylon werbles,
by Van der Veen (1965) in severzl carbonatites gnd a marble, by
Puustinen (1974) in a carbonatite complex in Finlend, and by Kretz
(1980) in Grenville metsmorphic marbles.

Type 3. This type 13 a coarse-grained symplectitic type of dolomite
intergrowth (Fig. 2E), to be distinguished from the fine-grained
syamplectite of type 5, Its occurrence is not very common. The size
of the elongated dolomite blebs ‘18 generally about 25 um,
exceptionally 50 um. Again, the intergrown dolomite has the same
crystallographic orfentation as the calcite host., Dolomite, showing
only a vaguely symplectitic habit, 18 situated in large calcite




Fig. 2. Photomicrographs of caleite-dolomite exsolutions. A: Type
1. Dolomite tablets, section // c-awig (C509). B: Type 1. Dolomite
tablets, gection L c-azis (C511). ¢, Type 2. Coarse dolomite lq-
mellae (C372). D: Type 2. Thin dolomite lamellae (SW to NE), la-
mellae with different orientation (SE to Wy), dolomite tablets
(upper left) and dolomite rhombohedrq (between thin lamellas)
(€510). E: Type 3. Coarse-grained sympleetite (C515). F: Type 3.
Dolomite tablets (inner parts, approx. 4-5), overgroun by dolomite
(SW-HE) in coarse-symplectite beaving caleite (C510). ALL photo-
graphe: plane polarized light. Caleite (stained by Alizavine) dark,
dolomite light. N
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Fig. 3. Ph graphs of caleite-dolomite b2 A: Type
4. Dolomite rhombohedra (C405). B: Type 5. Fine-grained syriplecti-
te (C236). C: Type 5. Fine-grained symplectite (dark), growing
into teblet-bearing calcite (light) (C511). D: Tupe 6. Fine-
grained symplectite. Right: caleite and dolomite in same erystal-
Lographic orientation, showing little contrast. Left: different
orientati howing large trast. Hote the same direction of
the dolomite vermicula on both gides of the caleite grain bounda~-
ry (Q138). A, B: plane polarized light, caleite (stained by Ali-
zarine) dark, dolomite light. C: erogsed polavizers. D: plane po~
larized light, very thin section.

grains. In the same sample equal-sized calcite grains may contain
dolomite tablets. Sporadically tablets are also present 4n
symplectite~bearing caleite grains, with the same orientation. Other
tablets however, as well as Symplectitic blebs, may show differeat
optical ori 1 and ove ng (Fig. 2F).

Type 4. This type 1s represented by very small rhombohedron~1ike

particles of dolomite (Fige 3A). Their efze may vary from less than
1 um to, exceptionally, S0 um, but generally they do not exceed 5 to
10 un. The planes of the dolomite rhombohedra are parallel to the




calcite cleavage planes and both calcite and dolomfte have the same
crystallographic orientation. This type of dclomite {intergrowth is
very common. The particles are concentrated in trails, or they are
evenly distributed in the calcite together with other small
{mpurities, giving it a cloudy appearance. Often a p:ecipitatibn-
free zone can be observed around the larger dolomite intergrowths of
types 1, 2 and 3.

Small rhombohedral dolonite inclusions in cloudy calcites have
been described before by e.g. Goldsmith (1960) and HSrmann and
Morteani (1972).

Type 5. In 8ll types of calecite-dolomite intergrowths described above,
a second, fine-grained, type of symplectite may be observed (Fig.
38, 3C). Again, the dolomite particles have the same
crystallographic orfentation as the calcite host, The symplectites
typically occur at caleite 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 orfentation of the calecite iato which
it is growing. Swapped boundaries, where grain boundary migration
and formation of symplectites develop at two sides of the caleite
grain boundary, are occastonally observed. During their growth, the
symplectites may encloge preexisting dolomite tablets. Because the
optical orientation of these tablets remains fixed, the resulting
configuration 1s a calcite with a fine-gratned symplectite,
including dolomite tablets with a different optical orientation
(Fig. 3C). Dolomite hedra (type 4) h are d, so
that the new calcite {n the symplectite is cleaner than the often
cloudy calcite into which it is growing.

‘Iype 5 symplectite 1s wuch 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 fis
finer-grained, with resp 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
1 » for 1 by Coomf &my (1902) in Ceylon marbles,
by Joplin (1935) in a contact-zone in New South Wales, by Goldsmith

et al. (1955) in granulfte 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 0°Neil (1981) in Adirondack marbles.

Type 6. This type of is i§ by a
calcite-dolomite symplectite, in which calcite and dolomite have
different optical orientations (Fig. 3D). It occurs only within
grains vith symplectite of type 5. In parts of type 5 symplectite
calcite has ch d ite ori 1 1 the hology of the
calcite-dolonite fatergrowth and the orientation of dolonmite have
remained the same.

DISTRIBUTION OF THE MICROSTRUCTURES

The distribution of dolomite and its exsolution types over the
varfous 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 B and C show the same iatergrowths,
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. Exgolution in the diopside marbles has only been
obgerved {n types 1, 4 and 5, and it is not es abundant as 4in the

Table 1: D1 of doloalte
over the locations.

Doloaite type
1{2]3)4]5

Locatton A ala
Locatton B | x| x xixlo
Tocation € x| x x{x

QGwprizary dolonite, see text for explanation
Of other dolonite types. x=abundant, omminor,
avrare.




forsterite marbles.

There exist soume relations the or ab 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 &) has already been
mentioned. Furthermore, in a1l locations .the smount and grain size of
the rhombohedron-type dolomite (type 4) ic larger in samples with
strongly serpentinized forsterite. No c¢lear relations with primary or
retrogressive assemblages have been. found for the other types.
Serpentinization of the olivines i= not necessarily ralated to calcite
grain  boundary migration and the occurrence of fine-grainmed
symplectites. This symplectite shows some tendency to occur in samples
containing cl te and T ively altered diopside, phlogopite
or spinel, but this is certainly not & general rule. Type 2 and perhaps
also type 3 secm to grow from the tablets of type 1 but there 4s 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 aamples with a large amount
of type 5 symplectite. The -of al types could
also not be related to special field relations within a locelity, such
as distence to the country rock, diopside rocks or pegmatites.

ORIGIN OF THE MICROSTRUCTURES

It ie difficult’ to establish the nature of the coarse dolomtte
grains at caleite and silicate graiu boundaries. A part of this
dolomite will be primary, especially those large grains concentrated
near the silicate phsses, 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
indecd 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 d are thought to have origt: d 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 of the rhombohedral
type of dolomite, in the relatively high-Mg zones between the tablete,
secems to be enhanced by the presence of a fluid: the fine dolomite
particles often lie in 'tralls, crossing calcite grain boundaries.
Moreaver this type of exsolution especially occurs in serpentinized

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 scem 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. l.ncally they also seem to have overgrown preexisting tablets.
This later type of symplectitic
exsolution. Type 5 symplectites are found in all foregoing types 1 to
4, and they are to the on phase.
Such a texture, alsoc 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 golid 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 ar origin in the solid state. Moreover, temperatures, at least im
locations B and C, were probably too low to produce a melt. Little is
known about phase of high e polymorphs of
caleite, - which could form eutectoid points 4in the phase diagram.
Presumably they have not played a role in the temperature intervael of
about - 800°C and lower (Goldsmith and. Newton 1969), assumed for
locations B and C. Also the aragonite fleld has presumably not been
reached during the Rogaland cooling history {Svanenberg 1980).
Therefore a discontinuous precipitation process is thought to have been
responsible for the formation of the type 5 microstructures. The
formation of the 1 te is d by an extensive grain
boundary mobility, characteristic of discontinuous precipitation. It is
suggested here that Celedoni ve M4b 4 sm could be
the cause of guch a recrystallization accompanied by dolomite

on. The of this type of microstructure with some
retrogressive minerals seems to confirm this, as well as its spatial
distributfon: abundant in B and 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 @ new precipitation process. In this type of-gsymplectite no new
precipitates seem to have been formed, and no coarsening of type S5
symplectite has been observed (Scholten, 1$82).

The following succession of calcite~dolomite microstructures 1is




propoged:
1) Formatfon of dolomite tablets in locations B and G during

post-metamorphic cooling after M3. The relatively low Mg content of
the csleites {n locatfon A (see the following paragraph) inhibited
nucleation of a dolomite phase. ’
and 3) Lamellar coarsening and symplectitic coarsening in locaticn
B.

Formatlon of rhombohedral dolomite in locations A, B and G.
Precipitation-free zonmes around types 1, 2 and 3. Pregumably
simultaneously with serpentinization of forsterite (Méa?).

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

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 carkonate phases proved to be s difficult
tesk. Within calcite grains differences in chemical composition were
detected, which could be due ecither to the presence of very small
dolonite rhombohedza or teo real chemical inhomogeneities within the
calcite. Damaging of the carbonates by the electron beam wag another
disturbing factor ia carbonate analysis. Part of these difficulties
could be avoided by analysis of a small area of about 30 umz, 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 sccelerating potential and
25nA bean curreat. Diopside, olivine, hematite and rhodonite were used

as standards.

Table 2t Mcroprabe analyses of the carbonates,

BoleX
Fecoy
Hncoy
Hycoy
£acoy
g

moleX
Fecoy
Haco3
Hgoay
€acoy
g

aclel
Fecoy
Hncoy
Hgcoy
Cacoy
g

A18%

conz
0.2
0.6
%]

9.5
0.86

238

s
Y
ot
0.2
[X]
EN]
943
o.90

€0101
0.2
0.5
&2

9.1
0.85

c267

cot61
0.4
0.3
5.8

9.6
0.85

c97

0053
0.2
0.6
22

96.0
o.01

o1y
0.2
0.4
&7

9.8
0.28

cotét
0.4
0.4
8.6

$0.8
0.91

cia0

couz
0.4
0.4
19

[10)
0.91

qu3s
)
co15
0.2
0.3
72
92.1
0.93

BE2é

cotat
0.2
0.4
7.3

92.1
0.93

coi71
0.4
0.4
8.4

90.8
0.9t

D342
0.2
0.3
7.0

92.4
0.92

s

o9t
0.4
0.4
1.3

9.9
0,90

o

o84
0.9
11
i

2.7
0.68

colar
o
0.3
(R}

95.1
0.9t

LY
¥
0.8
6.8

92,4
0.50

o2

A1
0.1
¥
19

95.7
0.90

[¢]

-2
0.2
0.3
5.7

93.8
0,92

[£3)
wizL
0.2
0.4
e

95.7
0.87

cnIs2
0.1
0.3
5.9

9.7
0.98

(O]
coos2
0.
0.3
&5

95.1
0.51

s
8¢0(6) eore
coosz oozt
0.3 0.2
o o0

106 6.8

8.7 92.8
0.94 0.9z

ens
m
101
1.3
0.3
40
54,2
0.95

moleX
recoy
Hocay
MzCoy
cacny
g

an
@
©o06y
0.6
0.4
4.8
513
o.98

Each snalysts

)
coory
0.9
0.4

1A%
513
.98

e
ooy
0.6
0.3
X
513
0.9

c38

coalk
0.8
0.3

48,5

50,5
0.9

fs fndfceted by 1ta

o9
0.7
0.2

43.3

9.9
0.95

o025
0.7
0.2

8.6

50.5
0.98

HS208
(] m
0035 ot
0.8 02 o7
0.4 03 0.6
307 A3 47
60.1  $0.7 3.0
0.97 048 0.97

|

[§3)
co151
Ll
0.6
408
54,5
0.96

m
o
0.6
0.5

48,4
50,3
0.58

eur

o074
40
2.1

42,6

3.3
0.8

aus
)
@i
0.
0.
.y
i1
[21]

ez
[}
D2
0.6
0.4
40,0
51.0
0.98

LB ¢H)
COI41 €171
1.0 0.8
0.5 0.8
473 461
513 sy
0.97  0.97

0.9

0.4
6.0
52,7

0.97

1o auaber €AV64 etc.) and by fes spot code (CDII2 atc.). Mumbara ta

rater co

typen.

prote scan. XygeNg/

DoLOMNTITE




SAMPLES ARD RESULTS

Most carbonate minerals were analysed in forsterite-bearing marbles
(A164, BE24, €336, C480 from location A; C372, c383, HS208, Q75, Ql.38
from location B; €24, C236, C267, €273 from location C), and some in
diopside marbles (€235 (loc.C), Q159 (loc.B)). Carbonate from sample
€347 (loc.A) was analysed at a tremolite-bearing contact zone between a
a fde-f {te- ite rock and a quartzite, €397 (loc.B) 1is a
grossular~bearing diopside rock in which small calcite grains are
enclosed. A list of minerzsl 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 i{s concerned, depicted
in Fig. 4. Calcite ghows an overall spread in Mg-content from about 2
to 11 molX MgCO3. The highest Hg-contents, from 8 to 10 mwolZ, are
analysed in samples from locations B and C (G235, €267, €236, Q75,
Q159). The value of 10.6 molX ¥gCO3 in HS208 was obtained by scanning a
fine-grained symplectitic celcite-dolomite imtergrowth. Within a sample
appreciable chemical variations may occur. .Thege are wuainly 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 saoples
€347 and C397 are of retrogressive origin. Dolomite exsolution teo
gseems to produce chemical variations within a sample. A calcite in a
fine-grained symplectite (type S5) im €235 has & much lower Mg-content

Locotions
[ A-setondory
511 8- secondory
T ¢~ secondary

e0ch unit ia one group of onalyses

] a 4 K 30

]
" mole% MgCO3 in dolomils

Fig. 4. Mg-content of calcite and dolomite. Analyses of the
same carbonate type within one sample are averaged. Mumbers
in p Lndie . r 1 types. Caleite con—
tains some type 1, 2 or 4 dolomite, unless indicated other-
wise. Temperature scale: calcite—dolomite geothermometry,
according to fice (1977).

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 a Mg in calcites of
later exsolution types, These compositional differences fmply that
large scale chemical reequilibration of the major elements has mnot
taken place. The compositional differences observed are well
explained, regarding the sequence of origin of the wicrostructnres and
the shape of the calcite-dolomite soivus- (Fig. 5). Calcites belonging
to early exsolution types will contain more Mg than later calcites.

The Fe content of the ecalcites mainly varies betyeen 0.1 and 0.5
wol? FeC03. In sample (347 an exceptionally high value of 0.9 mol¥ is
en d. The Mn of the calcites generally is somewhat
higher than the Fe content. MnCO3 varies between 0.2 and 0.8, In C347
¥nC03 1s 1.1 wolX.

The data menticned above refer to calcites from which a variable
amount of dolomite has been exsolved. Only for samples from location A,
vhere there 1s only a minor aount of dolomite exsolution, the analysed

Fig. 5. Schematical drawing of
the caleite-dolomite solvus,
showing high Mg and, theoretical—
ly, high Ca contents of caleite
and dolomite respectively during
early exsolution stages, and low
Mg and low Ca during later ex-
solution. HNote that generally
exsolution will take place some=
what below the equilibrium sol-
mole% Mg COy - - - vus. - T -

e ——




compositions approximstely represent the pre-exsoution chenistry.
Samples from locations B and C however show a considerable amount of
dolonfte exsolution, mainly ia the tablet form. Volumetrically the
largest amount of exsolution has been observed in the lawellar
exsolution type of sample €372 (maximum 25 volZ). Recalculation reveals
an original MgCO3 content of approximately 12 molZ. Recalcularion of
tablet exsolution types from both locations 3 and C, repults 1n
approxigately 10 to 11 molZ., A microprobe scan oOver a fine-grained
symplectitic exsolution type (HS208) gave the same MgCO3 cootent of
about 11 molf. - -

The microprobe analyses of dolomite show a spread in MgCOj comtent
from 42 to 49 molX (Table 2, Fig. 4), The low value of 38 molX in the
rhombohedral exsolved dolomite in sauple C383 1s 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,
Q138). The difference in composition betwcen primary and exsolved
dolorite, although small, ig in {fon with {ons (Fig.
5). The reason could be a more rcadily reequilibration of the larger
dolomite grains to lower temperatures, in contrast to the smaller
exsolved dolonite grains, eaclosed in caleite. The Mn content of
dolomite generally varies betwecu 0.2 and 0.6 molX MnCO3, the Fe
content varies between 0.6 and 1.3. polomite in C347 shows exceptional
FeCO3 and MnCO3 values of 4.0 and 2.1 respectively.

GEOTHERMOMETRY

The Mg content of calcite in equilibrius with dolomite is dependent
on temperature (Graf and Goldeuith 1955). The influence of pressure on
the solubility of Mg is rather small (Goldsmith and Newten 1969). The
equation given by Rice (1977) s used here to calculate the
calcite-dolomite temperatures. In Rogaland the widespread .dolomite
exsolution from Mg-calcite pregents a serious problem for the
application of the calcite-dolomite . geothermometer. In the only
location (location A) where exsolved. dolomite 1s only a minor
constituent, primary dolomite !s not present. Zalculated temperatures
for this 1 fon only rep values. The highest Mg content
found is 7.9 wolX MgCO3 which corresponds to @ minimum metamorphic
temperature of 617°C. In locations B and C the recalculated Mg
contents of exsolved Mg-calcites oay give an 1indication of the
temperature reached. Ssmple C372 with a recalculated molX MgCO3 of 12%

reveals a temperature of 710°C, sgamples from locations B and ¢ with
tablet exsolution types, recalculated to 10-11 molZ, give temperatures
of 670 to 690°C. However, it has to be stressed here that these values
are dependent on uncertainties in the microprobe analyses as well ag 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 600°¢,
In sample. €372 the lowest amount of Mg, and thus the lowest calculated
temperatures, around 500°C, are. found in calcites very close to the
coarse dolomite lamellse. Although this might give some indication
about the temperature ©of exsolutfon, it could be questioned if
exsolution took .place according to the calcite—dolomite solvus.
Therefore, temperatures of exsolution can not exactly be obtained. The
anountg of Fe and Mz 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 ¢ (around 7009C) may r hic t ures.
They are 70 to 100°C lover thdn 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 reequilib: at lower ures has
not taken place. A lower Mg in high e calcites, not
coexisting with dolomite, s in location A, has also been observed by
Rice (1977) {m the contact wmetamorphic marbles of the Marysville
aureole., The Mg content of calcite {n this case 1s not controlled by
the calcite dolomite -Folvus any more, but is fixed by the local mineral
assemblage. :

CARBON AND OXYGEN ISOTOPSS

SAMPLES .

Carbon and oxygen isotope ratios were measured on several carbonate
samples from the Rogaland area (see Fig. 1), The samples were mainly '
Belected from the three marble locations A, B and C aud some other
samples were taken from an apatite marble (location E), from a calcite
vein in di 1sses (1 1 F), from the calcite matrix
in ‘explosion breccias near the Caledontan front (locatiorn G) and from
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quartz oarbles in a (Caledonian unit close to the boundary with the Table 3: lsotopte and sodal
Precambrian (location H). St the analyard carbonace sasples.
The samples, with their isotopic composition, mode, extent Of
retrograde metamorphism, recryetallization and exsolution, are listed . ey Hodex
in Table 3. : sanple coora | atc atfo | ce vl ra b1 pwi s,

Additionally the carbon isotopic composition of graphite from ":‘:""’“ (2D3) {shax) ° n o2
Al To mardle 337-070 | -4.0 20.4 w0
several samples from the garnetiferous migmatites was measured and also MO Fo carble 336076 | 52 20,0 | &5 PYREE
carbonaceous material fromw an explosion breccia close to the Caledonian €322 DI marble 236-076 | ~5.3 16.6 | 27 13) 60
front was analysed (see Fig. 1). Table 4 lists the pamples with their €26 Fomarble 16025 | -5.6 163 [ 93 (9
-015 | - 33) 3
bon isoto . €335 Fo marble  335-075 4.2 19.6 | 3 {
carbo Pic composition €36 Fo mardle  3317-069 | 4.2 21.5 | 8% 13
€480 Fa marble  336-076 | 3.6 204 | 71 [T
Calcite of samples with a large varlety in modal composition and im Ci81 Fo marble 336-076 | -3.6 20.0 | 51 19 20

extent of retrograde metamorphism Wwas  analysed from the marble LocaTion 3
grade 4 y €72 Fomarhie 2me260 | -3.8 170 &7 NE 19 @

locations A, B and C. 372 doloatte -6 182

In location A ali samples except A122 and €346 were collected in the €509 Fo marble 255273 | -5.0 166 [ 67 5 (2) & 2

szme, 5 to 10 m, thick marble bed, within a distance of about 100 m. ChY Tomrble 253 o3 11965 620 S 3

Al64, €322 and €346 were collected from the basal parts of the marble, ::; :: ::::e ::;‘:;: —:.: ::: :: ’ (:x‘;: 1:1. 3
. S YR ETR

C4Bl froo the middle, and €335 and C480 from the top. Samples Al22 and 251 Fo mardle 235-73 | -5.9 w3 | 66 4 (293 () &

C346 were taken from a marble layer in the same formation, several 215 Fo marble  274-261 wazfs2 3@0 6

hundreds of meters away from the other samples. The samples Al22, . 271 O marhle  261-270 to.2 (18 o 17
LOCATICN C©

Al64, C4BO and - C4B1 are fresh semples with varying amounts of the Q6 Tevetn  132ate 136 | watsly eatetee, some o
minerals celcite forsterite, diopside, phlogopite. and spinel. Calcite €236 Fo mazdle 192316 a8 e 6
may form large or recrystallized, small gratns. Sample €346, also €264 DI aarble 1952-316 e | %0 @) 3 a7

aa - an e
h, contain of 8111 rals. It €273 Fo sarble 19231 ns| e 2
fresh, 8 only a small amount cate and oxide mine: €521 Ol marbde  192-316 ut o 436 18

represents a carbonate-rich zone between a diopside rock and a normal €522 DIFo marble 192-315 B3] ann o
forsterite marble. Sample €322 contains a large amount of silicate . © €533 Fomarble  192-318 ma|sn e s u

. terite £, red to LocATIon £
minerals, mainly  diopside. Forste 8 - completely altere AI87 Ap narble  3a43-103 12.5 | Cey Ay Q Epo T

serpentine. This sample forms the transition between a diopside rock W97 Ap marble 343305 122 | €, Ap, 0 Ktep, o, £p, 10
and a forsterite marble. In the samples C324 and ¢335 forsterite is LOCATION P

completely  serpentinized. Calcite in €324 4z fine grained and 76 l:; vein 125381 11| e oo Py

recrystallized, in (335 {t is coarse grained. In samples from this ::: m‘;“ eeits | 03 102 | ¢ qostrind, @, Fp b1

location doleomite is only present as minute exsolved particles. MAJLL breccta 276451 4.6 1144 | Cc (matrix), Q, Fep, af
) LOCATION R .

C160 Quarble 26643 | ~1.7 11,0 Cc, @, B2, Fsp

G20 Qmarble  266-433( -1.2 10.2] Ce, Bt (both macrtx), q, Fep

total nota2
silicacesssp
exsolution?)

retrox?)
recryee ce?

@ e

In location B samples €509, C510, C511 and Z52 were collected from
the same marble lens, approximately 50 n long and 5 @ thick. The first
three sawples were taken at 8, 17 and 24 em distance from & small . Anelysed carbonate phase f calette, In CI72 also dolomite has beea nalysed.
pegmatite. Q128 and 2177 were collected from two strongly retrogressive 1) aainly prisary doleaive: I} pmporzfon of stlicates which has been
exposures. C372 and 275 were taken £rom two more isolated marble o 22; e h-":’ a:;:::::";) :::un:;
lenses. The samples €372, €509, C510 and C511 contain varying amounts tremotite. 73 chlordee. Cemcalette; .
of  calcite, dolomite, forsterite, diopside, phlogopite and spinel. ] s Spesplael, AP-SPALIEe, Qmquarer, Ppeepidote,
Dolomite exsolution is volumetricelly important egpecially in €372, . Tistitanite,  (X)Fap-(elkali)feldspar, Bi=gresn  biotite. Muabers  fn
vhere large dolomite lamellae occur. In €509, 510 and 511 dolomite parenthesear partly or vhally racregraded.
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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. Calaite shows old, dusty cores, with new,
clear rims. Some chlorite has -, - * shlogopite. Z177 18 a diopside
marble in which phlogopite ig aluu.: completely retromorphosed to
Mg-chlorite.

All samples from location C were taken +ithin a distance of 20 m
within this small exposure. The forsterit mazbles €236, C273 and C533
have varying amounts of calcite, dolomite, forsterite, diopside and
phlogopite. In C533 calcite has undergone ex.ensive recrystallization.
€264 and (521 are diopside marbles with a relatively high sflicate
content. €522 is diate between te and diopside marbles,
the result of 2 fine layering. Forsterite and diopside 1n the analysed
Fo warbles saoples from location C are partly serpentinized. Dolonite
exsolution is extensive in the form of tablets and of rhombohedral
dolomite. Cl63 represents a small, coarse-grained, tremolite-calcite
vein, which intersects a diopside rock. Along this vein diopstide is
altered to tremolite.

The grain size of the silicates 1ia the forsterite marbles generally
varies between 1 and 2 mm. In some samples it amounts to & gm, The
grain size of the carbonates greatly varies. It may amount to 6 mnp in
several samples, but in those samples where recrystallization has
played a role it does not exceed 1 mm. In the diopside marbles the
overall grain size generally is not larger thaan 1 mm.

Apart from these marble 1locations other carbonate samples were
collected. Al87 and MA97 (lncation 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 Precaabrian marbles are not assumed to belong to the
Faurefjell formation. The samples show coarse-grained, subhedral
apatite crystals, in some cases exceeding 5 mm. They form 30 to 40X of
the rock volume. The grain size of caleite occasionally is S mm, but
nmost grains seem to have recrystallized to & grain size of 0.5 pm.
Other minerals include chlorite, epidote, quartz and titanite.

C76 (location F) 18 a small calecite veln 1n  rvetrograde

sseg. Ite 1 is close to the Caledonian overthrust. The

vein contains coarse-grained calcite (up to several centimeters large)
and some quartz and feldspars. These latter minerals presumably are
fragments from the country rocks. Locally fluorite is associated with
this kind of calcite veins.

MA310 and MA3L1 (1 ion G) are b p bly the result of
explosive voleanism (Maijer, pers. comm.). These breccias occur in the
Precambrian bssement, uainly close to the Caledonian front. The
fragments are angular and only l‘EPtesené material from the adjacent
country rocks. The matrix is fine grained and often consists of small
fragments of quartz, feldspars and green bilotite. Occasionally (in
samples MA310, 311) calcite forms the matrix. The grain size of the
calcite varfes 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 caleite 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) a more all origin, of
possible Precambrian age. These rocks mainly consist of calcite and
quartz. Gl60 1s a fine-gralned rock (50 to 100 um), consisting of a
polygonal texture of calcite and quartz. Locally streaks of green
biotite are present. G210 1- d and partly
recrystallized quartz grains, with a size of 1 to 2 mm and some large,

Table 4: 413C of graphite 1n garnetiferous
- rocks and in a breceta.

NGy al3c
Sample coord  (PDR)

A75 Ga granofels - 384-033 -22.3
BES] Ga granofels 335-029 -23.2
C80 breccia matrix 263-418 -27.8
L156 Ca~Cord-S111-Sp granofels 370-988 -22.2
Q96 Ga-Cord-S{11 grancfela 201-216 -23.8
Y33 Ca granofels 31-212 -24.7
Y121 Ga-Cord-S111-Sp granofels 327-116 =23.9

Ga=garnet, Cord=cordlerite, Sillwsilltasnite,
Spesplnel.




deforned alkalifeldspar grains, lying In a matrix of fine-grained
calcite and quartz with a polygonal texture. Some alkalifeldspar and
green biotite oceur 1n the matrix.

The graphite-bearing samples from the garnetiferous mignatites are
coarge-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 GBO0, nearby location H, consists of very fine-graimed quartz,
feldspars, green biotite and carbonaceous material.

ANALYTICAL PROCEDURE

Carbon and oxygen 1isotope analyses were performed at the Vening
Lab y for hemistry. Carb were d with 100%

H3P04. Carbon and oxygen {sotopic compositions are given in O/c.,
relative to PDB and SMOW respectively. The "d" notation is used for
. "delta”. The reproducibni:y of the carbaonate analyses 1s better than
0.1 %/0o. Graphite was combusted with CuO. The reproducibility of the
graphite analyses 1s better than 0.2 ©/oo. .

Modal .compositions of the samples used for isotope analysis were

deteralned using a Swift & Son point counter. In order to estimate the
amount of €0y released during decarbownation, for each mineral
(silicates and spinel) the equivalent of COy was calculated, starting
with the components dolomite, quartz and alkalifeldspar and using the
simple reactions: 2Do+1Q=1Fo+2Cc+2C0p, 1D0+2Q=1D1+2C0, 3Do+IKfsp+ll 0=
1Ph1+3Ce+3C03, 1390%2Kfspt6§‘o+l3Cc+lSp+l3002+lKzo, 3Dot+4Q+1H 0=
1Ta+3Cc+3C03, 'SDo+8Q+l!120~1Tr+30c+7coj. This yields an equtvalency of
2 mole €0; for each mole of forsterite, 2 CO for each diopside, 3
Coz for each phlogopite, 13 €0z for 15p+6Fo, 3 CO3 for each tale and 7
C0p for each tremolite. Using these COz-equivalents a total. moleX
silicatest+spinel 1is calculated.
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RESULTS

The d13¢ and 418y yales for the analysed carbonates are presented
in Table 3 and 1n Fig. 6.

Samples from the three marble locations A, Band C, except one
(2177), define a trend in the dl3¢c - 418 plot, from about d13¢ = -4
and d18p = +21 for samples from the southernmost location A ta a value
of about d13¢ m —7.5 ang 4180 = +14 for those of the northern locazion

. C. Most samples frow location B define a value in between, about d13¢ =
-5 and d180 = 417, There are some motable deviations from these mean
values. Two gamples from location A show a distinct depletion in the

Fig. 6. ¢1% (poB)
veraus d?80 (SMOW) for
the analysed calcites
and dolomite. Crosecs:
location A, cireles:

B (black=dolomite),
plusses: C, diamonda:
E, square: F, aste-
ricke: G, triangles:
#. Broker. line: best
fit for ealeite ana—
lyses of locations A,
B and ¢, except for
2177, (v=0.90).




heavy isotopes, especially in 180, the stlicate-rich rock €322 and the
serpentinized and recrystallized €324, Other samples which show either
recrystallized calcite (A122, Al64, C480) or strongly serpentinized
forsterite (C335) do not show significant depletion effects.

From location B the samples 252, 275 and Z177 are depleted mainly in
18p with respect to the other samples from this location. These samples
ave moderately to strongly retrograde. The chloritized diopside marble
2177 has the lowest d180 value observed for samples from the three
aarble locations (d180 = 10.2) and does not fit oa the main trend. The
tremolite~ and talc-rich sample Q128 has 1isotopic ratios which fall in
the range of not— or weakly~retromorphosed marbles of locatiam B. The
carbon and oxygen isotapic composition of dolomite was analysad in
sample C372. This sample contains s large amount of dolomite, partly as
exsolution lamellae. The measured values are dl3c = -3.5, al8p =
+18.2.

All samples from location C show isotoplc ratios =losely falling in
the same range. TWo diopside-phlogopite marbles, €264 and (€521, have
somewhat higher d13C and d180 values than the forsterite warbles. The
isotope ratios of the calcire-tremolite vein C163 do not deviate from
those of the forsterite marbles.

Isotope ratios of calcite from all other locations do not show any
systematic relatifon with the main trend (Fige 6). The dl80 ratios of
these samples are all relatively low, from +10.2 to +12.5, uhile the
dl3¢ ratios show a wide spread, from -1.2 to -6.5. The quartz marbles
G160 and G210 show the highest d13¢ values observed: -1.2 and ~1.7
regpectively. The calcite vein C76 has a relatively low aldc of =6.5.

The results of the carbon isotope determinations of graphite in
rocks of the garnetiferous migmatites and in an explosion brececia are
listed in Table 4 and are presented in Fig. l. In the garnetiferous
migmatites d13c shows a small spread from -22.2 to -24.7. The breccia
shows a d13c of -27.8.

The results of the point counter analysis are listed in Table 3. The
total moleX COy equivalents of the silicate minerals and spinel (see
analytical procedure for explanation) is plotted versus the d13¢ and
d18p ratfos of calcite from the marble locatfons A, B and C in Fig. 7.
Most samples fall between about 40 to 60 total moleX (COy equivalents),
without ic variation b
to be a negative correlation between total molX and al8 for samples

the locations. However there seems .

v rm e

Totol moie % CO-equivalents silicates + spinel

Fia. 7. d180 and d13¢ of calcite versus total mole% sili-
cates and spinel (COz-equivalents, see text for expla-
nation) of samples from location A (crosses), B (cireles)
and C (plusses).

from location A as well as for those from location B. In location A the
silicate-rich sawple C322 has a relatively low d180, uhereas the
caleite-rich sample €346 has a high value. Equally in location B, the
dlopside marble Z177 shows a low d1%0 value, while other,
silicate-poorer rocks from the same location have lower dl8p values.
These relations are not recognized in the d13C plot.

DISCUSSION

The isotopic composition of the calcites from the marble locations
4, B and C covers a wide range, from values close to those reported for
4 rocks (

brian sedi. +

Y
d13cw043, 1802045 (Schidlowski et al. 1975, Velizer and Hoefs 1976)):
to much lower isotope ratios (Fig. 6). Such a depletion of 13¢ ang 18
of calcite, resulting in a good correlation between d13¢ ang dmo, is a
well-known phenomenon of wetamorphisn of stliceous 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 & depletion process in the

Rogaland bles: 1) 4 b ion ions, 2) dolomite exsolution,
3) exchange with external fluids. The possibility of original isotopic
dLEE b the locations can not totally be excluded.
However, it {8 unlikely to assume that .original differences would
define guch & large-scale trend tn d13¢ and d180.




. Fig. 8. Isotopic variation
of carbonates from several
localities. Horizontally
hatched avea: Rogaland, this
work. D+G: Deines and Gold
(1969). 5+T: Shieh and Taylor
(1969). K#G: Kolodny and
Grogs (1974). T+0'H: Taylor
and 0'Neil (1977). L: Lattan-
=i et al. (1980). Ifeqtangzg;
approximate compositional
field for unmetamorphoaed
Precambrian carbonates, af-
ter Schidlowski et al.

(1975) and Veizer and Hoefs
(1976).

produce

1) Decarbonation reactions in siliceous dolomitic rocks e

1eotoplcally heavy COp, leaving carbonates which are depleted in
and 180 (Shieh and Taylor 1969). With a continuous removal of COp the
isotopic composition of the remaining carbonates can reach fairly low
values with respect to the phosed dolomitic 1 « Such
a process can be described as a Rayleigh distillation process (Lattanzi
et al. 1980) and it is suppased 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
Rogaland calcites however, cannot be the result of
decarbonation. Firstly, in the siliceous dolomite Bystem most
decarbonation reactions take place at much lower temperatures than the
1 hed 1in locations A to C. So when in the
2 reached the maximum value

e

the 1sotopic composition of the
prograde

;e: location C observed mow, the largest part of isotopic shift as a

resutt of decarbonation would have already taken place in all
locdtfons. The extra granulite facies heat, especlally felt at location
A, caused only a minor amount of decarbonatton (Sauter 19&." wend the
result would be a slightly more 180 and 13¢ depleted marble. (his is
exactly the reverse of what 1s observed in this study,

Secondly, there is no evidence of differences between the locatfons
in the amount of decarbonatfon as a result of varfable initial
carbonate~silica ratios. These variations should be reflected in the
now observed carbonate-silicate ratios, and, as 1s shown in Fig. 7,
there 1s no consistent trend in these ratios between the locations. On
a local scale however, decarbonation might have influenced the isotope
ratlos. Some extreme silicate-poor (C346) or 6ilicate-rich samples
(€322, 2177) show relatively high, respectively low d18p values (Fig.
7) but the absence of such a correlation for dl3¢ excludes a pure,
prograde, decarbonation effect.

The slope of the dl3¢-g180 1ine 1s often used to determine whether
decarbonation is the only process involved in shifting the isotope
ratios of caleite during metamorphism (Taylor and 0“Neil 1977, Lattanzi
et al. 1980). The slope of the depletion trend for the Rogeland marbles
1s about 1.6. This is much lower than the calculated slopes for calcite
in equilibrium with C0p, which are between 3.1 and 2.5 for temperatures
between 400°C and 900°C, Due to extrapolation of the fractionation
factors (given by Bottinga 1968) above 700°C, 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 4n 13C.and therefore small slope values are reported by
Kolodny and  Gross (1974) and by Taylor and O0°Neil (1977) (Fig. 8).
These small slopes are supposed to be the result of exchange wLth
€0z derived from oxidstion of carbonaceous waterial, Thus, as
additional evidence, the slope of the depletion line of the Rogaland
caleites 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 C, while the samples from location .A only show a small amount of
exsolved dolomfte, guch .as the rhoubohedral type and as the
fine-grained symplectitic type. It 15 1ikely to assume that dolomite
exsolution from Mg-caleite causes an isotopic exchange. Regarding the
carbon and oxygen fractionation factors between dolonite and calcite
(Sheppard and Schwaree 1976), dolonite will be enriched in 13¢ and 180




with respect to calcite. However, the fractionation factors are sdo
small that exsolution of relatively small amounts of dolomite couls

never result in such large shifts in the oOXygen and carbon isotope
composition of caleite. 1In sample €372 the bulk isotopic cemposition
of dolomite, which consists for about 25% of exsolution 1lamellae,
indeed deviates only slightly from the composition of calcite (see Flg;
6). Apart from the fact that the analysed dolomite {s a mixture o

primary and exsolved dolomite, the calcite-dolonite fractlonatlon:(,:
pointing to temperatures above 1000°C for the carbon- and about 2801

for the oxygen fractianmation (Sheppard and Schwarcz 1970), clearly
indicate non-equilibrium conditions for the bulk dolomite-calcite

exchange.

3) The rejection of these two possibilities, decarbonation and
exsolution, as the main factors for the orlgln1°f the depletion tte‘l::;
suggest a major role for exchange with ke fluids. t! o
there were no significant 1 ££ between ¢ -
three marble locations, {interaction of 1sotopically 1fght €op wit
marbles with a compositfon close to that of location 4 1s needed to
shift the isotopic composition to that of locations B and €. Such ,,:“
interaction could have taken place at seversl stages: a) a prograde
metamorphic-migmatitic stage, b) a low-grade retrogressive stage. -

a) High-temperature marbles undergo more 180!:(:1)1(: exchan:e t::E
low-temperature marbles. Such a b 1 has been ed in .
marbles at Naxos, Greece (Rye et al. 1976). At high temperaturef
however, such as in Rogaland, differences in ex:::lange as a resultl:n
temperature variation presumably ere not significant, as is a "
polnted out by Rye et al. (1976). The Rogaland marbles of locltion‘
apparently show a limited exchange only. Regarding the {isotopic

.tlon of Pri brian carbonate rocks (Schidlowski
::"‘:‘;'.'11975' Veizer and Hoefs 1976) they remained relatively closed f:r
isotopic exchange, as is also observed in high-grade marbles of t! :
Crenville Province (Sheppard and Schwarcz 1970, Shieh and sc“'“:cn
1974). The difference in exchange between locations A and C might ads
be the result of reglonal differences in the avallability of fluids.
During granulite facies metamorphisa at least compositional dlffemnce:
in the Ffluid have existed (Swanenberg 1980), but nothing 1s known o.

have caused a 1limited isotopic
varfations in the amount, which could Besides

d marbles in location A.
xchange between country rocks an:

:h““":he largest part of isotopic exchange is expectgd to have already
l:nk::; olace at lower teaperatures, and there 18 no reason to assume &

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 Flulds which is
for { ent on the thick of the marble layers. 0On
Naxos, Greece, (Rye et al. 1976) and fn the Austrian Alps (Schoell et
al. 1975), the margins of marble lenges are more susceptible for
exchange than the inner parts, 1In ghe 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 ghowa a
low isotopic composition, but strong calcite recrystallization and
strong serpentinization of forsterite also suggest a Tetrogressive
influence.

Lictle fs known about the {sotopic tlon of

metamorphic flvids. Swanenberg (1980) reported three dl3¢ yajyes of
-3.1 to -8.7 for CO3 in fluiq inclusions in quartz from several
Rogaland rocks which are not associated with the warbles. 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 £luid inclusions (Swanenberg 1980), could well
represent (C0p derived from decarbonation reactions. The dl3¢ of g
fictitious calcite in equilibrigg with this €Oz is about -2, a value
even higher than that of the caleites 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 COg-rich inclusions from quartzites at location A
(-6.0 and -7.4), however, are far too 1ow to represent decarbonation
C02. They possibly reflect the composition of a prograde metamorphic
£luid, which however apparently did not equilibrate with the isotopic
composition of the calcites in location A The low dlig of this
€02 could be derived from deep-seated €0y or from exchange with the
light graphite in the garnetiferous nigmatites. However, the dl3g
values for the graphite analysed here are low (sBee Table 4) and
comparable with the values reported for graphites {n metasedimentary
rocks in the Arendal area (Andreae 1974) and 1n the Grenville Province
(Weis et al. 1981). These values suggest an organic origin for thig
graphite without a later large-geale exchange with fluids (Weis et al.
1981). oOxygen 1isotope ratios for Rogaland rocks are reported by
Demaiffe and Javoy (1980). Some noritic, granitic and charnockitic
gneisses show whole rock d180 values from +4.3 to +9.8.




- 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. Tt is not clear however how exchange with such a fluigd
could cause such a gradual and reglonal {sotopic shift in the marbles.
Therefore the retrograde metamorphism, from which it is known that at
least a part of 1ts 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, B end C has shown that generally the marbles from
locations B and C ghow more retrograde effects than those from locatien
A. These effects include the formation of serpentine, chlorite,
tremolite, talc and clinohumite. Alse dalomite exsolution from calcite
is more widespread in B and C than in'A. In Table 2 a rough measure for
indicating in each thin section the

the retrogradation is 1listed,
been

proportion of the silicate minerals which retrogressively has
altered.

In other racks of the Precambrian basement generally two lou-grade
retrogressive stages can be recognized: the very low-grade metamorphism
mainly in the prehnite-pumpellyite facies (Méa), over a large part of s

Norway, and the painly greenschist metamorphism (#4b) in a zone along

the Caledonian front (Verschure et al. 1980, Sauter et al. 1983). 1In
the marbles, a part of serpentine 1s attributed to the Méa, while
clinchumite, tremolite and talc overgrowths on serpentine are supposed
to belong to the M4b phase (Chapter 4). -

The of T
and tl;e depletion in heavy isotopes in the calcites in the " same
direction suggests a relationship in 1itself. Moreover, s:veral
retrograde samples from locations A and B (C324, 252, 275) : ow an
isotopic depletfon with respect to the bulk composition of their
locations in more or less the same rlirg_ctlon as the large-scale trend
(Fig. 6). The most significant isotopic depletion in these samples ig
in 18, Sample Z177 even shows such a large depletion, that it does not
fit on the main trend any wore. The d18p f£a11s in the range of samples
which 1fe close to or just above the Caledonian houndary. The isotopic
composition of the quartz marbles from 1locatfon H, G160 and G210,
indicates an extreme depletion only. in 180, assunming an orisi-;;l
Palaeozoic isatopic composition of -dl3C between ~2 and +l'and d13g

sm from south to north

between 20 and 25 (Veizer and Hoefs 1976). Also the {isotopic
composition of other samples in this 8Toup, MA310, MAJLl and C76
indicate the existence of low d180 flulds associated with a Caledonian
event. This event presupsbly 1nvolved the thrusting and  Méb
metamorphism, which induced the 8reenschist facies metamorphic
overprint in the Precambrian basement. The role of the carbon isotopes
is less clear. The range of d13¢c in  the samples associated with the
Csledonian froant {is large, the most negatfve value s found 3n the
calcite vein C76 (Fig. 6). However, fluids with still more usgative
413¢ values are needed to induce the isotopic shift observes in the
Precambrian marbles. Strongly negative dl3¢ values possibly could be
obtained by exchange of Caledonian f£luids with the grephite-rich
phyllites which form the lowest nappe in the Caledonian napye system in
the Stavanger area (Birkeland 1981).

The tremolite bearing sawples C163 and Q128 do not shaw an isotopic
depletion relative to other samples of locationg C and B respectively.
Tremolite in C163 could have formed in the n3 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 marbleg from Iocation E show
retrograde metamorphisn (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 lacge {isotopic shift in
caleite 1s caused by exchange with low-grade retrogressive fluids. Only
the 1isotopic data of carbonate sauples retrograde 1in the
staurolite-kyanite zone of southcastern Vermont (Sheppard and Schwarcz
1970) h a r Ve  influence, apart from
decarbonatfen effects. In burial metamorphic rocks massive oxygen
isotopic exchange at relatively low temperatures (225-310°C) has been
demonstrated by Eslinger and Savin (1973), while disequilibrium between
carbonates and quartz suggests that thz carbonate is much more subject
to retrograde exchange than the silicates (Eslinger and Savin 1973,
Msgaritz and Taylor 1976). - -

Hore research 1is needed ta 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 isotape compositions of the silicate phases in




the marbles could also attribute to a better understanding of the
isotope chemistry of these rocks. The results thusfar show that
{ntecpretation of 1sotoplc data of such polymetamorphic rocks 1is
difficult, and that such a study always has to be accompanied by
extensive fleld and petrographic studies.
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CHAPTER 4

HINERALOGY AND PETROGENESIS OF THE MARBLES

INTRODUCTION

In this chapter the cccurrence, chemistry and petrogencsis of the
minerals in the marbles will be treated, except for diopside and
carbonates, Diopside {s described in Chapter 2: Zoning in diopside from
granulite facles marbles from Rogaland, SW Norway. The carbonates are
described. in Chapter 3: Exsolution, major element and isotope chenistry
of Rogaland carbonates. Firstly the wmain wminerals foraterite,
phlogopite and epinel 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 aicroprobe analyses of the minerals were performed at
the Cambridge Scientific Instruments Geoscan and Microscan M-9, at the
Vrije Universiteit in Ansterdam. Both instruments were equipped with
wave~length dispersive saystems. 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 MH-9 correction program. Some analyses were
made with the electron microprobe at the Vening Meinesz Laboratory for




Geochenistry in Utrecht. This microprobe, constructed by the
Technisch-Physische Dienst TH/TNO-Delft, 1is 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
sllicates were used as standard. Data were corrected with the Springer

correction program.

MAIN MINERALS
Forsterite

Forsterite 1is the most abundant non-carbonate phase in the
forsterite marbles, wich a modal amount up to about 40X. Cenecrally
forsterite forms rounded grains with a maximum grain size of about 3
om. (Fig. 1). Often irregular grain forms are observed. Small calcite
inelusions in forsterite are common, in some samples spinel or
phlogopite inclusions are present. Forsterite often  shows

Fig. 1. Forsterite-phlogopite marble. Fhotomicrograph,

A122. Crosgsed polarizerc. Abbreviations in all photo-

micrographs: Fo = foroterite, Phl = phlogopite, Ce =

caleite, Sp = spinel, Do = dolomite, Chl = chlorite,

HbL = Magnesto-hornblende, Chu = elinohumite, Cho =
h dite, Tr = tremolite, Ht = hydrotalcite.

serpentinization, beginning as thin networks, developing through the
whole crystal. In some samples (e.g. Q75) foraterite may be replaced by
clinohumite. In one sample forsterite is replaced by diopside +
caleite. F te-spinel s 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
alse cccur as massive zones along contacts of marbles and diopside
rocks, with a thickness of several millimetves. (e.g. C347). I
several samples such a zonre has completely been serpentinized.
Poikiloblastic forsterite grains are found around a diopside aggregate
in sample €336 (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
s

The forsterite compositions lie very close to the HMg-end member,
"Hs varying only between 0.92 and 0.96. The amount of Mn falls mainly
between 0.45 and 0.77 wtZ MnO. Forsterite in an amphibole-bearing
marble (C383) has a low Mn content of 0.29 wtX MnO. Fig. 2 shows
Xyg plotted versus MnO. Although Mn is incorporated in the Mg term,
the trend of ing Mn with Xyg 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 in conteat
of the Rogaland forsterites 1is much higher than in the igneous
forsterites and also higher than in the metagorphic olivines in
siliceous dolomites descrilsd by e.g. Glassley (1975) gnd Rice (1977a).
Within a sample the composition of forsterite is remarkably constant
and even the compositional spread between several samples 1s small.
The forsterite rim around diopside aggregates in (336 shows the same
composition as the normal forsterites in the sage _sample. Also the
forsterite zome in €347 does not Ceviate 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 weX ¢ap. 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), 4in 8 prograde
sequence forsterite can be formed by tremolite-~ and diopside-consuning

Fig. 3. 1-Xpp, diagram for
reactions in the Rogala
marbles, at Pp = 5 kb
Partly after the review

of Winkler (1979), with
additional data of Johannes
(1963), Rice (1977a, 1980a),
Kidse and Metz (1980),
Buchep=) £) (1982).
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reactions. 1In the Rogaland marbles no textural indicarions for the
reactions are found. The lower stability of forsterite in the siliceous
dolomite —6ystem {5 jspfted by the  reactions: 1Tr+llDo=
BFot13CetSC02HINZ0 (11) and 1D1+3Dom2FotiCesaco, (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 uetamorphisn in Rogaland  (Hermans ot al. 1976).
Experiments by Kise and Metz (1980) show that ot a pressure of 5 kb and
at high Xcop values (30.7) this lower stability limir 1s gbout 700°C.
Jacobs (In Eggert and Kerrick 1981) places reaction (14) about
50° lower. This could be due to the use of natural minerals in the
experiaents of Jacobs, in contrast to the synthetic starting materials
used by Kise and Metz (1980), However, calculations by Rice (1977a)
and by Bucher-Nurminen (1981) predict only an insignificant temperature
change of £ 1te-f g T (11) when a considerable amount
of Al substitution in tremolite s taken inmto account. For the AL
substitution in diopside the same small effect may be assumed for
reaction (14). Basically the forsterite riams ar marble-diopside rock
contacts can be thought to have been formed by reaction (14):
1D{+3D0=2F0+4Cc+2C0y, 1n which Do may represent the wolomire fraction
in the caleite solid solutfon. The diopside-forsterite zones between a
quartzite and a marble also reflect ng S1 and 4 Y Ca and
Mg activities across the contact.

Phlogopite .

Phlogopite 18 very common in the Rogaland marbles, both in the
forsterite and the diopside marbles. Furthermore {r occurs in diopside
rocks, in minor as well ag 1n major amounts. In the marbles phlogopite
occurs as subhedral, elongate grains with a maximum grain size of about
2 om. (Fig. 1). Generally no preferred orientation is present, except
in the diopside-phlogopite parbles. In most spinel-bearing marbles
phlogopite only occurs as gmall grains enclosed in forgterite, 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, ng=red-brown, ne=light
brown, in contrast to the very pale-brown pleochroic colours normally
observed in the phlogopites. Frequently chlorftization of phlogopite is
observed, 11y 1n sanples from r posures in location




Fig. 4. Phlogopite as small inclusions in forsterite
and ao large grain of Ba-phlogopite (lover left).
ite also aing gpinel inel Calcite

Fors

dark by staining with Alizavin. Photomicrograph,
€480. Plane polarized light, Abbr.: see Fig. 1.

Chemtstry

A characteristic feature of the phlogopites is their Ba content
{Fig. 5). The range encountered in the analysed “normal™ phlogopites,
(except the coarse phlogopite {n C480) is from 0 to 4.8 wtX Bal. The Ti
content generally is low, 0.4 to 0.8 weX Ti0p, but phlogopite, enclosed
in forsterite, in spinel-bearing marbles €372 and C480 have higher
amounts, up to 2.7 wtXZ. Phlogopites in spinel-bearing marbles show high
Al contents, up to 18.5 wtX A1303 1n BE24. Na and Mn are only present
12 oinor amounts, Ca only as a trace. The Xug ratio varies from about
0.91 for phlogopite in a Di-Phl rock to 0.97 in Fo marbles Q75 and
Ql38. Most values fall in the range 0.94 to 0.57. Fluortne, not
analysed in all sawples, is present up to 3.3 wtX, (in Q75, a
clinohumite-bearing sample), corresponding to a F/(FOH) ratio of 0.37,
Except for its Ba the tion of phl ite is
with phlogopites from similar o es, for those r
by Glassley {1975), Rice (1977b), Kretz (1980) and Bucher—Nurminen

(1982).

-

Fig. 5. Chemical variation
in phlogopites. Dots: Roga~
land phlogopites, this woprk,
Stippled line (right): Mang-
ker et al. (1979). Soiid
line: Gaspar and Wyliie
(1982). Broken line:
Nendlandt (1977).
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Coarge phlogopite not enclosed 1p forsterite, in sample €480, chows
::cept!onally high Ba contents up to 24 WtX BaO, high Ti contentg up to
wtX Ti0; and low K and Si contents, down to 1.2 and 23.3 wtx
respectively. For unknown reasong the oxide totals of the analyses
generally are too high. Therefore the abaolute values for the oxide
“t% have to be regarded uith cautlon although the Ba contents Temain
:mong the h ever + Such itions have not
een described earlier from metamorphic environments. The Ba-biotites
from Hawaiian nephelinites (Mansker et al.  1979) have a composttion
very much alike, except for thefr Mg/Fe ratto, which 1s lower M
Havall. Wendlandt (1977) describeq : n
turjaite, which have a composition close to that of the low-Ba
phlogopite 8roup, except for their somewhat lower Al and higher T¢




content. The Ba-phlogopite from Jacupirange carbonstite (Caspar 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 (197_7).
Hansker et al. (1979) and Gaspar and Wyllfe (1982), is shown in Fig. 5.
Comparing the high-Ba phlogopite of C480 with the 1ow-Ba group, there
is a decrease of K, S1 and Mg, 2nd an increase of TL and Fe with
increasing Ba. Within the group of low-Ba phlogopites these trends are
not always clear and sometimes even reversed. Ti i{s variable within
this group, with high TL contents especially in C480, The behaviour of
Hg 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 {llustrates the Ba
substitution for K on the phlogopite interlayer sites. Charge balance
is restored by A1V gypsritution for Si on the tetrshedral sites,
accordimg to the substitution scheme: Ba+AlIVagisy (1) (Wendlandt
1977). In all phlogopites the amount of AIV gubgeiruting for SL 1is
more than sufficient to achieve this charge balance. In the low-Ba
phlogopites, where S1+A1>8 (Fig. 6), ALIV compensates also for A1VI and
TL substitutions for Mg and Fe on the octahedral sites. The
substitutions playing a role here are the phlogopite-eastonite
substitution: Mg+Si=A1IV4A1VI (2) and the substitution Ti+2A11V=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 phlogaopites {is so
high that Ti can not be sufficiently compensated by A11V aecording to
substitution scheme (3), Therefare the extra Ti will substitute
accordiag to 2Mg=Titvacancy (4) (Farbes 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 1s observed in the high Ba-Ti biotites from Hawaiian
nephelinites (Mansker et a). 1979). For these blotites Mansker et al.
suggested  the subst{tutions scheme Bat2Ti+3A1=K+3Mg+351, as a
combination of the substitutions (1), (3) and {4). When calculating and
plotting these values for the Rogaland phlogopites (Fig. 7), it 1s
obvious that the high~Ba phlogopites of C4B0 and the low Ba group did
not substitute following the same scheme. The low~Ba phlogopites plot
close to the stoichiometric 1fne (Bat+2Ti+3A14K+3Ng+351=44),  The
Ba-phlogopites of Wendlandr (1977) and Gaspar and Wyllie (1982) also
fall on the same 1lipe approximately. Phlogopites in thig group with
higher Ti contents (Rogaland: €480, samples of Wendlandt) ghow a slight
deviation from the stoichiometric line, indicating a small number of
vacancies introduced by  substitution scheme (4). The high-Ba
phlogopites approximately fall on the same line as  the Ba-biotites of
Mansker, DOth &t a larger distance from the stoichiometric line,
11lustrating the octahedral vacancies.

Fe3t wmay account for the tetrahedral Si+Al deflciency in the high-Ba
phlogopites, although the substitution of Ti may not be excluded. The
incorporation of tetrahedral T4 in silicates is controversial (Hartman
1969). High-T1 micas do not seem to contain tetrahedral Ti (Robert
1976), although Farmer anq (1981) 4 the of
tetrahedral Ti in their “pormal® pl Ti-phlogopites which
contein tetrahedral Fedt, gingiarly, the lowest Ba-phlogopites of

Fig. 7. Substizution in phio-
gopites. (See text). Heavy
dots: low-Ba Rogaland phlogo-
pites, small dotg: high-Ba
phlogopite C480. Crogsea:
Mansker et qi. (1979), plusses:
Gaspar and Wyllie (1982), cir-
cles: Wendlandt (1977), Agte-
risk: stoichiometric Ba- and
Ti-free phlogopite composition.
Broken line: stoichiometric
line for increasing pa and Ti
PR compositions (see tert),
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Wendlandr (1977), also showing a reversed pleachroic scheme, have
strong indlcatlons for Fedt, The increase of Ti with Increasing Ba in
his “normal” phlogopites, as well as the high T1 contents of the
Ba-biotites of Mansker et al. (1979) and of the Rogaland phlogopites
suggest the cxistence of tetrahedral Ti.

Petrogenesis

The formation of phlogopite in the giliceous and potassic/aluminous
dolonite system may take place by alkalifeldspar-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 phiogopites in the spinel-bearing
marbles, espectslly in BE24, have a notably high AL content (Al=3.1
cations in foraula). Besides the crystal-chemical factors related with
the Ba substftution, high temperatures must also be responsible for
these high amounts of Al. Glassley (1975) also Found high Al contents
in  a spinel-bearing marble (Al=2.9) in the granulite facies, while
Bucher-Nurninen (1981, 19€2) reported AL conteats of 2.6 to 2.7 at
temperatures of 600-630°C. In lower grade marbles of the tremolite zone
Sanford (1980) found phlogopites with Al=2.4.

The difference in chemlstry and in gybstitution oechenisms between
the low- and high-Ba phlogopites of the Rogaland marbles Lndicates an
arigin under different conditions. Textural evidence in
forsterite-spinel marble C480, where low-Ba phlogopites only occur as
small grains enclosed 1n forsterite, while the high-Ba phlogopites
occur as large, individual graing (both types being very scarcely
distributed in the rock), indicates a difference in age. The low-Ea
Phlogopites apparently survived the gpinel-foraing 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 T{ in the Ba-phlogopite.

Spinel

Spinel sporadicslly ?ccurs in forsterite marbles of locations A and
B. Rarely it is found in diopside rocks. Ite 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). Occaclonally spinel is enclosed in forsterite. At the

Fig. 8, Spinel in forsterite marble. zone of fine-
grained Kg-chlorite at forstepite-spinel contact.
Photomicrograph, €372, plane polarized Light.
Abby, : see Fig. 1.

contacts with forsterite a very fine-grained Mg-chlorite is formed
(Fig. 8), in some cases consuming the whole spinel. Another alteratfon
product of spinel 1g hydrotalcite (Fig. 17). Small opaque exsolution

lagellae fn' gpinel are observed in a fev canples. Rarely phlogopite
inclusions are found.

Chemistry

Spinels in the Rogaland marbles have the lowest abserved Xyg ratio
of 211 the primary minerals. Yug 18 down to 0.84, the range is from
0.84 to 0.91, Spinel from a diopside zone in sample €397 still 1g
richer in  Fedin and has a XHg ratio of about 0.8, The colour of the
8plnels seems o be related with the Fe conteat, the low-Fe spinels
being almost colourless. Zn may be Present fn fairly large amounts, up
to 2.4 wtZ 200 in parble C480 and UP to 3.1 wtX in diopside rock €397,
The Fe3+/(1-'e3++552+) ratio varies between O (BE24) and 0.5 (C383). The
Mn content hag » feirly constant value of 0,3 wtg HnO, except for €397,
where spinel contatns about 0.7 wtX. Cr 1s only present as a trace in
BE24, it does not exceed 0.1 wtI Cry03.




Fig. 9. Compocitional variation
of spinel in terms of molar pro-
portions of spinel, hercynite,

ite and gahnite.
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Within a sample spinel shows a fairly conscant composition. Only at
the outer rims (max. 50 um) 1n contact with carbonates is a small
decrease of I-'e3+, coupled with an increase of Al, 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 1is close to that of the Mg-endmember. The gahnite
content increases with hercynite, but no relatfon 1s found between
maguetite and gahnite.

In many impure dolomites (e.g. Glassley 1875, Rice 1977a,
Bucher-Nurminen 1981, 1982) spinel is the most Fe-rich phase observed,
2n in spinel 18 only reported by Rice (19772), with low amounts of
about 0.2 wt¥ Zn0.

Petrogenesis

In Al-comtaining siliceous dolomites spinel may be formed by
chlorite consuming reactions (Rice 1977a, Bucher~Nurminen 1976, 1981,
1982, Widmark 1980, 1981). Chlorite 1is present in some spinel-bearing
marbles {n Rogaland, but it 1 considered as a2 retrogressive product
(see section chlorite). The common observation that phlogopite in
spinel-bearing marbles only occurs as {nclusions in forsterite, suggest
a spinel-forming reaction out of phlogopite. The same kind of
relationships were observed by Glassley (1975) in granulite facies

marbles from the Lofoten region. He suggested the reactions: 2Phl+7Do=
6Fo+7CcHISp+7C02+2H0+1K20  or  gPh1+7Cen7DL+4Fo+3SpH7C0+6

P
which could also be applicable for the Rogaland situatfon. ;he :opol:g;'
in T-Xgpy space of the system including K is about the same ag in the
K-free systea (Glassley 1975, Bucher-Nurminen 1981, 1982, Widmark 1981)
although the exact location of thege reactions in T-Xco2 space is not
known. In the K-free system the assenblage Fo+Sp 15 stable above about
700°C at 5 Kb for a large range of Xgpz (Fig. 3)+  The absence of
spinel in location C might be due to a temperature effect, although the
spinel in f ite in 1 A and B sugg an earlier
spinel formation already at lower temperatures, also Prevailing in
location C. Therefore the absence of spinel in location ¢ g mainly
considered to be a bulk rock effect, the formation of spinel being
favoured by low K/Al ratios and low §i activities.

MINOR AND SECONDARY MINERALS

In this section minerals will bp described which are only rarely
observed or which are secondary products of earlier described minerals.
The minerals involved are: enstatite, nagnesio-hornblende, humite-group
minerals, tremolite, chlorite, serpentine and  hydrotaleite.
Representative microprobe analyses of these winerals are given in the
Appendix. Finally, the occurrence of wollastonite in  the
quartz-diopside gneisses 1s deseribed.

Enstatite

This nineral is only observed in one saople from location 4, c347
which contains a reaction zone between a forsterite marble apd ;
quartzite. In this reactfon zone several parallel layers of
mediun-grained (0.5-2 ©m) forsterite and diopside are observed.
Discordantly within layers close to the quartzite contact aggregates of
fine-grained (0.3 mn) enstatite occur {Fig. 10). The enstatite ghous a
well-defined polygonal texture, The relations between enstatite ang the
forsterite-diopside zones indicate a replacement of forsterfte 'or
diopside by this oineral. Enstatite contalns fine clinopyroxene
exsolut{on lamellae // (10U). The amount of lamellae is fairly large
80 that a pigeonitic origin of these enstatites may not be exclude(;
(Rietmeijer, pers. comm.).




Fig. 10. Enstatite in di, ¥
rock. Ph terograph, €347,
Abbr. : see Fig. 1.

forstert
1 polarizera.

Chemistry

Enstatite found din €347 is nearly pure enstatite (Eng3Fsghoy), a
composition not found earlier in the Rogaland/Vest-Agder region. The
amount of Mn Ls fairly high, approximately 1 wt¥ HnO.

Petrogenesis

The forsterite and diopside zones in sample C347 are the norwmal,
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 Fformation of enstatite by disequilibrium
reactions of the type: Fo+510p=2MgSi03 cam take place anywhere in its
stability field. The lower stability of enstatite {s bounded by
several anthophyllite and magnesite iavolving reactions. At S5 kb
minioum temperatures for the stability of enstatite are approximately
700°C  at Xco2=0 and 5709C at Xcoz=l (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.

Fig. 11. Magnesio-hornblende in foraterite-spinel~
dolomite marble. Photomicrograph, €383, plane pola-
rized light. Abbr.: see Fig. 1.

Magnesio-hornblende

This mineral has only been found in one sample, a forstertte-spinel—
dolomite marble C383 (location B) (Fig. 11). The pale-green amphibole
in this sample foras a small zone within the rock. It has a grain size
Up to 4 em and 1t ghous primary textures, in contrast to the more
frequently occurring tremolite in other sawples, which clearly is a
rel ve duct. The 1o-t ende 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
retrogresgive product.

Chenistry

According to Leake (1978) the amphibols 1q sample €383 is a
sagnesio-hornblende; Na+k+Ba and TL are low, X is high (0.89) and
ALY 15 noderate. The total Al and A1V contents 1ie Just between the
values found for tremolitic and pargesitic amphiboles in lower grade




aluninous dolomites (Rice 1977a, Bucher-Nurminen 1981, 1982). The
compositions of amphiboles {n lower grade rocks {ndicate a
coupositional gap between tremolitic and pargasitic amphiboles (Misch
and Rice 1975), while at amphibolite grade Misch and Rice found a
continuoug 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.

Petrogenests

Pargasitic amphiboles are frequently observed in aluminous marbles,
often aggociated with  spinel (Glassley 1975, Rice 1977a,
Bucher-Nurminen 1982). Their scarcity in the Rogaland marbles night be
due to special bulk chemical factors. The sample in question is very
rich in sapinel, forsterite and dolomite, and thus in Mg and Al, and
relatively poor in Ca, compared with other forsterite marbles. There
are no clear textural 1indications for reactions involving the
amphibole. A theoretical reaction in the system 1is given by Rice
(1977a):  8Ch1+23Ce+11C0y=3Tr+17D0+85p+29H50 (Fige 3), placing the
occurrence of tremolitetspinel at medium to high temperatures and high
Xco2 values. However, at higher temperatures tremolite+dolomite 1g
unstable with respect to forsteritetcalcite. The deviation from fdeal
tremolite chemistry might enlarge the stability fleld 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 + forsteritetcalcite as a result of introduction of Na to the
rock system, forming an edenitic component 1in the pargasite. The
inclusions of forsterite and spinel in the hornblende of (€383 and the
abundance of dolomite make such a type of reaction possible. The very
limited occurrence of the magnesio-hornblende makes a decailgd study of
phase relations and chemistry not possible however.

Humite-group minerals

The ninerals of this group are rarely present in the Rogaland
warbles. 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

Fig. 12. Clinohumite overgrowth on forsterite. Pho-
tomicrograph, €382, plane polarized light. Abbr.:
see Fig. 1.

wineral (Fig. 12), and 2) ag an  overgrowth on sérpencme, a

r prod of f£ rite or diopstde (Fig. 13). The
pleochroic ny-colour of the humite minerals ranges from colourless to
vellow. In some sawples colourless rimg along yellow cores are
observed. . The grain size ig variable, the size of large hunite
minerals overgrowing serpentine may awount to several mm.

Chemistry

The humite  group has  the general  foramula aMg25104,.
HB)-xTix(OH,F)2.5x02x, Wwhere n=2 for chondrodite and ne4 for
elinohumite. Replacement of Hg+2(OH,F) by Ti+2(0) and of Mg by Fe or Mn
can oceur. In the Rogaland marbles the hunite group shows a range fn
composition in terms of the tetrahedral/octahedral ratio from about
chondrodite to close to forsterite (Fig. 14). The T4 and Mn contents
also show a considerable variation.

Chondrodite-like compositions are observed in sample 275. They
generally are Ti-poor (Ti0 about 0.15 wtX) and Mn-rich (MnO about.
1.22). Some chondrodites in this sample show much higher Ti contents,
(up to 2.3 wt¥), coopensated by 1ower Mg conteats. Clinohumite-~like
compositions are found in samples €236, €372, Q75 and 275. They show a




Fig. 13. overgrowth of chondrodite and elinohumite
on 2 Dhotomt,

v o graph, 275, plane pola-
rised light, abbr.: see Fig. 1.

Ti content up to 3.2 wey Ti0p and a Mn content of 0.4 to 2.4 wt% MaO.

In sample 275 chondrodite and clinohumite can be found epitaxially
intergrown,  with colourless chondrodite as rims along yellow
clinohumite. Unlike other reported occurrences, where chondrodite and
clinchumite contain the gsame amourt of Ti in formula (Aoki et al. 1976,
Franz and Ack 1980), chondrodite usually ins less Ti than
clinohumite. This throus some doubt on the ordering of TL at the M3
octahedral sites (Ribbe 1979) in the Rogaland humite group.

In sauple €372 a spread in tetrahedral/octahedral ratios 1s observed
from clinchumite to forsterite compositions. The Ti and Mn content is
much higher than {n the gssociated forsterite (T40: 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 ratfos are found in minerals
overgrowing serpentine, which p bly 18 a ret ve product of
diopside. These humite~like minerals also contain a small amount of Al.
The cause of the compositional range of the humite minerals is not
known. Possibly very fine-scale intergrowth of different members of the
hunite group and forsterite {tself are present at forsterite~humite
contacts.
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Fluorine was analysed in the clinohumites of Eaoples (€236 and Q7S.
In the low-TL clinohunites of Q75 F 1s higher (about 2.9 wtX) than in
the highex-T{ clinohumites of €236 (about 2.0 WtX). These differences
are a reflection of the gubstitution Mg+2(F)=T1+2(0).

Petrogenesis

Formerly, minerals of the humite group were thought to originate
solely 88 a Tresult of } phism and the
metasomatic introduction of fluorine. Rice (1980a) ghowed that these
ninerals also can form as a normal product of regxcnal,‘ isochemical
metamorphisn. The T-Xcgy stability fleld of the humite wminerals
expands to high XCOZ values with an increasing amount of F gubstitution
in the mineral.  The substitution of TL has the same effect, while an
increase of presgure decreases the stability fleld agatn to low
Xcp2 values (Rice 1980a). In the Rogaland marbles textures of
clinohumite replacing forsterite indicate the following reaction:
4Fo+1Do+1Hp0=1Chu+Ce+C0, (Rice 1980a). In sample Q75 the F/(FtOH) ratio
(Xp) is about 0.5, At S kb the T-Xco2 s8tabdbility field for such a
clinohunitetcaleite relative to forsteritetdolonite lfes at low
Xgo2 values for a large range of p (app y <0.2 at
7009¢, <0.05 at 5000¢) (Fig. 3). So, most likely the clinohunites
replacing forsterite were formed at a retrogregsive stage of
metamorphism in HyO-rich fluids. 1f, as is the cage iy sample Q75, the
sample shows hardly any signs of dation to pentd or
chlorite, this seems to haye happened at temperatureg high enough to
p te from sery ization (about 400~5000¢), 0n textural
grounds it 15 1Ot poseible to establish the tige Telationship between
clinohunite and diopside rims which occur in the same gample, but both
could have formed at the M3 stage.




The clinohumites and chondrodites of the second 8roup are more
clearly related with ret The of these minerals
on serpentine indicates that they were formed at a late or second stage
of de sm. Try dorff and Evane (1980) place the
stability field of Tl-hydroxyl clinohumite inside that of antigorite,
at very low Xco2 values, but a small amount of F substitution would
certainly enlarge the stability ffeld for the clinohumites.
Unfortunately no F  analyses are available for clinohunite and
chondrodite in sample Z75, but the P of ite a
certain amount of F substitution (Rice 1980b). In that cage the
formation of cl te and ch te cen have taken place at a
second stage of retrograde metamorphism (M4b), for instance as a result
of an introduction of some fluorine.

Tremolite

Locally, colourlese tremalite 15 a fairly common retrogressive
product in the Rogaland marbles, occurring mainly in locations B and C.
In location A it is only rarely observed, for instance in the diopside-
forsterite-enstatite rock C347, where it replaces diopside. Such
replacenments of diopside are more common in locations B and C, as well
as 1in forsterite wmarbles, diopside marbles and diopside rocks.
Generally, tremolite forms small rimg around dicpside 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 gpall grainsize, but ip strongly
Tetrograded rocks the size may amount to several centimeters. In the
strongly retrogressive marbles, mainly 4in location B, tremolite nay
forn euhedral to subhedral crystals, while virtually no relics of
dtop;lde or forsterite are pregent. Talc may be associated with
tremolite. In location C Some small (a few cm.) tremolite-calecite veirs
are observed in vhich tremolite forms 1large elongated graing. The
diopside rock, which this vein fintruded, is altered into tremolite
along the border of the vein.

Chemiatry

According to the nomenclature of Leake (1978), the amphibole of
sample C347, amphiboles of sample Q159 and amphibole analyses of Teske
(1977) represent true tremoliteg. They all contain a low amount of
non-quadrilateral components. In C347 Al is somewhat higher (0.2 vtz

Fig. 15. Trerolite overgrowth on diopside. Photo-
mierograph, @126, crosced polarizera. Abbr.: sce
Fig. 1.

oxide) than fn the associated diopside (<0.1), Mn 1s lower. 1,
about the sgge in tremolite and dfopside, a feature also obsery. 1:
Prograde metramorphic sequences. No fluorine was detected in the
tremolite of gample Q159. The Ay content of tremolite {n prograge
Retamdrphic sequences generally ig higher (Glassley 1975, Rice 1977).

Petrogonesis

The abse £t 11t
the nce of tremolite as a primary phage in the marbles places

tremots with Caledonian metamorphism. In particular,

te groving in the serpentine Pseudomorphs is regarded as a lape
Tetrogressive product, presumably formed guring the M4b phase of
metamorphi gy (Sauter et al. 1983), I, Hp0-rich fluids its formation can
take place at relatively low temperatureg, For tremolites where gych
textural relations are not present a higher temperature M3 age of
foraation can not be excluded. °




Chlorite

Chlorite i{s, 1like tremolite, fairly coumon as a retrogressive
wineral in the Rogaland marbles. Several types of formatiom of chlorite
can be recegnized: 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 riemed by chlorite and
Mg-chlorite. The chloritization of phlogopite is wainly observed {n
locations B and C.

2) At all forsterite-spinel contacts observed in lacations A and B (no
spinel 18 present in location C), a very fine-grained Mg-chlorite
aggregate has been formed (Fig. 8). In some cases it seems to have
consuned the whole spinel, but also forsterite is partly consumed.

3) In spinel-bearing marbles of location B (e.g., €372, C383) a
coarse-grained Mg—chlorite is observed with positive optical sign and
high birefringence. At first glance it has a primary appearcace, but
corroded spinel in contact with this chlorite suggests a retrogressive
reaction bdetween these two minerals (Fig. 16). 1In some cases the
coarse-grained chlorite secems to grow from the filne-grained
Mg-chlorites of type 2.

Chemistry

Chlorites were analysed in marbles €372 and €383, In the two saoples
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 bath sacples
chlorite at forsterite-spinel contacts has a somewhat higher ng ratio
(0.98) than the two other types of chlorite (0.96 to 0.97). Chlorite
forming from phlogopite has the same ng as phlogaplite. Qualitative
data available for chlorite retrogressive after phlogopite in the
spinel-lacking sample Q159, show wmuch lower Al contents, v 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 wmarbles in
Rogaland, notably the A1IV content, is close to that observed in the
prograde sequences of Rice (1977a) and Bucher—Nurminen (1981, 1982}.

Fig, :,g' Mg-chlorite-spinel-dolomite contacts.
ero o -
prasagi Bega;’ggh, €383, plane polarized light.

Petrogenesis

In the Al-containing siliceous dolomite system, chlorite {is stable
over a large range of T-%og; conditions (Rice 1877a, Bucher-Nurminen
1981, 1982). Chloritetcalcite even has a higher temperature stabflity
than tremolitetcelcite up to high Xcoz values (Fig. 3). Chloritet+
calcite 1s unstable, forming spinel, in @ part of the tremolitetcalcite
stability field, only at Xggy values higher than about 0.6. Because of
this large stability field {t 1s diffi~ult to pinpofnet the conditions
of the retrograde formation of chlorite in the Rogaland marbles. Rice
(1977a) noted an increase of ALIV in chlorite with increasing grade of
metamorphism. In " the game kind of rocks (sptnel marbles)
Bucher-Nurwinen (1981, 1982) found the same amount of ALIV at higher
pressures. The similar range of AlIV 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 chloritetcarbonate.




Serpeatine

Serpentine in the Rogaland marbles is the retrogressive praduct of
forsterite as well a5 diopside. Serpentinization of cracks in
forsterite is common in all forsterite marbles, and in several satples
complete serpentinization can be observed. If so, only the outer form
of the pseudomorphs may indicate an origin from forsterite or diepside.
In locations B and C a later overgrowing of serpentine by tremoclite,
talec and clinohumite or chondrodite {s observed. In a strengly
retrograded exposure in location B some chrysotile fibre veins are

present.
Chemistry

Some analyses of serpentine show a variation in composition notably
in Al. A lov amount of Al is present in serpentine retrogressive after
forsterite, and up to 3.2 WEX Al is present in serpentine retrogressive
after diopside. The Xyp Tatlo 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 Hp0 fluid takes place at about
400°C. In fluids somewhat richer in €0z, serpentinization may begin at
500°¢C, but the stability field of serpentine is confined to very low
Xco2 values (Johannez 1969) (Fig. 3). The T-Xco2 conditions of
serpentinization of diopside are not known, but the extension of the
Al-rich ds  the tional fields of chlorite or
septechlorite, suggest an enlargement of its stability field with
Tespect 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 fermed during
Caledonian Mia and M4b metamorphic phases, when temperature wag low
enough and fluids were available to form serpentine.

Hydrotalcite

The wmineral hydrotalcite was recognized with the aid of microprobe

analysis of some spinel marbles. This Mg-Al hydroxycarbomate occurs in

aggregates rimming spinel (Fig. 17), while 1n some cases complete
consumption of spinel has taken place. Strongly bent crystals may occur
10 an  otheruise undeformed Tock, the strong bending apparently beinp
the result of the replacement of spinel The mineral has an appearance
much 1ike gerpentine or chlorfite. It is optically negative, uniaxia)
it has a refractive index of about 1.5 and a birefringence of abou;
0.0l. The grainsize is less than about 0.3 mm. In smome cases
hydrotaleite 15 observed between spinel and fine-grained Mg-chlorite
indicating that 1t was formed later than the formatfon of Hg-chlorlt;
at the expense of spinel+forsterite.

Chemistry

The microprobe analyses showed 2 composition close to the
theoretical formula: Hggnlz(oll)wco:,,lmzo. Only a small amount of e
has  replaceq Mg. No other elements were detected. XRD analysig
confirmed the chemical deteraination and showed that the mineral ig 5
oixture of the thombohedral (hydrotalcite) and hexagonal (manasseire)
Polymorphs of this hydroxycarbonate. This 15 a common feature in this
BTOUP of minerals {Frondel 1941, Struwe 1959).

Fig. 17. Aggregate of hydrotaleite around spinel.
Photomicrograph, BL08S, plane polarized light.
Abbr. : see Fig. 1. .




Petrogenesis

Hydrotalcite 1is am 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 ln contact-metamorphic dolomites
in the French Py , while T dorff and Sch (1969) found
hydrotalcite in brucite marbles from the Bergell Alps. The conditions
of formation of hydrotalcite in metamorphic rocks are not known. In
other envi for it is observed as a very
low-temperature (909C)  alteration product of basaltic glasses,
interacting with sea water (Thomassin and Touray 1982).

Accessory minerals

Accessory phases in the marbles are scarce. Barite is among the most
consplceous accessories, occurring in forsterite marbles from locations
A and B. Apatite can be present {in marbles from all locations. It is
rich 1in chlorine. Zircon is very scarce in the marbles. Sphene Iis
mainly present in the diopside marbles. Most of the opaques are Fe
oxides, retrogressively formed during serpentinization of forsterite.
In strongly retrograde marbles pyrite cam occur.

Wollastonite

The occurrence of wollastonite in the quartz-diopside gneisses 18
treated here too, as it ig ia contrast to the absence of this oineral
{n the marbles. Recently Venhuis (1982) reported the occurreace of
wollastonite in a quartz-diopside gneiss of location A. Until them, no
wollastonite was reported from rocks of the Faurefjell formation. Mo
exact fluid data are available for the wollastonite-bearing rock, but
the occurrence of a high proportion of carbomic inclusions in the
quartz-diopside gneisses ( 1980) a high teap ure
foraation of wollastonite (Fig. 3). Despite the high temperatures
inferred for the marbles of location 4, close to the {intrusive
complexes, no wollastonite has been found in these marbles. This is due
to the relatively high Mg aectiviry in the marbles which favours the
formation of YNg-silicates such as diopside, forsterite or even
enstatite at any metamorphic or metasomatic S10z—introducing phase. The
widespread occurrence of wollastonite in the high-temperature marbles
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ELEMENT DISTRIBUTION AND GEOTHERMOMETRY
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The element distribution between several minerals in the Rogaland
macbles shows a fairly complicated pattern, mainly because of ‘the
compositional variation in diopside. The Mg, Fe and Mn distribution, in
terms of Xyg=Mg/(MgiFetln), between forsterite and diopside is shown in
Fig. 19. This is a and an of Fig. 5 in Chapter 1
(Sauter 1981), wmainly because of the addition of data from some
spinel-bearing rocks. As is apparent from Fig. 19, a fact already
mentioned in pze'ceding sections, the Xyp of forsterite in a sample is
nearly constant, while there is a large variation in Xyg of diopside.
The data show a d to spread lower Kp values, i.e.
farther away from the Kp=l line, for samples from locations B and C.
One of the possible reasoms for such & Kp shift 1is temperature
variation, the marbles from locations B and C having experienced lower
metamorphic temperatures than those of location A. However, new data on
the Al-rich diopsides from spinel-bearing marbles show that also a
compositional factor has to be taken into account: the Xyg of diopside
1s strongly correlated with its Al content. In Chapter 2 it is shown
that in Al-rich diopsides the larger total Fe content partly is due to
& larger Fe3* content. A direct correction of Xyg of diopside for
Fe3*is not appropriate, due to large errors in the Fe3+ calculation,
but the compositional effects on Kp can be studied in the Kp versus
Al203 (diopside) plot of Fig. 20. Because of the constant forsterite
composition within a sample, the good correlation in several samples

Fig. 19. Xyg of forsterite
versus range of Xyg of diop-
aide in each sample.
Stippled: elearly not in co-
existence with forsterite.
BE24, €347, Al64, €336, C480:
loc. A, €372, QI38, H5208,
Q75: loe. B, €236, €273:
Zoe. C.

between Kp and Al703 is directly related to the Xyg—Al correlations in
diopside. When the Kp-Al303 lines for the high-Al samples BE24, C336
€372 and C480 are extrapolated to an 41303 content of 0.5 wtX ; vnlu:e
equal to the lowest Al content in BE24 and equal or close to tl:e low-Al
diopsides of locations B and C, all Kp values fall in a narrow range
except for samples C347 and C372. This feature suggests a mnjnx'-
control of the Al and Fe3* content in diopside on the Kp values between
diopside and ite The t e effects Kp only indirectly:
in  the same assemblage the Al content in diopside j.s-
temperature~dependent (see next paragraphs) and 1in that way the Mg
distributfon between forsterite and diopside {s dependent on
temperature. Only the di in C372 (a te-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 Ky value for sample €372 is
unknown. In €347 the formatfon of the forsterite-diopside-enstatite
“Bk. as 2 metasomatic product between a quartzite and a marble
p - 1ibrium conditions. The occurreance o;
tremolite in this rock could also peint to different late-metamorphic
reequilibration conditions, relative to other samples from location A.

. For the above, 'y based ‘on the Mg-Fe

stribution between diopside and forsterite is not possible in the
Rogaland marbles. For instance, the temperatures obtained applying the
Povell and Powell (1974) elivine-clinopyroxene are

Fig. 20. Variation of Kp

(Fo-Di) as junction of AL

c?‘ntent B‘rg diopaide. Rp:
0 (1-xDi -,

e (1 ng)/ng (1 xﬁg).

Error bars: maximen esti~

mated error in Kp.




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 ¢l
pair found, but the problem in this sample is equilibrium: eanstatite in
this saople presumably formed metasomatically, a8 & result of
disequilibrium reactions imvolving forsterite and dlo?slde (see section
on enstatite). Therefore, the calculated temperatures using the opx-cpx
geothermoneter of Wood and Banmo (1973) (989°C) and of Wells (1977)
(850°C) must be regarded with caution. The Ca and Hg contents in
diopside and enstatite also indicate fairly high temperatures, higher
than 900°C (using Lindsley et al. 1981).

The Al in el expressed as the Ca-Tschermak”s
component, is, among other factors, dependent on the temperature.
g (1978) 1ly d the Al of p in
several 1lherzolitic assemblages. In the spinel lherzolite field
(assemblage Opx-Cpx-Fo-Sp) the Al content with {1
temperature, while in the plagioclase and garnet lherzolite fields the
Al ronteat also s dependent on pressure. 1In the Rogaland marbles the
highest Al contents are observed in spinel-bearing rarbles of location
A. By analogy with the spinel lherzolite systen they must represent
fairly high p » but the abi of exp 1 data ia the
siliceot-aluminous dolomite system, with assemblages different from
those in the lherzolitic system, excludes the determination of exact
temperatures belonging to these high-Al diopsides.

The Mg-Fe-Mn distribution between forsterite and phlogopite and
spinel is shown in Fig. 21. Generally the forsterite-fhlogopite pairs
from location A show a tendency to plot closer to the Kp=1 line than
the pairs from locations B and 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 {nfluence the Mg/Fe ratio in phlogopite.

The Mg-Fe-Mn distribution between forsterite and spimel (Fig. 21)
(tz spinel corrected for Fe:“‘) shows Kp values in a closer range than
for instance the distribution between forsterite and phlogopite in the
same seamples. Also the forsterite-spinel pairs of the contact
metamorphic marbles of Rice (1977a) and those from the reglonal
metamorphosed marbles from Spitsbergen and Greenland (Bucher~Nurminan
1981, 1982 respectively) show a sioilar distribution. Some of the the

phlagopite

Fig. 21. Xy, of forsterite versus
&""3 of phlogopite and spinel.
Dots and lines: Rogalend samples,
see Fig, 19, £383: loc. B, aste-
risks: Glasaley (1975), open
eircles: Rice (1977a), open
aqlllq;ea: Bucher-Nurminen (1981),
8olid aquares: Bucher—Nurmi:

(2982) " wmnen

Lofoten marbles (Glassley 1975) show forsterite-spinel pairs with lower
Kp values. The Mg-Fe-Mn distribution {n the Rogaland forsterite-spinel
pairs suggest a certain degree of equilibration; the elmost similar
distribution of other pairs from various areas even suggest a general
reequilib: of te-spinel pairs in marbles. Such a
Teequilibration is also commonly observed in other rock types, for
instance lherzolitic rocks (Fabrizg 1979, Roeder et al. 1979) and in
other spinel-mineral pairs (aplnel—cordler!te, Kars et al. 1980).
Spinel-olivine geothermometry will thus only reflect reequilibration
temperatures. The use of these geothermometers (Febrids 1979, Roeder et
al. 1979) gives very variable results. FPor omarbles from location A:
BE24: Fabrids 6709C, Roeder 9509C C480: Fabrids 695-8350C l!netle;'
1080-12950¢C;  (338: Fabriés 665—375"6. Roeder 850—1090:’6- The
temperatures obtained from the Roeder thermometer often give
unreasonable results. The large varfation 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 Kp plot.
Furthermore, the Kp values for these Cr-free spinels only show little




variation with temperature. So, small differences, even withim
analytical error, in Xug of spinel and forsterite result in large
temperature differences. Also the small differences in Fe3t 1n spinel
lead to relative large temperature variations. Applying the
geothermometer of Fabrids (1979) to the wmarbles of Rice (19772) and
Bucher-Nurminen (1981, 1982), yields temperatures which lie up € 100
to 250° higher than the hi d for these
areas. These results show that spinel-olivine geothermometty is
unreliable when used for marbles.

GENERAL PETROGENESIS

The textural and chemical data presented in this and 1in preceding
chapters indicate a very complex, pol and ic
history of the Rogaland marbles. The of pr
in the normal, closed, siliceovs dolomite system and metasomatic, open
hic history of these types of rocks

system P nakes the

difficult to unravel.
In the metapelitic rocks of the Rogaland area four metamorphic

stages are recognized, Ml to M4 (Kars et al. 1980, Matjer et al.
1981). These stages are correlated with four main geochronolnslcul

events, around 1200 Ha, 1050 Ma, 950 Ha and 400 Ma (see Wielens et al.

1981 for & veview). A very old MO stage is indtcated only
geochronologically at an sge of 1500 Ma. M1 (1200 Ha) is mainly an
upper amphibolite facies, M2 (1050 Ma) an amphibolite facles in the
east grading to granulite facies in the west, M3 a lower granulite
facies to upper amphibolite facles and M4 a greenschist facies to very
low-grade metamorphism. The cooling path after M3 is characterized by
amphibole blocking temperature (550-490°C) ages of about 950 Ma and
biotite blocking temperature (about 400°C) ages of about 870 Ma. The
Caledonian M4 metamorphism is divided in a very low-grade Mba

ism and a ist H4b sm (' et al. 1980,
Sauter et al. 1983).

In the marbles geochronological data are 1lacking, so that the
general petrogenesis and the correlation with the regional metamorphic
history must be based on textures, stability fields for minerals and
asgemblages and, possibly, 8eothermometry. Indicators for
in the Rogaland marbles. A
being a reasonable estimate for the

mineral

hic are not P
pressure of 5 kb is used here,

pressure during the M2 metamorphism

_pressure during the M1 stage mlg:t hnve(::::a::mg:;, it oy

kb (Rietmeijer 1979, Jangen and Maijer 1980). e
The succession of formation of the minerals

the reglonal metamorphic history, is shown in l"i’z

in the following paragraphs. ’

gher, about 7

tentatively fitted in
22, and is discussed

. Both ﬂl:al:lte and  dolomite can be eatly as well as late mineral
phases. The formatio:
accart - n  of calcite has taken place during all stages of

It can also have formed
during retrograde reactions. Dolomite was the main carbonate phase ia

the carbonate rocks prior to metamorphism (Chapter 5, but it 1
have formed in the Progradc sequence as a result of th; l‘“t 1 mz.-:ca:
Di#Do (Fig. 3) and in the retrograde path 2s a resur ::ct onl 1. <
Assuning a  complete homogenization Of Mg-calefee at ex:: . un';
wetamorphic temperatures , exsolution starts in the cooling & e tl‘en
during or after M3, The rhonbohedral dolomite exsolutio: " "12:1‘":,
a late M3 or Mé4a product, while symplectitic exsolutio: n presumably hs
related with M4b metamorphisn (Chapter 3). n appears to be
The occurrence of forsterite in the marbles {g {ndicative for high
metamorphic temperatures, approximately 700°C at 5 Wb flotd ':
(Fig. 3). The disappearance of dolomite in location A . P"::“ :
the forsterite forwing reaction Di+Do=FoiCc (Fig. 3) ;u nl tea:l o,
the M2 event. In the marbles of locations B and ¢ :1.:“ . ::ﬂ:e:cs
"“f‘:"’l"gf ‘“ﬂ;l seems to be present, thus reflecting t::“ thg:m:nll
by the 1 of the lower part of the lopolith
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during the M2 stage. It 18 not known whether 8 part of forsterite
already has formed during the M1 amphibolite facies. Calcite marbles in
the amphibolite facles terrain near Kristliansand (about 100 kum 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 Kristlansand merbles indicates that
the forsterite pecoducing reaction (13) has not taken place, but this
assemblage has a B8tability higher than the lower stability of
forsteritetcalcite in the dolomitic Rogaland marbles, for a range of
Xco2 values (see Fige 3). The forsterite rims along diopside rocks or
clusters may be of the same age and origin as the discrete forsterite
graing, growing at the expense of earlier formed d!.np:ide 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 tuo different periods, firstly at Ml,
and secondly, post-forsterite, presumably imn the M3 stage, formed by
metasomatic reactfons (Chapter 2).

Phlogopite 1s found as dinclusions in fors:erite.f diopside aand,
rarely, in spinel. This indicates a relatively early formatiom, as is
also indicated by the reactions in the T-Xgoz diagram, where phlogopite
can be formed at temperatures slightly below the upper stability of
dolomitetquartz (Fig. 3)- Phlogopite thus can be formed at least prior
to the M1 stage. High-Ba phlogopite presumably has formed 1later 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 formatfon of phlogopite and before the last
formation of forsterite. The T-Xuq, dfagram suggests a formation in M1
as possible.

The data for enstatite and magnesio-hormblende are scarce. Cpx-Opx
zmtflemometty suggests & high-temperture M2 equilibration, whereas the
possible pigeonitic Origin of enstatite suggests an M2 age for the
formatfon of the wineral. The magneaio-hornblende chemistry fudicates a
high~temperature formation, its textures possibly @ post-forstecite,
post-spinel M3 age.

The formation of the retrogressive minerals already may have begun
at high temperatures. Clinohumite, chlorite and tremolite may have
formed tn a late M3 cooling stage. Serpentine formation may have taken
place still later during cooling and also in Caledonian M4a and Méd
retrogressive stages. The age of hydrotaleite 1s uncertain, at least
it must be later than the Mg-chlorite alteration of spinel, possibly in

late 3 or M4, The overgrowth of clinohunite/chondrodite, tremolite and
tale on serpentine, especially 1in locations B and C, suggest a M4h
metamorphie 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 Tock anelyses were made of
several rock types from locations A, Band C (Fig. 11in Chapter 1).
The rock types are: f ite bles, di marbles,
diopside and diopside-phlogopite rocks, diopside~alkalifeldspar rocks,
@  quartz-diopside gneiss, quartz-alkalifeldspar rocks and an
alkalifeldapappl.loggpzce rock. The general petrography of these rack
types, their occurrence and relationships, are described in Chapter 1
(Sauter 1981), Representative whole rock analyses, as well a8 a list of
aineral contents of these samples, are given in the Appendix.
whole rock analyses were made of as,

The pegmatite samples form a successive geries (e.g. C506-C499B) 1n an
outerop 1n 3 at first pages of this thesis).
by small-scale migmatization in
surrounding quartz-diopside gnelsses (C393), It has intruded the
marbles, forming plagfoclase~rich Zones  (C499B) and diopside
(~phlogoptte) rocks at the rims. Some granite samples were taken at
location 4, where, at the discordant contact with the marbles, 4
leucogranite (c242) changes via a syenfric composition to a pure
wicrocline rock (C21). spall, retrograded plagioclase veins intrude the
marble, forming rims of diopsid rock. such
phenomena  between granites or pegmatites apd the marbles are
ed by Phism.  Especially the outer,
plagioclase-rich zones of the pegmatite, at the very contact with the
diopside rock, are often heavily Tretrograded.




ANALYTICAL PROCEDURE

Most whole rock analyses were performed at the Service Laboratory of
the Instiruut voor Aardwetenschappen (rapid rock method),
were performed at the Vening Meinesz Laboratory (XRF) The rapid- rock
method is based on the single-solution wmethod of Shapiro (1967), using
both colorimetry and atomic sbsorption. Trace elements (Rb and Sr) were
analysed with atomic absorption. Representative analyses are listed in

some others

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 trisngle, as
functions of S102, Al703+Ky P 0 and CaCHMgC The d
rocks show & trend from the forsterite marbles close to the CaO-Hg0
corner to the quartz-alkalifeldspar rocks close to the S107 apex.

The marbles show a large variation in composition, mainly in the
S10; content. In forsterite-spinel marble €372 it is about 8 wtX, in
diopside marble C235 about 30 wtZ Si0y. As can be seen from Fig. 1, the
increase of Si0; is ted by 2 d e 1 of Al and the
alkalies. In the samples in question this is reflected by an increasing
phlogopite content. The increasing Si~K-Al trend {s extended in the

FPig. 1. Whole rock analy~
8ses of the Faurefjell for—
mation, plotted as func=
tion of wt% Si0p, Alp03*
Kp0+Nap0+Ba0 and Cal+igo+
FeD+M4nO. Asterigks: aver-
age composition of carbo-
nate rocks and limestones,
caleulated by Vinogradov
and Ronov and by Wede-
pohl (both in Wedepohl
1969). Fo = forsterite,
Di = diopside, Do = dolo-
mite, Phl = phlogopite,
Kfsp = alkalifeldspar, @ =
quarts.

21,0+K0 42,0 +Ba0 CaD+ HgO+FeD s MO

diopside-phlogopite rocks, diopside-alkslifeldspar rocks uvartz~
diopside gneiss into to quartz-alkalifeldspar rocks. Snm; d:n 1ide
rocks however, lle only on an increasing Si trend. The pegmn[ltesp:how
a reversed " trend from quartz-alkalifeldspar rich to more Ca- and
¥Yg-rich coupositions.

In Fig. 2 the mole fractions 5107, Ca0 and MgO4FeO+MnO of the
marbles are plotted. It is shown that in the forsterite marbles th
molar Ca/Mg ratio 1s about equal to ane. *

The tielines 1in the compositional triangle of Fig. 2 indicate the
reaction lni+3Dn-2FoMCc+Zcoz {14) in the system CaO-Mg0-510,-C0,-Ho0
{Chapter 1). In fact the whole rock analyses should be c.,“:ct.f_ f:[
the presence of phlogopite and spimel when plotting them in the
Ca0-Mg0-810; system. However, such a correction only results in a
slight shift towards the Ca0 corner. Two samples from location A, Al64
and C481, plotting above the forsterite-caleite tieline, .:o..g,;n the
association Fo-Ce-Di, In accordance to their position in the triangle
The absence of dolomite in all samples from this locatfon indll:at!:;
that reaction (14) really seems to have proceeded to the right. The
samples from locetions B and ¢ however, generally show the asso 3¢
P‘H’f_cf_m' The study of zoning in diopside (Chapter 2) hag nhu:: ;;:: )

ty of the o ce of d. Both primary diopside and
wmetasomatic diopside seem to occur. The presence of reasonable
of dolomite in rocks 80 close to or even above the forsteuu-mlwzu
tieline might indicate that Fo~Di-Cc-Do is the equilibriug nss::b:a;:

Fig. 2. Whole rock analy-
8es of forsterite marbles
(‘f = including apinel) and
dzapo'!:dg marbles (d), from
Llocations A (x), B (o) and
c (+),' plotted as mole

fractions of Si0p, Cad and
MgOtFeO+MnO. Tielineg: gee
text. Other abbreviations:
see Fig. 1. )

M50+ Fe04 MnO




Fig. 3. Variation of
Ba0 and Bb witw the
K0 content of whole
rock samples. Cireles:
marbles, triangles:
diopgide(-phlogopite)
rocks, squares: diop-
side-alkalifeldspar
and phlogopite-
alkalifeldspar rocks,
diamonds: quartz-
diopside gneiee and
Ltes

14

g 8

opensymiols Rb ppm

Closed symbols BoO wi%

10
KO wt%

of reaction (14), or that it is a digsequilibrium association , due to a
shift from the Fo-Cc~Do field towards the 510 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 1s analysed in Al64. In Fig. 3
i shown that in the marbles Ba shows a positive correlation with K,
reflecting the presence of Ba in phlogopite. Ano.:her main Ba cavcier is
barite, which 18 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 satrongly enriched, up to 6 wt% BaO

- (Figi 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 wmainly in alkalifeldspar. The Rb content im 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-alkalifeldspar rocke and
alkalifeldspar pegmatites, Rb is much higher, up to 680 ppm in a
pegmatite. :

The Sr content in the marbles shows a maximum conteat of about 200
ppu, while wost 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

closed symbols ©'Bo0 W%

- wtX in Al64,

Fig. 4. Variation
o of Bap and Sr
.a with the Ca0 con-
N tent of whole

2 rock samples.

4: gymbals: gee Fig.

w2
Ca0 wi%

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 dincorporation of Sr {n plagloclase. 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,  4s present, co that the contribution of radiogenic Sr is not
demonstrable. In these rocks Sr will be mainly concentrated din
diopside. T :

The amount of Ti in the marbles generally s low, not higher than
0.08 wtX T10. Only fn phlogopite rich marbles it is higher, up to 0.25
suggesting that in these rocks Ti is mainly concentrated
in phlogopite. 1In other rocks of the formation comparatively "high Ti
contents are especlally observed in quar:z-.dl.opude gneisses and in
d!ops!de-alkaufeldapn rocks (maximum 0.5 wtX in a diopside~
alkalifeldspar rock). These rocks generally contain aphene. *

The Hn'content in the warbles is about 0.2 to 0.4 wtX MnO.

Mn  carriers oo

in these rocks are cgr.'bona:e' ‘and foraterite, so, as
expected, in diopside rocks the Mn content 1s somewhat lower, while {n
:Fie other rock types only low Mn contents are present., ‘




DISCUSSION OF ORIGIN

The Rogaland marbles show a high Si content, compared with other
Precambrien limestones and marbles. The Grenville marbles studied by
Kretz (1980) generally have a modsl carbonate content larger than about
90%. For comparison the modal amount of carbonate in the low-Si marble
€372 is about 80Z, all other marbles contain less carbonate. The marble
bodies {n the Lofoten (Glassley 1975) also contain a high amount of
carbonates, 80 to 90%Z. S b lover carb » closer to
the composition of the Rogaland marbles, are found im marbles from the
Caledonfan fold belt in Greenland (Bucher-Nurminen 1982) and in
Barly-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 Romov 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). 1f it 1s 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 parbles 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 1s 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 affivities, like the diopside-alkalifeldspar and

quartz-alkalifeldspar rocks, might suggest a carbonatitic origin of the
marbles. However, the characteristics mentioned above, as well as the
absence of any other specific chemical characteristics of carbonatites
such as high Py0g, high T¢ and high Sr, excludes a carbonatitic 6:131;,'
Various other sources of Ba in the marbles might be considered. 1;
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 fn spinel)
wight also suggest hydrothermal activity, possibly associated wxn;.
exhalative volcanism. Are the 2lkalifeldspar-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 X content.

. The texture of these rocks is metamorphic, while they often show

high-varfance amineral assemblages, indfcative for metasomatism. A
sedimentary, arkosic, origin for these rocks, later modified b
metagsometism, can not be excluded. Y

As a whole the Ba content in the Rogaland migmatites is fairly high
about 1000 ppo'and higher (Schreurs et al, pers. comm.). Therefore ;
metasomatic origin of Ba in the marbles, during mignatitic stages, alaso
has to be taken. into account. However, the behaviour of Ba 1:} the
pegmatite does not suggest introduction of Ba. At the plagioclage-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 & relative depletion
of Si and X, foroing diopside and phlogopite; as well as diffusion of
Ca from the marbig. Given the relatively low Ba content in the marble
the earichment of Ba in the marginal pegmatite zone presumably will b;
due solely to the relative depletion of ${ and K. Such an enrichuent
thus indicates that Ba does not easily migrate together with Si und K
into the marbles.
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APPENDIX

Table A. List of mineral contents of samples used for microprobe and
whole rock analyges, .

Table B. Rep

ive el P analyges,

Each analysis is indicated by its sample number (e 8. Al64) and b,
its microprobe-spot code (e.g. K152). e g
b.d.: below detection limit.

Fe0: total Fe calculated as Felt.

Xug = Xug(a) = Mg/ (Mgretotamn) (all minerals except spinel)

Xug = Xyg(b) = Mg/(Mg+raZtsn) (spinel and diopside) '
Xre3+ = Fe3t/(Fedtipe2t), '

Xp = F/(F+OH),

tet/oct = tetrahedral/octahedral ratio.

Totals corrected for F, if analysed.

Table C. Representative whole rock analyses.
In wtX oxides, Rb and sr in ppm.
b.d.: below detection limit.

Comprehensive list of mineral and wl Ses available
d whole rock analy. available on

Department of Petrology
Instituut voor Aardwetenschappen
Rijksuniversiteit Utrecht
Postbus 80.021

3508 TA Utrecht
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Table A. List of mineral contents
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Table B. Microprobe analyses, continued
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