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Uittreksel. 

Een magmatisch complex, bestaande uit verschillende anorthosiet mas

sieven en de gelaagde intrusie (lopoliet) van Bjerkreim-Sokndal, 

wordt omgeven door hoog-gradig metamorfe migmatieten van sveco

norwegische ouderdom. Het bovendste deel van de lopoliet of (kwarts-) 

monzonitische fase(KMF) bestaat uit ijzerrijke pyroxeen monzonieten 

en -syenieten + fayaliet + Fe-Ti oxiden. Het kan worden opgesplitst 

in een onderste deel(l) dat wordt gekarakteriseerd door de aanwezig

heid van primaire orthopyroxeen en een bovendste deel(2), waarin ge

inverteerde/uiteengevallen pigeoniet een belangrijke fase is. In de 

migmatieten zijn twee massieven met vergelijkbare gesteenten concor

dant ingeschakeld: de magmatische complexen van het Botnavatnet en 

van Gloppurdi(BSC and GSC). Het BSC is voornamelijk vergelijkbaar met 

het bovendste deel van de KMF. De texturen en de ijzer-aanrijking in 

de pyroxenen en de olivijnen wekken de indruk dat het onderste dee1 

van de KMF moet worden gerekend tot de leuconoritische fase van de 

gelaagde lopoliet. 

De temperaturen waarbij de pyroxenen in de ~1F en het BSC kristal

liseerden zijn vergelijkbaar: ca 1050 - ca 900oC. Tijdens de kristal

lisatie van de pyroxenen was de totaaldruk verschillend: 5-] kb in de 

KMF en 7-10 kb in het BSC. De isotopen ouderdommen zijn respectieve

lijk ongeveer 950 Ma en > 1060 Ma. De waterdruk, tijdens de kristal

lisatie en de daarop volgende afkoeling, was laag. 

In dit proefschrift wordt een groot aantal microprobe analysen van 

pyroxenen en olivijnen gepresenteerd. De lage gehaltes aan zogenaamde 

'niet in het trapezium passende elementen' maken deze fasen geschikt 

voor toepassing van geobaro- en geothermometrie. 

Texturele gegevens werden verkregen met behulp van een normale en 

een electronen microskoop. 

De ontmenging van de pyroxenen was het gevolg van heterogene nucle

atie en groei. Diffusie bepaalde voor het overgrote deel de aard en 

schaal van de waargenomen texturen. De diffusie van kationen in klino



pyroxenen lS 1n de c-richting gemakkelijker dan in de a-richting. 

Dunne pigeoniet lamellen //"(OOl)" kunnen door hun klinopyroxeen gast

heer tot beneden hun overgangs-temperatuur worden gestabiliseerd. La

mellen die breder zijn dan de kritische lamel-dikte inverteren naar de 

zogenaamde 'Rogaland inverted pigeonite lamellae'. 

De droge omstandigheden tijdens de kristallisatie en afloeling be

lemmerden de nucleatie van orthopyroxeen. Hierdoor ontstonden gunstige 

condities om de overgang van pigeoniet naar orthopyroxeen te laten 

plaats vinden als een 'massive transformation'. Deze overgang vond 

waarschijnlijk niet plaats als een inversie maar vee leer als het ge

lijktijdig 'uiteenvallen' van de pigeoniet in orthopyroxeen plus 

klinopyroxeen. 
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Abstract. 

An igneous complex, consisting of several anorthosite massifs and the 

layered intrusion(lopolith) of Bjerkreim-Sokndal, is surrounded by 

high-grade metamorphic sveconorwegian migmatites. The upper part of 

the lopolith or (quartz-)monzonitic phase(QfW) consists of iron-rich 

pyroxene monzonites and -syenites + fayalite + Fe-Ti oxides. It may 

be subdivided in a lower stage(l) characterised by primary ortho

pyroxene and an upper stage(2) characterised by (inverted/decomposed) 

pigeonite. 

Two massifs mainly consisting of similar rocks are concordantly 

intercalated in the migmatite terrane: the Botnavatnet and Gloppurdi 

Igneous Complexes(BIC and GIC). The BIC is mainly comparable with 

stage 2 of the QMP. Textural evidence and iron-enrichment in pyroxenes 

and olivines suggest that stage 1 of the QMP must be affixed to the 

leuconoritic phase of the layered lopolith. 

Pyroxene crystallization temperatures in the QMP and BIC are com

parable: ca 1050- ca 900oC. The total pressure during pyroxene 

crystallization varied between 5-7 kb in the QMP and from 7-10 kb in 

the BIC. Isotopic ages are about 950 Ma and> 1060 respectively. 

During crystallization and subsequent cooling the water pressure was 

low. A great number of microprobe analyses of pyroxenes and olivines 

are presented. The low amount of 'non-quadrilateral components' makes 

these phases suitable for use as geobaro- and geothermometers. Textural 

data were obtained with a light-optical microscope and an electron 

microscope. 

Exsolution of pyroxenes proceeded by heterogeneous nucleation and 

growth. Texture and scale appear to be largely diffusion controlled. In 

clinopyroxenes cation diffusion is easier in the c- than in the a

direction. Clinopyroxene is capable of stabilising thin pigeonite 

lamellae //"(001)" to below its transition temperature. Lamellae which 

exceed the critical lamellar thickness invert to the Rogaland inverted 

pigeonite lamellae. 

3 



Anhydrous conditions during crystallization and cooling hampered 

the nucleation of orthopyroxene, which provided the conditions for 

the pigeonite-orthopyroxene transition to take place as a massive 

transformation. The transition did not take place by inversion but 

rather by decomposition. 
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Introduction. 

In the high grade metamorphic terrane of Rogaland, SW. Norway, the 

Bjerkreim-Sokndal lopolith 1S found in close association with large 

anorthosite massifs. Rocks from the top of the lopolith, the (quartz-) 

monzonitic phase (QMP), are similar to rocks from two igneous complexes 

which are concordantly intercalated in the charnockitic migmatites 

surrounding the anorthosite massifs and the Bj-Sk lopolith: the Botna

vatnet Igneous Complex(BIC) and the Gloppurdi Igneous Complex(GIC). 

The isotopic ages of the complexes differ: about 9S0 Ma for the QMP 

and 1206 + 70 Ma for the GIC(both whole rock Rb/Sr isochron ages); a 

U/Pb isotopic age for a zircon from the BIC yields 1079(+20/-1S)Ma, 

but is believed to be reset (cf. section 4.S). 

The leucocratic rocks from the complexes are mainly characterised 

by feldspars, pyroxenes, olivine and Fe-Ti oxides which all display 

well develloped cryptic layering. 

As a rule the solid solutions mentioned show exsolution textures. 

The morphologies of inverted/decomposed pigeonites may be very 

spectacular, for instance, the extreme orthopyroxene poikiloblasts 

(Rietmeijer and Dekker 1978). 
. . . 2+/( 2+ ) .The pyroxenes and 011v1nes have h1gh Fe Fe +Mg rat10S: 

0.60-0.90(pyroxenes) and 0.87-0.99(01ivines). 

In the late sixties and early seventies a huge amount of data on 

pyroxene relations became available as a consequence of the space 

research programs. At the same time 'anorthosite-charnockite suites' 

in the U.S.A. and Canada were subject of intensive research. Data on 

iron-rich pyroxenes remained scarce. 

It was gradually accepted that pyroxenes and pyroxene-olivine(! 

quartz) might be reliable geobarometers and geothermometers. 

For these reasons it seemed justified to start an investigation of 

the iron-rich rocks in Rogaland with emphasis on the pyroxenes. 
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Chapter 1 deals with the field observations and petrography of the 

complexes. The observed pyroxene relations, especially subsolidus re

lations, are described and discussed in chapter 2. In chapter 3 the 

analytical procedure is described. The analytical results for 

pyroxenes from the QMP and BIC are presented and discussed in chapter 

4. Electron petrography of some selected clinopyroxenes (including 

decomposed pigeonite) is presented in chapter 5. 

It is tried to present the content of this thesis 1n such a way 

that problems and conclusions in one section are refined in a follow

ing one. Also, data obtained in later sections are used to interpret 

data or refine conclusions from preceding sections. 
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1: Petrography of iron-rich igneous rocks from Rogaland. 

1.J: (quartz-)monzonitic phase ot the Bjerkreim-Sokndal lopolith. 

J.J.1: introduction 

The Bjerkreim-Sokndal lopolith together with the surrounding 

anorthosite masses form a so-called "anorthosite-chamockite suite" 

(de Waard 1969) within the low pressure, high temperature granulite 

facies terrane of SW Norway. The lopolith, which consists of leucono

rites and felsic rocks, is extensively described by several authors. x 

The topography of the lopolith is clearly related to its geology: 

the lowest phase, mainly leuconorites, forms low terrains, while in 

the central part the massive leucocratic rocks from the upper part 

stand out like a "catafalque" (P. Michot 1960). In the geological map 

(figure 1.1, included separately) the data from Hermans et al (1975) 

and from unpublished reports of the Department of Petrology of the 

State University of Utrecht (the Netherlands) (van Riel 1973 and 

Rietmeijer 1973-a) are reinterpreted. 

The layered lopolith is clearly the product of magmatic differen

tation and shows evidence of cryptic layering. The anorthite content 

drops from circa 50-30% in the leuconoritic phase to circa 30-15% in 

the (quartz-)monzonitic phase. Olivine (Fa 30) is present in a small 

zone in the lower part of the lopolith and reappears abundantly in the 

upper part (Fa 50-94). 

research was started by P. Michot from Liege (Belgium)(several 
papers). Subsequent papers have been presented by J. Michot (several 
papers), Michot and Michot (1969), Duchesne (J969, 1972, 1973), 
Duchesne and Demaiffe (1978), Demaiffe (1972, 1977). This group will 
be referred to as the 'Belgian school'. The reader is also referred 
to Hermans et al(1975). 
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The pyroxenes show an increase ~n the FeZ+/(FeZ++Mg) ratio from 

bottom to top (Duchesne 1973). Cryptic layering is also evident from 

the distribution and chemistry of the Fe-Ti oxides (Duchesne 1969, 

1972). 

Whole-rock analyses when plotted in a 'Kuno-diagram' SiOz vs. 

(NazO + KzO) show the parental magma to belong to the alkali basalt 

type (Hermans et al 1975; Dekker 1978). 

The lower part consists of five rhythmic units. Each unit is 

in the order of several hundred meters thick. Within one unit the 

lithological sequence may comprise a homogeneous anorthosite at the 

base grading into leuconorite which in its turn may grade into a 

banded alternation of norite and leuconorite near the top. The units 

and II consist essentially of anorthosite and leuconorite whereas 

in the units III and IV norite bands are common in the upper part of 

the leuconorites (viz. P. Michot's "leuconorites lito-rubanees ll
). 

Unit V is leuconoritic at its base and grades upwards into norite and 

monzonorite, successively. 

On a much smaller scale, graded layering is present in the 

lower part of the lopolith (= leuconoritic phase of Hermans et aI, 

1975). Graded and other layers are usually steeply inclined; in 

the northern part (north of the line Helleland-Ualand) the 

eastern flank is overturned toward the west resulting in an 

asymmetrical syncline with a southeast plunging axis, while in the 

southern part (south of the line Barstad-Bakka) the western flank 

is overturned toward the east, again resulting in an asymmetrical 

syncline but with a north plunging axis. Near Mydland (grid 

coordinates 3500-64750) the mafic layering dips to the northwest at 

an angle of 400 
• As the leuconoritic phase contains several index

horizons it is possible to correlate the three areas mentioned 

directly above. The synclinal structure of the lower part of the 

lopolith is supported by the results of a gravity survey 

(Bouguer anomalies) by Smithson and Ramberg (1978). They suggest 
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a thickness of 4 km for the leuconoritic phase. 

Near the top of this phase fine-grained xenoliths are present, 

probably derived from the surrounding charnockitic migmatites. 

Networks of pegmatitic veins and pockets are also ubiquitous in 

this uppermost part. 

Within the 'Belgian school' there is general agreement that 

the lopolith shows a continuous magmatic differentiation ranging 

from anorthosite to mangerite. Duchesne (1972) states that the 

successive lithological units are "in nearly perfect geometrical 

conformity from top to bottom". Hermans et al (J975) suggest in 

their figure 11 that the upper part has an almost horizontal 

contact with the lower part of the lopolith. This suggestion is 

adopted in this thesis. As the idea is opposed to the view of 

the 'Belgian school' this point needs some elucidation. 

During earlier fieldwork by the writer (Rietmeijer I973-a) the 

actual contact plane between the leuconoritic and (quartz-) 

monzonitic phases was shown to be almost horizontal in the 

vicinity of Mydland and at the eastern exit of the tunnel in the 

road between Mydland and ned Myssa (grid coordinates for the 

tunnel are 3487-64762). Again, the (quartz-) monzonitic phase 

in the northern and northeastern part of the lopolith contains 

numerous xenoliths roughly arranged in a subhorizontal zone. The 

xenoliths derive from the surrounding migmatites and probably 

also from the lower part of the lopolith. It is not everywhere 

clear whether this zone follows the boundary between the lower and 

upper parts, or between the quartz-poor and quartz-rich parts 

of the (quartz-) monzonitic phase, but it does show the flat-lying 

position of the upper part of the lopolith. 

The discordance between the lower and upper parts suggests 

a time-gap between the emplacement of both parts. It thus follows 

that the continuous magmatic differentiation of the melt must have 

taken place elsewhere. 
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On the origin of anorthosites and related rocks several models 

have been proposed (see Isachsen J969). In this respect it is 

interesting that below the Egersund Anorthosite Complex of SW 

Norway Smithson and Ramberg (1978) found no evidence for a dense 

residuum that would have to be present if the anorthosite massifs 

resulted from in situ differentiation of a basaltic magma. They 

also made estimates of the relative volumes of the rock types 

present in the "anorthosite-charnockite suite": anorthosite, 70%; 

what they call 'norite', which is probably equivalent to the 

lower part of the lopolith, 25%; and 'granitic rocks', likely to 

be equivalent to the upper part of the lopolith, 5%. 

1.1.2: 'monzonoritic phase'. 

Hermans et al (1975) and the 'Belgian school' divide the 

Bjerkreim-Sokndal lopolith into three major lithological phases. 

Two of them have been mentioned above. A third phase, the 

monzonoritic phase, has an intermediate composition, and is 

volumetrically of minor importance. The monzonoritic phase can 

be divided into 

I)	 monzonorites forming a norrow transition zone between the 

leuconoritic and (quartz-) monzonitic phases. 

2)	 monzonorites forming dike-like systems, called 'Eia 

monzonorites', in the lower part of the lopolith and ~n the 

Egersund anorthosite. In the dikes, leuconoritic and hyper

sthene monzonitic compositions are also found in minor 

quantities. 

In the field two types of monzonorite can be observed, 

viz. fine-grained rocks which may contain extreme pyroxene- or 

amphibole-poikiloblasts (Rietmeijer and Dekker 1978), and medium

grained types. Both rock types may have a slightly porphyritic 
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appearance due to the presence of ca j cm large feldspar crystals.
 

The fine-grained type is less abundant in the northern part of the
 

lopolith. It commonly forms a thin zone at the base of the (quartz-)
 

monzonitic phase (e.g. in the region around Mydland). The fine


grained type which appears to be comparable with P. Michot's
 

"intrusion of Eia-Rekefjord and associated dikes" shows no
 

intrusive character in the investigated areas.
 

MicroscopicaZZy the fine-grained type has severaZ conspicuous 

features. The groundmass has a grain size considerabZy Zess than 

1 mm, and an equigranuZar-poZygonaZ texture. LocaZZy smaZZ 

seams of Zarger pZagiocZase crystaZs may be present. These seams 

may be sZightZy foZded. Megacrysts of pZagiocZase (up to 

1 x 3 mm) are omnipresent. They are normaZZy zoned (extremes from 

45 to 28% An). The anorthite content of the megacrysts is 

typicaZZy Zarger than that of the groundmass pZagiocZase. The 

cores of the megacrysts show abundant incZusions of opaque needZes 

(iZmenite?); the rims are free of incZusions. The outZine of the 

megacrysts is often irreguZar. Compare Schrijver (1975) 

figure 35, which shows a comparabZe pZagiocZase megacryst in 

a dike from the Lac Croche PZutonic CompZex in the GrenviZZe 

Province (Canada). He suggests recrystaZZization to expZain the 

irreguZar outZine but discusses briefZy the possibiZity of 

pZagiocZase growth into the matrix. Megacrysts may aZso consist 

of irreguZar intergrowths of pZagiocZase and K-feZdspar-(buZk 

composition of mesoperthite). Megacrysts of K-feZdspar-microper

thite have been rareZy observed. The mafic constituents are 

generaZZy restricted to the groundmass, but pyroxenes may form 

Zarger crystaZs. The apatite crystaZs are often needZe-Zike. 

Orthopyroxene (not inverted from pigeonite) forms Zong prismatic 

crystaZs (Zength/width-ratio up to 21/1). CrystaZs are either 

eZongated aZong the c-axis or aZong the b-axis. Very common is 
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the deveZopment of extreme orthopyroxene poikiZobZasts (Rietmeijer 

and Dekker 1978~ type 2). IndividuaZ sections of the extreme 

poikiZobZasts may be eZongated as mentioned above. They resembZe 

the extreme poikiZobZasts found in chiZZed margins of doZerites 

from RogaZand/Vest Agder~ SW NOruJay. In some of the fine-grained 

monzonorites extreme amphiboZe poikiZobZasts have been observed 

(Dekker 1978~ sampZe R227). The fine-grained type can be 

regarded as a speciaZ facies of the monzonorites from the very 

base of the (quartz-) monzonitic phase. They wiZZ be referred to 

as 'chiZZed margin monzonorites'~ aZthough I am weZZ aware of 

the fact that their composition is too basic to represent the 

magma of the upper phase ! 

The medium-grained monzonorites are often texturally indis

tinguishable from the leuconorites of the lower part of the 

lopolith, e.g. the presence of symplectitic intergrowths of 

orthopyroxene and ore (titano-magnetite) forming small domains 

within orthopyroxene crystals, and inverted pigeonites in which 

the augite lamellae have coalesced into irregular blebs. 

Plagioclase in the monzonorites is slightly more antiperthitic 

than in the leuconorites. These rocks are found in the very top 

of the leuconoritic phase. From the absence of olivine in these 

rocks P. Michot (1964, p. 969) concluded that they can be 

regarded as a residual "liquid" from the lower part of the lopolith. 

When restricted to the medium-grained type, I support this 

conclusion. 

In summary, the monzonorites can be divided into three 

types, 

1) monzonorites from the very top of the leuconoritic phase, 

2) monzonorites from the lower part of the (quartz-) monzonitic 

phase. They can be SUbdivided according to grain size, 

3) monzonorites forming dikes. 
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1.1.3: tectonic history of the lopolith. 

According to the 'Belgian school" the intrusion of the lower 

part of the lopolith was synkinematic (in his papers P. Michot 

speaks of the Bjerkreim-Sokndal lopolith, but re-evaluation of the 

arguments reveals that he is only dealing with the lower part of it). 

However, the field data do not support the synkinematic history but 

rather point to a prekinematic intrusion of the lower part. In 

my opinion this is very likely related to a further doming of the 

anorthosite massifs surrounding the lopolith. Doming probably 

continued after crystallization of the upper part resulting in 

vertical movements at the contacts of the lopolith with the 

anorthosite massifs of Egersund-Ogna, Haaland-Helleren, the 

Garsaknatt massif, and possibly also with the Hidra massif. 

Evidence of these movements is found in the presence of 

gneissic textures and lineated rocks in the surrounding massifs as 

well as in the lopolith, both of which are initially typically 

non-lineated. Continuous movements resulted in the development 

of thin banded-charnockite migmatite zones at the northwestern 

and (south-)eastern boundaries of the lopolith. These zones will 

be referred to as 'septum'. In the (south-)eastern septum, rocks 

from the surrounding charnockitic migmatites and the lopolith are 

found. In each septum the bands are sub-vertical. The upper 

part of the lopolith has a narrow southward extension along the 

eastern border with the Aana Sira anorthosite massif. This part 

of the lopolith is bordered by this anorthosite massif and the 

(south-)eastern septum. Hermans et al (1975) classify the rocks 1n 

this extension as quartz pyroxene monzonite and -syenite. 

Demaiffe (1972) postulates that 1n the southward extension of the 

lopolith all three major phases of the lopolith are present 

forming a banded sequence with individual bands up to 50 meters (on 

a mega-scale). Possibly he considers the southward extension and 

the (south-)eastern septum as one single unit. 
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The rocks in the southward extension of the upper part of the 

lopolith are typically lineated and locally have gneissic 

appearances. Similar rocks are present in the upper part of the 

lopolith adjacent to the (south-)eastern septum between 

Mydlandsvatn and Steinsvatn (figure 1.1). The results of a detailed 

study, by the writer,of these rocks between grid coordinates 3500 

to 3550-64710 to 64780 can be summarized as follows, 

I) the greater part of the rocks are quartz-poor (less than 10 

modal-percent) two-clinopyroxene monzonites and -syenites, 

which all orthopyroxene is inverted pigeonite, 

2) gneissic textures and lineation in the rocks of the upper 

part of the lopolith are restricted to a zone of ca. 750 meters 

along the contact with the (south-)eastern septum. The tectonic 

imprint gradually disappears inwardly. The lineation indicated 

by mafic minerals is parallel to the banding in the septum. Out

side the '750 meter zone' the rocks are non-lineated, 

3) in the first 300 meters of the '750 meter zone', the monzonitic 

and syenitic gneisses contain numerous fine-grained layers 

5-20 em (up to 50 em) in thickness. The layers may have the 

same modal composition as the neighbouring rocks but usually 

they are hololeucocratic and somewhat richer in quartz. Some 

of the layers are traceable over distances up to JOO meters 

without change in thickness or direction which is parallel to 

the schistosity in the 'host-rock'. Layers may wedge out into 

the 'host-rock' or may terminate abruptly. Small pegmatitic 

layers are occasionally present. Rather common are small 

elongated xenolithic lenses of fine-grained quartz-amphibole

biotite monzonite. Mafic minerals can be found concentrated in 

flat, rather elongated, lenticules. 

4) in the first 300 meters of the '750 meter zone' mesocratic layers 

up to 50 meters are present. They also have gneissic 

appearances. The rocks are two-clinopyroxene diorites and 
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monzodiorites. They are indicated on the map of figure I. I. 

These layers are most reminiscent of the layering described by 

Demaiffe (1972). In the investigated area I do not support his 

conclusion that these rocks represent parts of the lower part 

of the lopolith. 

In the remaining 450 meters no layers of the type described 

directly above have been observed. 

Gneissic textures are also common on Dufjell/Storevarden. 

The orientation is north-south and sub-vertical. In the tectonic

ally disturbed zones extensive recrystallization has been observed 

(Dekker 1978, samples F419-421 and R227). 

The phenomena just described seem to indicate a common 

tectonic history for the rocks in the '750 meter zone' and in the 

(south-) eastern septum. Due to the metamorphic deformation 

differentiation of the two-clinopyroxene monzonites and -syenites 

may have taken place, resulting in the fine-grained layers 

(granulation?) and in the thick mesocratic layers. 

1.1.4: results of modal analysis. 

Modal analysis was carried out with the aid of a J. Swift and 

Son point-counter, using cogwheels a, band h, resulting in a 

point distance of 0.16 mm. Line-spacing was taken at Imm. In each 

section 1000 points were counted. Counting and correction pro

cedures are after Kalsbeek (1969) - rock nomenclature after 

Streckeisen (1976). Samples containing Ca-rich clinopyroxene and 

(inverted-) pigeonite are indicated with the prefix: 'two-clino

pyroxene'. 

The results are given ~n table 1.1 and in the QAP-triangle of 

figure 1.2. The trend in the figure is a rather continuous one. 

Two samples, E167 and R356 are clearly separated from this trend, 

but there ~s no evidence to exclude them from the upper part of the 

lopolith. The high quartz content is probably related to the 
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3491-64775R305 53 21 ]0 I) 871.5 monzonorite 

"j471-64768A 28 29 71 1.6 monzonoriteR250 4S 18 18 

1502-64763R312 54 20 12 A 25 26 71 2.9 2-cpx monzodiorite 

3408-64722R400 43 18 22 3 25 28 &6 1.2 quartz monzonorite 

3485-64768R93 4118 11 10 32 13 26 6/ 1.9 quartz monzonorite 

3493-64763R346 49 28 13 28 36 6Ii 1.9 olivine hypersthene monzonite 

3487-647/l]A 26 39 61 2.3 hypersthene monzoniteR265 56 36 

3·1;g4-6!o 7AORIOO 48 32 A 26 40 60 2.) 2-cpx quartz monzonite 

3414-64787RIIO 25 45 A 32 62 36 2. J 2-cpx monzonite 

R337 42 26 I:'. A 25 35 56 1.7 olivine hypersthene quartz monzonite ]500-64771 

R21Q 41 31 16 A 23 43 57 1.5 2-cpx monzonite 3488-64762 

R 40 4 I 36 12 A 25 47 53 2.1 2-cpx monzonitl? 3474-64764 

R340 36 39 A 22 52 48 1.4 olivinE" hypersthene monzonite 3494-64768 

R247 36 46 A 2/1 '55 44 1.4 2-cpx IllCnzonite 1478-64761 

R394 37 53 20 59 41 3.3 olivin .. 2-cpx monzonite 1453-64775 

R18':! 35 54 A 20 61 39 2.0 2-cpx monzonite 3453-64774 

RI55 25 45 J2 A 20 64 36 I.) olivine 2-cpx monzonite 3510-64763 

R235 29 40 II A 19 55 L,O 1.9 olivine hypersrhene monzonite 3492-64777 

R 76 42 35 A 27 43 50 1.9 2-cpx quartz lTIDnzonite 344 \-64736 

R 84 40 33 A 25 41 50 2.2 2-cpx quartz monzonite 3483-64762 

R 39 35 25 10 15 A 27 14 36 50 1.4 2-cpx quartz monzonite 3476-64765 

R3SS 38 45 A 21 51 42 1.5 2-.c px quartz monlonite 3482-64790 

RI56 37 42 10 1.8 42 2.1 2-cpx quartz monzonite ::51 1~64764 

RIOI 36 38 12 A 26 14 44 42 1.6 2-cpx quartz monzOnlte 3500-64779 

R 98 31 46 A(s) A 12 55 37 2.3 olivine quartz monzonite 3490-64776 

RI53 27 52 10 A 18 11 58 31 2.6 2-cpx quartz monzonite 3508-64763 

R352 29 51 16 A 20 17 53 30 2.4 2-cpx quartz monzonite 1475-64770 

R 95 23 49 12 1(5) A 15 14 58 28 2.5 olivine hypersthene quartz syenite 3486-64773 

R381 19 52 10 16 A 20 16 59 25 3.6 quartz syenite 3458-64787 

R392 15 50 IJ A 12 J 0 66 24 3.0 olivine quartz syenite 3453-64777 

R68 21 58 67 24 2.5 2-cpx quartz syenite 345~-647~9 

RI98 28 56 A 22 67 33 2.0 2-cpx syenite 31.53-64771< 
\ 

RI36 .13 60 A 20 72 28 1.8 olivine 2-cpx syenite )425-64741 

RII2 12 65 16 A 25 82 17 1.7 hypersthene syeni te )415-64795 

R445 7 74 14 A 15 14 77 2.9 quartz syenite 3445-64776 

R395 8 63 14 A 23 16 74 10 2.1 2-cpx quartz syenite 1405-64754 

R376 8 58 18 A(s) A 20 20 67 13 3.6 01iv1111" quartz syenite 3468-64781 

R 74 10 62 18 A 15 20 69 11 2.3 quartz syenite 3432-64751 

R)JO 10 55 21 1(5) A 18 24 64 12 2.5 olivine charnockite )440-64774 

R)90 40 22 23 A II 25 55 20 4.0 olivine clinopyroxene granire 3456-64782 

R325 II 50 26 A 12 30 57 J3 2.2 olivine clinopyroxene grantte 3422-64800 

Table 1.1; modal composition of sa~ples from the (quartz-)monzonitic phase of the Bjerkreim-Sokndal 

lopolith. The anorthite content of the plagioclase is measured in sections normal to a 
J 

aft"er Tobi 

and Kroll (1975). A: less than one modal percent. (s): secondary assemblage (section 1.1.6.7). 

R265 and R346 may be~ong to the leuconoritic phase. 
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Figure 1.2: QAP-triangle for samples 0f the (quartz-)monzonitic phase of the Bjerkreim-Sckndal lopo
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The subdivision of the (quartz-)monzonitic phase into a quartz-poor and a quartz-rich part is
 

based on an amount of 10 modal-percent quartz.
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reaction pyroxene + feldspar ~amphibole + quartz. The samples 

R227 and R400 are 'chilled margin monzonorites'; The samples R265 

and R346 are from the very top of the leuconoritic phase. The 

very top of the (quartz-) monzonitic phase consists of (holo-) 

leucocratic granites which have not been included in table 1.1 and 

figure 1.2. See also the variation diagram (figure 1.3). 

1.1.5: field description of the upper part of the lopolith. 

In this thesis only rocks from the upper part of the lopolith 

will be considered. From the preceding sections it will be clear 

that although the rocks belong to the anorthosite-charnockite 

suite they stand more or less apart from the remaining part of 

the igneous complex. Usually the rocks are intensely weathered with 

yellow or light brown colours; in fresh outcrops the rocks are 

bluish-green. They have a massive appearance and are usually not 

lineated. Lineation is only observed in the areas mentioned in 

section 1.3 and in the rocks along the northern border of the Aana 

Sira anorthosite massif. The leucocratic rocks are fine- to medium

grained (average ca. 1 rom) in the stratigraphically lower part and 

medium- to coarse-grained in the higher parts which coincide with 

the tops of the 'fjells' (Kondalsheia, Sellfjellet). The fine- to 

medium-grained rocks may have a slightly porphyritic appearance 

due to larger feldspar crystals which are generally circa 0.5 cm but 

may be as large as 3 cm. The medium to coarse-grained rocks have 

minimum grain sizes of about ] rom. The coarsest rocks have a grain 

size of 0.5 - 1 cm (they are (holo-)leucocratic granites which 

weather easily). 

The quartz content ~s variable but it is possible to map 

a boundary (in reality a zone) between a quartz-poor and a 

quartz-rich part. The line is "drawn" at an estimated quartz con

tent of 10%. The line is indicated in figure 1.1. From here on 

the stratigraphically lower, quartz-poor part, will be referred to 
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as QMP-I. The quartz-rich part of the (quartz-) monzonitic phase 

will be referred to as QMP-2. 

Fine-grained lens-shaped xenoliths are commonly present along 

the 'IO%-quartz line' and in the areas described in section 1.1.1. 

Quartz lenses, pegmatites, and rare aplites are present at the 

very base of QMP-I. 

Extreme amphibole poikiloblasts are often found at the contact 

of the quartz lenses with the host-rock (Rietmeijerand Dekker 1978). 

Extreme amphibole poikiloblasts on a mega scale (areas of 0.3 

0.5 meters square) are observed on Dufjell/Storevarden and, less 

abundantly, on Kondalsheia and Oykjeheia. The 'c-axes' of the 

extreme poikiloblasts are parallel to the lineation in the host-rock. 

1.1.6: microscopical description of the upper part of the lopolith. 

1.1.6.1: textures. 

The textures may be inequigranular to seriate, the contacts 

between the felsic minerals interlobate to amoeboid (the adopted 

nomenclature is after Moore 1970). Plagioclase and to a lesser 

extent K-feldspar-microperthite seem to favour polygonal contacts. 

Polygonal textures prevail in QMP-I. Within these fabrics small 

domains of plagioclase crystals may be present forming equi

granular-polygonal textures, especially at the base of QMP-I. Ex

treme amoeboid contacts between the felsic minerals are observed 

in rocks from QMP-1 along the road Herveland-Slatten. Most 

rocks from the QMP-1 show mortar structures (Gary, McAfee, Jr. and 

Wolf 1972),in which the fine-grained fabric is less than 1 mm and 

the megacrysts measure up to 3 x 3 or 2 x 5 mm. The texture of 

the fine-grained fabric is equigranular-polygonal to (rarely) 

interlobate. The megacrysts are similar to those described from 

the fine-grained type monzonorite (section 1.1.2) but in some 

rocks quartz with a platy habit also forms megacrysts. The mortar 
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structure ~s less conspicuous ~n the northern part of the QMP. The 

mafic minerals are generally larger than I rom and sub- to anhedral. 

In most samples the ~afic constituents form synneusis clusters 

~n which mutual contacts are polygonal. Beautiful synneusis clusters 

are formed by olivine and calcium-rich clinopyroxene (± ore). 

Clusters may be up to 3 x 8 rom. Locally mafic minerals are re

distributed in small seams. 

Individual crystals within the seams may be elongated in the 

direction of the seams, viz. primary orthopyroxene and inverted 

pigeonite forming extreme orthopyroxene poikiloblasts of which the 

indivuduals are elongated. 

In QMP-I lineation may be caused by the more or less parallel 

alignment of stubby prismatic orthopyroxenes which may concen

trate in clusters. 

Textures of QMP-2 are generally seriate-interlobate to 

amoeboid and on the average medium- to coarse-grained. 

The rocks are generally leucocratic, somewhat mesocratic at 

the base of QMP-I. 

The megacrysts consist of 

I) normally zoned plagioclases (restricted to the 'chilled 

margin monzonorites') 

2) clusters of plagioclase crystals with irregular contacts. 

These megacrysts are rare. 

3)	 complex intergrowths of plagioclase and K-feldspar(-micro

perthite) which may be described as dendritic plagioclase 

crystals surrounded by K-feldspar(-microperthite). Recrystal

ization may lead to a polygonal fabric consisting of two separ

ate phases. 

4)	 K-feldspar-microperthite with randomly distributed domains of 

mesoperthite. Inclusions can be rounded to euhedral plagio

clase crystals which may show simultaneous extinction, rounded 

to euhedral quartz crystals, anhedral clinopyroxenes, 
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or inverted pigeonites. 

The last two types may be surrounded by a r1m of mesoperthite 

(hypersolvus). Subgrains are common. At subgrain and grain 

boundarie~ the plagioclase component of the microperthite or 

small quartz crystals may be concentrated. Swopped boundaries 

are also observed. 

It appears that the megacrysts 2, 3 and 4 are not porphyro

blasts or pheno- or xenocrysts, although the possibility of pheno

crysts cannot be disregarded totally. More likely they represent 

remnants of the original grain size after granulation. 

Impurity segregation and granule exsolution may have played 

an important role in the formation of the fine-grained fabrics 

surrounding and locally well within the megacrysts. 

Polygonal textures in the fine-grained fabric and in the 

megacrysts may be related to annealing (note that fabric enclosed 

by extreme poikiloblasts and its individuals may be polygonal). 

Doming of the anorthosite massifs may have initiated and 

activated granulation. Granulation may be accompanied by de

hydration (Dekker 1978, F419-421). 

In a few hypersthene monzonites from QMP-J plagioclase 

megacrysts which resemble those from the 'chilled margin mon

zonorites' have been observed. It is tempting to regard them 

as xenocrysts. 

The grain boundaries of the mafic constituents, and rarely 

also quartz, can be serrated in contact with the plagioclase 

component of K-feldspar-microperthite. The texture resembles a 

cock's comb. The teeth of the comb point into the microperthite. 

Anhedral quartz or plagioclase crystals, forming small 

crescents between feldspar minerals, and myrmekite are extremely 

rare in granulated fabrics. Deformation textures are rare. 
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1.1.6.2: quartz. 

Quartz forms generally lobate crystals which are un~- to 

weakly biaxial. Undulatory extinction is common. In rare cases 

a platy habit has been developed in which abundant rectangular sub

grains may be observed. The contacts of quartz with the surrounding 

fabric are interlobate, locally polygonal. Cock's comb textures 

may be present at cOntacts with plagioclase crystals or with 

plagioclase forming a rim on the inner side of K-feldspar-micro

perthite (Plate 1, figure 1). Quartz is also present as rounded 

crystals ~n the core of K-feldspar(-microperthite) crystals and, 

to a lesser extent, in plagioclase. Rarely this quartz is eu- to 

subhedral. In the samples R221 and R 380 quartz is present as 

small four-pointed stars and small plates respectively (both in 

K-feldspar-microperthite, Plate I, figure 2). Small anhedral 

quartz crystals or rims are ubiquitous at K-feldspar-microperthite 

and, more rarely, at mesoperthite grain boundaries. 

The quartz may be due to precipitation from the feldspar phase 

followed by impurity segregation and granule exsolution. Illustra

tive ~s Plate I, figure I, where small quartz drops are left be

hind by the segregating quartz in the rim (cf. section 1.4.2). 

Quartz inclusions in feldspar are more frequent in QMP-2 than ~n 

QMP-I. In some samples of QMP-I all quartz present may be of 

secondary origin, that is, exsolved from feldspars. It forms 

small crystals or rims between minerals which are in contact with 

feldspar. 

Quartz ~s also observed in symplectitic intergrowths with 

biotite and amphibole. It also commonly occurs in the presence of 

inverted pigeonite, though not intimately intergrown with it, thus 

resembling the embayement textures of inverted pigeonite by quartz 

described by Schrijver (1975) from the Lac Croche Plutonic Complex 

in the Grenville Province. 
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1.1.6.3: feldspars. 

The anorthite content of the plagioclase varies between 6 and 

43% An (sections l a, after Tobi and Kroll 1975)(figure 1.4). The 

lowest anorthite contents have been measured in leuco-granites 

which may belong to the surrounding metamorphic envelope. Twinning 

is observed after the albite-, Carlsbad- and acline-pericline 

twin laws. Carlsbad twinning is usually restricted to the mega

crysts. Twins according to the acline-pericline twin law are 

only observed in QMP-2. It ~s, however, rare. 

In the granulated fabrics the crystals are sUbhedral. In the 

'chilled margin monzonorites' the megacrysts are generally long-

prismatic. In QMP-2 sub-to anhedral crystals are commonly present 

between large K-feldspar(-microperthite) crystals. Normal zoning 

"0 

'00 

N 

l 
(O/oAn)s 10 

Figure 1.4: anorthite percentages 

of plagioclase (sections 1 a ) 

from the (quartz-)rnonzonitic 

phase of the Bjerkreim-Sokndal 10

polith~ Data from Rietrneijer 

(1973-a) and van Riel (1973). 

and evidence of deformation (bended 

twins and/or kinked crystals) are 

restricted to the megacrysts of the 

'chilled margin monzonorites'. Sub

grain boundaries have also been observed. 

In rare cases several plagioclase 

crystals with lobate contacts make up 

a 'megacryst'. 

Thin albite rims may occur in 

plagioclase where it is in contact 

with K-feldspar(-microperthite). In 

a very few samples a low anorthite (ab?) 

rim is observed between K-feldspar(-micro 

perthite) and a mafic mineral. 

Parts of the outer zones of plagio

clase crystals may consist of myrmekite. 

The myrmekite quartz tends to be con

centrated in the rim of the plagioclase crystals. Myrmekite rims, 

a few microns wide, are generally present between adjoining 
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K-feldspar minerals in non-granulated fabric - never between 

plagioclase crystals. The lamellar fringes of the myrmekite are 

orientated approximately at right angles to the feldspar-grain 

boundaries. 

Chessboard albite is observed in QMP-2. 

Subhedral plagioclase crystals have been found enclosed in 

K-feldspar(-microperthite). The individual crystals may show 

simultaneous extinction. In rare cases two sets of equally 

orientated plagioclase indivuduals are found at right angles with

in the same microperthite crystal. Antiperthite is commonly ob

served in QMP-I, especially in the megacrysts. The patches of 

K-feldspar are, in their turn, generally microperthitically 

exsolved. The orientation of the exsolved plagioclase component 

is similar to that of the plagioclase host. The patches may be

come larger and irregularly shaped and seem to be devoid of ex

solved plagioclase. The optical angle var~es, viz. -2V = 58 

(D-stage) to 80-900 (r> v, birefringence = 0.005-6). In some 

samples carbonate is associated with the antiperthite texture. 

In a few samples the exsolved K-feldspar forms spicules which 

are present in three directions within the plagioclase host. The 

plagioclase-antiperthite megacrysts are often rimmed by meso

perthite (rarely microperthite). In sections normal to the 

a-axis of plagioclase the plane of mesoperthite exsolution is 

at right angles to (010) 1 . 
p ag 

K-feldspar is generally microperthitically exsolved (string

and bead-perthite, after Spry 1969). In some megacrysts the 

microperthite texture is slightly curved (deformation). Within 

the microperthite-megacrysts randomly distributed domains of 

mesoperthite (hypersolvus) are generally observed. Swopped 

boundaries are cornmon between adjoining microperthite. Twinning ~s 

present according to the Manebach twin law //(001). A herringbone 

pattern results due to the microperthite strings. Twinned micro
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perthites are most common in the northern part of QMP-2. The 

twinned crystals are subhedral and often larger than the average 

fabric. 

Two generations of plagioclase strings/beads in the micro

perthites are observed In QMP-2. The first generation is sur

rounded by a denuded zone In which a microcline grid may be present. 

Otherwise this grid is rare; its presence seems to be restricted to 

the deformation zones. 

The optical angle of K-feldspar(-microperthite) lS generally 

ca 60
0 

• In a few samples the optical angle of small unexsolved 

K-feldspar crystals or rims between larger feldspars is rather 

low, e.g. R241: -2V = 43
0 

(U-stage). The orientation of the a,A,p, 

could not be established but is probably normal to (OlO)(r > v). 

The amount of mesoperthite (hypersolvus feldspar) increases 

towards the top of the (quartz-)monzonitic phase, especially in 

the northern part. In most samples it is only present as a few 

crystals; in some samples most of the feldspar is mesoperthite. 

In the megacrysts consisting of almost equal amounts of 

plagioclase and K-felds?ar(-microperthite) (section 1.1.6.1) the 

plagioclase component of the microperthite has its orientation 

coincident with the intergrown plagioclase. 

In QMP-2 micro- and mesoperthite crystals are tightly inter

locking with their plagioclase components. Commonly the plagio

clase component of the microperthite forms a continuous rim inside 

the grain boundary of the host (cf. Plate 1, figure I). 

Pyroxenes and Fe-Ti oxides may be enclosed in feldspars, 

mainly microperthite. 

1.1.6.4: primarz orthopzroxene. 

The presence of primary orthopyroxene lS restricted to QMP-l. 

Its habit is rather variable. In the lower part of QMP-l it most 

commonly forms eu- to subhedral stubby prismatic crystals (ale 
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ratio:J/2 to 1/3) which tend to form clusters. The average grain 

size is ca 0.4 mm. The clusters may reach a size of a few mili

meters. TQe individual crystals in the clusters are typically sub

parallel. This makes the distinction between the occasionally 

present larger, kinked or curved, orthopyroxene crystals and the 

clusters difficult. 

In the 'chilled margin monzonorites' from the very base of 

QMP-I, orthopyroxene usually forms extreme poikiloblasts of which 

the individual sections may be needle-like (type two orthopyroxene 

poikiloblasts of Rietmeijer and Dekker 1978, cf. section 1.1.2). 

In rocks which may be regarded as transitional between the 'chilled 

margin monzonorites' and 'normal , monzonorites, orthopyroxene may 

form elongated to needle-like crystals (a/c ratios: 1/7 to J/J5 , 

grain sizes 0.1 x ca 1.0 mm). 

Above the lower part of QMP-l, orthopyroxene is typically 

present as wide 'rims' on calcium-rich clinopyroxenes. It may 

also overgrow clusters of Ca-rich clinopyroxene and olivine. The 

boundary between the two pyroxenes is rather irregular (compare, 

among others R340). In rare cases it forms also small individual 

crystals. In the same rocks some orthopyroxene crystals contain 

small cores with closely spaced clinopyroxene lamellae //(100) . opx 
Stratigraphically upwards primary orthopyroxene is only present as 

thin rims (often partial) on olivine (section 1.1.6.7). 

The optical angles of orthopyroxene are given in figure J.5 

(for detailed information on the V-stage measurement procedure 

the reader is referred to the appendix). 

Pleochroism is generally weak to moderate. In all ortho

pyroxene crystals thin exsolution lamellae //(100) are common up 

to a few percent. They are unevenly spaced. Rarely lamellae are 

thicker (6-20 ~m). Very fine lamellae //(100) are observed to 
opx 

nucleate on kink planes (cf. section 2.3). 

Fine opaque needles are present in a few crystals. They are 
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Figure 1.5: optical angles (-2V) 

of primary orthopyroxene (solid 

line, ~ ~ 26) and inverted pigeon

ite (dashed line, ~ = 27) of the 

(quartz-)monzonitic phase of the 

Bjerkreim-Sokndal lopolith. 

generally restricted to do~ains inside 

the orthopyroxene. In one sample 

(R472) numerous very fine opaque 

granules are present in the cores of 

the orthopyroxene crystsls. In the 

same sample the orientation of the 

needles is in a plane at an angle of 

500 to the c-aX1S (section normal 

to the b-axis). 

1.1.6.5: pigeonite (including inverted pigeonite). 

During crystallization the role of orthopyroxene 1S taken over by 

pigeonite, at present generally inverted. The transition from the 

assemblage orthopyroxene + Ca-rich clinopyroxene (: olivine) to the 

assemblage pigeonite (generally inverted) + Ca-rich clinopyroxene 

(: olivine) is gradual. That is, in a few samples the former assemblage 

is accompanied by (inverted-)pigeonite (o.a. R99). The different types 

of inverted pigeonite are extensively described in section 2.2 All 

types may be present in the same thin section, even within one extreme 

poikiloblast. 

The optical angle of the resulting orthopyroxene after the inver

sion is given in figure 1.5. Pleochroism is weak to moderate. Crystals 

may show distinct dispersion of birefringence. The grain size is gen

erally similar to the other constituents. This holds also for the 

individual sections of the extreme orthopyroxene poikiloblasts (type 

1 orthopyroxene poikiloblasts of Rietmeijer and Dekker 1978). Indi

vidual crystals may reach ca 2 rom. 

The extreme orthopyroxene poikiloblasts may be elongated in the 

direction of the c-axis or, more rarely, in that of one of the other 

main crystallographic axes. The elongation is restricted to samples 
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showing schistosity. Kinked and bended orthopyroxenes are present. 

Lamellae //"(OOJ)" and (JOO) are common. In several opx opx 
orthopyroxenes (= inverted pigeonites) plates of Ca-rich clinopyroxene 

a few microns wide have been observed //(JOO). 

Epitaxial relationships between inverted pigeonite and Ca-rich 

clinopyroxene are common, especially on "(OOJ)" of both phases. The 

orthopyroxene seems to be resorbed relative to the Ca-rich clino

pyroxene, that is the orthopyroxene grain boundaries are concave. 

Compare also section 1.1.6.6. 

In several samples inverted pigeonite is accompanied by un

inverted pigeonite which is recognized by its optical angle (+2V 

o - 300 
, O.A.P. either parallel with or normal to (OJO)). The dis~ 

tribution of samples containing both inverted and un-inverted 

pigeonite is completely random within QMP-I. 

Pleochroism is distinct, viz. n pink and n (pale) green.x,y z 
IQ a few samples the optical angles have been measured with a 

U-stage. They are given below. Exsolution lamellae //(100) .pl.g 
may be present. 

sample 

40R 

R 76 

RI98 

R455 

name 

two-clinopyroxene monzonite 

two-clinopyroxene monzonite 

two-clinopyroxene syenite 

two-clinopyroxene quartz syenite 

J.. (010) 
+2V 

//(010) 
I 

0 24 

22 

24 
I 

-0 32 

30 

29 

In a number of samples of QMP~ as well as from the GZoppurdi

and Botnavatnet Igneous Complexes (seotions 1.2 and 1.3) some 

orthopyroxene crystals show peouliar features in seotions normal 

to the c-axis: 

1) the colour is pinkish; no pleochroism detectable. 
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2) with crossed nicols the colour becomes j1esh coloured. 

3) a crackle pattern may have developed which seems to be caused 

by the presence of additional cleavages at an angle of ca 9 and 

99
0 to (l00). 

The crackle pattern may be restricted to domains. 

4) in some of these crystals the cleavage planes -(100) are curved. 

Other sections do not show these phenomena. It is not a general 

rule that all properties mentioned are visible in the same section. 

These orthopyroxenes may form individual crystals or extreme 

poikiloblasts. Fine exsolution lamellae //(100) may be present 

which may be so closely spaced as to give the impression of one~ 

wide lamella. These crystals may be inverted pigeonites. 

One crystal displaying these features was selected for X-ray 

diffraction. From the crystal~ occurring in a normal thin section~ 

some material Was 'microdrilled' (Verschure 1978). Three analyses 

were made; the films were measured twice with an interval of a few 

hours. The results are given in table 1.2. The observed 

diffractogram shows a reasonable fit with the data for eulite 

~ ("bserved) ]:11. d (observed) d (ob""rved) " 
><posure tlme in h[>ur~ 

" 
50 

3.11 3.2) '00 3.22 3.21 

2.981 l,GU )0 2.993 2.'"l97 

2.901 911 2.889	 2.889 80 ,.889 2.885 

2.73'i 

2.'>81 2.583 BO ".580 2.583 

2. 5U~ 2. SOO 85 

::'. I ]~ " 2.132	 90 2.1:J4 

1.99)9 1.9852 

1.8957 

\ .7702 1.7715 1.17:'[< \0 1.7728 

20 

1./'111 

1.510: 

1.50':'8 1.50l9 I. ;,():.fj 1.5fJ22 

1.3:' I ~ l. J I fj~ 

",ten .Ill e~ e~t l;nat ..d frO'", cli rirae logr,lm. 

30 



0Voore~ Jr.~ Kranck and Chao 1969~ sample H-7: Fel(Fe+Mg) = 
0.67 from the metamorphosed iron-formation from the Mount Reed 

area~ Quebec). Some augite reflections (ASTM~ no. 3-0623) are 

also recognized. They indicate the presence of clinopyroxene 

lamellae. The optical angles of the orthopyroxenes are given 

N:U
 
60 70 80 90 100 

OPTICAL ANGLES(-2V) 

Figure 1.6: opcical angles 

(-2V) of pinkish orthopyrox

enes. Data from Gloppurdi

and Botnavatnel Igneous Com

plexes (sections 1.2 and 1.3). 
o 

Mean (-2V) ~ 80 . 

in figure 1.6. They indicate high Fel 

(Fe+Mg) ratios (ca 0.8 - 0.9). The 

n A c-angles are generally zero. In z 
a few samples the angles are 18

o 
- 28

0 

(G.A.P. ~ (010)). In one crystal with 

n Ilc the measured 2V is 280
• z 

From the data presented it is con

cluded that the 'flesh coloured' 

orthopyroxenes indicate iron-rich pigeonites 

which are largely~ but not completely~ 

inverted to orthopyroxene. 

1.1.6.6: calcium-rich clinopyroxene. 

From the base to the top of the (quartz-)monzonitic phase the 

ratio (opx/cpx) decreases rapidly. In the very top only calcium

rich clinopyroxene ~ olivine is present. The crystals are generally 

an- to subhedral, rarely poikilitic/poikiloblastic. 

Pleochroism is typically weak: n pale-greenish, n pale
x y 

creamy, and n pale-green. In some samples pleochroism becomes 
z 

moderate and the n colours more bluish-green of almost equal
x,z 

intensity. The colour of n becomes pale-pink.
y 

Grain sizes are less than Imm. There is a trend that crystals 

which have exsolution lamellae //(100) are generally equal to or 

greater than 1 mm, up to 2 x 3 mm for the so-called 'R340

clinopyroxene' (compare section J.J.6.4). Consequently, the grain 

size distribution within one sample may be bimodal. 

A 'diallage texture' is commonly observed. It is either 
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present throughout the crystals or restricted to domains, generally 

in the central part (observations in sections normal to the c-axis). 

Viallage is a term applied to poorly defined alteration pro

ducts of pyroxenes (Glossary of Geology 1973); it denotes a 

feature paraUel with (l00) in augitic or (alumina-bearing) 

diopsidic clinopyroxenes from basic igneous rock~ usually gabbros 

(e.g. Cole 1913~ p. 307; Tschermack 1921~ p. 560; Bruhns and 

Ramdohr 1939~ p. 36; Escher 1950~ p. 476; and Harker 1968~ p. 68). 

Some of these writers regard the diallage texture as an additional 

cleavage cq. parting //(100)~ possibly related to incipient 

uralitization. It mayor may not have a metallic lustre. Others 

report that it is not uncommon to find the diallage texture ac

companied by lamellae of bronzite or hypersthene //(100) of the 

clinopyroxene. Harker (1968) distinguishes diallage textures 

from cleavages. He also reports "salite textures"~ basal 

striations~ which may occur together with the diallage texture 

in one crystal. Very illustrative is his figure 21 where both 

textures are seen to be restricted to separate domains inside 

a clinopyroxene crystal. 

In a few samples Ca-rich clinopyroxene droplets form a dactylitic 

intergrowth with plagioclase (R284 and R458). 

The optical angle (+2V) and (n A c) have been measured ior 523 dii-
z 

ferent crystals. In most samples at least four crystals have been 

measured. The results are given in figure 1.7. The unzoned crystals 

form a population with mean +2V = 560 (s.dev) = 9.4; var = 87). The 

range (between + and - two s. dev) 1S 37 ~ +2V ~ 75. The zoned crystals 

seem to represent two distinct populations. 

mean (+2V) range (+2V) 

1 

2 

2(O.A.P.//(010)) 

47(O.A.P.//(010)) 

24(O.A.P. l (010)- 48(O.A.P.//(010)) 

28 - 68(O.A.P.//(010)) 
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Figure 1.7: optical angles (+2V) of calcium-rich clinopyroxenes
 

from the (quartz-)~onzonitic phase of the Bjerkreim-Sokndal lopo


lith.
 

Both zoned and unzoned (shaded) crystals are indicated.
 

The optical angles are 

uncorrelated with the 

angle (n II c) which 
z 

varies between 40
0 

and 

70
0 

(estimated mean of 
o 

ca 55). If zoning, 

evidenced by a con

tinuous change of 2V 

within one crystal, is 

present, all values 

generally fall in one 

of the populations, 

usually the second one 

or 'augite population' 

«mean + 2 s.dev) or 

(mean - 2 s.dev». 

Rare examples of a 

wider spread of 2V-values 

within one crystal are 

restricted to QMP-I. 

Extreme examples are given 1n table 1.3 and figure 1.8. In the extremely 

zoned clinopyroxenes the highest angles (O.A.P. normal to (DID» are 

restricted to domains elongated along the crystallographic b-axis. 

Zoning within the 'augite population' is perhaps due to an error 

1n measurement related to the presence of the diallage texture or ex-

solution lamellae. It is suspected that the presence of the diallage 

texture tends to decrease the measured optical angle. For this reason 

measured optical angles of ca 40
0 

are to be regarded with caution. 

Normal zoning is defined as a continuous increase of +2V from core 

to rim. Zoned and unzoned crystals may be observed within the same 

thin section. 

In a few samples primary orthopyroxene is found enclosed 1n Ca

rich clinopyroxene. The optical angle of orthopyroxene (-2V) increases 
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SECTION 

.. [OOIJ 
(R401 

Figure 1.8: extremely zoned clinopyroxene 

crystal. The Ca-poor clinopyroxene forms 

small domains. D: +2V = 64° (O.A.P. 1 
(OIO);A: +2V = 30° (O.A.P. 1 (010»; 

B: +2V = 14° (O.A.P. II (OIO»;C: +2V = 

58° (O.A.P. II (010». 

+2V 

1(010) 11(010) 

core rim 

64 -0 58 

0- 24 

I 4-56 

72 

39 -0

52 -0

51 

62 -0 60 

24 -0- 32 

? -0 64 

24 -o- SJ 

18 -0- 50 

extremely zoned clinopyroxenes 

sample 

PAO 

R247 

RI55 

RI36 

R76 

R95 

R330 

I 
Table I. 3: 

from the (quartz-)rnonzonitic phase of the 

Bjerkreim-Sokndal lopolith. The data rep

resent 1% of all measurements. U-stage 

measurements in sections normal to the 

c-axis. 

from core to rim: 900 to ]060 
• In the Ca-rich clinopyroxene a calcium

poor rim has developed at the contact with orthopyroxene (cf. section 

2.].]0). 

Epitaxial relationships between all three pyroxenes are common. 

The planes of epitaxy may be (]OO) for ortho- and clinopyroxene and 

"(001)" for (inverted- )pigeonite and Ca-rich clinopyroxene CcL sec

tion 2.],]0). The most connnon plane of epitaxy is "(001)". Parallel 

to (]OO) more or less lamellar intergrowths may develop (figure 1.9). 

In table ].4 some less common epitaxial relationships are given. The 

most complex epitaxy is the so-called 'clinopyroxene-ladder': the 

ladder is made up of Ca-rich clinopyroxene, while the space in be

tween the rungs is filled with (inverted-)pigeonite. 

In all Ca-rich clinopyroxenes exsolution lamellae are typically 

present. Lamellae may be //(00) and "(001)". In most crystals both 

sets are present. Each set of lamellae may be observed in two gen

erations. In some crystals three generations of "(00])'1 lamellae may 

be present. The oldest forms the so-called "Rogaland inverted 
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EPITAXIAL RELATIONSHIP 
EPITAXIAL RELATIONSHIP BETWEEN CQ-RICH CLINOPYROXENE 

AND ORTHOPYROXENE IN RI~~BETWEEN PIGEONITE AND 
ORTHOPYROXENE IN RI~3 

SECTION .l.[ool] 

Figure 1.9: pyroxene epitaxy on (IOO)-planes in the 

(quartz-)monzonitic phase of the Bjerkreim-Sokndal 

lopolith. 

sample clinopyroxene 

Ca-rich Ca-poorI 
+2V 

R76 66 

62 

RI53 

RI55 50 

R330 68 

22 

0 

opx 

-2V 

68 

72 

68 

84 

? 

86 

plane of 

epitaxy 

(100) (b) 

(001 )* 
(100) (b) 

(100) (b) 

(J CO) 
cpx 

(lOl)oox 

(100) (b) 

(b) : both pyroxenes 

: inverted pigeonite* 

Table 1.4: SOme less common epitaxial relationships be
tween pyroxenes from the (quartz-)monzonitic phase of the 

Bjerkrei~-Sokndal lopolith. 

pigeonite lamellae". For 

detailed information see 

section 2.1. 

Simple twins on (100) 

are rare. In crystals with 

exsolution lamellae 

//"(001)" this results l.n 

a so-called herringbone 

pattern. 

Opaque platelets are 

observed //(010) and ap

proximately parallel with 

(001). Opaque needles may 

be present parallel with the 

crystallographic c-axis. 

The opaque phase is gen

erally restricted to the 

larger crystals in which 

lamellae //(100) are also 

present. The opaque plates 

are restricted to domains 

which are often randomly 

distributed in sections nor

mal to the b-axis and which 

are restricted to the central part in sections normal to the c-axis. 

1.1.6.7: olivine. 

Olivine is a randomly distributed. common constituent of the QMP. 

The crystals are generally anhedral to subhedral with rounded grain 

corners. Virtually all crystal faces are concave. A few samples (e.g. 

E24) contain extremely lobate crystals. Embayment textures by quartz 

are present but rare. Grain shapes vary from almost equant to oblong. 
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In most samples grain sizes are less than 1 mm although grains up to 

1 x 2 rom may be present. 

Orthopyroxene, quartz, biotite, or apatite occur rarely as In

elusions. 

All contacts of olivine with other minerals are sharp without any 

evidence of a reaction between the phases. The crystals have a pale

yellowish shade. No pleochroism is observed. 
0The optical angles (-2V) vary from 440 to 70 (figure 1.10). 

From the fig
10 

N 
4 

41 43 45 47 49 51 53 55 57 59 61 63 65 67 69 71 

-2vlOUVINE) 

8 

ure 3 populations 

emerge: two in 

QMP-l and one in 

QMP-2. The smal

lest population 

(N=8) is formed 

by samples from 

Figure 1

phase of 

.10: 

the 

optical angles (-2V) of olivine from 

Bjerkreim-Sokndal lopolith. Unshaded: 

the 

QMP-l; 

(quartz-)mo

shaded: 

nzonitic 

QMP-2. 

the very base of 

QMP-l (not from 
All data are obtained from V-stage measurements. the 'chilled mar

gin monzonorites'). The statistical parameters for the populations 

are b 1 ow.glven e 

QMP-1 

mean 66.5 52.6 

s.dev 1.4 4.6 

var 1.8 21.7 

N 8 38 

QMP-2
 

49.7 

4.2 

16.4 

15 

The populations with N=15 and 

N=38 are accepted as normally 

distributed ones at 95% accep

tance limit using sample size 

(N) and the ratio (range/s.dev). 

The variation diagram (figure 1.3) shows that in most of the QMP 

olivine and quartz are present together, though not in all thin sec

tions in contact with each other. Olivine + quartz lS regarded as 

the stable assemblage instead of iron-rich orthopyroxene. Based on 

the morphology of quartz the olivine-quartz assemblages can be di 

vided into two groups: 
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1) quartz which seems to be part of the surrounding fabric (grain 

sizes) 

2) quartz forming rims between olivine and feldspar, especially K

feldspar(-microperthite). 

The former is interpreted as a primary igneous assemblage, the 

latter may be the result of exsolution of quartz from feldspar and is 

thus regarded as a subsolidus assemblage. 

In QMP-I, olivine and primary orthopyroxene are frequently found 

as adjoining crystals, locally also accompanied by quartz of the 

first group. In QMP-2, primary orthopyroxene rims or crescents are 

present on olivines in contact with quartz. It is suggested that 

the orthopyroxene formed by the reaction of olivine + quartz, pos

sibly under subsolidus conditions. In a few samples it was possible 

to measure the optical angle of the orthopyroxene (table 1.5). 

Sample (R) -2V (opx) 

376 72 

330 82 

95 96 

Table 1.5: opt i cal angles 

-2V (0 I) 

54 

54 

(-2V) for the 

% Fs 

76 

83 

90 

subsolidus 

assemblage olivine-orthopyroxene-quartz in Q:1P-2. 

% Fa 

92 

92 

Alteration of olivine often 

results in the so-called 

'mesh structure'. 

1.1.6.8: amphiboles. 

Amphibole is a common minor constituent in most samples. It 

becomes increasingly important towards the top of the QMP, and may 

also be concentrated in the 'chilled margin monzonorites'. 

It grows preferentially on ore crystals but is also present on 

mafic constituents. Generally it forms thin rims with average thick

ness of ca 0.1 mm. Locally the rims grade into small anhedral cry

stals. Amphibole rims or anhedral crystals may also occur around 

synneusis clusters of anhydrous mafic silicates. Again, it may form 

an- or subhedral crystals considerably larger than the average grain 

size. These crystals always contain numerous inclusions of apatite, 
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zircon, ore, and pyroxenes (pleochroic haloes are present around zir

con and allanite crystals). As the amount of enclosed crystals in

creases, the amphiboles pass into extreme poikiloblasts. 

Extreme amPhibole poikiloblasts (Rietmeijer and Dekker 1978) are 

found in two occurrences: 

]) in the 'chilled margin monzonorites' (section ].1.2). 

2) the extremely large poikiloblasts in the top of the QMP (section 

1.1.5). 

Symplectitic intergrowths with quartz are common. They are the 

result of the breakdown of pyroxene + feldspar. Some still contain 

pyroxene relics. The intergrowths may be rather coarse. In some sam

ples they display polygonal contacts, indicating recrystallization 

after the formation of the symplectitic texture. 

Simple twins on (100) are occasionally present. 

The n -colour is generally brownish-green, but green, bluish-y 
green, and brown colours have also been observed. In a restricted 

number of samples the amphibole colours have a greyish hue (e.g. R14). 

In one sample (R94) a colourless zone (ca 5 ~m) is present in the 

brownish-green amphibole at the interface with olivine. 

Opaque needles or granules occur in a few amphiboles; n becomes y 
more bluish in a zone adjacent to the opaque phase. 

In EI62 pseudomorphs of pyroxene(?), rimmed by abundant stilpno

melane, contain bushels of Na-amphibole needles. The colours of this 

amphibole are: n blue, n violet, and n is colourless (cf. Dekker 
x y z 

1978, sample N528). The brownish-green (n ) amphibole in sample R380 
y 

has a 5-10 ~m thick colourless rim. It probably represents the late-

stage actinolite mentioned by Dekker. 

In some brownish-green amphiboles from the QMP exsolution lamellae 

have been observed; they are ca ~m thick, colourless and probably 

oriented on (101) of the host. 
For detailed information on the amphiboles the reader is refer

red to Dekker (1978). 
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1.1.6.9: biotite. 

Biotite is a common accessory In most samples; only locally it 

may become an important constituent (e.g. R346, table ].]). 

It is preferentially present on ore crystals, generally forming 

small anhedral crystals. Locally a symplectitic intergrowth with 

quartz is present in the marginal part of the crystals. 

In the 'chilled margin monzonorites' along Orrestadvatn biotite 

may form large poikiloblasts (up to 0.1 x 0.2 cm) with random orienta

tion. 

Especially In the Mydland tunnel (section 1.1.1) a clost rela

tionship between biotite and amphibole is observed: small biotite 

flakes are intergrown with amphibole. 

Biotite is generally weakly bi-axial. Pleochroic haloes are ob

served around enclosed zircon and allanite. 

The n -colour is typically reddish- to orange-brown. Pleochro
y,z 

ism is distinct. An incipient change into a green colour is observed 

in a few samples, generally along (OOI)-planes. 

In the '750 meter zone' (section 1.1.3) pyroxene may be com

pletely replaced by biotite with its basal plane //(010) . The 
pyrox 

colour of n is light-yellowish-brown in altered ca-rich clinopyroxene
x 

and light-(reddish-)brown in altered orthopyroxene. The colour of n 
y 

is dark-green (this pleochroic scheme can be excellently observed in 

the	 so-called clinopyroxene ladders). The refractive indices seem to 

be somewhat too high for biotite but it is known that increasing 
3+/ 2+ " ..Fe Fe wlll tend to lncrease the refractlve indlces. The data seem 

to point to siderophyllite. 

In one sample (R8I9 from Kondalsheia) altered biotite(?) lS dark

pink without pleochroism. The elongation is positive. It is probably 

a Ca-rich chlorite. 

1.1.6.10:	 ore. 

Ore is generally present as anhedral crystals. Grain sizes are 
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comparable to the other mafic minerals. Very fine-grained ore is 

present in the 'chilled margin monzonorites'. 

Microscopically homogeneous magnetite(Ti-poor) is present in 

QMP-I. Its Ti-content increases steadily towards the top of the QMP 

Homogeneous ilmenite is co-precipitating in most samples. Exsolution 

phenomena are observed. 

Mention should be made of titano-magnetite with thick ilmenite 

lamellae (the sandwich micro texture of Duchesne 1972, plate 2f and 

h), because in few samples ilmenite lamellae are preserved in an ag

gregate of serpentine/chlorite pseudomorphously replacing magnetite. 

The resul~ingt texture is rather conspicuous. 

Pyrite, chalcopyrite, and pyrrhotite occur very rarely as small 

anhedral crystals. Iron-hydroxides are also present, mainly as alter

ation products or in small viens. For detailed information on the 

Fe-Ti oxides the reader is referred to Duchesne (1969, 1972). 

In many Ca-rich clinopyroxenes small opaque platelets are ob

served, often in two directions. Both ilmenite and titano-magnetite 

(magnetite with ilmenite lamellae) may be present. Small opaque 

spindles orientated in three directions, have been observed in the 

cores of plagioclase crystals from the 'chilled margin monzonorites'. 

1.1.6.11: accessories. 

Zircon becomes an increasingly important accessory towards the 

top of the QMP. It is usually eu- to subhedral although rounded crys

tals may also occur. Some crystals have reddish cores, either rounded 

or euhedral. The cores may contain a very fine zoning. The rims 

are colourless. Completely metamict zircons are extremely rare. The 

euhedral crystals may reach 2 rom. A knee-shaped twin is found in one 

sample (R135). Crystals are often enclosed in the extreme orthopy

roxene poikiloblasts (= inverted pigeonite) and in large amphiboles. 

Apatite generally makes up about 1 modal-percent in QMP-1. It 

is most abundant in the 'chilled margin monzonorites'. In QMP-2, it 
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is present in lesser quantities. The crystals are small. but may lo

cally reach 20 x ISO ~m. Most crystals are euhedra1 and slightly 

prismatic. Apatite needles with width/length ratios of 1/10 to 1/15 

are observed in a few samples (extreme sizes are 3 x 45 ~m). Apatite 

crystals are often enclosed with random orientation in the extreme 

orthopyroxene poiki1ob1asts. 

Allanite is found in a few samples. The crystals are anhedral 

and reddish-brown. 

Carbonate fills the interstices between the felsic minerals. es

pecially in QMP-I. 

Products of retrograde metamorphism or alteration. 

Pyroxenes and olivines show a great variety of alterations. Locally 

both minerals are completely replaced. In many cases clinopyroxene 

(Ca-rich) appears to be more resistant than orthopyroxene. The most 

common alteration assemblages are chlorite/serpentine ~ carbonate + 

sphene + 1eucoxene ~ epidote; biotite + muscovite ~ carbonate ~ 

quartz + ore (after pyroxene); chlorite/green serpentine + magnatite 

(granules) (after olivine); chrysoti1e + antigorite ~ iddingsite + 

goethite (often pseudomorphs after olivine); black to dark-brown ser

pentine (only in olivine); chlorite (anomalous blue interference col

ours) ~ 1eucoxene (after biotite); biotite (after pyroxenes. section 

1.1.6.9); chlorite: serpentine. with wide opaque bands (partial re

placement of titano-magnetite); pale-green chlorite + fine opaque 

granules (domains in amphiboles); sericite + saussurite + carbonate 

(feldspars); muscovite (samples R261 and E257). Olive-green sti1pno

me1ane occurs as thick platelets perpendicular to the grain boundaries 

of mafic silicates; it is most common in the upper part of the QMP 

and in the tectonically disturbed zones. 

Ch1orite(+ Fe(OH) ) may occur in small veins. Chlorite (or green- x 
serpentine) locally grows dendritica11y into plagioclase. In a number 

of samples chlorite forms large patches. 
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1.1.7: metamorphic reactions. 

The mineralogy and textures thus far described are mainly due to 

crystallization from a melt. 

The omnip~esence of perthitic feldspars and the predominance of 

anhydrous silicates over amphibole and biotite suggest a dry environ

ment. The extreme amphibole poikiloblasts in the upper part of the 

QMP are probably deuteric. 

Symplectitic intergrowths of amphibole with quartz and biotite 

with quartz are rather common. The first intergrowth is clearly due 

to the breakdown of pyroxene and feldspar (cf. Dekker 1978). The sec

ond intergrowth seems more difficult to interpret, but may indicate an 

increase of the Al/Si ratio of biotite due to decreasing temperature: 

K2Fe~+ ~i6A12020 ] (OR) 4 + Al (feldsp) ~ 
K2Fe;+Fe3+ [Si A1 020 ] (OR) 4 + Si02S 3

From the presence of the symplectite in the marginal parts of the 

crystals it seems unlikely that it formed by the reaction 

orthopyroxene + K-feldspar ~ biotite + quartz. 

Greenschist facies metamorphism is present in the tectonically 

disturbed zones: the so-called '7S0 meter zone' and along the con

tact of the Bjerkreim-Sokndal lopolith with the Raaland-Relleren anor

thosite massif (between 3400-64680 and ca 3410-64850). 

1.1.8: crystallization history of the QMP. 

The Bjerkreim-Sokndal lopolith is part of an igneous complex 

which also includes large anorthosite massifs and the Ridra-massif 

(cf. Michot and Michot 1969, figure 2). The igneous origin of "anor

thosite-charnockite suites" has long since been established. In the 

lopolith igneous features are well exposed in the leuconoritic phase. 

The presence of a cryptic layering throughout the lopolith has been 

discussed by the 'Belgian school'. Cryptic layering for the QMP is 

discussed in the previous sections (figure 1.3). 

42 



A general characteristic of the QMP is the scarcity of primary 

hydrous silicates. 

The 'chilled margin monzonorites' are tentatively compared with 

the chilled margin of the Hidra massif towards the south-east. 

Demaiffe (1977) states that plagioclase-liquid equilibria in the Hidra 
9chilled margin were present at T = 1000-1100oC and fa 10- to 

2 
10-10(atm) and that in a fa -T plot crystallization took place approx

2 
imately on the Ni-NiO and FMQ buffers. 

Whole-rock data from Dekker (1978), reproduced in the appendix, 

are plotted in the 'petrogeny's residua system' of Tuttle and Bowen 

(1958) (figure 1.11). 

Modal analyses show the occasional presence of hypersolvus feld

spar the amount of which increases towards the top of the QMP (even 

up to 61 modal-percent in R356). The mesoperthite and the scarcity 

of primary hydrous silicates strongly suggest low water pressure dur

ing crystallization. Therefore the data are plotted for 0.5 and 1 kb 

water pressure. It is clear that the 'chilled margin monzonorites' 
0

(R227) crystallized at temperatures greater than 900 C (the primary 

assemblage of this sample is completely anhydrous). Crystallization 
0

probably finished around 760-780 C. 

The samples R356 and R390 are from the top of the QMP. Both con

tain a considerable amount of mesoperthite, suggesting a crystalliza
0tion temperature of about 925 :!: 5 C at pH20 = 0.5 kb and P = total 

5 kb (Morse 1969-a). For the Faurefjell metasediments north of the 

lopolith a total pressure of 5 kb was suggested by Hermans et al 

(1976). 

The temperature of the solvuscrest (T ) for mesoperthite is a 
c 0function of the total pressure and was estimated at 14 C/kb by Yoder, 

0Stewart and Smith (1957) and at 18.33 C/kb by Morse (1970). Thus, a 

change of total pressure by a few kilobars will not affect T signifi
c 

cantly. Morse (1969-a) estimates that for calcic mesoperthites 

An >8.2) T will be ca 10000C at P 1 = 4-7 kb. Mesoperthitec tota 
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Figure 1.11: whole-rock data for the (quartz-)monzonitic phase of the Bjerkreim-Sokndal lopolith 

(Dekker 1978) plotted in the 'petrogeny's residua system'. Modal percent of mesoperthite is given 

between brackets. 

in sample N4Z0 has An = Z.8 (bulk composition in Smith 1974, table 

19-10). This sample is from QMP-Z. In general it is assumed that the 

An-content of mesoperthites from the QMP is low, which seems reason

able regarding the low anorthite content of the coexisting plagioclase. 

Concluding: the crystallization of the QMP probably commenced at 

temperatures between 900-1JOOoC, likely around JOOOoC, and finished at 

temperatures between 760-925
o

C, probably closer to ca 900
0 

C; pHZO was 

very low, ca 0.5 kb. In the latest stages of solidification pH 02
probably increased locally to account for the extreme amphibole poi

kiloblasts on Dufjell/Storevarden (their formation here and in the 
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'chilled margin monzonorites' may well be related to the tectonic 

activities forming the gneissic textures, cf. section 1.1.3). 

The low optical angle for K-feldspar suggests high-temperature 

optics. High-temperature plagioclase is known from the Storgangen in 

the Aana Sira anorthosite massif (Zeino-Mahmalat and Krause J976) and 

from the Faurefjell metasediments (Wegelin 1978), 1n which also sani

dine-like alkali-feldspar is observed (Hermans et al J975). The high

temperature optics is probably preserved due to extremely dry condi

tions. 

The epitaxial relationships between the pyroxenes are very S1m1

lar to those described by Ernst and Schorer (1969) and Schorer (1970) 

in basaltic (tholeiitic) volcanics from the Vogelsberg (Western Ger

many) and by Tarney (1969) in picritic dikes from Scotland. The la

mellar intergrowth of primary orthopyroxene and Ca-rich clinopyroxene 

(the 6-20 ~m wide plates, section 1.1.6.4) suggest co-precipitation 

from a melt. The epitaxial relationships between the clinopyroxenes 

suggest that pigeonite crystals acted as nucleation sites for the Ca

rich clinopyroxene. Due to the small differences in cell parameters 

of the two clinopyroxenes, the misfits are smallest on the (l00)- and 

"(OOI)"-planes. It is suggested that precipitation of pigeonite from 

the melt started somewhat earlier than that of the Ca-rich clinopy

roxene, although both should be roughly contemporary (cf. section 

2.\.10). 

In figure 1.12 the optical data (+2V) of pyroxenes are used to 

estimate their compositions using figure 41 from Deer, Howie and 

Zussman (1963). From a preliminary study (Rietmeijer 1973-b) and 

Duchesne (1973) it was concluded that the tie-line intersections with 

the En-Wo-join are confined to a small region. Using the optically 

derived composition of orthopyroxene (primary or inverted from pi

geonite) the composition of the coexisting Ca-rich clinopyroxene was 

inferred from the intersection of the estimated tie-line with the 2V

curves of Deer, Howie and Zussman. Most orthopyroxenes in the figure 

are inverted pigeonites. 
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Figure 1.]7: iron-rich part of the pyroxene quadrilateral in 

which the optical data (optical angles) for coexisting pyroxenes 

from the (quartz-)~nzonitic phase of the Bjerkreim-Sokndal 

lopolith are tentatively interpreted. The upper part shows 

the limited stretch on the En-Wo join where the extended tie

lines should intersect. Tie-lines for coexisting pyroxenes 

have been drawn as dashed lines of which the solid parts indi

cate measured optical angles. The heavily dashed lines are 

curves for optical angles of clinopyroxenes from Deer, Howie 

and Zussman (J963). The dash-dotted lines indicate the three_ 

pyroxene assemblages from Ross and HUebner (J97S). The 

810
0 

-isotherm is indicated by the small crosses; the heavy 

line is the 7500 (granulite) isotherm. 
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As all Ca-rich clinopyroxenes are exsolved the initial composi

tions must have been poorer in calcium. The precipitation of both orig

inal clinopyroxenes probably took place between 1050 and 900
0 

C (based 

on the data from Ross and Huebner 1975). The final compositions of 

the Ca-rich clinopyroxene hosts are probably well below the 810
0
-iso

therm of Lindsley, King, Jr. and Turnock (1974), probably even below 

the 750
0 

(granulite-)isotherm of Ross and Huebner (1975). 

Ross, Huebner and Hickling (1973) determined the orthopyroxene-pigeon
. . . . 2+/ ( 2+ ) .l.te tranSl.tl.on temperature as a functl.on of the Fe Fe +Mg ratl.o. 

Their results support the pyroxene crystallization interval suggested 

above: the absence of twinned (inverted-)pigeonite suggests that this 

mineral precipitated directly from the melt. The transition curve can 

be used as a minimum estimate of the crystallization temperature. 

The assemblage olivine-(primary)orthopyroxene-quartz is present 

in QMP-I(opx: 74 %Fs; 01: 80 %Fa). Campbell and Nolan (1974) der

ived equations to calculate the compositions of coexisting orthopy

roxene and olivine at given pressure and temperature provided that 

quartz is also a stable phase (cf. section 1.4.6). Using these equa

tions the calculated crystallization temperature of the assemblage is 

988
0

C for P 1 = 5 kb; the pressure of the assemblage was estimatedtota 
using Wood and Strens (1971) on the assumption that T is ca 9000 C (note 

that their curves show limited dependance on the temperature in 

the range 900-11000 C for ca 5 kb). The pressure estimate is in fair 

agreement with the extension of the forbidden zone in the pyroxene 

quadrilateral as determined by several authors (a.o. Smith 1972). 

An interesting sideline is that if the estimated pressure is used 

in calculating the equilibrium temperature for coexisting primary or

thopyroxene and olivine in R346 (figure 1.3) the result is 15330 C 

which is considerably out of the range assumed previously. In the 

thin section both minerals are clearly separated from each other, thus 

suggesting that they never attained equilibrium. 

The assemblage (primary) orthopyroxene-(inverted-)pigeonite-Ca

rich clinopyroxene in R394 suggests an equilibrium temperature of ca 
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C (figure J.J3). 

The composition of the 

coexisting olivine is calcu
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Figure 1.13: optically derived~ estimated and calcu both P Itota = 5 kb. 
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Bje
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rkreim-Sokndal lopolith. 

zonitic phase of the 
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late stage 

lines 

(subsolidus) ass

are isotherms from Ross 

emblage. The dash-dotted 

and Huebner (1975). 
vine-quartz, may be stable 

again (figure 1.13). Here, 

however, the primary orthopyroxene is present as small crescents or 

rims on olivine at the interfaces with quartz, whereas in QMP-J pri

mary orthopyroxene occurs as subhedral crystals in contact with oli

vine and quartz. 

It is believed that the (primary) orthopyroxene in QMP-2 is the 

result of the reaction 

Fe-rich olivine + quartz ~ Fe-rich orthopyroxene. 

The calculated equilibrium temperatures are 707oC(Ptotal = 5 kb) 

and 7130 C(P= 10 kb). The temperatures suggest a subsolidus reaction 

(note that the compositions of either phase have perceptible influences 

on the calculated equilibrium temperatures at constant total pressure: 

for example, a fayalite content of 97% will lower the temperature to 

ca 3750 C(P t 1 = 5-]0 kb). From the Wood and Strens diagram the presto a 
sure can be estimated at ca 7.5 kb. As the pressure during crystal

lization is estimated at 5 kb, this implies that the total pressure 

increased after consolidation of the magma, a result also obtained by 

Dekker (J978) from his study on amphiboles. 

It is suggested that pH 0 during crystallization was low and re2
mained low after consolidation of the magma with the exception of the 

tectonically disturbed zones. The presence of un-inverted pigeonite 

may also point to extremely dry conditions. 

After emplacement extensive intracrystalline re-equilibration 
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took place (unmixing of feldspars, pyroxenes, some amphiboles, and 

Fe-Ti oxides). Recrystallization of the fabrics occurred especially 

in the southern part of the QMP. After solidification of the magma 

cooling rates were probably low. 

Varying cooling rates in the liquid(magmatic) stage may be in

dicated by the habit of primary orthopyroxene: cooling rates were 

high in the 'chilled margin monzonorites' and the very base of QMP-1 

and decreasing upward. Several authors (a.o. Lofgren et al 1974, and 

Fleet 1975) investigated the habit of pyroxenes as a function of 

cooling rate and undercooling. There is general agreement that aci

cular or skeletal pyroxene crystals are the result of high cooling 

rates or undercooling. 

The presence of long-prismatic, acicular primary orthopyro~enes 

is thus interpreted to reflect high cooling rates or undercooling for 

the 'chilled margin monzonorites'. The increase of the alc ratios 

would thus reflect decreasing cooling rates or undercooling. The 

presence of extreme poikiloblasts of primary orthopyroxene (type 2 

orthopyroxene of Rietmeijer and Dekker 1978) may also point to high 

cooling rates or undercooling since it is known that similar extreme 

poikiloblasts have been observed in the chilled margins of some dol

erite dikes from Rogaland, SW. Norway. 

Retarded nucleation of orthopyroxene probably plays an important 

role. 

49 



1.2: Gloppurdi Igneous Complex. 

1.2.1: introduction. 

Within the charnockitic migmatite complex of Rogaland a large oli

vine-pyroxene syenite body with intercalated melanocratic layers and 

lenses is present between grid coordinates 3400 to 3450-65070 to 65200 

(Hermans et al 1975). 

The Rb-Sr whole-rock isochron age of the complex is 1206 + 70 Ma 

(Versteeve 1975). 

1.2.2: field observations. 

The complex forms the highest mountain of the Rogaland province 

(Vinjekulo). It is concordantly intercalated in the charnockitic mig

matites. North of Maudalsvatn the distinction from the migmatites 1S 

rather difficult. Versteeve (1970) established the western border 1n 

this part by studying rock chips for the presence of olivine, because 

this mineral is never found in the charnockitic migmatites of the area 

studied by Hermans et al (J975). The eastern border cannot be esta

blished beyond doubt. South of Maudalsvatn the contacts with the mig

matites are clearly defined. The rocks from the Gloppurdi Igneous 

Complex are typically medium-grained, (holo-)leucocratic. A strong 

schistosity, due to the arrangement of mafic constituents in small 

seams, is commonly observed. Weathering of the mafic minerals often re

sults in beautifully exposed pock-marked surfaces (Hermans et al 1975, 

figure 5). In the vicinity of the Vinjekulo top these weathering sur

faces are rare. It is suggested that the rarity or absence of the 

pock-marked surfaces reflects differences in rock composition. 

Very fine-grained (average grain size less than 1 mm), hololeuco

cratic layers, cross-cutting the schistosity at low angles or parallel 

with it, are ubiquitous. Layers are generally 20-30 em thick, but may 

range from a few centimeters to 0.7 meter. Cross-cutting layers may 
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bifurcate, wedge our or grade into the leucocratic surroundings. Lo

cally the very fine-grained hololeucocratic rocks form pockets. 

Numerous intercalated melanocratic layers or flat lenses are ob

served. Invariably they are parallel to the schistosity. In restric

ted areas south of Maudalsvatn (northeast of the '780-summit') medium

grained rocks grade into granitic pegmatites with feldspar crystals up 

to 1.5 x 3.0 cm. These granitic rocks form layers 2 to 3 meters thick. 

Small, irregular quartz veins and lenses with subordinate amounts 

of K-feldspar are commonly observed. At their contacts with the host 

rock pyroxenes and Fe-Ti oxides may be concentrated. 

In the greater part of the complex pyroxene crystals, typically 

}-3 cm but locally up to 5 em, are conspicuous. Their c-axis 1S 1n

variably curved or kinked. Weathering colours are moss-green to woody-

brown. It appears that the pock-marks are remnants of the pyroxene 

and olivine crystals. 

In the area devoid of the pock-marked weathering surfaces the leu

cocratic rocks contain hydrous silicates (reddish-brown biotite and 

minor amphibole). 

Fe-Ti oxides are observed macroscopically. No ore-concentrations 

are found. Sulphides occur rarely as small crystals. 

The average strike and dip measured on the intercalated layers is 

330/350-20(NE/E) (north of Maudalsvatn), 0-20(E) (between Maudalsvatn 

and Austrumdalsvatn), and 330-20(NE)(in the isolated part of the com

plex at the southwestern tip of the Austrumdalsvatn). 

1.2.3: (holo-)leucocratic interlayers. 

The average grainsize is less than 1 mm, usually smaller than the 

average grain size of the host rock. Elongated, lobate quartz crys

tals are larger. They may cause a weak lineation parallel with the 

schistosity in the host rock. The QAP-ratio is virtually identical 

to that of the host rock, although locally the (holo-)leucocratic 

layers may be slightly richer in quartz. In places the leucocratic 
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layers define intense plastic deformation. In some large boulders 

which clearly derive from the complex, it is observed that very fine

grained	 (holo-)leucocratic rocks are cut by coarser-grained leucocra

tic rocks (in fact the inverse relationship as described above). 

1.2.4:	 melanocratic interla~ers and lenses (Plate 1, figure 3; Plate 

2, figure 1). 

Leuconorites poor in hydrous silicates and amphibolites can be 

discerned. In the latter the relative amounts of amphibole and bio

tite are highly variable. 

The bright shining black amphibolites invariably show dull-green 

rims at the contacts with the leucocratic host rock. The rims are 

rarely wider than 0.5 cm. They look similar to the dehydration rims 

from the Lac Croche Plutonic Complex in the Grenville Province 

(Schrijver 1975). 

In the Gloppurdi Igneous Complex both form concordant layers which 

terminate by wedging out or simply by petering out iuto the surrounding 

leucocratic rocks. Layers are ca 15 to 50 cm thick, typically 15-20 

cm. Along the strike they can be continuous for several tens of me

ters but they may also grade into a zone of lenses. Locally layers 

are arranged in echelon. The mafic layers may be concentrated in 

zones 0.5-5 m thick, rare extremes up to 10 meters, or may occur iso

lated in the host rock. Individual layers may bifurcate. Occasionally 

the host rock seems to invade and break up mafic layers. Small seams 

of medium-grained leucocratic rock are omnipresent inside the mafic 

layers. It is commonly observed that the leucocratic host rock is 

coarser grained at the interface with the mafic layer than away from 

the contact. This coarser grained rock invades or breaks up the layer. 

The mafic rocks do not only occur as layers but also as flat lens

shaped bodies ( 2 x I meter and ca 10 cm thick), large boulders, and 

blocks (up to 1.5 x 5.5 m). Several isolated lenses, boulders, and 

occasionally also the blocks seem to form one broken up layer. 
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Typically the contacts between the mafic rocks and the host rock 

are sharp, but locally they are diffuse due to the gradual increase 

of mafic minerals in the host rock. Both contacts are either sharp or 

gradual. Internal layering is rare, although in some leuconorites a 

weak layering seems to be present: in a 35 rom section seven dark seams 

(1-3 rom thick) are observed to bifurcate, coalesce, or to be arranged 

in echelon. Likely these seams are concentrations of amphibole. On 

several locations the mafic layers are wildly disturbed. Cross-cutting 

pegmatites are widespread. 

In rare cases the mafic minerals are not concentrated in discrete 

interlayers, but form diffuse very thin (ca 0.5-1 em) zones with con

siderable lateral extension due to a gradual increase in mafic min

erals in the leucocratic rocks. 

Only larger layers or concentrations of small layers, lenses,and 

blacks have been indicated on the map. The pattern of the distribu

tion 1S clear: north of Vinjavatn and north of Maudalsvatn the com

plex is virtually devoid of intercalated mafic rocks, as is the mainly 

granitic upp~r part of the complex. 

1.2.5:	 nodule pegmatites. 

The so-called nodule pegmatites (figure 1.15) are coarse-grained 

and consist mainly of large feldspar crystals with subordinate to mod

erate amounts of quartz. Most conspicuous is the abundance of dark 

nodules up to 10 x 15 em. The nodules consist of a fine-grained meso

cratic rock with black crystals in its centres. In the larger nodu

les these crystals have a bright black lustre and reach lengths of 

4 em. In the smaller nodules (only a few centimeters) the black crys

tals (ca 1 x 1 em) have a dull black lustre. At the boundaries of 

the nodules with the pegmatite, 0.5-1 em long, dull-green crystals are 

concentrated, though not forming a continuous rim. 

Microscopically the fine-grained matrix of the nodules has a more 

or less polygonal granoblastic texture consisting of plagioclase 
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(28 %An), Ca-rich clinopyroxene, Fe-Ti oxides (titanomagnetite), and 

olivine. Locally the pyroxene is somewhat vermicularly intergrown 

with plagioclase. These vermicular domains are present only in the 

matrix adjacen~ to the large crystals in the central part of the no

dule. The crystals with the bright black lustre are amphiboles. In 

these nodules olivine seems to be restricted to the outer part of the 

nodule. Rather consp1CUOUS is the presence of amphibole around mafic 

constituents of the fine-grained fabric. The amphibole rim may have 

a considerable thickness. The a~phibole n -colour changes depending
y 

on the enclosed mineral (brown to brownish-green and bluish-green). 

It appears that the presence of this secondary amphibole is restricted 

to a zone adjacent to the contact with the pegmatite. The dull-green 

coloured crystals at the very contact are inverted pigeonites with sub

ordinate Ca-rich clinopyroxene. The inverted pigeonite crystals may 

be up to 5 x 5 mID. 

The large black crystals in the central part of the nodules may 

be, 

1) an aggregate of several inverted pigeonite crystals, which may be 

up to 5 x 6 mID, of the type described by Bonnichsen (1969): one 

orthopyroxene crystal encloses several pre-existing pigeonites. 

2) a large amphibole crystal with (clino-?)pyroxene lamellae //(100). 

The lamellae are ca 5 ~m thick and ca 800 ~m in length. Also pla

gioclase is abundantly exsolved from amphibole. It rarely forms 

lamellae with considerable lengths, typically lamellae are ca 

250 ~m wide and rather short. Plagioclase is also //(100) h' amp 
Locally plagioclase and Fe-Ti oxides form small polygonal domains 

inside the amphibole. Towards the margins these domains become 

more abundant and eventually form a marginal zone. Plagioclase is 

invariably zoned: 29 to 23 %An (sections la). The colours of the 

amphibole are dark-grown (n ) and light-yellowish (n ).
y x 

54 



] .2.6: modal composition. 

The results of modal analysis are plotted in a QAP-triangle (fig

ure ].]4) and in table ].6. The colour-index for most rocks is ~ 10. 

Consequently the prefix 'leuco-' should be added to most rocks from 

table ].6. For comment on the quartz-rich nature the reader is re

fer red to section ].2.9.2. 
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1.8 hypersthene quartz monzon i te 

1.4 ot ivine cl inupyroKene ':juartz 

J.' ali.vine cLinopyrox('n(' q'Jart2 

1.2 hypersrhene quartz monzun l t e 

U 01 ivine ctinopyroKene grdniu' 

1.2 charnockite 

1.1 Z-cpx granl te 

1.4 Z-cpx granite 

1.4 Z-cpx granl[ Ii" 

1.1 charnockire 

1.6 cLinopyroxene quartz syeni tli" 

1.6 charnockite 

1.2 2-cpx granite 

1.5 charnockitli"
 

I.) 01 ivine c1 i nopyroxene granite
 

1.1 2-cpx granite 

1.0 2-cpx granite 

1.6 e: 1inopyroxene granite 

monzonire 

monzonite 

3404-65120 

1417-65168 

J!d 7-65116 

3422-65160 

3401-651 ':i I 

1404-65124 

3421 -65121 

3402-65124 

3401-65072 

3411-65126 

3415-65129 

3412-65160 

)432-65167 

3418-65154 

3400-65070 

)402-65071 

3394-65081 

3392-65080 

3390-65079 

Table I. 6: modal composition of samples from the Gloppurdi Igneous Complex. Method, procedure, nomencla

ture and symbols, cf. section 1.14. Number of points counted in each section is 550. Omitted from the 

table are allanite, an accessory in A7, AJ48, R591 and R727; carbonate in R573; muscovite in R745, 

epidote in R667, and sphene in R599. All in subordinate quantities. 

1 .2.7: geological map (figure 1.15, included separately). 

The boundaries between the different rock types within the Glop

purdi Igneous Complex are all gradual. Therefore the map is neces

sarily drawn schematically. Comparison of figure 1.15 with the map 

presented by Hermans et al (1975) shows that the two differ consid

erably. 

The main differences concern the eastern boundary of the complex. 

Within the limits of Hermans et al, the eastern part of the complex 

is extremely rich 1n charnockites/charno-enderbites and leuco-gran

ites (mainly massive). These rocks are indistinguishable from S1m1

lar members of the charnockitic migmatites of Hermans et al. 
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As, on the other hand, no positive arguments can be presented to 

include them in the complex they are here regarded as belonging to the 

surrounding charnockitic migmatites. 

1.2.8: Gloppurdi Igneous Complex in the larger tectonic framework. 

The complex is concordantly intercalated in the charnockitic mig

matites. No evidence can be presented to suggest that folding created 

a double section. The estimated thickness is ca 400 m for the main 

body and ca 200 m for the part at the southwestern tip of the Austrum

dalsvatn. 

Plastic deformation, possibly in the magmatic stage, may be 1n

ferred from the intense folding of the intercalated layers. 

Hermans et al (1975) suggest that the complex is part of a large 

fold which is symmetrical along its NINE-trending axis. This should 

imply a doubling of the complex. I suggest that the complex is main

ly part of the eastern flank of this fold. 

The intensely folded garnetiferous migmatite band at the eastern 

boundary of the complex suggests that emplacement of the complex took 

place after the folding of this band. The complex surrounding this 

band seems to be unfolded. The large open fold of which the complex 

is a part is post-emplacement. 

1.2.9: microscopical description of the leucocratic rocks. 

1.2.9.1: textures. 

Textures are typically seriate-interlobate with local gradual tran 

sitions into amoeboid textures. Seriate-polygonal textures may occa

sionally be found in the (leuco-)clinopyroxene granites. Between like 

minerals, especially plagioclase and pyroxenes, but also olivine and 

K-feldspar-microperthite, the textures tend to be polygonal. In rare 

cases unlike minerals may also show polygonal contacts. Several sam

ples show domains of beautifully developed polygonal-granoblastic tex
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ture. 

Average grain Slzes are typically less or equal to one millimeter. 

Some samples appear slightly porphyritic due to large K-feldspar-micro

perthite crystals (2 x 3 mm; in the granites even 4 x 5 mm) or quartz 

crystals with a platy habit (see below). Coarser textures of ca 3 mm 

(average), in which inverted pigeonite crystals may be up to 1 x 5 mm 

(resp. a- and c-axes), are occasionally found. The coarsest textures 

are restricted to a small area south of Maudalsvatn (cf. section 

1.2.2). In several samples the average grain size of the mafic con

stituents is smaller than for the felsic minerals. 

Mafic minerals may form synneusis textures which are more wide

spread in olivine-bearing than in olivine-free samples. Minerals form

ing this texture are olivine and clinopyroxene, to a lesser extent al

so plagioclase. A typical synneusis texture is made up of 3 to 7 

crystals. In the stratigraphically lower part of the complex primary 

orthopyroxenes may form synneusis clusters. 

In hand specimen a pronounced schistosity may be observed. In 

a thin section it can be seen that it is caused by the arrangement of 

mafic minerals into small seams having average thicknesses of ca one 

millimeter, locally up to 4 mm. Schistosity becomes rare towards the 

granitic upper part of the complex. No preferred orientation has been 

observed within the seams. 

An often very pronounced schistosity is caused by platy, locally 

even ribbon-like, quartz crystals. It also becomes less distinct in 

the granitic rocks. Individual quartz crystals may reach 1 x 10 mm, 

or, less plate-like, 3 x 8 mm. The quartz locally accompanied by K

feldspar-microperthite may be concentrated in holo-leucocratic seams, 

one to two milimeters thick; in rare cases up to 10 mm. Summarizing: 

lineation is either caused by strings of mafic minerals or by elong~ 

ated platy quartz crystals. Both may be present in the same thin 

section and are mutually parallel. 

The so-called cock's comb te~ture, described in section 1.1.6.1, 

is observed in a few samples. Deformation textures are rare. 
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1.2.9.2: quartz. 

Quartz is a common constituent. Quartz-feldspar veins are fre

quently observed. On the one hand this may indicate that at least 

part of all quartz(~ feldspar) present was introduced after emplace

ment, on the other hand high-grade metamorphism may have caused ex

sudation of the original rocks. 

Euhedral or (rarely) rounded quartz crystals are found enclosed 

In K-feldspar-microperthite and plagioclase. Occasionally, irregular

ly shaped crystals are present between two adjoining K-feldspar-micro

perthites or between olivine and K-feldspar-microperthite. Small sub

to anhedral crystals are also present at the grain boundaries of py

roxenes with slightly concave crystal faces. The interfaces are sharp. 

Especially in the case of inverted pigeonite embayment textures may 

be extreme (cf. Schrijver 1975, figure 19b). 

Platy quartz crystals often have rectangular subgrains with in

cipient granulation. In a few samples these crystals are completely 

granulated within their platy outline. The platy crystals are optical

ly bi-axial. In the upper part of the complex quartz grain boundaries 

can be sutured, possibly pointing to annealing. 

1.2.9.3: plagioclase. 

Plagioclase forms sub-to euhedral crystals. The average anor

thite content throughout the complex is 24.5 %An. In the lower part 

of the complex it varies between 2] and 30 %An; in the upper part, 

clinopyroxene monzonites/syenites and -granites, the range is 21-25 

%An (An-content determined in sections ~a, after Tobi and Kroll ]975). 

Twinning is observed according to the albite and pericline-acline 

twin laws. 

Albite rims (0-8 %An) are invariably present where plagioclase is 

In contact with K-feldspar-microperthite. A distinct subgrain boundary 

seems to exist between the rim and the oligoclase. Myrmekite is pre

sent in all samples, but only an important 'constituent' in the oli
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vine-clinopyroxene monzonites/syenites. Myrmekite fringes, growing 

into the plagioclase, are observed at grain corners and at irregular

ities on the grain boundaries. Myrmekite rims on plagioclase may 

overgrow the albite rims. The myrmekite textures are generally very 

fine, but extremely coarse vermicular plagioclase-quartz intergrowths 

may also be found. Locally myrmekite fringes, only a few microns 

wide, are observed between two adjoining K-feldspar-microperthites or 

between adjoining K-feldspar-microperthite and plagioclase. The 

fringes do not occur between plagioclase crystals. They consist of 

a very fine lamellar intergrowth of plagioclase and quartz, approxi

mately orientated at right angles to the K-feldspar-microperthite 

grain boundary(ies) (in R678, a coarse myrmekite at the edge of a 

plagioclase crystal is observed to grade into a fine fringe between 

the plagioclase and adjoining microperthite). 

Small euhedral plagioclase crystals are found enclosed in K-feld

spar-microperthite crystals. 

In a few large crystals (phenocrysts?) plagioclase and K-feld

spar-microperthite form very coarse vermicular intergrowths. The 

plagiocalse is in optical continuity with the plagioclase component 

of the microperthite. (Regarding the coarse intergrowth as one phase 

it should be called antiperthite). 

1.2.9.4: K-feldsEar-microperthite. 

All K-feldspar is exsolved, forming a so-called stringperthite 

(after Spry ]969). The plagioclase strings have variable thicknesses, 

even within one crystal. They may peter out into very thin plagio

clase lamellae, which in most microperthites may also be observed be

tween the strings. In some K-feldspars the microperthite may grade 

into domains of mesoperthite. (Mesoperthite is only rarely found as 

discrete crystals; in the clinopyroxene monzonites/syenites it be

comes an important phase, locally forming large crystals). 

Simple twins according to the Manebach twin law //(OOJ) are 
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present. In microperthite crystals this results in a so-called her

ringbone pattern. Similar twins are found, for instance, in the upper 

rocks from the Alkaline Igneous Complex of KGngnat Fjeld (S. Greenland) 

(Upton 1960, figure 30). 

Swopped boundaries may be present between adjoining K-feldspar

microperthites. 

A generally poorly developed cross-hatched microcline pattern 

has been observed in a few crystals distributed throughout the complex. 

Alteration of both feldspars is common, but the intensity of it 

varies greatly between different crystals. In contrast to plagioclase 

not enclosed in microperthite, the enclosed plagioclase is generally 

completely clouded. The albite rims are invariably free of any alter

ation. A peculiar observation is that in twinned plagioclase (lamellar 

albite twins) one of the twin sets is completely clouded, while the 

other set remains completely unaltered. 

Deformation textures in feldspars are rare, only in a few plagio

clase crystals the albite twins are bent and even kinked. 

1.2.9.5:	 primary orthopyroxene. 

Primary orthopyroxene generally forms subhedral stubby prismatic 

10090807050 60 

crystals. Slight embayment by quartz ~s 

present. Grain sizes are similar to the 

average grain size of the rocks. Pleo

chroism is weak but may become distinct 
- 2 V PRIMARY ORTHOPYROXENE in a	 few samples, n having a bluish-z 

green shade. The optical angle (-2V) var-
Figure	 1.16: optical angles 

(-2V) of primary orthopyroxene ies from 52 to 94 (figure 1.16). Very 
from the Gloppurdi Igneous 
Complex (N = II). fine exsolution lamellae //(00) are pre

sent in most samples; some crystals appear to be completely homo

geneous. In a few samples opaque platelets are present //(010). 

Deformation textures are rare although some curved or kinked 

crystals may be observed. The kinks have acted as nucleation sites 
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for very fine lamellae //(100). In a few crystals (a.o. A148) small, 

lens-shaped clinopyroxene (Ca-rich?) may be present in the kink-plane. 

1.2.9.6: inverted pigeonite. 

All pigeonite is present as inverted pigeonite. The most common 

assemblages are inverted pigeonite + Ca-rich clinopyroxene and primary 

orthopyroxene + inverted pigeonite. Both types of inverted pigeonite 

may be present, but the extreme orthopyroxene poikiloblasts (Rietmeijer 

and Dekker 1978: type 1 orthopyroxene) are very rare (cf. section 2.2). 

The inverted pigeonite crystals are anhedral. The grain sizes 

are generally equal to the average fabric, rarely somewhat larger. 

Embayment textures by quartz are ubiquitous and may result in extreme

ly lobate crystals. 

15 
....>GIC (N =40) 

10 

N 

______ SIC 

2 :~(N=8) 
L _ 

50 60 70 80 90 100 
RTH PYR X N 

Figure 1.ll: optical angles (-2V) of 

inverted pigeonite from the Gloppurdi 

Igneous Complex (solid line, N = 40) 

and the Botnavatnet Igneous Complex 

(dashed line, N ~ 8). 

Pleochroism of the orthopyroxene is 

weak to moderate. The optical angles (-2V) 

are given in figure 1.17 (all data -2V ~ 

900 are from sample R584, two-clinopyroxene 

monzonite). The observed range is rather 

wide between samples, but it is comparable 

to the range within one sample. 

For the two assemblages mentioned the 

optical angles of the orthopyroxene differ: 

for the first assemblage mean = 680 (s.dev 

7.6, N=39) and for the second assemblage 
o mean = 83 (s.dev = 6, N=6). 

Deformation textures are rare but 

slightly curved and kinked crystals may be 

present. The kinks are decorated with fine 

exsolution lamellae //(100) • opx 
Epitaxial relationships between inverted plgeonite and Ca-rich 

clinopyroxene are common, sharing the (100)- and "(OOl)"-planes (c£. 

section 2.1.10). The marginal zones of inverted pigeonite crystals 

may be orthopyroxene with a subordinate amount of exsolved lamellae 

62 



//(]OO)(cf. section 2.2.6). 

In cases of doubt as to whether the orthopyroxene with exsolu


tion lamellae //(100) is primary orthopyroxene or inverted pigeonite
 

two criteria can be used:
 

1) the habit of the orthopyroxene: stubby crystals is the typical
 

habit for primary orthopyroxene; inverted pigeonite generally forms 

somewhat elongated crystals. 

2) embayment by quartz is rare for primary orthopyroxene but common 

for inverted pigeonite. 

1.2.9.7: calcium-rich clinopyroxene. 

Calcium-rich clinopyroxene forms small sub- to anhedral crystals. 

The crystal faces are generally rounded; straight grain boundaries are 

only observed in synneusis clusters. Grain sizes are comparable to 

the average fabric (ca ] mm), but a few crystals may be larger (up to 

1.5 x 4 mm). The crystals are generally equant, but often slightly 

elongated parallel to the prominent set of exsolution lamellae. Em

bayment by quartz is present and may in rare cases result in extremely 

lobate crystals. 

Pleochroism is generally weak. It may become distinct in a few
 

crystals (n virtually colourless; n pale-green). In the olivine-
x,y z 
clinopyroxene monzonites/syenites crystals lack visible pleochroism. 

They are pale-green. Rarely, a weak pleochroism may become visible 

as n becomes slightly bluish-green.z 
The optical angles (+2V) for unzoned crystals are given 1n figure 

1.18. Note that the range is rather wide; even within a thin section 

the difference of +2V between two adjoining crystals can be consider

able, e.g. in R551: +2V = 52 and 68; in R645: +2V = 58 and 70. 

The optical angle (+2V) and the angle (n Ac) are uncorrelated 
z 

(all data bave a linear correlation coefficient of 0.3]). The (n Ac) 
z 

-angles are in reasonable agreement with the data for augite-ferro

augite given by Deer, Howie and Zussman (1963). Only 35% 
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of	 all data is greater than 48
0 

• perhaps 

indicating a certain amount of sodium 

present in the Ca-rich clinopyroxenes. 

The crystals rarely show normal 

zoning (table J.7). 

The diallage texture is present in 

most crystals. In sections normal to the 

crystallographic b- or c-axis, this tex

ture is restricted to domains. In most 

sections normal to the c-axis the texture 

is confined to the central part of the 

crystal. Within the same crystal the 

measured optical angle in the diallage 

textured part is typically lower than for 

the part devoid of it. 

Exsolution lamellae are present in 

all	 Ca-rich clinopyroxenes. The lamellae 
304050 70 90 I 

OPTICAL ANGLE (+2V) CLINOPYROXENE i	 may be I I (100) and "(00l) ". In most crys

tals both sets are present. Each set may 
Figure 1.18: optical angles (+2V) of 

be	 present in two generations. In a few 
clinopyroxene from the Gloppurdi 

Igneous Complex. All data form a crystals three generations "(OOl)"-lamel
normally distributed population with 

lae	 may be present. The oldest genera
mean; 62.2° ( s.dev. = lO.9; var. = 

116. 7; N = 85). tion forms wide inverted pigeonite lamel

lae (cf. section 2.1.2. the so-called 

Rogaland inverted pigeonite lamellae). 

Simple twins II(JOO) are observed. If exsolution lamellae 

II"(OOJ)" are present this results in a so-called herringbone texture. 

Ca-rich clinopyroxene may be epitaxially related to inverted pi

geonite along (JOO) of both phases. In rare cases the intergrowth is 

lamellar. Epitaxy on the "(OOl)"-planes is also observed. 

Opaque plates may be present II(OJO) and (OOJ). Both sets may be 

observed in the same crystal. The grain boundaries of some crystals 

are decorated with domains of fine opaque needles. 
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1. (010)sample name //(010) 

+2V 

I 
R550 two-clinopyroxene monzonite/ syenite 6 -0- 46 

R593 two-clinopyroxene granite 44-64I 
R753 olivine-clincpyroxene monzonite/syenite 52 -0- 62 

I 

T 
54 

36-72 

Al08 olivine-clinopyroxene monzonite/syenite 38-60 

Table 1.7: zoned clinopyroxenes from the Gloppurdi Igneous Complex (U-stage 

measurements), 

1.2.9.8: olivine. 

Olivine is present throughout the complex. It generally forms 

anhedral crystals with rounded crystal faces, either convex or con

cave. Locally crystals tend to somewhat subhedral forms. Most crys

tals are colourless; some may have a yellowish shade. A rather con

spicuous (100)-cleavage may be present in a few crystals. 

Grain sizes are ca 60 x JOO ~m to 0.1 x 0.2 mm (up to I x 2 mm 

in R55J). In the olivine-clinopyroxene monzonites/syenites embayment 

textures by quartz are ubiquitous (in rare cases olivine is present 

as isolated remnants which are in mutual optical continuity). 

Most contacts of olivine are with feldspars, but olivine/quartz 

contacts have also been observed. In these cases quartz has two dif

ferent modes of occurrence (cf. section 1.1.6.7). Olivine and quartz, 

belonging to the surrounding fabric, may have polygonal contacts in 

the olivine-clinopyroxene monzonites/syenites. The rims between oli

vine and K-feldspar-microperthite may consist of several small quartz 

crystals. 
All olivine/quartz contacts are sharp. No evidence of a reaction 

has been observed. From the nature of the quartz two olivine-quartz 

assemblages are distinguished: a primary (igneous) assemblage (ol/qu 

-J) and a secondary assemblage (ol/qu-2). 

The measured optical angles (-2V) are given in figure 1.19. In 

one sample (R595) the assemblage olivine + primary orthopyroxene is 
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present, resp. 
o-2V(01) = 44 

and -2V(opx) = 
090 . The infer

39 41 43 45 47 49 51 53 55 57 59 61 63 65 67 69 red compositions 
OPT ICAL ANGLES (-2V I 

are F0 Fa and
3 97 

Figure ].J9: optical angles (-2V) of olivine from the Gloppurdi Igneous Com En Fs (from
plex. In all samples olivine + quartz is stable. Disregarding angles less than l3 87
 
43° and greater than 57°, the rewaining data are accepted as a normally distri  Deer, Howie pnd
 
buted population at 95% significance level. (mean = 49.5°·; s.dev. = 3.3; var.
 

Zussman 1963,iO.8; N = 29). 

part I, table 2, anal. l8 and part 2, figure 10). 

1.2.9.9: amphiboles. 

Amphibole is generally present in subordinate quantities (table 

1.6). It commonly forms highly lobate crystals. It is preferentially 

present at the grain boundaries of the other mafic constituents, com

monly as small crescents. Only 1n the clinopyroxene leuco-granites 

have large subhedral crystals been observed. 

Pleochroism 1S invariably distinct. The n -colour is brownish-
y 

green which in the marginal parts of the crystals may grade into blu

ish-green. The larger crystals may have a light-brown colour. Invar

iably they have a greyish shade. The n -colour of the crescents is 
y 

typically bluish-green. 

Discolouring is often associated with the exsolution of small 

opaque granules. 

In rare cases the bluish-green crescents have small colourless 

zones at the contacts with olivine. Amphibole may be symplectitically 

intergrown with quartz. The symplectite is generally restricted to 

the marginal parts of the amphibole crystals. 

Simple twins //(100) are scantily present. 

Dekker (1978) showed that the amphiboles are hastingsitic and 

ferro-edenitic homblendes. 
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1.2.9.10: biotite. 

Biotite is a common accessory in the complex. It is generally 

present as anhedral flakes at the grain boundaries of ore~inerals. 

Towards the stratigraphically higher parts of the complex it may form 

large subhedral crystals. 

Pleochroism is typically distinct. The colour of n is light-
y,z 

brown with a reddish shade which may grade into orange-brown. The 

larger crystals may be distinctly yellowish-brown. The biotite may 

discolour to greenish-brown. The discolouring is accompanied by ex

solution of small opaque granules. 

In the marginal parts of the crystals biotite may be symplecti

tically intergrown with quartz. 

Alteration to chlorite (anomalous blue interference colours) 

plus abundant fine-grained sphene is common. Alteration starts on 

(OOI)-planes. 

1.2.9.11: accessories. 

Allanite forms anhedral reddish-brown crystals. In the sur

rounding rabric radial cracks may be present. It may also form rims 

around apatite crystals or clusters of apatite crystals, even around 

clusters of olivine, clinopyroxene and ore. Zoning is common and 

visible by differences in colour: reddish-brown cores surrounded by 

a colourless rim which is followed by a zone in which creamy coloured 

allanite is symplectitically intergrown with an opaque mineral. In 

a few crystals the latter zone is rimmed by yellowish allanite. 

Apatite forms subhedral, often rounded, crystals. They are 

colourless but may have a yellowish shade in samples containing al

lanite. Altered apatite is present in the olivine-clinopyroxene mon

zonites/syenites. The alteration products cannot be determined with 

a normal light-optical microscope. In a few samples light-green need

les (1.5 x 15 ~m) are enclosed parallel with the c-axis. 

Zircon may occur as euhedral as well as rounded crystals which 
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may be present in the same thin section. The crystals are commonly 

unzoned. If present, zoning 1S easily recognized by differences in 

colour between core and rim: rounded reddish-brown cores and colour

less rims, which tend to give the crystals a sub- to euhedral outline. 

The cores may also be completely euhedral in otherwise rounded crys

tals. Hairline zoned crystals are scantily present and are typically 

euhedral. 

Pleochroic haloes are common around enclosed zircons in amphi

bole and biotite. 

Ore. The most common phase is titanomagnetite (ilmenite lamellae 

within a magnetite host). Individual crystals of epitaxially related 

ilmenite and titanomagnetite are also found. Pure magnetite is pres

ent; in reflective light it has a pinkish shade, which may indicate 

a certain amount of titanium. Virtually all ore associated with oli

vine is magnetite. 

Sulfides are extremely rare. 

Needles and platelets of Fe-Ti-oxides may be present in pyroxenes 

and to a lesser extent in amphibole. The platelets in pyroxenes may 

be oriented approximately parallel with (100) and (001) (the last in 

Ca-rich clinopyroxene). Ore is also observed as small granules in 

amphibole, biotite and on grain boundaries of olivine. Retrograde 

sphene may be present on some ore crystals. 

A rather conspicuous feature is caused by alteration of titano

magnetite crystals: the ilmenite lamellae are preserved in an aggre

gate of chlorite/serpentine. 

Carbonate is a common alteration product of mafic silicates. 

In several samples it fills interstices between felsic minerals. 

Products of retrograde metamorphism or alteration. 

The minerals listed below are widespread in the complex. 

Chlorite!ereen serpentine (often pseudomorphs after orthopyroxene); 

dark-brown to black serpentine (often pseudomorphs after olivine); 

chlorite/serpentine + magnetite (partial replacement of olivine); 

iddingsite ~ goethite (partial or complete replacement of olivine); 
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chlorite/serpentine + sphene! epidote! carbonate! quartz (replace

ment of pyroxenes and amphiboles); chlorite + sphene! epidote (-2V 

ca 80
0 

) (after biotite); carbonate! quartz; saussurite/sericite (feld

spars); talc(?); muscovite (R742); olive-green stilpnomelane. This 

mineral is ubiquitous in the complex. 

1.2.10:	 microscopical description of the intercalated melanocratic
 

rocks.
 

1.2.10.1: leuconorites. 

The textures are typically polygonal-granoblastic or inequigranu

lar-interlobate. Quartz invariably forms lobate crystals. Mineral 

layering may be rather distinct: brown, rarely brownish-green (n )
y 

amphibole may be concentrated in small seams. Layering may also be 

caused by an abrupt increase of the modal percentage of biotite: con

tacts between biotite-bearing leuconorite and biotite leuconorite may 

be sharp. 

The main	 constituents are plagioclase (28 to 41 %An) and primary 

orthopyroxene (-2V = 48
0 
). Exsolution lamellae //(100) are scarce 

and very	 thin. Ca-rich clinopyroxene, in some samples a minor con

stituent	 filling interstices (intercumulus?), may become an important 

constituent in other rocks, up to 2 modal percent. Exsolution lamel

lae may be present / / (l 00) and "( 001)" (they are similar to the Ca

rich clinopyroxenes from the leucocratic rocks; for the larger crys

tals cf.	 section 2.1. 

Special attention is paid to R613~ a two-clinopyroxene leucodio

rite. 

Its texture is comparable to the leuconorites; also the anorthi

te content of plagioclase. 

The calcium-poor clinopyroxene is present as uninverted pigeonite 

(2V=Oo) or~ more commonly as inverted pigeonite. The latter has two 

modes of occurrence: as extreme orthopyroxene poikiloblasts 
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(Rietmeijer and Dekker 1978, type 1 orthopyroxene) with -2V = 55-580 

and irregular outlines; as stubby prismatic orthopyroxenes with very 

fine, closely spaced clinopyroxene lamellae //(100). The Ca-poor 

clinopyroxene ·may be evitaxiaUy overgroum by Ca-rich clinopyroxene 

along the (100)- and "(001) "-planes. The result may be the so-caned 

'clinopyroxene ladder' (cf. section 2.1.10). The Ca-rich clinopyroxen~ 

+2V =640 and n Ac =450 (N=5), may have exsolution lamellae //(100)z 
and "(001)"" both generally only in one generation. Lamellae ca 

40 11m wide may also be present //"(001)" (in the lamellae the G.A.P. 

is normal to (010)). In one crystal a ca 10 ~ wide pigeonite lamella 

is present //(100). The lamella extends far beyond the Ca-rich clino

pyroxene host into the surrounding fabric (section no~al to the 
crystallographic c-axis). 

The contact with the host rock is sharp (the host rock" a pyroxene 

monzonite" contains Ca-rich clinopyroxenes with exsolution lamellae 

//(100) and "(001)" and in some crystals also ca 30 ~ wide 'Rogaland 

inverted pigeonite lamellae' (cf. section 2.1.2). In a few crystals 

uninverted p~eonite lamellae" ca 20 ~ wide" are still present 

/;" (001) ". 

1.2.10.2: amphibolites. 

Textures are typically decussate, although in a few samples bio

tite may show some preferred orientation. Both amphibole and biotite 

are distinctly pleochroic, resp. n brown to green (due to gradual dis
y 

colouring towards the crystal margins) and n deep-orange to red-
y, z 

dish-brown (suggesting a fair amount of Ti0 which is supported by2 , 

the presence of retrograde sphene as discontinuous rims on some bio

tite crystals). 

The amphibolites may be divided into two groups: 

1) biotite-amphibolite (no anhydrous silicates present), in which the 

ratio bi/amph may increase towards the contact with the leucocra

tic host rock. 
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2) two-pyroxene amphibolite (biotite is generally absent or present 

~n subordinate quantities). They contain small seams consisting 

of primary orthopyroxene and plagioclase. They may possible be 

regarded as being transitional between group ] and the leuconor

ites. 

In group 2 the amphibole grain boundaries are generally ornamented 

with exsolved ore granules. This is not observed in group 1. In the 

field both groups may be found almost side by side. 

The anorthite content of plagioclase varies between 29 and 4] %An. 

Primary orthopyroxene forms subhedral stubby prismatic crystals having 

a negligible amount of clinopyroxene lamellae //(]OO). Inverted pi

geonite is present in some amphibolites and forms extreme orthopyroxene 

poikiloblasts. Ca-rich clinopyroxene, light-green and only slightly 

pleochroic, has exsolution lamellae / / (I 00) and "(001)". Only in the 

larger crystals the so-called 'Rogaland inverted pigeonite lamellae' 

(ca 45 )..lm wide) may also be present //"(00])". The diallage texture 

may be developed in a few crystals. 

The texture of the dull-green rims at the contact with the leu

cocratic host rock (section J.2.4) is polygonal-granoblastic. They 

consist of plagioclase, primary orthopyroxene, and minor Ca-rich clino

pyroxene. The habit of orthopyroxene is peculiar: it forms prismatic 

crystals elongated in the c-dimension, occasionally even acicular 

(a/c = 1/22). A few crystals are slightly skeletal and may grade into 

hollow crystals. 
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1.3: Botnavatnet Igneous Complex. 

1.3.1: introduction. 

The complex is situated somewhat east of the Bjerkreim-Sokndal 

lopolith at the intersection of grid coordinates 3500-64950. The zir

con U/Pb age is 1060 + 15 Ma (this age ~s widespread in the Rogaland/ 

Vest-Agder area~ cf. Wielens 1977~ 1978). 

The contacts of the sill-like complex with the surrounding banded 

charnockitic migmatites are concordant. Banding in the complex is tilte 

in a southeastern direction (strike 60
0 

) at an angle of 10-15
u

• In 

the leucocratic rocks a clear schistosity is perceptible. On weather

ed surfaces this causes a pock-marked appearance~ although not so con

spicuous as in the Gloppurdi Igneous Complex. Zones characterized by 

these pockmarks are intercalated in massive-looking leucocratic rocks 

with smooth surfaces. 

Generally the rocks are massive, mainly leucocratic. and medium

grained. Locally fine- or coarse-grained rocks may be present. 

The rock-colour is yellowish-brown due to weathering. Fresh rocks 

have a bluish-green colour. 

Platy quartz is rather common and may form large crystals (0.2 x 

1.0 em up to 0.5 x 4.0 em). 

In several places medium-grained melanocratic lenses and discon

tinuous layers are intercalated. Two types may be discerned: amphi

bolites and leuconorites containing variable amounts of hydrous sili

cates, which may be concentrated in small seams. The length of the 

layers varies from one to a few meters. They terminate by wedging out 

or by grading into the surrounding leucocratic rocks. The thickness 

of both lenses and layers rarely exceeds 5 em. Viewed in cross-sec

tion the contacts are either sharp or gradual. The boundaries of in

dividual layers are similar: both either sharp or gradual. Within 

the layers the distribution of the hydrous silicates may be assymetri

cal: the anhydrous assemblage at the base of a layer may grade into 
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a hydrous assemblage towards the top. 

The lower contact of one layer ~s undulating. Dark, needle-like 

crystals parallel to the contact appear to be pressed down by ca 1 x 

I em large crystals; this texture may be caused by load-casting. Go

ing upwards in the layer the structure becomes undisturbed and contain~ 

hydrous silicates (Plate 2, figure 2). 

All amphibolites have dull-green coloured rims at the contacts 

with the leucocratic host rocks. The r~ms are ca 0.5 em thick. Simi

lar rims are also present if the host rock is almost pure quartzite 

(cf. section ].3.6). 

The lenses and layers seem to represent one, possibly two, hori

zons which are tectonically disrupted. The horizon is stratigraphical

ly situated at the base of the granitic upper part of the complex. 

Quartzite bands (J-3 em) containing minor feldspar are discordant 

with respect to the schistosity. Quartz veinlets and pockets are om

nipresent. At their contacts with the leucocratic host rock pyroxene 

and ore crystals may be concentrated. Ore minerals, mainly Fe-Ti 

oxides, are usually randomly distributed. 

Simple pegmatites, sometimes slightly bifurcating, are scantily 

present. 

After emplacement the rocks have been invaded by blue-coloured 

quartz, in places in large quantities. 

1.3.2: results of modal analysis. 

The modal compositions are given in the QAP-triangle of figure 

1.20 and in table ].8. 

All samples are rich ~n quartz. Part of the quartz may have been 

introduced after emplacement or may be exuded from the original rocks 

during a metamorphic event. From field observations I suggest that 

introduction of quartz seems likely. 

The colour-index for most samples ~n the table is ~ 10. Conse

quently the prefix "leuco-" should be added to most of the names. 
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Figure 1.20: QAP-triangle for samples of the Botnavatnet Igneous Complex. QAP-triangle is after 

Streckeisen (1976). Dots: this thesis (table 1.8); asterisks: Dekker (1978): and solid triangles: 

Wielens (J 978). 

J.3.3: microscopical description of the leucocratic rocks. 

J.3.3.1: textures. 

The textures are seriate, but may grade to either equi- or ~n

equigranular. The contacts between the felsic minerals are generally 

interlobate. Polygonal contacts are present between plagioclase crys

tals and between like mafic minerals. Most minerals form anhedral 

crystals. Plagioclase and some mafic constituents form sub- to eu
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R780 12 &1 A &0 25 42 45 13 1.4 olivine clinopyroxene granite 3497-6"'959 
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21 S3 I 23 2) 58 21 1.3 leuco-grani'teR781, 

Table 1.8: modal composition of samples from the Botnavatnet Igneous Complex. Method, procedure, nomen

clature and symbols, cf. section ].14. Number of points counted in each section is 550. Not included in 

the table are~, an accessory in a few samples; carbonate small crystals and veins in P125, P248, 

P288, R771; stilpnomelane which is present in all samples in varying amounts, and alteration products. 

hedral crystals. Quartz usually has a platy habit t although more or 

less equant crystals may be present. 

The average grain size varies between J and 3 mm. Quartz and 

feldspars may form crystals up to 4 mm. Average grain sizes less than 

1 rmn are rare. 

The mafic minerals are generally arranged 1n small seams. The 

'composition' of the seams may varYt although the spatial separation 

is only a few millimeters. The differences are due to varying amounts 

of pyroxene and olivine. 

In several samples the grain boundaries of the mafic minerals 1n 

contact with K-feldspar-microperthite show the so-called cock's comb 

texture (cf. section 1.1.6.1). 
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Deformation textures are rare, though curved plagioclase twins 

and kinked primary orthopyroxenes may be observed. Some quartz crys

tals may have beautifully developed rectangular substructures. 

1.3.3.2: felsic minerals. 

K-feldspar and to a lesser extent plagioclase (oligoclase: 21-29 

%An) are perthitically exsolved. K-feldspar-microperthite (string-, 

stringlet-, and patchperthite, after Spry 1969) is omnipresent. In 

some K-feldspar-microperthites domains of mesoperthite may be present. 

Only in a few samples mesoperthite is the feldspar phase dominant. 

Swopped boundaries may be present between adjoining microperthite crys

tals. In some microperthite crystals completely rounded quartz crys

tals may be present. Albite rims are invariably present in plagio

clase at the contacts ~ith microperthite crystals. In rare cases this 

albite rim isovergrown by myrmekite. Some myrmekite is present in 

plagioclase of all samples. Very exceptionally, all plagioclase is 

myrmekite. Small myrmekite rims may occur between two microperthite 

crystals or between plagioclase and microperthite (cf. section 

1.2.9.3). 

In a few samples plagioclase and K-feldspar-microperthite form 

very coarse vermicular intergrowths. 

Minute opaque needles are incidentally found in plagioclase more 

or less parallel with the c-axis. In one sample, a leuco tonalite, 

very fine opaque spicules in three different orientations are present 

in the cores of plagioclase crystals. 

1.3.3.3: primary orthopyroxene. 

Primary orthopyroxene generally forms small sub- to euhedral, 

stubby prismatic crystals. Some crystals ~re somewhat poikiloblastic/ 

poikilitic. Embayment textures by quartz are present and may locally 

result in anhedral angular remnants in mutual optical continuity, situ

ated at the grain boundary of a large quartz crystal. 
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Pleochroism is weak to moderate: n (pale-)pink and n pale-green
x z
 

locally more distinctly greyish-green. The optical angles (-2V) vary
 
0

from 44-110 • Primary orthopyroxenes with angles greater than 900 
in

variably form anhedral crystals which appear microscopically homogen

eous. In the remaining crystals fine exsolution lamellae //(100) may 

be present. 

Opaque spindles approximately parallel with the c-aX1S and opaque 

plates //(010) may be present in well-defined domains within some crys· 

tals. 

1.3.3.4: inverted pigeonite. x 

Both types of inverted pigeonites (cf. section 2.2) may be pres

ent in the same thin section. The type 2 inverted pigeonite is often 

overgrown by an optically homogeneous orthopyroxene rim. These crys

tals are generally more or less equant; elongated crystals may also 

be present. 

The optical angles (-2V) of the inverted pigeonite are given in 

figure 1.17. 

1.3.3.5: calcium-rich clinopyroxene. 

The grain sizes are clearly bimodally distributed: large sub

hedral crystals which locally may become more or less euhedral, and 

small anhedral crystals with concave crystal faces and rounded grain 

corners. Both may be present in the same thin section. 

Embayment textures caused by quartz are observed in a few sam

ples. 

Most crystals have a pale-green colour. Pleochroism is either 

absent or very weak. Locally distinctly pleochroic Ca-rich clino

pyroxenes are present (n pinkish; n pale-green).
x,y z 

The optical angles (+2V) are given in figure 1.21. Both unzoned 

xUninverted pigeonite_will be discussed in section 1.3.3.5. 
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Figure 1.21: optical angles (+2V) of clinopyroxene from the Botnavatnet Igneous 

Complex. The histogram for zoned crystals is outlined by the solid line; for the 

unzoned crystals by the dotted line. 

and zoned crystals are present. Zoning is normal (cf. section ].J.6.6). 

It seems rather rash to conclude that the unzoned crystals form 

two populations. It emerges, however, that angles indicative for pi

geonite are present. Zoning is generally restricted to the so-called 

'augite population'. Zoning seems to be related to the presence of 

the dia11age texture (in domains having this texture the optical angles 

are ca 400 
). Extremely zoned crystals are only present in a few sam-

The dia11age texture is common ~n 

most clinopyroxenes (including pi

geonite). It is either present 

throughout the crystals or res

tricted to domains, generally ~n 

the central part of the host. 

Rxso1ution lamellae are pres

ent in all c1inopyroxenes. They 

are //(100) and "(OOJ)". Each set 

1pes: 

+2V 

sample 1(0]0) // (010) 

R788 66 -0 4 

R780 28 -0 46 

0 68 

36-72 

R769 24-70 
Extremely zoned c1inopyroxenes 

from the Botnavatnet Igneous 

Complex. 
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may be present in two generations. In a few crystals a third genera

tion lamellae //"(001)" may be present. This oldest set will be re

ferred to as the 'Rogaland inverted pigeonite lamellae' (cf. section 

2.1.2). 

Simple twins //(100) may be present. If the Ca-rich clinopyroxene 

contains exsolution lamellae //"(001)" this results in a so-called 

herringbone pattern. 

Opaque spindles may be present approximately parallel with the 

c-axis. Opaque plates have been observed //(100) and "(001)". Both 

sets may be present in the same crystal. The opaque phases are re

stricted to small domains. 

Epitaxial relationships between inverted pigeonite and Ca-rich 

clinopyroxene are present //(100) and "(001)" of both pyroxenes. In 

some samples this results in the so-called 'clinopyroxene ladder'. 

Epitaxial relationships between Ca-rich clinopyroxene and uninverted 

pigeonite are present //(100) of both pyroxenes. 

1.3.3.6: olivine. 

Olivine crystals are invariably rounded at the corners. The 

crystal faces are generally hollow. A parting //(100) may be markedly 

developed. Embayment by quartz is common. It often results in iso

lated remnants which are still in mutual optical continuity. 

The crystals may have a faint yellowish shade. No pleochroism 

is observed. 

The optical angles (-2V) vary from 580 to 440 (mean -2V = 51 0 
, 

s.dev = 4.4, N=14). In samples containing both olivine and clino

pyroxene the former dominates the latter. Small quartz crescents may 

be present between olivine and K-feldspar-microperthite. In a few 

samples olivine-quartz contacts are polygonal (it concerns the large 

quartz crystals). Between olivine and quartz no reaction could be 

observed. 

79 



1.3.3.7: amphiboles. 

In a few samples amphibole lS present as relatively large anhedral 

crystals, always on ore crystals. Pleochroism is distinct. The 

colour of n is brownish-green changing to bluish-green towards the 
y 

margins which may be symplectitically intergrown with quartz. Small 

bluish-green (n ) crescents are omnipresent pn mafic minerals. Pleo
y


chroic haloes are present around enclosed zircons. In some amphi


bole-quartz symplectites pyroxene relics may be present. 

1.3.3.8: accessories. 

Biotite forms small anhedral flakes which are only present on ore 

crystals and orientated approximately at right angles to their grain 

boundaries. 

Pleochroism lS distinct. The typical reddish-brown colour (n )
y,z 

may grade into greenish-brown shades (possibly reflecting an increase 

in ferric iron and decrease of Ti). Biotite-quartz symplectites are 

extremely rare. 

A colourless mica may be present in subordinate quantities. It 

forms small spherulites with fan-like structure. 

Allanite forms rims around mafic minerals, especially ore. The 

colour is deep dark-brown but changes to pale-yellow towards the mar

gins (colour-zoning). Radial cracks may be present in the surrounding 

fabric. 

Apatite forms colourless stubby prisms. In the presence of al 

lanite it may be pale-yellow. The rims of some crystals are yellow

ish-brown and almost isotropic. Very small needles are occasionally 

enclosed in feldspars. 

Zircon is present as euhedral or rounded crystals. The crystals 

are rather small. They are colourless though locally pinkish-brown. 

Weakly coloured, rounded cores may be rimmed by colourless zircon 

giving the crystal a euhedral outline. Sometimes finely zoned, eu

hedral cores are present within rounded crystals. 
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Ore. Both Fe-Ti oxides and sulphides are present, the latter only 

in minor quantities. The former shows extensive subsolidus re-equilib

ration features. The crystals are generally anhedral. In rare cases 

the oxides are rimmed by sphene. The ore associated with olivine is 

titaniferous-magnetite. 

Carbonate is observed as subhedral crystals enclosed in plagio

clase and in small veins together with chlorite/serpentine. 

Products of retrograde metamorphism or alteration. 

Chlorite/serpentine ~ carbonate (locally pseudomorphs after primary 

orthopyroxene and olivine); iddingsite (pseudomorphs after olivine); 

dark-brown serpentine (often pseudomorphs after olivine); sericite/ 

saussurite (feldspars); olive-green stilpnomelane, which is present 

in all samples. 

1.3.4: variation diagram. 

The variation diagram (figure 1.22) has been compiled using the 

field relations (profile of figure 1.23) and universal stage and mi
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croprobe date (the data in the 

diagram are averages of several 

measurements in the same thin 

section) . 

The thickness of the complex 

is estimated at ca 300 m. 

Cryptic layering is evi

denced by plagioclase, pyroxenes 

and olivine. 

IKM Rather conspicuous is the 

co-presence of inverted and un
Figllre 1.21: profile through tIle Botnavatnet Ig-


IletluS Complex. Samples used in figure 1.22 have
 inverted pigeonite in a few sam
hepn indil:ated. The dash-dotted line is tIle es

ples. The najor problem is tolimated lower houndary of the complex. 

establish the presence of the 

stable assemblage Fe-rich olivine + quartz with respect to Fe-rich 
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(primary) orthopyroxene. In R769 this assemblage appears to be stable 

as a	 primary assemblage (the criterion being that the phases are in 

contact), 

1.3.5: microscopical description of the melanocratic rocks. 

].3.5.1: textures. 

All textures are polygonal. The rocks are medium-grained. The 

hydrous silicates may form larger, often slightly lobate, poikiloblas

ticlpoikilitic crystals. The textures of the leuconorites are typical

ly polygonal-granoblastic. The amphibolites show their common tex

tures. Preferred orientation, if any, is only occasionally shown by 

biotite. 

].3.5.2: mineralogy. 

Plagioclase is typically anti-perthitically exsolved. The anor

thite content varies between 26 and 40 %An. 

Quartz is rare. 

Primary orthopyroxene has a weak to moderate pleochroism. In 

most crystals very fine exsolution lamellae 11(100) are present; ml

croscopically homogeneous crystals are also observed. Incipient ex

solution is observed on kink-planes. Its most conspicuous character

istic is the variation of its habit: either stubby prismatic crystals 

or crystals elongated in the c-dimension, sometimes even needle-like 

crystals, in which the (OOI)-cleavage is well developed. The size 

may reach 0.1 x 0.5 mm. Both 'types' may be present next to each 

other in the same thin section in the vicinity of 'hydrous seams' In 

the otherwise 'dry' host rock. Calcium-rich clinopyroxene is a minor 

constituent forming subhedral crystals with exsolution lamellae II 

(100) and "(001)". Fe-Ti oxides may be present up to a few modal 

percent	 in the leuconorites; in the amphibolites it is an accessory. 

Along the boundaries of quartz(-feldspar) veins large primary 
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Figure 1.24: schematic representation of phenomena in a leuconorite at the boundary with a quar[z 

(feldspar) vein (sample R 764). Optical angles (-2V) for orthopyroxene are rather low (compare Deer, 

Howie and Zussman 1963, part 2, figure 10). The low angles may indicate a negligible Ca-content of the 

orthopyroxene. Solid squares; primary orthopyroxene typical for the host-rock and to a lesser extent 

also for the large orthopyroxenes (primary). Crosses: needle-like primary ortll0pyroxenes with width! 

length ratios ~ 0.1-0.2 (mean 0.13), 

orthopyroxene crystals may be concentrated. They are considerably 

larger than in the leuconorites: up to 2.0 x 3.5 mm. Very fine ex

solution lamellae may be present //(JOO). A zone adjacent to the vein 

is impoverished in primary orthopyroxene, thus resulting in anortho

sitic zones (figure J.24). 

The principal constituents of the amphibolites are amphibole and bio

tite. The pleochroism of amphibole is distinct. The optical angle 

(-2V) is 80-90
0 

• The n -colour is brown and may become bluish-green
y 

towards the crystal margins. Small bluish-green crescents are scantily 

present on some primary orthopyroxenes. Domains of fine opaque needles 

may be present. Grain boundaries may be decorated with fine ore gran

ules. 
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Biotite is also distinctly pleochroic (n dark reddish-brown).
y,z 

Biotite may be symplectitically intergrown with quartz along the mar

gins. Apatite is an accessory in most melanocratic rocks. Some saus

surite is generally present. 

1.3.6: dehydrated rims of amphibolites. 

The parts of amphibolites at the contact with leucocratic host 

rock are characterized by the absence of hydrous minerals. The host 

rock may be impregnated with bluish-looking quartz which is generally 

concentrated along the contact. 

The principal components of these rims are pyroxenes (mainly 

clinopyroxene) and plagioclase, forming a polygonal-granoblastic fab

ric. Ore minerals are scantily present. Both contacts of the dehy

drated rims are sharp. 

The rims seem identical to the dehydration rims along amphibol

ites from the Grenville Province described by Schrijver (]973, ]975). 

He mentions a difference of 9% for the average anorthite content of 

plagioclase between the amphibolite (35 %An) and dehydration rim 

26 %An). In the Botnavatnet Igneous Complex this difference is smal

ler: 31 %A~ and 29 %An, respectively. 

The Ca-rich clinopyroxene in the rims may form fine-grained ver

micular intergrowths with plagioclase. The clinopyroxene crystals 

show simultaneous extinction. Locally these domains may be polygonal

granoblastic. They are situated at the very contact with the leuco

cratic host rock. 

Similar domains have been observed in some samples from the lower 

part of QMP-l, in monzonitic dikes from the Lac Croche Plutonic Com

plex In the Grenville Province (Schrijver 1975, figure 37-a and -c), 

and in the uppermost ferro-syenites of the Kiglapait Layered Intru

Slon (Morse 1969~b, plate 45, figure 3). 

The Ca-poor clinopyroxene may be present as uninverted pigeonite 

(ZV = 00 
), but generally it is inverted. It forms large crystals 
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along the contact with the leucocratic host rock. The optical angle 

(-2V) of inverted pigeonite is 50
0 

• 

Large primary orthopyroxene crystals may also be present. They 

may contain subordinate quantities of fine exsolution lamellae II 
(100).	 They are never found at the very contact with the leucocratic 

host rock. 

The black crystals in the load-cast structure (section 1.3.1) are 

inverted pigeonite and to a lesser extent primary orthopyroxene. The 

optical angle (-2V) for the needles is 50-560 
; for the larger crystals 

54-620 (cf. for the primary orthopyroxene crystals -2V = 520 
). It 

seems unlikely that pigeonite in this pock resulted from dehydration. 

I like to regard the structure as primary. However, the primary ortho

pyroxene may be related to dehydration. Towards the unaffected amphi

bolite large Ca-rich clinopyroxenes may be present. 

1.3.7:	 igneous origin of the Botnavatnet- and Gloppurdi Igneous Com

plexes. 

The rocks from both leucocratic complexes are strikingly uniform 

and different from the surrounding charnockitic migmatites. It is 

thus suggested that they may be treated as separate units. 

All contacts with the surrounding rocks, where found, are knife

sharp. At the contacts no evidence has been found for an igneous ori 

gin of the complexes (no pegmatites emanating from the complexes, no 

thermal effects in the surrounding rocks). 

Evidence for an igneous origin can be found in the mineralogy of 

the complexes. Cryptical layering is clearly proved in the Botnavat

net Igneous Complex (figure 1.22). The similarity in optical data 

for the Gloppurdi Igneous Complex suggests that cryptic layering may 

also be present there. 

The epitaxial relationships between the clinopyroxenes are re

miniscent of textures described for igneous rocks form the Vogelsberg 

(W. Germany) and Scotland (cf. section 1.1.8). 
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The presence of synneusis textures in some rocks may support an 

igneous origin. 

Wielens (1978) studied the length/width ratios of zircons from 

both complexes and observed that they are indicative for an igneous 

origin. 

The scarcity of deformation textures in both complexes is also 

thought to support an igneous origin for both complexes as in the sur

rounding migmatites deformation textures are ubiquitous. 

Whole-rock data from Dekker (1978) reproduced in the appendix, 

are plotted in the 'petrogeny's residua system' of Tuttle and Bowen 

(1958)(figure 1.25). Modal analyses (table 1.6 and 1.8) show the 

-- PH20 =0.5 kbor 
-- -- PH20~ I kbor 

presence of the hypersolvus 

feldspar (mesoperthite). In 

some samples it becomes an 

important constituent. There

fore low water pressure dur

ing an igneous stage are 

likely. This is also eviden

ced by the scarcity of hydrous 

minerals and the omnipresence 

of perthitic feldspars. For 

this reason the temperatures 

in figure 1.25 are plotted for 

pH 0 = 0.5 and 1 kb. CrysFigure 1.25: whole-rock data for the Botnavatnet and 2
Gloppurdi Igneous Complexes (Dekker 1978) plotted in tallization temperatures in 
the petrogeny's residua system. The modal percentage 

of mesoperthite is given between brackets. the Gloppurdi Igneous Complex 

should then be ca 900
o

C; for the Botnavatnet Igneous Complex ca 800
0 

C. 

The presence of mesoperthite suggests that the temperature was ca 
0

925 C at Ptotal = 5 kb and pH20 = 0.5 kb (Morse 1969-a). As the anor

thite content of the mesoperthite is probably low in analogy with the 

(quartz-)monzonitic phase (section 1.1.8) the temperature was prob

ably lower than 1000
0 

C (using the data for calcic mesoperthites of 

Morse 1969-a). 
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In both complexes primary orthopyroxene is rare. The co-precipi

tating pyroxenes are Ca-poor and Ca-rich clinopyroxene. From the re

sults of Ross and Huebner (1975) it can be inferred that precipitation 

of both clinopyroxenes indicates temperatures in excess of 900
o

C. 

The assemblage orthopyroxene(primary)-olivine-quartz may be used 

as a geobarometer (Wood and Strens 197J t Smith 1972). The primary as

semblages from the GIC and BIC (cf. sections 1.2.9.8 and 1.3.3.6) in

dicate total pressures of 10 and 12 kb (using Wood and Strens); ca 8 

and 10 kb (using Smith) (the crystallization temperature was estimated 

at 900oC). 

The pressure derived from the presence of mesoperthite may thus 

be a minimum pressure. 

In summaryt it may be concluded that the Gloppurdi Igneous Com

plex and probably also the Botnavatnet Igneous Complex crystallized 
o

at temperatures between 1000-900 C at Ptotal ~ 5 kb and low pH20 (ca 

0.5-1 kb). These temperatures suggest an igneous origin for the 'dry' 

felsic magmas. 

In both complexes melanocratic layers and lenses are intercalated. 

The minerals in these rocks are also to be found in the leucocratic 

rocks t although in different amounts. The presence of zones of mafic 

layers (cf. section 1.2.4 and Plate 2 t figure 1) suggest consanguinity 

between the melanocratic and leucocratic rocks. (Note that these rel

atively simple alternations in the complexes are not known in the mig

matites from Rogaland). Both the upper and lower contacts of the in

tercalated rocks are generally equally knife-sharp. This may be ex

plained by assuming tranquil conditions in the magma chamber. The 

geometry of the complexes seems unfavourable for the development of 

convection currents because the optimal conditions for convection cur

rents to be effective are met in chambers the diameter of which is 

four times its thickness (Wagner and Deer 1938 t p. 270). 

It is tempting to compare the Gloppurdi- and Botnavatnet Igneous 

Complexes with the banded syenite massifs from the Gardar Province of 

south Greenland (a.o. Upton 1960, Harry and Emeleus 1960, Harry and 
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Pulvertaft 1963, Ferguson and Pulvertaft 1963). The Rb-Sr whole rock 

isochron age of the Gloppurdi Igneous Complex is comparable to the 

age of the late igneous events in the Gardar Province which have been 

founded	 by Blaxland et al (1978). 

Part of the quartz in the Gloppurdi- and Botnavatnet Igneous Com

plexes and the omnipresent quartz-feldspar veins and pegmatites may 

be of late-magmatic origin, possibly the embayment textures also. 

After solidification anhydrous conditions prevailed as can be ~n

ferred from the presence of uninverted pigeonite in rocks in which 

most pigeonite has inverted upon cooling. 

Metamorphic reactions are rare. The symplectitic intergrowths of 

quartz with biotite and amphibole may be regarded as such (cf. section 

1.1.7). 

1.3.8:	 temperatures of the quartz-feldspar veins and formation 

temperature of the dehydrated rims of amphibolites. 

In the dehydrated rims inverted pigeonites have optical angles 

() 
0 2+/ ( 2+	 . .-2V of ca 50 thus Fe Fe +Mg) should be ca 0.5. The ~nvers~on 

temperature can be estimated with the aid of the orthopyroxene-pi

geonite inversion curve of Ross, Huebner and Hickling (J973) at ca 

1050
o

C. 

At the boundaries of the quartz-feldspar veins large primary 

orthopyroxenes may be concentrated. It seems likely that material for 

these crystals was leached from the leuconorite (cf. figure 1.24). 

This probably requires a certain amount of water. Still the amount of 

water has to be small because no hydrous silicates have been formed. 

I suggest that the quartz-feldspar seams may be regarded as water 

saturated melts (as the most extreme estimate). The temperature can 

be estimated at ca 9000 C (a minimum temperature). 

The minor role of a fluid phase, presumably water, can also be 

inferred from the habit of primary orthopyroxene in the dehydrated 

rims and in the leached zones of the leuconorites from the Botnavat
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net Igneous Complex. The needle-like crystals point to high cooling 

rates or undercooling (cf. Lofgren et al 1974 and Fleet 1975). This 

effect could be related to retarded nucleation of orthopyroxene. 
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1.4:	 comparison of the (quartz-)monzonitic phase of the Bjerkreim

Sokndal lopolith, the Botnavatnet Igneous Complex and the Glop

purdi Igneous Complex. 

1.4.1: introduction. 

In this section the (quartz-)monzonitic phase (QMP). the Botna

vatnet Igneous Complex (BIC) and the Gloppurdi Igneous Complex (GIC) 

will be compared. 

All three bodies are the result of crystallization from a melt. 

Magmatic differentiation is evidenced by the presence of cryptic lay

ering. 

During crystallization P I is assumed to be ca 5 kb; pH 0tota 2
should have been low (ca 0.5-1 kb). Crystallization probably took 

place between ca 1100-1000
o 

C and ca 900
0 

C. 

Subsolidus re-equilibration took place to a wide extent. 

1.4.2: felsic minerals. 

The extensive inter- and intracrystalline re-equilibration tex

tures indicate that all three bodies must have cooled slowly after em

placement. Exsolution textures are found in feldspars, pyroxenes, 

Fe-Ti oxides and in amphiboles; myrmekite rims and fringes occur be

tween K-feldspar-microperthites and adjoining microperthite and plagio

clase. Swopped boundaries are observed between K-feldspar-microper

thites. 

Carstens (J967) explained the formation of the myrmekite rims 

and fringes as a feature of intergranular growth due to the precipi

tation of the equilibrium mixture of plagioclase and quartz along in

coherent boundaries. 

It requires an initially Ca-bearing K-feldspar, 

K Na Ca 0 AISi 0 ; (x+y+2z = 1). The entering of calcium in the 
y z z 3 8

K-feldspar can be written by the substitution 2(K,Na);!CaO; whereO 
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stands for vacant sites. 

This K-feldspar breaks down to the equilibrium K-feldspar and 

plagioclase + quartz. 

The process requires slow cooling at relatively high temperatures. 

Rounded (locally euhedral) quartz crystals are commonly found en

closed in K~feldspar-microperthiteand plagioclase. In the QMP quartz 

may even occur as small platelets. Quartz is also present as rims and 

fringes between feldspar crystals. 

It is suggested that the quartz 1S driven out of the feldspar by 

the mechanism of impurity seggregation: quartz exsolved from a feld

spar containing excess silica and once exsolved it was driven out from 

the marginal zones of its hosts. 

Morse (1970) observed hexagonal quartz prisms in feldspar at tem

peratures above 6500 C in his experiments on the position of the alkali 

feldspar solvus, using synthesized glass products. It is not known 

whether the quartz exsolved from the feldspar or was simply enclosed 

by it. 

Longhi et al (1976) suggest that excess silica may enter into 

feldspars. The existence of non-stoichiometric feldspars is well 

documented for synthetic, terrestrial and lunar feldspars (references 

to several works can be found in Drake and Weill 1971). 

In feldspars an excess of Si over Al can be accommodated by 

coupled substitutions according to 
3+ + .4+

Al + Na = S1 + 0 ,or 

ZAI 3+ + Ca Z+ = ZSi4+ + 0 

that 1S by creating vacancies 1n the large cation sites. The devia

tion of stoichiometry may be expressed either as dissolved excess 

SiOZ or as CaO. 5AISi30 (Schwantke molecule). It is suggested thatS 
the cause of departure from stoichiometry may be rapid growth. 

1.4.3: £igeonite-orthoElroxene transition. 

In all three bodies quartz is strikingly associated with inverted 
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Figure 1.26: A: clinopyroxene (including pigeonite) (mean = 49.5%; s.dev. ~ 1.4; var. ~ 1.93. N = 41); 

B: orthopyroxene (mean = 48.3%; s.dev. = 1.5; var. = 2.06. N = 35). The data are selected from litera

ture: hatched from Deer, Howie and Zussman (1963), part 2, table 2, nos. 17, 18, 19 and table 3, nos. 

6-18 for orthopyroxene and table 5, nos. 30-33, 37, 38 afiQ table 18. nos. ]-J3 for calcium-rich clino

pyroxenes and for pigeonite table 22, nos. 7-11; cross-hatched from Katz (1970), from granulites of 

Mont Trernblant Park, Quebec, Canada; crosses from Nakamura and Kanda (1974) from the Beaver Bay 

Intrusion; open circles from Duchesne (1973) from the Bjerkreirn-Sokndal lopolith, SW Norway, nos. TIl, 

62261; unmarked from Howie (1963) the ferrohyperthene and eulite analyses. 

pigeonite, especially with the ex
3.801r-----------------::,() 

~ ,3D5~D,...-----"6D.,.....-----:7":D-----"8D.,.....------'9D mated in thin sections). 

The weight percentages Si02 
for iron-rich pyroxenes, randomly 

Figure 1.27: densities for pyroxenes. selected from the available litera-
Pigeonite estimated. Data from Deer, 

Howie and Zussman (1963). ture, are given in figure 1.26. It 

shows that orthopyroxene is poorer in Si02 than clinopyroxene. 

Data on densities for pyroxene solid solutions are scarce; the 

curves in figure 1.27 are estimates. 

3.70 

3.6 __ Co_cpx 

D - - - - - _pigeonite 

~ ?.5D r--"=-:::-=--=- --
em _---

_--"1"0\ 
340 

treme orthopyroxene poikiloblasts. 

Both minerals seem to be related, 

although not intergrown. The 

amount of quartz is far less than 

that of inverted pigeonite (esti
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In order to determine if the inversion of pigeonite to orthopy

roxene will yield free quartz, data from figure 1.26 and 1.27 are 

used to calculate table 1.9. Even if one standard deviation is sub

tracted from the mean 

of orthopyroxene and 

one s.dev is added to 

the mean of clinopy

roxene, the amount of 

Si0 freed by the in
2 

version is very little. 

From the petrographical 

study it is felt that 

the amount of quartz cal

wt% SiOz = means of populations 

% Fs clinopyroxene orthopyroxene 
6 

5i02 (g/cm3 ) 

50 I. 70 I. 74 -0.04 

80 I. 76 I. 84 -0.08 

wt% 5i02 (opx) = mean - s. dev .. 

wt% 5i0 2 (cpx) = mean + s.dev 

50 J. 75 I. 68 0.07 

80 I. 81 I. 78 0.03 

Table I. 9: calculated amounts of quartz involved in the 

transition from pigeonite to orthopyroxene 

«Wt% 5i0
2 

X density)/IOO). 

culated is far less than 

the amount observed. This quartz may have acted as nucleation sites 

for additional quartz precipitation since the smaller volume of ortho

pyroxene may provide the space needed. 

].4.4: inverted pigeonite. 

The optical angles (-2V) of inverted pigeonites are compiled in 

figure J.28. The distribution of optical angles of the GIG and the BIG 

is rather similar. The range of the QMP is identical to that in the 

GIG and BIG, although displaced to lower angles, suggesting more 

iron-rich inverted pigeonites in the last two massifs. This may in

dicate that P 1 was higher here than in the QMP, assuming that thetota 
temperatures in the final stages of crystallization of all three bodies 

were comparable. 

].4.5: calcium-rich clinopyroxenes. 

The populations for the unzoned crystals from the QMP and GIG can 

be accepted as normal distributions (95% acceptance limit). The Stu

dent's t-test for both populations shows that at 1% significance level 
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roxenes from QMP crosses, BIC (open circles) and 

GIC (dots).
Figure 1.28: optical angles (-2V) of in

verted pigeonite from QMP (solid line; 

mean = 67°; s.dev.	 = 1].9; N = 22), 

BIC (dash-dotted line) and GIC (dashed 

line; mean = 73.5°; s·dev. = 10.5; N = 
40) . 

the means of both populations cannot be discriminated. Data for the 

BIC are too few for statistical calculation procedures. 

Pigeonite compositions are present in all three bodies (uninvert

ed pigeonite). 

The extremely zoned clinopyroxenes (table 1.3 and 1.7, section 

1.3.3.5) are similar to zoned crystals from minor intrusives associated 

with the Nain Anorthosite (Wheeler, II 1969). The high optical angle 

of, the Ca-poor pigeonite (O.A.P. normal to (010)) is interpreted to be 

indicative for negligible calcium-contents of the cores. 

Zoning within the so-called 'augite population' (mean + two s. 

dev) includes angles around 400 
• There is evidence that the observed 

zoning is due to the development of the diallage texture. The angles 

measured in diallage textured parts are ca 40-50
0 

whereas in the parts 

devoid of these textures the optical angles are 60
0 

or more. This l.S 

especially made clear in a crystal in which the core is free from 
0 

the optical angle for the core . 720 for the rl."m 48 •diallage: l.S 

If the diallage texture is not the cause for the difference in 

optical angles then the crystal should be inversely zoned. This 
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seems improbable in the complexes of this study. So optical angles 

between 40 and 50
0 

have to be regarded with caution and it seems like

ly that the zoning in the 'augite population' is very limited. 

In figure 1.29 optical angles of Ca-rich clinopyroxenes greater 
o

than 65 (mean + one s.dev) from all three bodies have been 
aug. pop.
 

plotted vs. the angle (n Ac). These angles are only a small fraction
 . z 
of all measured angles. 

The optical angles for fassaite, (Fe,Mg)Si ~ (Al,Fe3+)AI. are 

+2V 5J-62°. For omphacite, Ca(Fe,Mg) ~ NaAl, +2V = 58-830 (from 

Deer, Howie and Zussman 1963). 

The data in figure 1.29 suggest that both pyroxenes may be pres

ent as a minor component in the Ca-rich clinopyroxenes from the QMP, 

BIC and GIC. Although speculative, omphacite-bearing Ca-rich clino

pyroxenes are restricted to the GIC suggesting that P 1 for thet ota 
GIC was greater than for the QMP. 

1.4.6: olivine. 

Comparing the -2V -population of the GIC with either the olivineol
population of QMP-I or QMP-2, the Student's t-test at 5% significance 

level shows no evidence to suggest that the population means are dif

ferent (for good comparison data for the BIC are too scarce). 

96 



2:	 Subsolidus phenomena and epitaxial relations in pyroxenes from 

the (Quartz-)Monzonitic Phase, Botnavatnet Igneous Complex and 

Gloppurdi Igneous Complex. 

2.1: calcium-rich clinopyroxenes. 

2.1.1: introduction. 

To avoid repeated descriptions of the nature and distribution of 

exsolution lamellae in calcium-rich clinopyroxenes (referred to as 

'augite', in subscripts as 'aug', without any reference to composition) 

several formalized types will here be presented. Exsolution lamellae 

may be parallel with "(001)" or "(100)" . The quotation marks are 
aug aug 

used to indicate that the plane of best lamellar fit between lamella 

and host may deviate somewhat from the actual crystallographic planes 

of the augite host. The relative abundance of the two types may vary 

considerably. The lamellae are predominantly 11"(001)" , but crysaug 
tals in which lamellae 11"(100)" dominate are also observed. The 

aug 
formalized types are based on the distribution of the so-called first 

generation lamellae. In this section only observations obtained with 

a normal light-optical microscope are discussed. This limits the pos

sibilities of interpretation of the cooling history. If from one 

type of lamellae more generations are present, as evidenced by differ

ent angles to the (001) and (100) planes of the host, the method of 

Robinson et al (1977) is adopted to decipher their order in the cool

ing history. The relative ages of lamellae of different types can 

usually not be established. 

As a rule the grain size of crystals containing only lamellae 

11"(001)" is smaller than for crystals dominated by lamellae II 
aug 

"(100)" . Lamellae 11"(001)" are on an average, thicker than la
aug aug , 

mellae 11"(100)" . The interfaces between lamella and host are 
aug 
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usually sharp and parallel. 

2.1.2: exsolution lamellae 11"(001)" • aug 

From here on crystals in which all first generation lamellae are 

11"(001)" will be referred to as CI-crystals (figure 2.1, plate 3,aug 
figure I). The lamellae usually terminate at the grain or subgrain 

boundaries, rarely at (100) twin planes. At the grain boundaries the 

lamellae may be resorbed relative to the host. The lamellae inter

faces are usually parallel, although they may taper out towards the 

Figure 2. I: augite crystal dominated by first 

generation lamellae //"(001)": CI-type. Depend

ing on the lamellar spacing second generation la

mellae //"(001)11 may be present or lamellae 

//It(LOO)". The latter not terminating at the 

first generation lamellae //11(001)". 

grain boundary of the host or towards a central band dominated by 

first generation lamellae 11"(100)" (cf. figure 2.8). The wedgesaug 
are restricted to the extreme ends; the lamellae have parallel inter

faces for most of their length. In a few CI-crystals the lamellae 

may widen in the central part of the host. Exsolution lamellae II 
"(001)" must have precipitated as a monoclinic phase, i.e. pigeonaug 
ite (Poldervaart and Hess 1951). 

The minimum lamellar thickness is about 3 ~m; the upper limit 1S 
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ca 50 ~m. 

From their appearances the lamellae can be divided into ·two 

groups: 

I) lamellae with a thickness of 3 ~m up to 6 ~m. They have a dis

tinct pleochroism. Universal stage measurements of the optical 

angles and optic axial planes suggest that they are calcium-poor 

pigeonite. In the lamellae small opaque plates have been observ

ed 11"(100)". . The thickness of the plates is less than one
p1g 

micron. If present, they can be observed in all pigeonite lamellae 

from the same host. 

The angles between the pigeonite lamellae 11"(001)" and the 
aug 

c-axis of the augite are given in figure 2.2. The range of angles 

is in part caused by errors of the universal stage procedure ap
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F~gure 2.2: angles between p~geonite lamellae and the crystallo

pendix I). In part the ob

served range reflects real 

differences related to the 

compositional differences 

of the augite host. 

Such a relationship is 

reported by Jaffe et al 

graphic c-axis of the augite host in sections nonnal to the b-axis. (1975) for metamorphic aug-
The solid line indicates data from the QMP(N=36), the dashed line • 

from the GIC(N=IS). 1tes. They observed that 

the angle "(OOI)"Lk varies from 1230 to 111 0 if the ratio 
2+ 3+ 2+ 3+

(Fe +Fe +Mn)/(Fe +Fe +Mn+Mg) in the augite host changes from 

o. I to 0.9. 

Lamellae of several generations may be present in the same 

host. The lamellar spacing (the distance between two lamellae 

measured in a section normal to the crystallographic b-axis of 

the host) of first generation lamellae 11"(001)" is the control
aug 

ling factor for the presence of other generations lamellae II 
"(00 I)"aug and perhaps the occas ionally observed small lamellae I I 
"(100)" (figure 2.1). The minimum lamellar spacing at which aug 
second generation lamellae may occur will be called critical 
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spacing (S ). The S -values for the QMP and GIG are indicated in c c 
figure 2.3. The S for the QMP is ca 7 ~; for the GIG ca 15 ~. 

c 
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Figure 2.3: lamellar spacings for the (quartz-)monzonitic phase of the Bjerkreirn-Sokndal lopo

lith (mainly two-clinopyroxene monzonites and -syenites) (A) and for the Gloppurdi Igneous Com

plex (B). The dashed line is the spacing of lamellae with no second generation lamellae be

tween them. The solid line is the spacing of lamellae between which second generation 1a·

mellae are observed. 
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Figure 2.4: aog Ie between firs t and 

second generation lamellae 

11"(OOI)"aug from the QMP. 

QMP 

I 

(The data for the BIG are too scarce to war

rant an estimate of S). In rare crystals
c 

the lamellar spacing exceeds S without pre
c 

cipitation of a second generation lamellae, 

especially in crystals from the GIG. 

First generation lamellae are invariably 

flanked by a so-called precipitation-free 

zone (PFZ). 

Angles between first and second genera

tion lamellae were measured in sections normal 

to the crystallographic b-axis of the host. 

The distribution of angles in the QMP is given 

in figure 2.4. The mean angle is 2°. For 

the BIG and GIG this angle is 1.5°. 
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I 

2) lamellae //"(001)" of orthopyroxene with very fine lamellae of aug 
a Ca-rich clinopyroxene //(100) ,the overall relative volumes opx 
suggesting initial pigeonitic compositions. These lamellae will 

be referred to as Rogaland Inverted Pigeonite lamellae; crystals 

with these lamellae as C -crystals (figure 2.5, plate 3, figure 2),
4

10 

N 

2 

0 5 10	 15 20 2'5 30 35 40 45 50 55 m 

Figure 2.6: lamellar thickness of "Rogal and inverted pigeonite" 

lamellae //"(001)" in the QIlP and the GIC. 
aug 

Figure 2.5: augite crystal with 'Rogaland invert

ed pigeonite lamellaell/d(OOI)!l which may repre

sent the oldest generation. The crystals will 

a aug/pig be referred to as C -crystals. Generally they
4

contain also two generations of augite lamellae 

/ I" (00 I)" and	 "( 100)". 

It is not clear whether these lamellae may be regarded as the 

equivalent of the first generation lamellae, or whether they re

present an older generation. 

In the QMP the minimum thickness is ca 5 ~m; the minimum lamellar 

thickness in the GIC is less distinct from the histogram (for the 

I I 
I I 
I 
I 

L_-, ......GIC 
I I 
I I ,...__-1	 I
 

I
 
I I 

__ JI IL ______ 

__QMP 

--.., r- 
I I 

BIC too few data are avail 

able). 

Combining the data from 

figure 2.6 with the observa

tions on the lamellar thick

ness of the pigeonite lamellaE 

mentioned above, it may be 

concluded that below a criti 

cal lamellar thickness (LT )
c 

the augite host stabilizes 
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the pigeonite lamellae. The LT for the QMP appears to be ca 
c 

6 ~m; for the GIC (and BIC ?) it may be slightly larger. With

in one augite host only one or three Rogaland inverted pigeonite 

lamellae may be present. If several lamellae are present the la

mellar spacing is roughly 45 to 65 ~m. 

The Rogaland inverted pigeonite lamellae may be either of 

constant thickness or lens-shaped, not reaching the grain bound

aries of the host. In the direction of thinning they may change 

into un-inverted pigeonite. 

In detail the lamella interfaces appear to be "kinked" (cf 

section 5, Plate 3, figure 3), resulting in a step-like interface 

between the lamella and augite host. In sections normal to the 

crystallographic b-axis of the host the interface is seen to be 

normal to (100) where the augite phase of the lamellae borders 

the augite of the host, or where the orthopyroxene phase of the 

lamellae borders a "(IOO)"-orthopyroxene lamella in the host. 

Where the pyroxenes at both sides of the "(OOI)"-lamella/host 

interface are different, the angle between the interface and (100) 
odeparts from 90. Corresponding phases in the Rogaland inverted 

pigeonite lamella and in the augite host are ~n optical continuity. 

Quite rarely, the lamellae are observed to change direction 

from "(DOl)" to "(100)" (Plate 3, figure 4). This change mayaug aug 
be the result of coalescence of the orthopyroxene part of the 

Rogaland inverted pigeonite lamella and the lamellae //"(100)" . aug 
The rounded interfaces result from a tendency to lower the sur

face energy of the system orthopyroxene-augite. 

Within the Rogaland inverted pigeonite lamellae the relative 

amounts of orthopyroxene and augite may vary considerably. The 

orthopyroxene phase may be seen to form isolated parallelograms 

elongated in the direction of the original "(DOl)" lamella. Sub

solidus readjustment and diffusion(?) should have played a role, 

but some of the coarser heterogeneities seem to be caused by orig

inal compositional differences in the lamellae. 
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2. I. 3: exsolution lamellae / /" (100)" . aug 

Crystals in which all first generation lamellae are //"(100)"aug 
will be referred to as C -crystals (figure 2.7, Plate 4, figure I).

3

The lamellae commonly terminate at both ends at the host grain bound

aries. The lamella interfaces are parallel. The lamellae //"(100)"
aug 

should have an orthorhombic symmetry, i.e. orthopyroxene (Poldervaart 

and Hess 1951). The orthopyroxene lamellae may cross the augite 

grain boundaries and extend into the surrounding fabric. Near the 

grain boundaries the lamellae may coarsen and eventually merge into 

a homogeneous orthopyroxene phase outside the augite host (this ortho

pyroxene should be included in calculations of the composition of the 

initial calcium-rich clinopyroxene) (cf. Plate 4, figure I). 

The lamellar thickness of the first generation lamellae is ca 

0.3 to 2 ~m in the QMP; ca 0.5 to 1.0 ~m in the BIC and GIC. 

The lamellar spacing is usually 3-6 ~m; for lamellae thicker 

than ca 1.0 ~m it is 10-15 ~m. The S is ca 9 ~m. Only if the la
c 

mellar spacing exceeds the critical spacing second generation lamellae 

//"(001)" may be present between them. 
aug 

In addition some crystals may show a second generation of 

<5 
Q 

Cll 
U 

g 

Figure 2.7: augite crystal dominated by first 

generation lamellae ((( 100): type C)" If the 

critical lamellar spacing is exceeded lamellae II 

11(001)" may be present, terminating at the la

mellae (((100). 
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lame llae I I" ( I00) " be tween the lame llae I I" (00 I) " . They are at 
agg aug 

an angle of ca 2-7 to the first generation lamellae in the acute 

angle S
aug 

. Since the first generation lamellae are likely to be 

parallel with the crystallographic plane (100) of the augite, first 

generation exsolution lamellae will be referred to as '1/(100) ,aug , 
while the second generation lamellae will be referred to as 

'1/"(100)" , (cL Plate 4 figure 4). In a few crystals thin laaug , 
mellae of a third generation may be recognized. They occur between 

the first generation lamellae /1"(001)" at which they do not ter
aug 

minate. They are at a persistent small angle to the lamellae II 
(100) , either in the acute or in the obtuse beta-angle (cf. Plate 

aug 
5, figures I and 2). In extremely rare crystals from the QMP and 

GIC lamellae which are a few microns thick or shorter lamellae ar

ranged "en echelon" have been observed at a persistent angle of 4
0 

o(range 3.5-4.5 ) to the first generation lamellae. They will be re

ferred to as parallel to (103) . 
aug 

2.1.4:	 calcium-rich clinopyroxenes containing first generation 

exsolution lamellae /1"(001)" and /1(100). 

Most crystals contain both types of exsolution lamellae of a 

first generation (cf. Plate 4, figures 2, 3 and 4; Plate 5, figures 

and 2). These crystals will be referred to as c -crystals (figure
2

2.8). Usually they consist of domains of C and C -crystals. In
j 3

most crystals the C -domain forms a central band, the CI-domains be
3

ing restricted to the marginal parts of the crystals. Their ratio 

ranges from CI-crystals with a few centrally situated lamellae II 
(100) to C -crystals with small marginal fringes in which first 

aug 3
generation lamellae /1"(001)" dominate. The domain distribution ~s 

aug 
not always as regular as described above. C and C -domains may also

j 3
form a mosaic within a single augite host. Rarely, the C -domain3
forms a distinct core completely surrounded by a CI-mantle. This 

phenomenon is restricted to the QMP. 
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Caug 

Figure 2.8: augite crystal with domains of 

first gener;"ition Lamellae //11(001)" and of 

first generation lamellae //(100): type C .
2 

Depending on the lamellar spacing second gen

eration lamellae may be present. The first 

generation lamellae //"(001)" may taper out 

towards the central band of the C -type.
3

For second generation lamellae to be present, the criteria out

lined in the preceding sections must be satisfied. The second gen

eration lamellae //"(001)" invariably terminate at both ends at the 
aug 

first generation lamellae //(100) ; the second generation lamellae aug 
//"(100)" may terminate at both ends at the first generation lamel

aug 
lae //"(001)" . 

aug 
In general the Rogaland inverted pigeonite lamellae are restrict

ed to C -crystals.2
Diallage-textured calcium-rich clinopyroxene occurs 1n the QMP, 

BIC and GIC (cf. sections 1.1.6.6, 1.2.9.7 and 1.3.3.5). Viewed in 

sections normal to the crystallographic c-axis the diallage texture 

may be present throughout the crystal or be restricted to a central 

core or to small isolated randomly distributed domains. From the do

main distribution of exsolution lamellae in C -crystals it is sug2
gested that this texture and C -domains (first generation exsolution

3
lamellae //(100) ) are intimately related. It is, however, not 

aug 
suggested that the diallage texture is simply and solely caused by 

the presence of exsolution lamellae //(100) . aug 
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2.1.5: lamellar thickness, LT and S . 
c c 

First generation lamellae are invariably thicker than second 

generation lamellae of the same type. First generation lamellae // 

"(001)" are 3-6 jJm thick, second generation lamellae 0.1-0.3 jJm.
aug
 

The thickness of second generation lamellae / /" (100)" is difficult
 
aug 

to measure accurately with a light-optical microscope. 

The presence of precipitation-free zones along first generation 

lamellae //"(001)" ,and of a critical spacing, suggest that lamel
aug 

lar growth is diffusion controlled. This may explain the differences 

~n thickness of different generations of lamellae of the same type. 

First generation lamellae //"(001)" are typically thicker than 
aug 

first generation lamellae //(100) . 
aug 

Different lamellar thickness of the two types of first genera

tion lamellae in an augite host is a generally observed feature in 

terrestrial as well as lunar calcium-rich clinopyroxenes. As exsolu

tion takes place by a mechanism of nucleation and growth (spinodal 

decomposition is not considered here as it seems to be restricted to 

quickly cooled environments, e.g. volcanic rocks) this suggests that 

nucleation of a monoclinic phase on (001) 1" is preferredc ~nopyroxene 

over nucleation on (100) 1" , being related to strain enerc ~nopyroxene 

gies in the host resulting from nucleation and growth of a lamella. 

Morimoto and Tokonami (1969) confirmed this, although it is consider

ed probable that they investigated a spinodally decomposed pigeonite 

in which the lamellae //(001) . and //(100). are assumed to con-
p~g p~g 

sist of augite of the same composition. Furthermore they proved con

vincingly that nucleation of a monoclinic phase on (001) of a mono

clinic host is energetically favourable over nucleation of an identi 

cal phase on (100) of a monoclinic host. Once a nucleus has formed 

on the monoclinic host plane (001) it may be stabilized by the host 

due to the fact that the lattice parameter misfits are negligible 

for two monoclinic clinopyroxene phases on the (OOI)-planes. Smith 

(1969) pointed out that at high temperatures (001) is preferred over 
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(100) as a plane of intergrowth, because of the minimum areal distor

tion at the temperature of exsolution. Consequently the first exsolu

tion 1n a monoclinic host should be according to (DOl). Upon con

tinued cooling the plane of intergrowth (best fit) will switch to 

(100). The compositions of both exsolved phases will be different. 

Thus according to the phase diagrams of Ross, Huebner and Dowty (1973) 

the first phase to exsolve from a calcium-rich clinopyroxene should 

be pigeoni te forming lamellae / I" (00 I)" . Upon continued cooling
2 aug 

Ca, Fe + and Mg cations will migrate across the host-lamella inter

face and the lamella will coarsen. The driving force for precipita

tion of pigeonite from a calcium-rich clinopyroxene is likely to be 

chemically controlled. A different thickness of lamellae of the same 

type could thus be used to distinguish lamellae of different genera

tions. 

Since cation migration in pyroxenes seems to be easier 1n the 

c- than in the a-direction (among others, Poldervaart and Hess 1951) 

it is suggested that the thickness criterion may only be applied to 

lamellae of the same type. Differences in cation migration seem to 

be supported by the observation that the lamellar spacing for "(001)"

lamellae is larger than for (IOO)-lamellae (cf. Plate 4, figure 3). 

Cation migration also depends on the temperature and rate of 

cooling: migration will become progressively more difficult with de

creasing temperature. Rapid cooling at high temperatures or slow 

cooling at intermediate to low temperatures may result in exsolution 

lamellae of comparable thickness. For these reasons, it may be dan

gerous to distinguish various generations of exsolution lamellae on 

the ground of their thickness only. 

A better criterion to distinguish between different generations 

of lamellae //"(001)" or //"(100)" within the same host is that 
aug aug 

different generations of lamellae of the same type should have slight

ly different orientations relative to the actual (DOl) and (100)
aug aug 

crystallographic planes. This follows from the optimal phase bound

ary theory for pyroxenes and amphiboles of Robinson et al (1971). The 

predicted "(OOI"-angle for a monoclinic host is equal to 
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c sin S aug aug 
S + arc tan where 
aug c I cos S '+ waaug aug aug 

c . I cos s. I - c cos Sp1g p1g aug I augw L 
a a .

aug p1g 

The predicted "(IOO)"-angle can be calculated by substituting the 

proper cell parameters for monoclinic host and orthorhombic lamella. 

The value of 'w' and of the 'arc tan' form will change because 

the cell parameters depend on composition (Turnock, Lindsley and 

Grover 1973), temperature (among others, Cameron et al 1973) and 

pressure. 

Robinson et al (1971) observed and calculated that in an augite 

from the Duluth Gabbro the angle between the ~econd generation lamel

lae //"(001)" and the c-axis of the host is greater than for the first 

generation lamellae //"(001)". In the calcium-rich clinopyroxenes 

from the QMP, BIC and GIC this appears to be also valid (cf. figure 

2.4). 

The observed critical spacing reflects the ability of cation m1

gration within the temperature range in which growth of the exsolved 

lamellae occurred. The observation that the spacing of the Rogaland 

inverted pigeonite lamellae is larger than for the (first generation) 

un-inverted pigeonite lamellae //"(001)" seems to support this: aug 
the first are typically thicker than the latter. The wollastonite 

content of the Rogaland inverted pigeonite lamellae is higher than 

that of the un-inverted pigeonite lamellae (cf. chapter 4). From the 

phase diagrams (Ross, Huebner and Dowty 1973) it can be concluded 

that the Rogaland inverted pigeonite lamellae formed at higher temp

eratures than the un-inverted pigeonite lamellae. It may be conclud
. d .ff . .. ( . 11 2+ 2+ 2+)ed t hat t he cat10n 1 US1v1t1es espec1a y for Ca , Fe and Mg 

apparently decrease with decreasing temperature, even at elevated 

temperatures. Recently McCallister (1978) suggested calcium to be 
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the controlling factor for coarsening of exsolution structures 1n Mg

rich Ca-rich clinopyroxenes. 

The mechanism of nucleation and growth is also important. Since 

heterogeneous nucleation of lamellae is restricted to energetically 

favourable sites the distances between lamellae may be variable. Con

sequently, diffusion paths and lamellar thicknesses for lamellae of 

identical type and generation may show some variation. It is suggest

ed that a part of the difficulties involved in establishing cation 

diffusivities are overcome 1n case of homogeneous nucleation or spin

odal decomposition. 

The critical lamellar thickness (LT ) (section 2.1.2) probably re
c 

flects the ability of the host phase to stabilize the exsolved mono

clinic lamellae. As exsolution proceeds more easily when lattice mis

fits are negligible, pigeonite lamellae will occupy the "(001)" aug 
plane. Upon cooling the C2/c or P2 /c pigeonite must undergo a trans

1
ition to orthopyroxene (+augite) (cf. section 2.2.2). The transition 

is reconstructive and involves nucleation of orthopyroxene in the pi

geonite phase. As the misfit on "(001)" between ortho- and clinopyrox

ene 1S considerable, the augite host will try to stabilize the mono

clinic host at the host-lamella interface and some distance away from 

it. This mechanism was previously suggested by Yamaguchi and Tomita 

(1970) and Simmons, Lindsley and Papike (1974). The pigeonite lamellae 

then persist metastably. In lamellae thicker than LT orthopyroxene
c 

will eventually nucleate, the transition taking place well below the 

pigeonite stability field. 

Upon cooling both the pigeonite and augite lattices will be in

creasingly strained at the interface. McCallum, Okamura and Ghose 

(1975) suggest that lattice relaxation to relieve this strain at the 

interface plays an inportant role in the metastable persistence of ex

solved pigeonite lamellae. The pigeonite cell-parameters, in this 

case, become anomalous in order to maintain coherency across the in

terface. This restricts their model to narrow lamellae. Broad pi

geonite lamellae, which have lost their coherency with the augite host, 
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will readily transform to orthopyroxene. 

As the mismatch at the host-lamella interface will be larger for 

older, thicker lamellae the strain at the interface at a certain 

stage in the cooling history will become great enough to produce 

stacking faults //(100), (Robinson et al 1977). The presence of 
p~g 

stacking faults may have facilitated orthopyroxene nucleation (Ross, 

1978, written corom.). This role of stacking faults is also suggest

ed by Champness and Copley (1976). They observed these faults in un

inverted pigeonite lamellae ~n augite from the Skaergaard and Bushveld 

intrusions. Wider lamellae in the same samples did transform to 

orthopyroxene. 

2.1.6: exsolution mechanisms: theoretical considerations. 

This section draws heavily from Champness and Lorimer (1976). 

Exsolution may proceed by a nucleation and growth mechanism or 

by spinodal decomposition depending on the cooling rate, composition 

and exact relative positions of the free energy vs. composition curve. 

Transformations may take place between two end-members (e.g. host

lamellae) with the same or very similar crystal structures or between 

end-members having different crystal structures (cf. Champness and 

Lorimer, 1976, figures 1 and 2). The free energy vs. composition 

curve is continuous for the first situation, while two distinct curves 

exist for the second situation. In the former situation exsolution 

may proceed by nucleation and growth or by spinodal decomposition, 

in the latter situation only by nucleation and growth. Spinodal 

decomposition involves "the evolution of sinusoidal composition waves 

with progressively increasing wavelength and amplitude in which the 

overall symmetry reflects that of the parent structure (Cahn 1961 

and 1962). The peaks and valleys in these waves eventually become 

two discrete phases". The upper limit of the decomposition ~n a 

T-X diagram is given by the coherent spinodal. After the first stage 

of decomposition and coarsening the initially diffuse interface be
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comes increasingly sharper. Once a sharp interface exists it ~s im

possible to discern whether precipitation took place by spinodal de

composition or by nucleation and growth. Spinodal decomposition seems 

restricted to quickly cooled environments, e.g. clinopyroxenes in vol

canic rocks. 

The mechanism of nucleation and growth involves the formation of 

a particle of the exsolved phase large enough for growth to result ~n 

a net decrease of free energy. The free energy involved in exsolution 

is given by f,G t 1 = f,G 1 + f,G + f,G in whichto a vo ume surface strain'
 

f,G f and f,G . are positive terms opposing the nucleation
 sur ace stra~n 

event. f,G 1 is the volume free energy difference between the par
vo ume
 

ent and product phase. It is the driving force for nucleation and
 

G*)· .. The
growt.h f,G*(AuGtotal = f, ~s t he act~vat~on energy b'arr~er. 

critical radius for predipitate nucleus is r*. Both f,G* and r* are 

sensitive to the extent of undercooling below the solvus. The criti 

cal nucleus becomes smaller with increased undercooling. 

Homogeneous nucleation will take place if r* is so small that 

random short range fluctuations in composition over a certain time 

interval are able to produce a critically sized nucleus which will 

grow rapidly. 

Heterogeneous nucleation will take place if the elastic misfit 

between matrix and precipitate is more than ca 2%. f,G . (and con
stra~n 

sequently r*) will be so large that it is impossible to form a criti 

cal nucleus even at large undercooling. The very high nucleation 

barrier can be overcome by heterogeneous nucleation at either planar 

(grain- or subgrain boundaries) or linear defects (dislocations). A 

second possibility is precipitation of a transitional (intermediate) 

phase instead of the equilibrium phase. The growth of a precipitate 

after nucleation is driven by the same force as the nucleation event 

itself: the tendency to reduce solute supersaturation. The morph

ology of the growing particle depends on the nucleation site, its 

orientation in the matrix and its interface. An incoherent boundary 
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as would be produced by heterogeneous nucleation at a grain boundary 

presents no structural obstacle to growth. The growth rate is either 

controlled by volume-diffusion or by transfer of solute at the inter

face itself. A structural obstacle for growth is present for semi-

or fully coherent interfaces. This is overcome by the introduction 

of ledges which migrate along the interface when thickening of the 

precipiate takes place. Nucleation and growth are thermally activat

ed processes controlled by ~G 1 and the diffusion coefficient of 
tota
 

the solute (D). At high temperatures (small amount of undercooling
 

below the equilibrium solvus) ~G 1 will be small but D will be vo ume 
large. For low temperatures the inverse will be true. It will be 

evident that there is an optimum amount of undercooling at which the 

transformation rate is at its maximum. This behaviour can be illus

trated in a so-called Time-Temperature-Transformation(TTT)-diagram 

(the reader is referred to Chadwick (1972) ; compare also figure 

2.18). From these diagrams it follows that at intermediate to low 

cooling rates exsolution will take place by nucleation and growth. 

Homogeneous nucleation will take place at low cooling rates at temp

eratures lower than those at which heterogeneous nucleation can take 

place. 

2.1.7: suggested exsolution mechanisms. 

The morphology of lamellae //"(001)" was treated in section aug 
2.1.2. The bulk of the lamellae grew from grain- or subgrain bound

aries, suggesting heterogeneous nucleation. Lamellae may also wedge 

out at both ends on reaching a grain- or subgrain boundary. The 

shape seems to indicate growth from the centre of the lamella outward. 

Both morphologies may be present within a single host and the lamellae 

appear to be of the same generation. It is suggested that they also 

formed by heterogeneous nucleation. 

Lamellae //"(001)" which are often distributed "en echelon" 
aug 

between the first generation lamellae of the same type generally ter
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minate at both ends by wedging (cf. figure 2.1). The exsolution mech

an~sm cannot be established. The thin lamellae //"(001);1 between 
aug
 

first generation lamellae //(100) invariably terminate at the
 
aug
 

latter (among others, figure 2.7). First generation lamellae //
 

(100) invariably terminate at the grain boundaries. In C -crystalsaug 2
with the mosaic domain distribution the lamellae //(100) typically

aug
 
terminate at both ends at the first generation lamellae //"(001)" .
 

aug 
This seems to point to heterogeneous nucleation of the (IOO)-lamellae. 

Second generation lamellae //"(100)" typically do not termin
aug
 

ate at the first generation lamellae //"(001)" which are flanked by

aug 

PFZ's. The second generation lamellae may form a simple cross-hatch

ed pattern. The exsolution mechanism for these second generation la

mellae is not clear. 

In summary: it ~s suggested that all first generation lamellae 

are formed by heterogeneous nucleation. The exsolution mechanism for 

second generation lamellae remains unclear. 

2.1.8: domain distribution ~n C -crystals.2

For all first generation lamellae heterogeneous nucleation, re

quiring grain or subgrain boundaries, is suggested. A model which 

could explain the domain mosaic is the assumption that prior to ex

solution (nucleation) the augite consisted of subgrains. Within each 

subgrain exsolution could proceed either //(100) or //"(001)". 

It ~s suggested that the sub grains could form during the cooling 

history of the crystals. Final crystallization of the ~1P took place 
0

at ca 900 C and 5 kb (section 1.1.8). These conditions are very simi

lar to those for the granulite facies metamorphism in the surrounding 

charnockitic migmatites: 9000C and 3-6 kb (Hermans et al 1976). It 

is suggested that the granulite facies metamorphism in the surrounding 

migmatites is caused by the intrusion of the leuconoritic phase of the 

Bjerkreim-Sokndal lopolith. Between this phase and the (quartz-)mon

20nitic phase an unconformity is present. The time gap between these 
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two phases is probably small, because of the synkinematic emplacement 

of the lower phase. 

It is further suggested that cooling of the QMP and of the sur

rounding charnockitic migmatites took place simultaneously. During 

cooling of the latter the total pressure may have increased slight~y. 

This was suggested by Dekker (1978) from the presence of retrograde 

amphiboles: the bluish green crescents (cf. sections 1.1.6.8, 1.2.9.9 

and 1.3.3.7). Dekker estimates the pressure at ca 5 kb. Once the 
otemperature had dropped to 600-400 C the total pressure decreased. 

It then follows that the cooling path for the QMP and surrounding 

migmatites is virtually isobaric in the temperature range of 900
0 

C to 

600-400
o

C. This implies that volume expansion due to decompression 

was negligible and shrinkage due to cooling was the predominant physi

cal effect. This behaviour is illustrated for hedenbergite (figure 

2.9). The volume decrease from A to 

B is 1.4%. The shrinkage has an ~so

tropic character. This possibly ex

plains the formation of subgrains in 

response to cooling. 

On cooling augite will preferen

tially exsolve pigeonite which will 

occupy the "(001)" plane. Lack of 

precipitation in other subgrains, pos

sibly due to differences in the amount 

of fluid between subgrains, will re

sult in a calcium-supersaturated aug

ite. The amount of undercooling may 

have been sufficiently large to over
100 200 400 500 600 T .C 900 1000 

come the nucleation barrier of ortho-
Figure 2.9: unit-cell volume of hedenbergite pyroxene, which at lower temperatures 
as a function of temperature at given total
 

pressures. Unit-cell volume data from Cameron is the stable Ca-poor pyroxene (cf.
 
et al (1973). The initial compressibility data 

the pseudobinary phase diagram of 
for augite are from Birch (1966). 

The initially isobaric cooling paths for the figure 2.20). 
complexes is indicated by the dashed line from 

A to B. 
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Another possibility is that precipitation 1n the augite occurred 

1n the temperature interval of the three-phase assemblage (opx-pig

aug) (cf. figure 2.20). Precipitation of orthopyroxene //(100) or 
aug
 

pigeonite //"(001)" in the subgrains in this case is possibly re

aug
 

lated to the orientation of the different subgrains within the augite
 

crystal. 

2.1.9: best-fit plane change for calcium-poor precipitates. 

Lamellae //"(001)" are rarely seen to change their habit plane
aug
 

to "(100)" . Whether they merged into an existing "(IOO)"-lamellae

aug 

or continued their growth in this plane cannot be determined, although 

their lens-shaped appearance suggests the latter possibility (Plate 5, 

figure 2). Under a light-optical microscope the change seems to be 

uninterrupted. The "(OOI)"-orientated parts are aligned within the 

host, that is, one can draw imaginary planes across the host to which 

these parts are confined. The change to "(100)" is 1n opposite 

directions at the extreme points of the "(001)" parts. Calculations 

show this to be in agreement with the optimal phase boundary theory. 

The angle c 1\" (00 I)" (pigeoni te lamella) increases with decreasing
aug aug 

temperature (calculated isochemically). Robinson et al (1977, figure 

4) observed a curvature in opposite directions of lamellae //"(001)"aug 
1n an augite from the Stillwater Complex (Montana). They believe it 

to be due to longitudinal growth during cooling and/or compositional 

change in response to the gradually changing lattice parameters. How

ever, they do not report the extreme change to "(100)". The orienta

tion //"(100)" suggests an orthorhombic symmetry, while the orientaaug 
tion //"(001)" suggests a monoclinic symmetry. This would involve 

aug 
an 'inversion' of the monoclinic pigeonite lamella upon continued cool

ing. Since the change seems to uninterrupted this model appears to be 

invalid. Nakazawa and Hafner (1977) introduced the idea of the 'criti 

cal temperature' above which the best fit between two monoclinic 

phases is best on (001), and below which it is best on (100) (their 

model applies to augite lamellae in a pigeonite host). They neglect

ed the C2/c~P21/c transition of pigeonite. If in the samples from 
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the QMP and GIC exsolution of pigeonite took place above the critical 

temperature it may explain the changeover of the monoclinic phase to 

"(100)"	 . 
aug 

Ross, Huebner and Dowty (1973) suggest that intragranular exsolu

tion of clinopyroxene may be influenced by stress. The question one 

can ask is: is it possible that the shrinkage involved in cooling of 

the augite resolves itself in linear planes/subgrain boundaries across 

the augite host which are then favourable sites for nucleation of a 

calcium-poor clinopyroxene phase? It could explain the alignment of 

"(001)" parts of the lamellae. 

2.1.10:	 epitaxial relationships between calcium-rich and calcium

poor pyroxenes. 

Epitaxial relationships between Ca-poor pyroxenes (pigeonite and 

to a lesser extent, primary orthopyroxene) and Ca-rich clinopyroxenes 

are common in all three complexes. Common planes of epitaxy are 

"(001)" and (100), the former being more common than the latter. 

The Ca-poor pyroxene may be partly or completely rimmed by Ca-rich 

clinopyroxene, typically on discrete crystal faces: In the QMP main

ly "(001)" and (100) (figure 2.10 and Plate 6, figures 1-4), in the 

GIC also (101) . . Rounded cores are scantily present.plg 
The proportions of both phases are variable: one or several Ca

poor cores in a Ca-rich clinopyroxene or a thin Ca-rich clinopyroxene 

crescent on a Ca-poor pyroxene. Lamellar structures on (100) are also 

found. Small apatite needles may decorate the "(OOI)"-plane of 

epi taxy. The angle between the epitaxial "(00 I) "-plane and (100) 

varies between 1040 and 1080 (sections normal to the crystallographic 

b-axis). 

The Ca-poor clinopyroxene is typically present as inverted pig

eonite: orthopyroxene with thin lamellae //(100) and rarely also opx 
a few lamellae at a small angle to (100). Both orthopyroxene and 

lamellae	 are in optical continuity with corresponding phases in the 
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Figure 2.10: epitaxial relationships between calclum

poor and calcium-rich clinopyroxenes from the Q~lP, HIC 

and GIC. Epitaxy may be on the mutual (100)-(2.10-A) 

or "(001 }"-plane (2.l0-B). The calcium-poor clino

pyroxene may be partially (2.IO-C and 0) or complt:'t<.'

ly overgrown. Both phases may also form a more or 

less lamellar lntergrowth parallel to the mutud] 

"(OOI)"-plane. Crystals of the type 2.10-[ are 

nol always easy La distinguish from augites con Lain

ing '1Rogaland inverted pigeonite lamellae'. If the 

width of tIle ea-poor clinopyroxene bands exceeds 

50 IJrn the distinction is clear (2.10-E), 

The calcium-poor clinopyroxene is genpr~lly inverted 

to orttlopyroxene containing fine augite lamellae II 

(100). [n the calcium-ricll clinopyroxene exsolution 

lamellar II (100) are common. Depending on their la

mellar spacing lamellae' It'(OOI)tl may be presenL.
aug 



epitaxially related Ca-rich clinopyroxene. In a few samples from the 

BIC pigeonite is still un-inverted (cf. section 1.3.3.5). 

Comparable epitaxial relationships have been described from hyp

abyssal and v~lcanic rochs (Tarney 1969, Ernst and Schorer 1969 and 

Schorer 1970). 

An occasionally observed complex epitaxial relationship is 

schematically presented in figure 2.11 (cf. Plate 6, figure 3). This 

Figure 2.1 I: complex epitaxial relationship be

tween calcium-poor and calcium-rich clinopy

roxenes: the "clinopyroxene ladder". The "rungsl1 

are calcium-rich clinopyroxene generally contain

ing two sets of exsolution lamellae. The spaces 

between th~ "rungs" are inverted pigeonite: 

QQug orthopyroxene ~ith fine augite lamellae //(100). 

"clinopyroxene ladder", where the space between the rungs is 'filled' 

with inverted pigeonite, may be regarded as being built up of several 

crystals with simple epitaxial relationships. 

The epitaxy is interpreted as a solid-liquid phenomenon. Pig

eonite may have acted as a nucleation site for Ca-rich clinopyroxene. 

The epitaxially related bands of inverted pigeonite in Ca-rich 

clinopyroxene //"(001)" (cf. figure 2.10-e) may be confused with the 

Rogaland inverted pigeonite lamellae. However, these are generally 

lens-shaped or at least taper out at one end, while epitaxy typically 

results in clearly defined "(001)" and "(lOO)"-planes. The thickness 

of the inverted pigeonite band may also be indicative: the maximum 

thickness observed for Rogaland inverted pigeonite lamellae is ca 
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50 ~m (cf. figure 2.6). 

A few crystals from the QMP show a peculiar distribution of ex

solution lamellae (Plate 7, figure I). The Ca-poor pyroxene In the 

core is orthopyroxene with abundant, very fine and closely spaced 

clinopyroxene lamellae //(100). The amount of orthopyroxene lamellae 

//(100) in the Ca-rich clinopyroxene delineates a zoning: a thin 
aug 

zone adjacent to the core contains a larger amount of lamellae than 

the outer margin of the crystal. 

It is suggested that at the boundary between core and rim a cal

cium gradient developed prior to inversion and exsolution which homo

genized the augite to its equilibrium composition on the pigeonite 

saturated limb of the pig-aug solvus. The absence of these zones 

perpendicular to (100) supports the suggestion that cation migration 

lS easier in the c- than in the a-direction. 

The development of Ca-gradients may also be inferred from V-stage 

measurements on a Ca-rich clinopyroxene crystal with a core of pri 

mary orthopyroxene (RI53, table 1.1, section 1.1.6.6 and figure 2.12). 
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The decreasing optical angle (+2V) of 

orthopyroxene indicates an increasing 
2+/ ( 2+ )Fe Fe +Mg . .ratlo whlch may be 

equivalent to a decreasing wollaston

ite content. The low optical angles 

of clinopyroxene clearly indicate pig

eonitic compositions. 

An alternative explanation lS 

sector zoning in the (OOI)-sector. 

Sector zoning has been widely discus

sed for terrestrial and lunar volcan

Figure 2.12: optical angles (+2V) and estimated ic rocks (e.g. Hollister and Hargrave~ 
wollastonite contents for primary orthopyroxene 

which is completely overgrown by calcium-rich 1970, Hollister and Gancarz 1971 and 
clinopyroxene (sample HIS3 from the QMP). Boyd and Smith 1971). Generally only 

the multivalent ions AI, Ti and Si are involved. Sector zoning of 

the major elements Fe, Mg and Ca seems rare, but has been reported by 
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Hollister and Hargraves (1970), Boyd and Smith (1971) and Nakamura 

(1973), It remains possible, however, that the reported zoning ~n 

CaSi0 is actually a variation in the components CaTiA1 0 or3 2 6 
CaA1 Si0 The most commonly observed sectors, in order of decreas6 ,2
ing importance, are (100), (110), (010), (011), (Ill), (111) and 

(001). Rapid crystallization appears to be a prerequisite for the 

development of sector zoning. 

From the evidence presented above it is felt that sector zoning 

is an unlikely mechanism to explain the apparent zoning in the clino

pyroxene crystals. Subsolidus migration along the c-axis prior to 

exsolution seems to provide a better explanation, 
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2.2: pigeonite~orthopyroxenetransition: observations and theory. 

2.2.1: introduction 

In the pyroxene-quadrilateral pigeonite is chemically defined as 

a low-calcium clinopyroxene with 5 to 15% CaSi0 Synthetic pigeon3 . 

ites are known to reach from the En-Di join (Houng-Yi Yang and Foster 

1972,	 Schwab and Schwerin 1975) to the Fs-Hed join (e.g. Smith 1972 
2

and Ohashi 1973). Natural pigeonites show a limited range of Fe +/ 

(Fe2++~1g) ratios (from here on referred to as fe-ratio) (a.o. , Brown 

1972). Pigeonites are known from plutonic, volcanic and metamorphic 

rocks and from meteorites. It is generally present as inverted pig

eonite. Inverted pigeonite was first described by Hess (1941). Crys

tallographic studies reveal a displacive transformation from high- to 

low-pigeonite (C2/c~P21/c)(among others, Prewit, Brown and Pap ike 

1971) and a reconstructive transformation to orthopyroxene (Pbca) (e.g. 

Ross, Huebner and Hickling 1973 and Smyth 1969)(cf. also figure 2.20). 

Numerous studies have been undertaken to determine the relation

ships between (inverted-)pigeonite morphologies, compositions, physi

cal environment and cooling histories. 

In the iron-rich igneous complexes from Rogaland the inverted 

pigeonites show two distinct morphologies. Although inverted pigeon

ite is the dominant Ca-poor clinopyroxene, un-inverted pigeonite crys

tals are occasionally observed (sections 1.1.6.5, 1.3.3.5). 

The metastable persistence of pigeonite has been attributed to 

various causes: 

I) rapid cooling (among others, Pap ike and Bence 1972 and Takeda 

1973), 

2) extremely anhydrous conditions of the melt (Papike and Bence 

1972), 

3) lack of fluid such as H20, F, or melt (Takeda 1973), 

4) low inversion temperatures especially for iron-rich pigeonites 

(among others, Brown 1972 and Takeda 1973), 
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5) absence of nucleation of orthopyroxene, necessary for the recon

structive transformation (among others, Takeda 1973). 

Pap ike and Bence (1972) observed that even under anhydrous con

ditions pigeonite is able to transform provided that the cooling rate 

~s low. 

In sections 1.1.8 and 1.3.7 it was concluded that the Rogaland 

pigeonites crystallized from 'dry' melts and that after crystalliza

tion the conditions remained virtually anhydrous. The rarity of un

inverted pigeonite in these rocks seems therefore to rule out causes 

2 and 3. As cooling was probably slow (cf. sections 2.1.6 and 

2.1.7) cause 1 is also invalid. 

The mechanism of inversion will be discussed in the next para

graphs. The discussion will also include the question whether the 

inversion should be considered as an equilibrium reaction. 

2.2.2: pigeonite~orthopyroxenetransition. 

The equilibrium transition of pigeonite to orthopyroxene was 

studied as a function of the fe-ratio by Ross, Huebner and Hickling 

(1973). In figure 2.13 (solid curve) their results have been plotted. 

It can also be seen that the transition temperature decreases with 

increasing Wo-content of the pigeonite (dash-dotted and solid curves). 

The dependence of the transition temperature on the total pressure 

appears to be negligible. It was studied by Brown (1968) for En48 . 2 
FS42.9Wo8.Q' He observes an increase of temperature with increasing 

o 
pressure of 7 C/kb. 

The equilibrium transition temperature may be defined as the 

temperature of the lower limit of the three phase assemblage, opx

pig-aug, in the pseudobinary T-X(wo) phase diagram for constant fe

ratio (cf. Ross and Huebner 1975 and figure 2.20). This temperature 

(dotted curve in figure 2.13) is close to the transition curve for 

low Wo-contents. Huebner, Ross and Hickling (1975) suggest that the 

lowest transition temperature coincides with the intersection of the 
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metastable extension of the augite saturated pigeonite limb of the 

pig-aug solvus and the stable augite saturated orthopyroxene limb of 

the opx-aug miscibility gap (cf. figure 2.20). These temperatures 

have been estimated for three T-X sections: fe-ratio = 0.3 (Huebner, 

Ross and Hickling 1975), 0.6 (Ross and Huebner 1975) and 0.8 inter

polated from literature data). As the estimates are subject to con

siderable errors they result in a broad band of ca 1000 C (figure 

2.13) . 

In orthopyroxene cation ordering stops at ca 4800 C (Virgo and 

Hafner 1969). Hafner, Virgo and Warburton (1971) pointed out that 

this temperature is critically affected by the wollastonite content. 

Saxena, Ghose and Turnock (1974) report that this temperature for 

lunar pigeonites (Wo 4 to 20) is 700-860oC. They also observed a de

pendency with the cooling rate: for the slowly cooled Mull pigeonite 

(En40.4Fs55.1Wo4.5' taken from Virgo and Ross 1972; mean of 4 analyses) 

this temperature is 5500 C which is considerably lower than for the 

quickly cooled lunar pigeonites. 

2.2.3: inverted pigeonite morphologies. 

A powerful clue for unraveling the cooling history of inverted 

pigeonites is found in their morphology, more specifically the tex

tures of the exsolved calcium-rich clinopyroxene phase (referred to 

as augite). 

It is known that the augite textures are related to the fe-ratio 

and the wollastonite content of the original pigeonite and to cooling 

rate, orthopyroxene nucleation and cation diffusion. 

Several authors attempted to classify inverted pigeonites by the 

textures of exsolved augite: 

1) 'orthopyroxene of the Stillwater type' (Hess 1960 and Ishii and 

Takeda 1974, figure 6c). The orthopyroxene is characterized by 

exsolved augite plates on the remnant (001) . -plane, prior to 
.. 2+.. . p~g . 
~nvers~on. Excess ca after ~nvers~on ~s exsolved as aug~te 
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lamellae //(100) . opx 
2) 'orthopyroxene of the Palisades type' (Hess 1960 and Walker 1969, 

Plate 6). The orthopyroxene is characterized by the graphic and 

fine lamellar habit //(100) opx of the exso1ved augite. Exso1ution 

of augite takes place slightly before and during inversion and 

continues after inversion on (100) . opx 
3) 'orthopyroxene of the Kintoki-san type' (Morimoto 1974 and Ishii 

and Takeda 1974). This orthopyroxene will be discussed in section 

2.2.4. 

Extreme examples of the 'orthopyroxene of the Stillwater type' 

are known from lunar anorthositic gabbro 15459 (clast 15459, 125, 

Takeda 1973) and from meteorites, e.g. Mount Padbury and Juvinas 

meteorites (Takeda 1973). The augite plates //(001). (remnant) are 
p~g 

rare in the lunar pigeonite; only a few per crystal. Augite is main

ly exsolved as lamellae //(100) . In the meteorites virtually all opx 
excess calcium is exso1ved as augite parallel to the relic pigeonite 

(001)-p1ane, leaving the host depleted in calcium. The host may be 

described as low-calcium pigeonite or as c1ino-hypersthene. It is 

generally un-inverted, but small domains of orthopyroxene (Pbca) in 

which inversion was completed may be observed in the monoclinic host. 

In these domains very fine augite lamellae //(100) may be observed. opx 
Comparable pigeonites in which the host is only partially inverted are 

known from Luna 20 soil (Chose, McCallum and Tidy 1973). 

A relation between the textures of exso1ved augite and the fe

ratio of the original pigeonite was suggested by Brown (1957) from 

observations on samples from the Skaergaard intrusion: 

orthopyroxene, fe-ratio 0.3; b1ebby augite precipitates 

orthopyroxene, fe-ratio = 0.3-0.5; 'orthopyroxene of the Stillwater 

type' 

orthopyroxene, fe-ratio = 0.5-0.6; pigeonite with occasional exso1u

tion of augite //(001). 

In figure 2.13 the dashed line roughly indicates the solidus temp

eratures for pigeonites from Ross, Huebner and Dowty (1973). From 
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fe-ratio 0.39 to 0.80 the distance between this line and the pigeonite

orthopyroxene transition curve steadily increases. Note that for both 

curves the wollastonite contents differ greatly. The transition curve 

for higher wollastonite contents should be drawn at lower temperatures 

as may be inferred from points defining the solid line in figure 2.13. 

It is assumed that the shape of the transition curve remains unchanged. 

For linear cooling rates and assuming that equilibrium reaction 

can take place (slow cooling) it may be concluded that the time inter

val over which exsolution of augite can take place //(001) . in-
p~g 

creases with increasing fe-ratio. The result is the 'orthopyroxene 

of the Stillwater type'. For high fe-ratios (cf. Brown 1957), the 

low transition temperature hampers or even prevents nucleation of 

orthopyroxene. 

Takeda (1973), Takeda et al (1975) and Virgo and Ross (1973) ob

served that low-calcium pigeonites exsolve calcium predominantly as 

augite lamellae //(100) (low-calcium pigeonite contains less wollaston

ite than pigeonite at its lowest stability limit, cf. Ross and Huebner 

1975 and figure 2.20). In such pigeonites augite exsolution may not 

take place pefore it reaches the metastable extension of the augite 

saturated pigeonite limb of the pig-aug solvus. The influence of the 

wollastonite content on the textures of exsolved augite was demonstrat

ed by Ishii and Takeda (1974). Briefly summarized, they concluded 

that the 'orthopyroxene of the Stillwater type' contained more 

wollastonite than pigeonite at its lowest stability limit; blebby aug

ite or lamellae //(100) will exsolve from pigeonites with wollastonite 

contents coinciding with the lowest stability limit. 

The influence of cooling rate on the morphology of inverted pi

geonite may be inferred from the observations that 'orthopyroxenes of 

the Stillwater type' are commonly observed in slowly cooled plutons, 

while the 'orthopyroxenes of the Palisades type' are generally found 

in hypabyssal rocks. 

The ideal inverted pigeonite of Poldervaart and Hess (1951) re

tains the crystallographic b- and c-aXeS of the original pigeonite. 
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This is concluded from the fact that augite lamellae exsolved II 
(100) are parallel to the relic (IOO)-twin plane of pigeonite. The opx
 
ideal situation is rare. Generally a rotation around the b-axis is
 

observed (among others, Brown 1957, Plate 17, figure 9, Brown 1972 

and Nakayama et al (1973). In heating orthopyroxenes Smyth (1970) ob
0served a rotation of 30 indicating the reconstructive nature of the 

transition which requires the breaking of the silicon-oxygen bonds. 

In the samples from the QMP, BIC and GIC twinned (inverted-)pi

geonites are rare, so that an eventual occurrence of b-axis rotation 

cannot be established. The only twins observed (RS02 from the Qt1P) 

are interpreted as growth twins resulting from direct precipitation 

from a melt. 

2.2.4: inversion vs. decomposition. 

The pigeonite-orthopyroxene transition involves an isochemical 

reaction (among others, Morimoto 1974, for the Moore County meteorite 

(En4SFs46W06); Ghose, McCallum and Tidy 1973, for clino- and ortho

hypersthene; Smyth 1970 and 1974 and Ross, Huebner and Hickling 1973). 

The nucleation of orthopyroxene appears to be hindered by the lack of 

a fluid phase and by high cooling rates (cf. pigeonites in meteorites, 

lunar rocks and volcanic rocks). Smith (1969) suggests that the or

thopyroxene nucleus may form in a random orientation in the pigeonite. 

During growth it sweeps through the entire pigeonite crystal. He 

states that no evidence is found for more than one orthopyroxene nu

cleus per pigeonite crystal and that during recrystallization the 

original augite lamellae remain undisturbed. Smith predicts that it 

might be possible to observe (DOl) . -augite lamellae to pass undis
p~g 

turbed from one orthopyroxene grain to another. He suggests a mechan

ism of 'autoinversion': orthopyroxene in one grain can set off inver

sion at the grain boundary of an adjoining pigeonite. Ishii and 

Takeda (1974) mention an inverted pigeonite crystal with three domains 

of orthopyroxene. The (DOl) . -augite lamellae cross the domain 
p~g 
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boundaries undistrubed. The orientation of the orthopyroxene domains 

aug II "(OOil'piq 

pig 

aug 

~s random, albeit at small angles. 

In section 2.2.3 the Kintoki-san type of orthopyroxene was men

tioned. Its cooling history is schematically outlined in figure 2.14. 

The principal characteristic 

Figure 2.14: exsolution his- of the 'orthopyroxene' of 
tory of decomposed pigeonite this type is that it does. notPig In the first stage pigeonite 

(Wo-content > Wo of apex of invert isochemically from pi
the three phase assemblage is 

geonite to calcium-rich 
formed. In stage 2 the pig


eonite.exsolves 'aug'// orthopyroxene, but that pi

11(001)11 till Wo = Wo apex.
 

geonite decomposes to lowIn stage 3 decomposition in 

aug place sharopx and takes calcium orthopyroxene plus 
ing (100). In stage 4 the 

augite; respectively pigeonorthopyroxene exsolves 'aug' 

11"(100)" and the augite ex ite at the top of the three 
solves pig 11(001).
 

The augite lamellae exsolv phase 'triangle' (cf. figure
 
ed 11"(OOI)"pig and the 2.20) decomposes to opx + aug
augite lamellae formed dur


ing decomposition may be forming the base of this 'tri 

augll(lOO)apx surrounded by precipitation angle'. The cooling historypig II (OOI)Cllg 

free zones.
 

Compare also Ishii and may be outlined as follows:
 
Takeda (1974, figure 6b).
 

stage I:	 crystallization of 

pigeonite. Its 

wollastonite content 

~s higher than for pigeonite at the top of the three phase 

'triangle' opx-pig-aug. 

stage 2: exsolution of excess calcium as augite lamellae //"(001)". 
p~g 

till the wollastonite content of the host equals that of the 

top of the three phase 'triangle'. 

stage 3:	 decomposition of the pigeonite host into orthopyroxene plus 

augite. The latter two phases will share the common (100)

plane which provides the best fit between an orthorhombic 

and monoclinic phase. Since no exsolution mechanism is in

volved, but rather epitaxial growth, the augite plates may 
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be randomly distributed. They need not terminate at grain 

or subgrain boundaries of the orthopyroxene. Ishii and 

Takeda (1974) observe that the augite will tend to become 

'blebby' . 

stage 4:	 excess calcium ~n the orthopyroxene will exsolve as fine 

augite lamellae //(100) . These generally terminate at 
opx 

grain or subgrain boundaries. The augite lamellae which ex-

solved //"(001)". may be surrounded by a precipitation free 
p~g 

zone. The augite plates which formed during decomposition 

will have to become richer in wollastonite in order to re

tain the equilibrium composition on the solvus. They will 

exsolve calcium-poor pyroxene lamellae. It is observed ~n 

the samples from the QMP, BIC and GIC that the lamellae are 

//"(001)" . 
aug 

If no b-axis rotation takes place all augite lamellae will be ~n opti

cal continuity. 

Diagnostic for this type of 'orthopyroxene' is the presence of 

two distinct 'generations of augite lamellae' //(100) . A model opx 
which assumes decomposition followed by exsolution of the orthopyroxene 

seems to explain this phenomenon. Inversion of C2/c or P2 /c pigeonite1
to orthopyroxene (Pbca) will result in one generation of exsolution 

lamellae //(100) in order to decrease its wollastonite content till opx 
it reaches the equilibrium solvus. 

2.2.5: cooling rates. 

The effect of cooling rate on the textures of exsolved augite was 

already mentioned in section 2.2.3. It is assumed that cooling was a 

continuous process: at no time in their history were the crystals 

subjected to reheating. 

All reactions and exsolution processes were thus far implicitly 

assumed to have taken place in a state of equilibrium. This assumption 

is questionable, however, since nucleation of orthopyroxene in a 
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clinopyroxene 1S difficult (Bonnichsen 1969 and Smith 1974), as also 

inferred from the persistence of pigeonite lamellae (cf. section 

2.1.5). 

Difficult nucleation of orthopyroxene was confirmed experiment

ally by Lindsley, Grover and Calabro (1973) and Simmons, Lindsley and 

Papike (1974). In the last publication it is concluded that in syn

thetic assemblages, buffered on the FMQ-buffer at pH 0 between I and
2

2 kb, the first calcium-poor pyroxene to nucleate is pigeonite: only 

after long duration will orthopyroxene grow at the expense of pigeon

ite. 

It may also be possible that the stability of pigeonite relative 

to orthopyroxene is in part chemically controlled. Lindsley, Tso and 

Heyse (1974) observed that addition of 5 mole% MnSi0 stabilizes pi
3 

geonite (fe-ratio 0.75) relative to orthopyroxene + augite to at least 

500 C below its stability limit for the same join without manganese. 

In summary, it may be conlcuded, assuming continuous cooling 

histories even for low cooling rates, that pigeonite may persist meta

stably due to retarded nucleation of orthopyroxene in the orthopyroxene 

stability field. If during continued cooling the orthopyroxene nuclea

tion barrier is eventually overcome it will grow rapidly. The ortho

pyroxene will be supersaturated with calcium relative to its equilib

rium composition. In the phase diagram (cf. figure 2.20) retarded 

orthopyroxene nucleation can be interpreted as the indifferent cooling 

of pigeonite through the three phase 'triangle'. 

2.2.6: inverted/decomposed pigeonites from the Q~W, BIC and GIC. 

Inverted/decomposed pigeonites from the three igneous complexes 

can be divided into two groups: 

I) extreme orthopyroxene poikiloblasts (cf. type I orthopyroxene of 

Rietmeijer and Dekker (1978). 

2) small sub- to anhedral crystals. 

Textures of exsolved augite may be identical in both groups, although 

lamellae //(103) occur mainly in the second group.
opx 
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The first group, the extreme orthopyroxene poikiloblasts (Plate 

7, figure 2), are mainly restricted to the QMP-2; they are rare in 

the BIC and GIC. A few isolated occurrences are known from the mig

matite terrane (Rietmeijer and Dekker 1978, figure 2). 

The extreme poikiloblasts are considerably larger than the 

average grain size. They consist of numerous isolated crystals of 

orthopyroxene which are all in optical continuity. In the isolated 

sections separate domains may be distinguished, each characterized by 

a specific orientation of 

.~ 
N 2 ~-_r-l b==Ju-n o 5 ~ 15 20 25 ~ 35 ~ 45 ~ ~ 

DI 

60 ~ 

parallel augite lamellae. The 

orientation of these lamellae 

[OOIJ opx 1\ pole of domains at 'auglte'-Iomelloe seems unrelated to the present 

orthopyroxene host (figureFigure 2.15: angles bet~een the orthopyroxene ,-axis 

and poles of 'augite' lamella .. in the €KtreQ€ o!thvpyrox~ 

2.15). The domains delineateene poikiloblasts from the QMP, BIC and GIG. 

The solid line is the histogram of angles measured in sec


tions nonnal to the orthopyroxene b-axis; the dashed Ii-ne
 original pigeonite crystals with 
is the histogram for angles measured in sections normal
 

to the orthopyroxene a-axis. The histograms are semi
 a random orientation. 
quantitive. 

The	 augite exsolved prior to inversion/decomposition does not 

always occur as lamellae. The following morphologies may be distin

guished: 

I)	 augite forms lens-shaped lamellae typically 10 to 20 ~m thick; 

rarely up to 30 ~m. Their lengths are variable. They probably 

exsolved //"(001)". (Plate 8, figures I and 2). Generally onlyp1g 
a few of these domains are present within a single extreme ortho-

pyroxene poikiloblast. Similar extreme poikiloblasts are describ

ed from the Gunflint Iron Formation, Minnesota (Simmons, Lindsley 

and Papike 1974), the Bushveld Intrusion (Lombaard 1949, von 

Gruenewaldt 1970 and von Gruenewaldt and Weber-Diefenbach 1977), 

the Dufek Intrusion, Antarctica (Himmelberg and Ford 1976) and 

from the Kiglapait Layered Intrusion, Labrador (Morse 1969-b, 

Plate 38). It should be noted that the most extreme form of poi

kiloblasts is observed in the Rogaland samples. 

2) augite forms rounded or irregular blebs which may be somewhat 

elongated / /" (00 I) tl. and (100) . Also' feathered' flakes havep1g opx 
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been observed. They may be slightly elongated //(103) (cf. 
op~ 

Huebner, Ross and Hickling 1975, figure I). This augite also out

lines domains which are surrounded by a precipitation free zone. 

3) augite forms small domains of 'orthopyroxene of the Palisades 

sill type'. They are also surrounded by a precipitation free zone. 

It seems likely that the domains 2 and 3 also outline pre-exist

ing pigeonite crystals. All three types of domains may be present 

within the same extreme orthopyroxene poikiloblast. Type 2 and 3 

domains are more common than type I domain, although several crystals 

contain exclusively the type I domain. 

The lamellae //(100) can be differentiated by their thickness
opx 

es (cf. Plate 8, figure 2): 

I) lamellae 2 to 6 ~m thick; locally up to 15 ~m. They have parallel 

interfaces. They may terminate abruptly or may wedge out. They 

may also bifurcate. They are rather heterogeneously distributed 

in the orthopyroxene host. They appear to be flanked by precipi

tation free zones. Small exsolution lamellae //"(001)" may be 
aug 

observed in the lamellae. 

2) very fine augite lamellae with maximum thickness of ca I ~m. They 

are present between the lamellae //(100) of the first group.opx 
They are also heterogeneously distributed. Their spacing is ir

regular, but does not seem to exceed 3 ~m. They generally termin

ate at grain or subgrain boundaries 

In the orthopyroxene host kink planes are commonly observed. In 

most crystals very thin augite lamellae are observed to emanate from 

the kink planes. Coarsening of pre-kinking lamellae //(100) in the opx 
kink planes is observed. The observations seem satisfactorily explain

ed with the model of the 'orthopyroxene of the Kintoki-san type'. The 

differences in augite textures for exsolution prior to decomposition 

may reflect differences in the wollastonite contents of the original 

pigeonites (provided all other parameters are equal). It is suggest

ed that the extreme orthopyroxene poikiloblasts are formed by decompo

sition of pigeonite rather than by inversion. 
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3 

2 

4 

Figure 2.16: idealised sequence of events of the formation of an extreme orthopyroxene poikiloblast 

by the decomposition of pigeonite (Kintoki-san type). r: the distribution of pigeonite crystals in 

the matrix. The wollastonite content is generally greater than that of pigeonite at the top of the 

three phase triangle (eL figure 2.20). 2: pigeonite exsolves excess calcium as lamellae //11(001)11. 

3: decomposition starts by the nucleation of orthopyroxene in one of the pigeonite crystals. Ortho

pyroxene grows disregarding the pigeonite grain boundaries (dotted lines). Augite forms lamellae II 

(IOO)opx (2-6 urn thick). Arrows indicate tIle c-axes of the poikiloblasts. During continued cooling 

orthopyroxene exsolves fine lamellae of augite //(100) as can be seen in the detail of one of the poi

kikoblasts in 4. 

Decomposition and inversion are both processes by which pigeon

ite is transformed to orthopyroxene. The two mechanisms are distin

guished by the morphologies of exsolved augite. 

Once an orthopyroxene nucleus had formed it was probably capable 

of growing over pre-existing pigeonite grain boundaries (Bonnichsen 

1969) or it could set off orthopyroxene nucleation at the grain bound

ary of an adjoining pigeonite crystal (Smith 1969 and von Gruenewaldt 

1970). 

It is suggested that the outline of a crystal resulting from in

version/decomposition of pigeonite is simply related to the distribu

tion of the original pigeonite crystals in the rock. If they formed 
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clusters the result of the transformation to orthopyroxene may be com

parable to the compact crystals described by Bonnichsen (1969, figure 

14) and those from the dehydrated rims of amphibolites and from the 

so-called 'nodule pegmatite' (cf. section 1.3.6 and Plate 8, figure 3 

and section 1.2.5). If the pigeonite forms loose clusters in which 

individual crystals are only partially in contact the so-called 

'sprawling orthopyroxenes' of von Gruenewaldt and Weber-Diefenbach 

(1977) result. The most extreme form is presented by the extreme 

orthopyroxene poikiloblasts of Rietmeijer and Dekker (1978). Here 

the intergranular contacts between individual crystals are usually 

invisible microscopically. The formation of an extreme orthopyroxene 

poikiloblast is schematically drawn in figure 2.16. 

The second group is formed by small sub- to anhedral crystals. 

They differ from the first group in that they form isolated singular 

grains in the leucocratic matrix. They are nowhere in contact with 

another pigeonite crystal. They may be epitaxially overgrown (cf. 

section 2.1.10). The common textures of exsolved augite form "or tho

pyroxenes of the Stillwater or Palisades type' (Plate 9, figures 1 and 

2, Plate 10). Orthopyroxene of the Kintoki-san type is not observed. 

Typical for most crystals is the close spacing of augite lamellae 

//(100) . The lamellar thickness is ca 0.5 to 1.0 ~m; the lamellar opx 
spacing is similar. A few lens-shaped augite lamellae exsolved 

parallel to the remnant (001) . -plane may be present.p1g 
In addition to these augite lamellae several crystals also have 

augite lamellae which are at a small angle to the lamellae //(100) opx 
(Plate 10 and Plate 11, figures 1 and 2). When present, all three 

differently orientated sets of augite lamellae are in optical continu

ity. 

The characteristics of the augite lamellae which are at a small 

angle to the lamellae //(100) may be summarized as follows: 

1) the angle between them and
opx

the lamellae //(100) is 5.5
0 

(figureopx 
2.17). The range of data may be real, because the optimal phase 
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boundary changes with fe-ratio and wollastonite 

content. 

2) the lamellar thickness is typically 3 to 6 ~m. 

3) more than five of these lamellae are rarely 

present within one crystal. 

4) the angle between these lamellae and the lens

shaped augite lamellae shows a considerable 

range, but is in a great number of crystals 

close to 1080 . 
Figure 2.17: angle bet~t:t:n 

'augite' l<llDellae I}(IOO) 5) the lamellae may have two discrete parallel in
and (10). Mean'" 5.5°; s.d..",.
 

.. 0.96: N - 52. PrObable error
 terfaces, or a lamella may consist of several 
in measurement ca I". All sec

dons nonnal to the b-axis
 

of "rchop)'ToJ<"'n... fragments which are arranged en echelon in a 
0plane at 5.5 to (100) (Plate 12, figure 1, the central part).opx 

6) small lamellae //(100) may emanate from these lamellae. Both opx 
are in optical continuity (Plate 11, figure 3 and Plate 12, figure 

I ) . 

7) the lamellae may change their main direction to (100) proper at opx 
the boundaries with epitaxially related Ca-rich clinopyroxenes 

(Plate 11, figure 3). 

Using cell parameters of ferrohypersthene En30Fs68W02 (Smyth 1973) 

and of orthoferrosilite (Sueno, Cameron and Papike 1976) the orthopy

roxene plane (103) is at an angle of 5.50 to (100). Calculations were 
0 0 0carried out at 25 , 850 and 900 C. 

Both the augite lamellae //(100) and //(103) generally teropx opx 
minate at the orthopyroxene grain boundaries at which they may coarsen 

slightly (cf. Plate 9, figure 1). In the BIC and GIC inverted/decom

posed pigeonite crystals may be surrounded by a ca 30 to 50 ~m thick 

rim of almost homogeneous orthopyroxene (Plate 9, figure 2 and Plate 

11, figures 1 and 2). Whether these crystals have to be considered 

as zoned crystals (pigeonite to primary orthopyroxene) or as epitax

ially related phases (discontinuous zoning) is not clear. The pos

sibility of later (metamorphic) overgrowth of pigeonite by (primary) 

orthopyroxene also seems to be a possibility. Impurity segregation 
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of augite from the rim over the grain boundary seems unlikely, be

cause if this mechanism has been operative one should expect to find 

augite granules decorating the grain boundary. 

The amount of orthopyroxene (host) in the crystals thus far 

described is considerably larger than the amount of exsolved augite. 

In three samples from the QMP (R202, 404 and 415) the amount of both 

phases is about equal (Plate 9, figure 3). Both phases form a dis

tinct lamellar intergrowth occupying the mutual (103)-plane. Both 

phases seem to grow from the grain boundary and become thinner to

wards the opposite grain boundary. The average lamellar thickness 

for the orthopyroxene is ca 2 ~m, for the augite ca 3 ~m. The morph

ology of these crystals may indicate cellular growth. 

The singular crystals of the second group are present 1n all 

three igneous complexes. Crystals of the second group may be present 

1n the same thin section with the extreme orthopyroxene poikiloblasts. 

The principal difference between the two groups is the presence 

of two distinct 'generations of augite lamellae' //(100) 1n the opx 
first group and only one generation in the second group, which may 

contain	 augite lamellae //(103) . Thus, decomposition, comparable
opx 

to the 'orthopyroxene of the Kintoki-san type', cannot be concluded 

for the pigeonites from the second group. The model of isochemical 

inversion cannot be discarded for this group. However, the presence 

of the (103)-lamellae is enigmatic. 

2.2.7:	 the pigeonite~orthopyroxenetransition: a massive trans

formation. 

In the preceding section it was suggested that once an orthopy

roxene nucleus was formed in the pigeonite it could grow disregarding 

pre-existing pigeonite grain boundaries. That this mechanism could 

have been operative is illustrated in Plate 8, figure 3: orthopyrox

ene from one crystal grew over the grain boundary into the adjoining 

pigeonite crystal in which inversion/decomposition had already started 
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from another orthopyroxene nucleus with another orientation. The 

result is that one orthopyroxene crystal contains two domains with la

mellae of augite on remnant (001) . with different orientations.p1g 
Similar observations have been made in a sample from the QMP (R369) 

and in two samples from the GIC (AI0l and 148): all three common leu

cocratic rocks. This phenomenon is also known from the Biwabik Iron 

Formation, Minnesota (Bonnichsen 1969, figure 3) and from the Skaer

gaard Intrusion (Brown 1957, Plate 16, figure 3). 

That the pigeonite ~ orthopyroxene transition could be a mas

sive transformation was suggested by Champness and Copley (1976). The 

model is adopted from metallurgy. In this model the newly formed phase 

may grow disregarding pre-existing grain boundaries. 

The massive transformation is treated in detail by Massalski 

(1970). The following description is largely based on this publica

tion. 

A massive transformation is a process that involves diffusion and 

rapid non-cooperative transfer of atoms across a relatively high-energy 

interface. It does not involve any change in the overall composition. 

Massive transformation proceeds by nucleation and growth; therefore~ in 

order to provide the driving force it will only occur if the free

energy of the massive phase (the product of the transformation) is low

er than for the parent phase. The transformation is thermally acti

vated. It occurs both during heating 

f " \ 
\ 

" " " " 
........ EQUILIBRIUM 

or cooling. Heating or cooling rates 

must be sufficiently high to prevent 
\ 

\ 

.... 

" " 
TRANSFORMATION 

the equilibrium reaction~ but must be 
\ 
I " , low enough to prevent the martensitic 
I ' 

~ORMATION transformation (figure 2.18). The 
I - _ 

massive transformation may change one 
MARTENSITIC TRANSFORMATION 

equilibrium phase into another equi
T QUENCH 

- librium phase~ or an equilibrium phase
LOG TIME 

into a phase on the metastable exten
Figure 2.18: schematic representation of con

ditions for a massive transformation in a TTT stion of another equilibrium phase and~ 
diagram (after Massalski 1970). 
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of course~ vice versa. Once nucleated~ the new phase develops by 

rapid migration of highly disordered incoherent interfaces. The new 

phase may cross pre-existing grain boundaries of the parent phase. The 

fact that the, transformation is thermally activated requires tempera

tures high enough for individual movements of atoms to be perceptible. 

The temperature of the massive transformation remains virtually 

constant over a certain range of cooling rates. Increased cooling 

rates will initiate the martensitic transformation occurring at lower 

temperatures than the massive transformation. The 'changeover' from 

the massive to the martensitic transformation also depends on the pur

ity of the parent phase (cf. Massalski 1970, figure 23: the phase 

diagram for Fe-Ni alloys). At lower cooling rates increasing pressure 

will also promote the martensitic transformation. 

The temperature of massive transformations is sensitive to the 

purity of the alloys in systems such as Fe-Ni, Fe-Cr and Fe-Co: the 

temperature decreases with increasing solute concentration. 

There are similarities be1200 

ween the metallic system Cu--Ga 

(cf. Chadwick 1972, figure 7.72 

which is reproduced here as fig
1000 ~ ure 2.19) and the wollastonite

~ 
:J poor part of the pseudobinary

900 C;..... 
D- phase diagram for pyroxenes with 
E 

800 :::. constant fe-ratio (cf. figure 2.20 

2.20). Champness and Copley 
700 (1976) suggest that if the pigeon

ite-orthopyroxene transition takes 
600 

place via the binary loop (C2/c32 

y 

~--,..~-.;;l1100 

,, 
\Ms, 

20 22 24 26 '2'B\ 30 
Atomic per cent gallium Pbca) an analogy with the Cu-Ga 

Figure 2.19: region of Cu-Ga equilibrium diagram over system would be present. The 
which massive transformation products are found:
 

(i)B~1; . (ii)8~(l . ('ii)B~a + 1; (after Massalski transition should then be analo
m' ro' m m 

1970) (From Chadwick, 1972, Metallography of Phase Trans· h Q • 
gus to t e " -+ a mass~ve trans

fotma:ions, figure 7.72. Butterworths, London (ed.). TIl 

Courtesy of editor. formation. Expanding the analogy 
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further it is suggested here that the massive transformation of the 

type S + a /s may also take place. Whether the first or second typem m 
will occur depends on the relative free-energies of the phases 1n

volved and on the composition of the parent phase. The second type 

tends to result in a duplex structure of the massive phases, because 

of the nearly equal free-energies of the product phases. Nucleation 

of the product phases may take place at the grain boundaries of the 

parent phase. 

For a massive transformation to be possible a certain amount of 

undercooling 1S necessary. In section 2.2.5 it was suggested that 

undercooling of pigeonite may have been caused by the difficulty of 

orthopyroxene nucleation. In the sections 1.1.8 and 1.3.7 it was al

ready concluded that the pyroxenes precipitated from a 'dry' melt and 

that after solidification the rocks remained virtually anhydrous, ex

cept for a few restricted areas. It seems thus reasonable to postu

late that the equilibrium reaction of pigeonite to orthopyroxene was 

probably prevented and that undercooled pigeonite (that is pigeonite 

below the temperature for its lowest stability limit) was transformed 

by a massive transformation. 

The compositional range over which a maSS1ve transformation of 

the second type may take place in the pyroxene phase diagram is marked 

in figure 2.20. 

I suggest that a massive transformation of the type S + a /s
ill m 

1n case of inversion/decomposition of pigeonite results in an inter-

growth of orthopyroxene (Pbca) and augite (C2/c) sharing the (100)

plane. 

However, it may be that the massive transformation resulted in a 

duplex cell of augite (C2/c; Wo ) and Ca-poor pigeonite (or high
40

calcium clino-'hypersthene') on the metastable extension of the augite 
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Figure 2.20: constructed pseudobinary phase diagram for 

pyroxenes on the join 0.75. The diagram is constructed 

according to the diagram presented by Lally et al (1975). 

The metastable extensions are indicated by the dashed 

lines~ The compositional range over which a massive trans

formation may occur is indicated by I. 
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saturated pigeonite limb of the pig-aug solvus, or pigeonite on the 

metastable extension of the Ca-poor pyroxene field C2/c-Pbca (figure 

2.20). The Ca-poor clinopyroxene space group (C2/c or P2 /c) depends1
on whether pigeonite cooled indifferently through the C2/c field or 

not). 

The fit on (100) between two clinopyroxenes C2/c(wo ) and40
o

P2 1/c(Wo 7) is rather good: 0.7 (table 2.1).ca 

composition ;~:~; I TOe f aCli,) c(~) I Sa source I 
r------+----+-------+--~~---------1 

E03I Fs 67",",oZ P2. J !c lSOO ,I 9.734 5.257 108.98 Smyth 1974 I 

E031/SS6WOIO PL]/C ? I 9.731 5.256 108.55 Morimoto, Appleman and Evans, Jr. 1960 

E~3f~6~W~7- in~e~p~lat~d- -I'~ 9.732 - - 5.257- - -108:70- I 

500~35W040 I C2/0 1 I 9.840 5.260 105.74 combined data from Turnock. Lindsley ,I 

L°==o=",=~=,==ccc=~=='=======~=~==f=an~d~G=ro=v=er~( 1~97~3;,,) =a.=nd=c=am=e=ro~n~e;,;,t",;a;;;I",;I;;;97~3 I 

calculated best-fit (c-c)=O.003; \FISO.); angle=O.6S0tO.67° after Robinson et. al 1971 I 

Table 2.1: estimated and calculated cell parameters for augite (C2/c) and pigeonite P2 Ie at 5000 C.
 

The best-fit angles are calculated at the bottom of the table for fit on the (JOO)-Plan~s.
 

The possibility of a monoclinic Ca-poor host may be indicated by 

the very fine augite lamellae //(100) which exsolved after decompoopx 
sition. Exsolution of these lamellae may have been aided by the in

version C2/c or P2 1/c to Pbca. For the singular crystals (the group 

2) the massive transformation may have been to orthopyroxene (Pbca, 

WO 3) and augite (C2/c, Wo ); both on the stable limbs of the opxca 40
aug solvus (figure 2.20). 

There is a striking resemblance between the singular crystals of 

inverted/decomposed pigeonite containing augite lamellae //(103) opx 
and the 'feathered crystal' formed during a massive transformation in 

the Cu-Ga alloy (after Massalski 1970, figure 32). For the pyroxenes 

this model implies that augite lamellae are sandwiched between areas of 

duplex cell growth. By analogy with the 'feathered crystals': pigeon

ite (C2/c or P2 1/c, WO 10) was initially sandwiched between duplexca 
cells of orthopyroxene (Pbca, WO 2) and pigeonite (C2/c or P2 /c,ca 1
WO 10)· Both phases reached their equilibrium compositions duringca 
continued cooling. 

In table 2.2 cell-parameters are calculated for orthopyroxene 
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space 
SOTOe sourcec<R)aCR)composition group 

Turnock, Lindsley and Grover 1973 for 1=25
0 

C;5.2718.48500PbcaEn Fs
Z5 75 

LTEC from Sueno, Cameron and Pre.... itt 1976 

5.245 108.5 Turnoek, Lindsley and Grover 1973 J25 9.72PZ JIcEUZOFs70WolO 
expo coeff. from Schwab and Schwerin J9755.37 106.6I 9.92500P2/e 

16.49 5.275Pbca 530 cf. Pbea at 500°C IEn25~~s75 

~o Prewitt. Brown and Papike 1971109.45.31e2le 9.87EnZZFs70WoS 

Table 2.2: calculated cell parameters for orthopyroxene and low (P2 /e)- and high (C2/e) pigeonite at1
5000 C and 5300 C respectively. The pyroxene compositions are on the join 0.75. 

(Pbca, WOO) and pigeonite (P2 /c and C2/c, Wo and Wo )' Calcula1 lO S
tions are hampered by the fact that thermal expansion data for pigeon

ites of iron-rich compositions are not known. Schwab and Schwerin 

(1975) calculated the linear thermal expansion coefficient for p1geon

it~ En both for low- and high-pigeonite. Their results areWo 10 ' 90
used here to expand cell-parameters of pigeonite, fe=0.75 and Wo=IO, 

ofrom room temperature to 500 C. It must be stressed that this pro

cedure is liable to errors. 

space group 

opx pig 

Pbca P2 
j 
/c 

Pbea C2/e 

TOC best fit on ' (100) , 

c-c w angle 

500 -0.1 -31. 97 6.30 (obt) 

0.1 -31.97 1.70 (obt) 

2.io(obt) 

~.035 -93.67 

530 -0.035 -93.67 

1.lo(obt) 

The best fit planes on 

'(100)' are calculated and 

presented in table 2.3. The 

results obtained for tempera-
otures greater than 530 Care 

. . dlmost identical to those cal-Table 2.3: calculated best-f't planes for the s,ngular crystals 

of inverted/decomposed pigeonite using the equations of Robinson culated at this temperature. 
et al (1971). The transition temperature for low- to high pig

eonite of this composition is 530° c. The results in table 

2.3 suggest that if the pigeonite-orthopyroxene transition took place 

as a massive transformation resulting in a 'feathered crystal' it may 

have involved low-pigeonite (P2 /c) and orthopyroxene. The sandwiched1
phase was also low-pigeonite. 

Assuming almost identical compositions for both orthopyroxene and 

low pigeonite the calculated best-fit angles on '(100) are 3.2o (obt) 
oand I.S (obt)(orthopyroxene cell-parameters at room temperature from
 

Turnock, Lindsley and Grover, 1973, table 4, crystal Fe/(Fe+Mg) x 100
 

75; Wo=5).
 

The best fit may be perfected by relative lattice rotation. for 
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orthopyroxene and low-pigeonite the rotation angle ~s 4.60 
• This 

value is in good agreement with the observed angle between the augite 

lamellae //(100) and //(103) (figure 2.17). Prior to the opx opx 
massive transformation augite may exsolve //"(001)" .. 

p~g 
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2.3: primary orthopyroxene. 

The exsolution phenomena in primary orthopyroxene are of the 

'Bushveld type' (Hess 1960): only augite lamellae //(100) . The opx 
lamellar thickness is generally constant (ca 0.3-1.0 ~m). The spacing 

is rather uneven. The lamellae comprise up to 5% of a crystal. In 

some crystals from the BIC the lamellar spacing is rather close, giv

ing the impression of one wide lamella. In a single orthopyroxene 

host several of these 'lamellae' may be present. The lamellae general

ly terminate at the host grain boundaries. In the GIC and to a lesser 

extent in the BIC primary orthopyroxenes without any visible exsolu

tion lamellae have been observed. 

In some primary orthopyroxenes from the three complexes and in 

some extreme orthopyroxene poikiloblasts from the QMP platelike augite 

crystals may be present //(100) • They are several micron wide. opx 
Usually they have parallel boundaries on (100), but generally only one 

of the boundaries has a good fit on (100) . The remaining part of opx 
the augite grain boundary may be rather irregular (Plate 12, figure 2). 

Exsolution lamellae in the augite may be present //"(001)" and (100). 

The orthopyroxene may contain very fine augite lamellae //(100). 

If the augite forms plates it is often impossible to distinguish 

them from the augite which forms during decomposition of pigeonite 

(this is all the more so in the extreme orthopyroxene poikiloblasts). 

If only a part of the augite grain boundary is //(100) the phenomeopx 
non is interpreted as epitaxial growth in a liquid-solid environment. 

Kinking is commonly observed in the primary orthopyroxenes. The 

glide system 1S comparable with the system observed in enstatite: 

T = (100), t = [000 and the axis of rotation X = [OJ~ (among others, 

Borg and Handin 1966). Augite plates and exsolution lamellae 

//(100) are kinked in the same way as the orthopyroxene host. The 
opx 

augite may coarsen at the kink plane. Commonly very fine clinopyroxene 

(Ca-rich?)lamellae emanate from the kinks. Nucleation of precipitates in 
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orthopyroxene on subgrain boundaries was observed by Champness and 

Lorimer (1973). From the 'organ pipe' distribution of these precipi

tates they deduce an autocatalytic nucleation mechanism. At this 

stage of research such a mechansim cannot be proved for these lamellae 

in the QMP, BIC and GIC. 
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2.4 conclusions on pyroxene relationships ~n the QMP, BIC and GIC. 

The first generation lamellae in Ca-rich clinopyroxene formed by 

heterogeneous nucleation and growth. This mechanism may also be valid 

for the augite lamellae //"(001)". and augite lamellae //(100) in 
p~g opx 

the decomposed and inverted pigeonites and in the primary orthopyrox

enes. Lamellae of the second generation in the Ca-rich clinopyroxenes 

rema~n enigmatic. Lamellar growth is probably diffusion controlled as 

witnessed by the existence of critical lamellar spacings in the Ca

rich clinopyroxenes and by the presence of precipitation free zones 

around first generation lamellae in Ca-rich clinopyroxene and around 

augite exsolved //"(001)". prior and during the transition to ortho-
p~g 

pyroxene. 

The presence of Rogaland inverted pigeonite lamellae and un-~n

verted pigeonite lamellae //"(001)" may reflect the difficult nuclea
aug 

tion of orthopyroxene which in the first lamellae is aided by the de

velopment of dislocations on the interface. Ross (1978, written corom). 

suggests that inverted pigeonite lamellae form in augites which crys

tallize at low pH 0.2
The domain distribution of first generation exsolution lamellae 

in C -Ca-rich clinopyroxene crystals is possibly related to the almost
2

isobaric cooling of the igneous complexes, at least at elevated temp

eratures. It is suggested that cation migration ~n (clino-)pyroxene 

is easier in the c- than in the a-direction (cf. '(OOJ)-zoning' and 

differences in lamellar thickness and spacing for (100) and cpx 
"(001)" lamellae).

cpx 
The pigeonite-orthopyroxene transition took place according to 

the mechanism of a massive transformation. The effects of high cool

ing rates will be similar to those of rapid growth during isothermal 

recrystallization caused by the retarded nucleation of orthopyroxene. 

The anhydrous conditions during crystallization and cooling will ham

per orthopyroxene nucleation. The pigeonite-orthopyroxene transition 

results in two morphologically distinct groups. The extreme or tho
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pyroxene poikiloblasts are of the 'Kintoki-san type' and are consider

ed as decomposed pigeonites. The second group, the singular crystals 

which may contain augite lamellae //(103) ,are referred to as ~n-opx 
verted pigeonites, although it is possible that they also formed by 

decomposition. 

The epitaxial relationships suggest co-precipitation of primary 

orthopyroxene and augite and of pigeonite and augite. In several 

samples pigeonite crystallized before augite (cf. sections 1.1.8 and 

1.3.7). All epitaxial relations are formed in a liquid-solid en

vironment. During cooling subsolidus re-equilibration in epitaxially 

related pyroxenes may result in '(OOI)-zoning'. 
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3: Microprobe analysis: method. 

3.1: introduction 

Previous studies (Duchesne 1973 and Rietmeijer 1973-b) showed 

that pyroxenes from the QMP are iron-rich with fe-ratios greater than 

0.5. Optical observations (chapters 1 and 2) suggest that pyroxenes 

from the BIC and the GIC are similar to those from the QMP. Also, 

analysed olivines from the QMP and the BIC are iron-rich. 
.	 . .4+ 3+

A well-known coupled substitution in pyroxenes is Tl vs. Al . 

In order to	 evaluate the extent of this substitution correctly the 
3+ 

amount of Cr must be known. Some randomly selected samples from 

the QMP and the BIC have been analysed for this element with an 

electron microprobe. No chromium was detected. One sample from the 

QMP and two from the GIC have been analysed with EMMA-4 (chapter 5). 

No chromium was detected in these samples. The chromium content of 

Fe-Ti oxides from the QMP is negligible (Duchesne 1972). As the QMP 

is part of an 'anorthosite-charnockite suite' low chromium contents 

are to be expected in the pyroxenes (cf. Papezik 1965 and Philpotts 

1966). 
.2+ 2+

EMMA-4 analyses do not indicate the presence of Nl and Zn . 

3.2: analytical procedure. 

The electron microprobe is built by the Technisch-Physische 

Dienst TH/TNO-Delft, the Netherlands. The angle of incidence of the 

electron beam is 450 
• The microprobe is equipped with two Siemens 

full-focussing spectrometers with simultaneous readout on an auto

matic typewriter. An adapted Leitz-SM Pol light-optical microscope 

enables observation of the sample during analysis. The accelerating 

voltage was 15 KV. The sample current was kept constant at 0.01 

microamps during analysis of host phases and at 0.003 or 0.005 
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microamps during analysis of lamellae, using t~e sample current on 

periclase (MgO) as reference. Only K -radiation was used for analy
a 

sis. The X-ray excitation spot-size ranges from 5-6 ~m in diameter 

during analysis of host phases and bulk analysis. During analysis of 

lamellae the spot-size was 1-3 ~m. Each phase has been analysed at 

2-4 different spots. Second generation lamellae cannot be resolved 

with the electron microprobe. Idem. for lamellae //(100) ~n or tho
2and clinopyroxenes. Bulk analyses cover areas of ca 10 x 10 ~m . 

For each analysis counting time was 60 seconds. The matrix correctio 

(atomic number and fluorescence) was calculated with the computer pro 

gram of Springer (1967) ,using the Heinrich absorption values. No 

corrections were made for 'dead time'. All peaks were corrected for 

background pulses. The analysed elements, the analysing crystals 

and the reference standards are given in table 3.1. 

The reference standards were analysed before and after analysis 

of a sample, usually a single pyroxene crystal in which several 

spots have been analysed. The stability of the microprobe, called 

precision may then be expressed as 

"7 ) = [counts standard before 
0precision (in ~ [counts standard after x 50J - 50. 

analysing 
element standard crystal 

Si diopside (Zillertal) PET 

Al a Ibi te (Amelia) PET 

Fe metallic iron LiF(IOO) 

Mg forsterite (Dreisher KAP 
l;eiher) 

Ca diopside (Zillertal) PET 

Ti metallic titanium PET 

Mn metallic manganese LiF(IOO) 

Na albite (Amelia) KAP 

K orthoclase (pure) PET 

table 3. I: standards and analysing crys

tals used for analysis of tIle elements 

listed. Potassium was me3sured in a few 

crystals. Standards are from the Vening 

Heinesz Laboratory for Geochemistry, State 

University of Utrecht, tIle Netllerlands. 

x 50J - 50 = 0.84%. (The minus 

sign may be neglected because the preci

s~on depends not on the increase or 

decrease of the number of counts if the 

drift is not too large). 

The calculated precision for each 

element is given in figure 3.1. The 

mean deviation (including the Ti-stand

ard) is less or equal to 1.0%. 
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Replicate and for a few crystals triplicate analyses, all 

carried out by the author, result in figure 3.2 which shows the re

produciblity of analyses. The relative deviation between analyses 

are calculated with the equation mentioned above. The relative 

deviation precentages are inversely proportionate to the weight per

cent of the oxides. 

In polished thin sections pyroxenes with their b-axis normal to 

the section were selected for analysis. Selected spots were marked 

on a photograph of the crystal. 

In all clinopyroxenes exsolution lamellae are common (cf. section 

2.1). The lamellar thickness will strongly influence the accuracy 

of analysis. Boyd and Borwn (1969) were unable to resolve lamellae 

less than 4-5 ~m thick. They report that analytical data for· lamellae 

smaller than 6-8 ~m are unlikely to be accurate within + 5 %rel. 

In the analysed crystals from the present study the lamellar 

spacing of first generation lamellae in sufficient to obtain a reliable 

analysis of the host (often including second generation lamellae). 

The lamellar spacing of (IOO)-lamellae in the second group of inverted/ 

decomposed pigeonite (section 2.2.6) is very small. Consequently 

only bulk analyses are available. 

Boyd and Borwn (1969) suggested an easy qualitative method to 

distinguish between pyroxene hosts and lamellae by monitoring the 

CaK -radiation. This method has been adopted. With one of the 
a 

spectrometers the CaK -peaks were either minimized or maximized for 
a 

Ca-poor lamellae in clinopyroxene and Ca-rich lamellae in Ca-poor 

pyroxenes, respectively. This spectrometer remained in the same 

position during analysis of other elements in the same spot. The 

method provided an internal reference for each complete spot

analysis. 
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4:	 Analytical data and results for the (quartz-)Monzonitic Phase and 

the Botnavatnet Igneous Complex. 

4.1: the (quartz-)Monzonitic Phase of the Bjerkreim-Sokndal lopolith. 

4.1.1: data. 

The analytical results for pyroxenes are given in table 4.1, for 

olivines in table 4.2. Descriptions of all analysed pyroxenes are 

given in table 4.3. The analytical results are graphically presented 

in the pyroxene quadrilateral MgSi03-FeSi03-MgCaSi206-FeCaSi206(En

Fs-Di-Hed) (figure 4.1). 

The cation proportions are calculated to 24 oxygens. Ideally 

the sum of cations should be 16.00. Hess (1941) regarded a 'good 

pyroxene analysis' to be one in which the sum of the tetrahedrally 

coordinated Z-positions is equal to 8.00. The sum of cations in the 

octahedrally W(X,Y)-positions should then be equal to 8.00 + 0.08. 

Consequently, for a 'good pyroxene analysis' the total sum of cations 

is 16.00 + 0.08. Only 11 analyses (6%) cannot be qualified as 'good 

analyses' according to Hess's criterion (figure 4.2). 

The sum of cations in the Z-positions of 3 analyses is not equal 

to 8.00 (40-1, 95-7 and 136-6). In 136-6 the amount of (Si+Al) is 

insufficient to fill this position. 

table	 4.1: analyses of pyroxenes from the (quartz-)monzonitic phase of the Bjerkreim-Sokndal lopolith. 

All iron is calculated as FeD. All structural formlae are calculated to 24 oxygens. Manganese is not 

considered in the calculation of the end-members enstatite, ferrosilite and wollastonite. The fe-ratio 
2 2

is calculated as Fe +/(Fe ++Mg) x 100. The phases are identified with the abbreviation 'apx' or 'cpx' 

provided with cipher in the subscript: I): host phase; 2): bulk analysis; 3): Ca-poor clino

pyroxene lamella //"(OOI)~ug or Ca-rich clinopyroxene lamella //(OOI)remnant pig in inverted/decom

posed pigeonite; 4). Ca-rich clinopyroxene lamella //(100) ; 5): orthopyroxene lamella //(100)
opx	 aug. 

A.II analyseJ saillples are listed accorl.liil~ to tile ::idllltJle nUJIIl.lt::>:r. 
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40-1 40-2 40-3 40-4 40-5 40-6 40-7 40-8 40-9 40-10 40-11 40-12 40-13 40-14 40-15 74-1 74-2 

opx l ) 4 ) 
cpx opx2) opx l ) opx l ) cpx 1) 1) 

cpx cpx 1) cpx3) I)
cpx cpx 1) 3)

cpx cpx2) cpx I) cpx 2) I) 
cpx cpx l ) 

Si0
2 47.55 49.91 47.99 47.53 47.90 49.00 49.18 49.82 49.27 49.49 49. )) 48.80 49.99 50.03 47.61 50.03 50.27 

A1 
2
0 

3 
0.65 0.94 0.60 0.65 0.79 I. 04 1.21 1.08 1.44 I. 10 1.09 I. 80 I. 06 1.04 0.82 I. 28 I. 33 

Ti0 2 0.10 0.12 0.06 0.05 0.08 0.20 0.24 0.19 0.34 0.22 0.18 0.31 0.19 0.24 0.15 0.27 0.21 

FeO 42.60 21.47 43.52 43.13 43.93 23.25 22.75 22.68 25.06 22.73 23.87 43.60 23.03 22 .19 40.07 23.40 23.24 

MnO 1.05 0.53 J. J I 1.20 0.86 0.54 0.63 0.64 na 0.58 0.89 na 0.52 0.64 0.89 0.59 0.53 

MgO 5.64 5.37 5.90 5.91 5.84 5.21 5.04 4.41 5.79 4.89 4.98 5.36 5.35 4.94 5.63 4.59 4.54 

CaO 0.97 20.73 0.80 0.76 0.59 20.52 18.91 20.64 17.98 20.67 19.22 I. 05 19.81 20.43 4.49 19.40 19.10 

Na 
2
0 nd 0.08 nd nd nd 0.28 0.47 0.52 na nd nd na 0.06 0.06 nd 0.43 0.57 

total 98.56 99. I 5 99.98 99.23 99.99 100.04 98.43 99.98 99.89 99.68 100.00 100.92 100.01 99.57 99.66 99.99 99.79 

40-J 40-2 40-3 40-4 40-5 40-6 40-7 40-8 40-9 40-10 40-11 40-12 40-13 40-14 40-15 74-1 74-2 

CJ' 
.0

Si 

Al 

Ti 
Fe 2+ 

Mn 

Mg 

Ca 

Na 

8.02 

0.13 

0.01 

6.01 

0.15 

1.42 

0.18 

0.00 

7.97 

0.18 

0.01 

2.87 

0.07 

I. 28 

3.55 

0.02 

7.99 

0.12 

0.01 

6.06 

0.16 

1.46 

0.14 

0.00 

7.98 

0.13 

0.01 

6.05 

0.17 

1.48 

0.14 

0.00 

7.98 

O. I 5 

0.01 

6.12 

0.12 

1.45 

0.11 

0.00 

7.84 

0.20 

0.02 

3.11 

0.07 

I. 24 

3.5\ 

0.09 

7.94 

0.23 

0.03 

3.07 

0.09 

I. 2/ 

3.27 

0.15 

7.94 

0.20 

0.02 

3.02 

0.09 

I. 05 

3.53 

0.16 

7.86 

0.27 

0.04 

3.34 

I. 38 

3.07 

7.91 

0.21 

0.03 

3.04 

0.08 

I. 16 

3.54 

0.00 

7.94 

0.21 

0.02 

3.18 

0.12 

I. 18 

3.28 

0.00 

7.98 

0.35 

0.04 

5.96 

I. 31 

0.18 

7.94 

0.20 

0.02 

3.06 

0.07 

I. 27 

3.37 

0.02 

7.97 

0.20 

0.03 

2.96 

0.09 

I. 17 

3.49 

0.02 

7.91 

0.16 

0.02 

5.57 

0.12 

I. 39 

0.30 

0.00 

7.96 

0.24 

0.03 

3. II 

0.08 

I. 09 

3.31 

0.13 

8. Do 

0.25 

0.03 

3.09 

0.07 

I. 08 

3.26 

0.18 

total 15.92 15.95 15.94 15.96 15.94 16.08 15.99 16.01 15.96 15.97 15.93 15.82 15.95 15.93 15.97 15.95 15.96 

8.02 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 

(X,Y) 7.72 4.38 7.80 7.82 7.83 4.47 4.57 4.32 4.89 4.43 4.65 7.64 4.56 4.42 7.17 4.51 4.52 

\/ 0.18 3.57 0.14 0.14 0.11 3.60 3.42 3.69 3.07 3.54 3.28 0.18 3.39 3.51 0.80 3.44 3.44 

mole 

En 18.66 16.62 19.09 19.30 18.91 15.77 16.03 13.82 17.72 J 4 .99 15.45 17.73 16.49 15.35 17.91 14.50 14.4 b 

F. 78.98 37.27 79.04 78.87 79.71 39.57 40.66 39.73 42.88 39.27 41.62 80.65 39.74 38.85 71.78 41.45 41.62 

\/0 2.36 46.11 I. 87 1.83 \.38 44.66 43.31 46.45 39.40 45.74 42.93 1.62 43.77 45.80 10.31 44.05 43.92 

fe 80.89 69.16 80.59 80.34 80.85 71.49 7 I .23 74.20 70.76 72.38 72.94 81.98 70.67 71.67 80.03 74.05 74.10 



continued 

74-3 74-4 74-5 74-6 74-7 74-8 74-9 95-1 95-2 95-3 95-4 95-5 95-6 95-7 95-8 98-1 98-2 98-3 
3)

cpx cpx2) cpx3 ) 3)
cpx cpx3) cpx3) cpx2} I} 

cpx 
I} 

cpx cpx 1} opx5) cpx3) cpx l ) cpx2) op.5) I)
cpx cpx 1) cpx 1) 

Si0
2 

47.13 49.79 46.37 4B.63 4B.13 4B.10 4B.09 49.49 48.97 50.04 45.13 45.13 49.87 49.91 47.25 49.42 49.66 49. I B 

AI 
2

0
3 

0.78 I. 42 1.09 1.23 I. 6B 1.61 1.93 1.06 I. 13 I. 16 I. 82 1.4/ I. 22 I. 16 I. 90 0.77 0.60 0,7\ 

Ti0 
2 0.20 0.23 0.09 0.19 0.17 0.17 0.17 0.27 0.34 0.19 I. 34 0.16 0.19 0.14 0.10 0.30 0.19 0.24 

FeO 42.81 26.62 41. 62 33.3B 23.60 33.57 25.44 26.56 27.33 24.21 43.10 43.03 25.06 24.49 44.64 26.00 25.77 27.35 

MnO 1.41 0.68 I. 37 1. 01 0.64 0.7B 0.77 0.63 0.67 0.63 0.99 1.09 0.53 0.54 I. 23 0.66 ,0.60 0.72 

MgO 5.70 4.65 4.80 4.42 4.37 4.54 3.93 3.28 3.33 3.39 3.32 3.02 3,03 2.97 2.65 2.87 3.06 2.87 

CaO \.77 16.53 I. 01 10.71 17.10 10.45 15.57 17.79 17.55 19.77 4.14 2.34 19.46 19.68 0.69 19.30 19.80 18.30 

Na
2

0 0.21 0.36 0.33 0.44 0.50 0.33 0.55 0.66 0.67 0.78 0.01 0.01 0.61 0.71 1.04 0.54 0.52 0.54 

total 100.01 100.28 9B.07 100.03 96.18 99.53 96.45 99.74 99.99 100.17 99.85 96.19 99.97 99.60 99.50 99. B6 100.20 99.91 

74-3 74-4 74-5 74-6 74-7 74-8 74-9 95-1 95-2 95-3 95-4 95-5 95-6 95-7 95-8 98-1 98-2 98-3 

\.n 
\.n 

Si 

Al 

Ti 
2+

Fe 

Mn 
Mg 

Ca 

Na 

7.93 

0.15 

0.03 

6.02 

0.06 

1.43 

0.32 

0.03 

7.95 

0.27 

0.03 

3.56 

0.09 

1.11 

2.83 

0.11 

7.99 

0.22 

0.02 

6.00 

0.20 

I. 23 

0.19 

O. II 

7. 94 

0.24 

0.02 

4.56 

0.14 

1.08 

I. 87 

0./4 

7.96 

0.33 

0.02 

3.27 

0.09 

I. 08 

3.03 

0.16 

7.89 

0.31 

0.02 

4.61 

0.11 

1.11 

1.84 

0.10 

7. 97 

0.38 

0.02 

3.53 

0.11 

0.97 

2.76 

0.18 

7.99 

0.20 

0.03 

3.59 

0.09 

0.79 

3.08 

0.21 

7.93 

0.22 

0.04 

3.70 

0.09 

0.80 

3.04 

0.2/ 

8.00 

0.22 

0.02 

3.24 

0.09 

O.BI 

3.38 

0.24 

7.64 

0.36 

0.17 

6.10 

0.14 

0.84 

0.75 

0.00 

7.91 

0.29 

0.02 

6.31 

0.16 

0.79 

0.44 

0.00 

8.00 

0.23 

0.02 

3.36 

0.07 

0.73 

3.35 

0.19 

8.03 

0.22 

0.02 

3.29 

0.07 

0.71 

3.39 

0.22 

7.98 

0.38 

0.01 

6.31 

0.18 

0.67 

0.12 

0.34 

7.99 

0.15 

0.04 

3.51 

0.09 

0.69 

3.34 

0.19 

8.00 

0.12 

0.02 

3.47 

0.08 

O. ?3 
3.42 

0.16 

7.9B 

0.14 

0.03 

3.7 j 

0.10 

0.69 

3.18 

0.19 

total 15.97 /5.95 15.96 15.99 15.94 15.99 15.92 15.9B 16.03 16.00 16.00 15.92 /5.93 15.95 15.99 16.00 16.00 16.02 

z 8.00 8.00 8.00 8.00 8.00 8.00 8.00 B.OO 8.00 8.00 8.00 B.OO 8.00 8.03 B.OO 8.00 8.00 8.00 

(X,Y) 7.62 5.01 7.66 5.98 4.75 6.05 4.98 4.69 4.7B 4.35 7.25 7.48 4,.39 4.31 7.53 4.47 4.42 4.65 

W 0.35 2.94 0.30 2.01 3.19 I. 94 2.94 3.29 3.25 3.63 0.75 0.44 3.54 3.61 0.46 3.53 3.5B 3.37 

mole % 

En I B.40 14.80 16.5B 14.38 14.63 14.68 13.38 10.59 10.61 10.90 10.92 10,4B 9.81 9.61 9.44 9.15 9.5B 9.10 

Fs 77 .48 47.47 80.86 60.72 44.31 60.98 48.55 48.12 49.07 43.61 79.32 B3.69 45.16 44.52 88.87 46.55 45.54 48.95 

Wo 4.12 37.73 2.56 24.90 41. 06 24.34 3.8.07 41.29' 40.32 45.4Q Q.7fi 5.83 45.03 1.5.87 I. 69 44.30 44.BB 41.95 

Ee 80.81 76.23 82.99 80.85 75.17 80.59 7B.44 81. 96 82.22 80.00 87.90 88.87 82.15 82.25 90.40 B3.57 82.62 84.32 



continued 

98-4 

cpx 3) 

98-5 
1) 

cp" 

98-6 

cp"I) 

98-7 

cp,,1 ) 

98-8 
3)

cpx 

98-9 

cpx l ) 

98-10 

cpxl ) 

98-1 I 

cpx l ) 

98-12 

cpx3) 

])6-1 

cpx 2) 

136-2 

opx l ) 

])6-3 
I) 

opx 

136-4 
3)

cpx 

136-5 

cpx5) 

J 36-6 

opx l ) 

136-7 

cpx2) 

136-8 

cpx4 ) 

136-9 
2)

cpx 

Si0
2 

A1 
2

0
3 

riO 2 

FeO 

MoO 

MgO 

CaO 

Na
2
0 

47.27 

0.79 

0.25 

37.55 

1.00 

3.03 

9.11 

na 

49.23 

0.70 

0.22 

26.09 

0.62 

2.98 

19.38 

0.65 

49.29 

0.63 

0.22 

26.01 

0.64 

2.92 

19.54 

0.58 

49.02 

0.64 

0.26 

24.83 

0.69 

3.20 

19.72 

0.45 

47.01 

0.55 

0.13 

45.16 

1.02 

2.85 

2.64 

na 

49.47 

0.67 

0.26 

26.22 

0.72 

2.72 

19.62 

0.48 

49.15 

0.70 

0.20 

27.71 

0.74 

2.91 

18.33 

0.62 

49.16 

0.69 

0.26 

25.87 

0.69 

2.76 

19.94 

0.59 

47.54 

0.92 

0.17 

44.43 

1.00 

3.62 

3.02 

na 

49.07 

0.58 

0.19 

35.88 

0.75 

8.97 

3.61 

0.08 
nd 

48.59 

0.50 

0.06 

38.57 

0.73 

9.31 

0.90 

0.01 
0 17 

48.60 

0.44 

0.04 

38.59 

0.81 

9.49 

0.77 

0.08 
0.02 

48.59 

\.39 

0.27 

2\.14 

na 

7.20 

19.67 

na 
na 

49.81 

0.82 

nd 

31.38 

na 

8.64 

8.67 

na 
na 

48.04 

0.52 

nd 

40.05 

0.76 

9.46 

0.76 

0.06 
na 

49.15 

0.69 

0.20 

33.50 

0.63 

8.68 

6.97 

0.21 
na 

48.60 

1.56 

0.21 

21.77 

na 

7.41 

19.12 

na 
na 

48.86 

0.47 

0.13 

37.74 

0.76 

9.54 

2.99 

0.09 
0.03 

total 99.00 99.86 99.83 98.8\ 99.36 100.16 100.36 99.96 100.70 99.13 98.84 98.84 98.26 99.32 99.65 100.03 98.68 100.61 

98-4 98-5 98-6 98-7 98-8 98-9 98-10 98-11 98-12 136-1 136-2 136-3 136-4 136-5 136-6 136-7 136-8 136-9 

Ln 

'" 
Si 

Ai 

Ii 
2+

Fe 

Mo 

Mg 

Ca 

Na 

7.94 

0.16 

0.03 

5.28 

0.14 

0.76 

1.64 

7.97 

0.13 

0.03 

3.53 

0.08 

0.72 

3.36 

0.2\ 

7.98 

0.12 

0.03 

3.52 

0.09 

0.70 

3.39 

0.18 

7.99 

0.12 

0.03 

3.39 

0.10 

0.78 

3.44 

0.14 

8.01 

0.11 

0.02 

6.43 

0.\5 

0.72 

0.48 

7.99 

O. I 3 

0:03 

3.54 

0.10 

0.65 

3.39 

0.16 

7.96 

0.13 

0.02 

3.75 

0.10 

0.70 

3.18 

0.19 

7.96 

0.13 

0.03 

3.50 

0.09 

0.67 

3.46 

0.18 

7.94 

0.18 

0.02 

6.21 

0.14 

0.90 

0.54 

7.99 

0.11 

0.02 

4.89 

0.10 

2. I 8 

0.63 

0.03 
0.00 

7.99 

0.10 

0.01 

5.30 

0.10 

2.28 

0.16 

0.00 
0.04 

7.99 

0.08 

0.01 

5.31 

0.11 

2.33 

0.14 

0.03 
0.00 

7.80 

0.26 

0.03 

2.84 

1.72 

3.38 

8.00 

0.16 

0.00 

4.21 

2.07 

1.49 

7.89 

0.10 

0.00 

5.50 

0.1\ 

2.32 

0.13 

0.02 

7.92 

0.13 

0.02 

4.51 

0.09 

2.08 

1.20 

0.07 

7. 77 

0.29 

0.03 

2.91 

I. 77 

3.28 

7.90 

0.09 

0.02 

5.10 

0.10 

2.30 

0.52 

0.03 
0.00 

total 15.95 16.03 16.01 15.99 J5.91 15.99 16.03 \6.02 15.93 15.95 15.98 16.00 16.03 \5.93 16.07 16.02 16.05 16.06 

8.00 8.00 8.00 8.01 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 7. 99 8.00 8.00 8.00 

(X.Y) 6.31 4.46 4.44 4.39 7.43 4.44 4.66 4.38 7.39 7.29 7.78 7.83 4.65 6.44 7.93 6.75 4.77 7.5\ 

W 1.64 3.57 3.57 3.58 0.48 3.55 3.37 3.64 0.54 0.66 0.20 0.17 3.38 1.49 0.15 I. 27 3.28 0.55 

mole % 

En 9.90 9.46 9.32 10.24 9.45 8.56 9.17 8.78 11.76 28.31 29.45 29.95 21. 66 26.64 29.18 26.70 22.23 29.04 

Fs 68.75 46.39 46.19 44.49 84.25 46.64 49.15 45.87 81.18 63.51 68.48 68.25 35.77 54.18 69.18 57.90 36.56 64.39 

Wo 21. 35 44. I 5 44.49 45.27 6.30 44.80 41.68 45.35 7.06 8.18 2.07 1.80 42.57 19.18 I. 64 15.40 41. 21 6.57 

fe 87.42 83.06 83.22 81.29 89.92 84.49 84.27 83.93 87.34 69.17 69.92 6<.1.50 62.28 67.04 70.33 68.44 62.18 68.92 



continued 

J36-10 
2)

cpx 

136-1 J 
2)

cpx 

136-12 

cpx 2) 

136- I 3 
2)

cpx 

153-1 

opx l ) 

153-2 

cpx 3) 

153-3 

cpx4 ) 

153-4 

opx l ) 

153-5 

cpx3 ) 

153-6 

cpx2) 

153-7 

cpx2 ) 

153-8 

cpx l ) 

153-9 

cpi) 

153-10 

cpx 1) 

155-1 
I)

opx 

155-2 

cpi) 

155-3 
2) 

opx 

155-4 

opx l ) 

Si0
2 

AI 
2
0 

3 
Ti0

2 
FeO 

HnO 

HgO 

CaO 

Nat 
K

2 

total 

49. 00 

0.88 

0.20 

34.45 

0.77 

9.12 

5.86 

0.08 

100.36 

49.15 

0.90 

0.20 

28.35 

0.62 

8.02 

12.47 

0.34 
na 

100.05 

48.66 

1.06 

0.13 

32.67 

0.68 

8.80 

7.14 

0.48 
0.01 

99.63 

50.06 

I. 24 

0.15 

19.17 

0: 36 

7.82 

20.61 

0.44 
na 

99.85 

47.92 

0.40 

0.20 

42.43 

0.99 

7.34 

0.74 

0.03 

100. 05 

50.69 

0.92 

0.21 

22.08 

0.32 

6.24 

19.10 

0.44 

100.00 

49.48 

0.90 

0.16 

20.21 

na 

6.00 

20.04 

na 

96.79 

47.56 

0.40 

0.19 

41.58 

0.97 

7.63 

0.60 

0.01 

98.94 

49.79 

0.93 

0.20 

20.59 

0.47 

6.64 

20.27 

0.45 

99.34 

48.55 

0.49 

0.19 

33.59 

0.76 

6.47 

8.84 

0.23 

99. J 2 

48.21 

0.57 

0.20 

28.67 

0.61 

6.40 

13.32 

0.20 

98.18 

49.77 

0.87 

0.20 

22. 02 

0.48 

6.15 

19.87 

0.39' 

99.75 

49.88 

0.93 

0.21 

24.73 

0.47 

6.40 

17 ,02 

0.36 

100.00 

50. 04 

I. 00 

0.20 

21.41 

0.48 

6.16 

19.83 

0.40 

99.52 

47.99 

0.46 

0.16 

41.28 

0.87 

7'.39 

0.95 

0.12 

99.22 

50.94 

l. io 
0.21 

20.08 

0.50 

7.44 

18.97 

0.59 

99.93 

47.83 

0.50 

O. 19 

4 I. 81 

0.68 

7.09 

0.86 

O. 06 

99.02 

48.59 

0.45 

0.19 

41.14 

0.75 

7.33 

1.40 

O. 05 

99.90 

136-10 136-11 136-12 136-13 153-1 153-2 153-3 153-4 153-5 153-6 153-7 153-8 153-9 153-10 155-1 155-2 155-3 155-4 

\..n 
'-J 

Si 

Al 

Ti 

Fe2' 

Hn 

Mg 

Ca 

Na 
K 

7.88 

0.17 

0.02 

4.63 

0.11 

2.19 

1.01 

O. 03 

7.86 

0.17 

0.02 

3.79 

0.08 

I. 91 

2.14 

O. II 

7.86 

0.20 

0.02 

4.41 

O. 09 

2.12 

I. 24 

0.15 
0.00 

7.85 

0.23 

0.02 

2.51 

O. 05 

I. 83 

3.46 

0.13 

7.94 

0.08 

0.02 

5.88 

0.14 

1.81 

0.13 

0.01 

7.99 

0.17 

0.03 

2.91 

0.04 

1.47 

3.23 

0.13 

7.97 

0.17 

0.02 

2.86 

1.44 

3.46 

7. 94 

0.08 

O. 02 

5.81 

0.14 

I. 90 

0.11 

0.00 

7.90 

0.17 

0.02 

2.73 

0.06 

I. 57 

3.45 

0.14 

7.96 

0.10 

0.02 

4.61 

0.11 

I. 58 

I. 55 

O. 07 

7.91 

O. I) 

0.02 

3.94 

0.09 

I. 57 

2.34 

0.06 

7.91 

,0.16 

0.02 

2.93 

0.06 

1.46 

3.38 

0.12 

7.93 

0.17 

O. 03 

3.29 

0.06 

1.52 

2.90 

0.11 

7. 94 

C.19 

O. 02 

2.84 

0.06 

I. 46 

3.37 

0.12 

7.. 97 

0.09 

0.02 

5.74 

0.12 

I. 83 

0.17 

O. 04 

7.96 

0.22 

0.02 

2.63 

0.07 

'.73 

3.18 

0.18 

7.98 

0.10 

0.02 

5.83 

0.10 

I. 76 

0.15 

0.02 

8.00 

0.09 

O. 02 

5.66 

0.10 

I. 80 

0.25 

O. 02 

total 16.04 16.08 16.09 16.08 16.01 15.97 15.92 16.00 16.04 16.00 16.04 16.04 16.01 16.00 15.98 15.99 15.96 15.94 

8. 00 8. 00 8.00 8.00 8.00 8.00 8.00 8. 00 8.00 8.00 8.00 8.00 8.00 8. 00 8.00 8.00 8.00 8.00 

(X.Y) 7. 00 5.83 6.70 4.49 7. 87 4.61 4.46 7.89 4.45 6.38 5.64 4.54 5.00 4.51 7.77 4.63 7.79 7.67 

W ,. 04 2.25 I. 39 3.59 0.14 3.36 3.46 0.11 3.59 1.62 2.40 3.50 3.01 3.49 0.21 3.36 0.17 0.27 

mole 

En 27.97 24.36 27.28 23.46 23.15 19.32 18.77 24.30 20.25 20.41 20. 00 18.79 19.71 19. 03 23.64 22.97 22.74 23.35 

F. 59.13 48.34 56.76 32.18 75.19 38.24 35.96 74.30 35.23 59.56 50.19 37.71 42.68 37. 03 74.16 34.79 75.32 73.41 

WO 12.90 27.30 15.96 44.36 I. 66 42.44 45.271.40 44.52 20.03 29.81 43.50 37.61 43.94 2.20 42.24 1.94 3.24 

fe 67.89 66.49 67.53 57.83 76.46 66.43 66.51 75.36 63.49 74.47 71.51 66.74 68.40 66. 05 75.83 60.23 76.81 75.87 



continued 

155-5 155-6 155-7 155-8 155-9 155-10 155-11 155-12 155-13 155-14 155-15 155-16 155-17 155-18 155-19 155-20 155-21 

CpK
4) cpx 2) cpx2) cpx l ) i'px5) cpx2) cpx2) cpx 2) I) 

cpx cpx3) cpx3 ) cPK I ) CpK I) 3)
CpK cpx l ) cPK I ) 3)

cpx 

Si0
2 50.93 41.78 49.05 50.61 50.52 48.60 48.50 50.83 50.31 49.26 48.12 5/.20 49.50 49.10 50.35 50.95 48.25 

Ai 20 
3 

I. 19 0.54 0.71 I. 00 1.31 0.49 0.72 0.91 1.05 0.64 0.88 I. 14 I. 02 0.81 1.12 0.98 0.94 

Ti0
2 

O. II 0.10 0.12 0.20 0.20 0.19 0.13 0.20 0.21 0.19 0.19 0.20 0.20 0.18 0.21 0.20 0.19 

FeO 20.69 36.79 31. 74 20.49 21.57 36.61 28.11 20.49 21.17 32.51 38.61 19.31 21. 57 36.79 20.14 20.27 35.88 

MnO 0.42 0.70 0.60 0.47 0.31 0.75 0.52 0.48 0.48 0.77 0.60 0.47 0.47 0.77 0.32 0.69 0.90 

MgO 7. 37 7.00 6.52 5.90 7. 13 6.48 6.35 5.97 5.59 6.36 6.57 6.38 6.05 7.20 5.95 6.61 7.43 

CaO 18.70 5.28 10.92 20.33 19.04 6/84 13.64 21. 18 20.39 9.84 5.90 21. 02 19.24 4.93 21.26 20.01 5.50 

Na 
2
0 0.59 0.14 0.28 0.50 0.48 0.03 0.16 0.17 0.53 0.14 0.10 0.48 0.45 0.23 0.55 0.27 0.26 

total 100.00 98.33 99.94 99.50 100.55 99.99 98.13 100.23 99.73 99.71 100.97 100.20 98.53 100.01 99.90 99.98 99.35 

155-5 155-6 155-7 155-8 155-9 155-10 155-11 155-12 155-13 155-14 155-15 155-16 155-17 155-18 155-19 155-20 155-21 

V1 
OJ 

Si 

Ai 

Ti 
2+

Fe 

Hn 

Mg 

Ca 

Na 

7.97 

0.22 

0.01 

2.71 

0.06 

1.72 

3.14 

0.18 

7.95 

0.11 

0.01 

5.12 

0.10 

I. 74 

0.94 

0.05 

7. 94 

0.14 

0.01 

4.30 

0.08 

1.57 

1.89 

0.09 

8.00 

0.19 

0.02 

2.71 

0.06 

1.39 

3.44 

0.15 

7. 90 

0.24 

0.02 

2.82 

0.04 

1.66 

3.19 

0.14 

7.96 

0.09 

0.02 

5.01 

0.10 

I. 58 

1.20 

0.01 

7.94 

0.14 

0.02 

3.85 

0.07 

I. 55 

2.39 

0.05 

8.00 

0.17 

0.02 

2.70 

0.06 

1.40 

3.57 

0.05 

7.97 

0.20 

0.02 

2.80 

0.06 

1.32 

3.46 

0.16 

7.99 

0.12 

0.02 

4.41 

0.11 

I. 54 

1.71 

0.04 

7.85 

0.17 

0.02 

5.27 

0.08 

I. 60 

1.03 

0.03 

7.99 

0.21 

0.02 

2.52 

0.06 

1.48 

3.51 

0.14 

7.96 

0.19 

0.02 

2.90 

0.06 

1.45 

3.31 

0.14 

7.99 

0.16 

0.02 

5.00 

0.11 

1.75 

0.86 

0.07 

7.93 

0.21 

0.03 

2.65 

0.04 

1.40 

3.59 

0.17 

7.99 

0.18 

0.02 

2.66 

0.09 

1.54 

3.36 

0.08 

7.91 

0.18 

0.02 

2.92 

0.13 

I. 82 

0.97 

0.08 

total 16.01 16.02 16.02 15.96 16.01 15.97 16.01 15.97 15.99 15.94 16.05 15.93 16.03 15.96 16.02 15.92 16.03 

z 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 

(X,Y) 4.69 7.03 6.04 4.36 4.68 6.76 5.57 4.35 4.37 6.19 6.99 4.28 4.58 7.03 4.26 4.48 6.98 

11 3.3Z 0.99 I. 98 3.60 3.33 I. 21 2.44 3.62 3.62 I. 75 1.06 3.65 3.45 0.93 3.76 3.44 1.05 

lnDie 

En 22.72 22.31 20.23 18.44 21.64 20.28 19.90 18.25 17.41 20. 10 20.25 19.70 18.93 23.00 18.3Z 20.37 23.61 

Fs 35.80 65.64 55.41 35.94 36.77 64.31 49.42 35.21 36.94 57.60 66.71 33.56 37.86 65.70 34.69 35.19 63.81 

110 41.48 12.05 24.36 45.62 41.59 15.41 30.68 46.54 45.65 22.30 13.04 46.74 43.21 II. 30 46.99 44.44 12.58 

fe 61.17 74.64 73.25 66.10 62.95 76.02 71.30 65.85 67.96 74.12 76.71 63.00 66.67 74.07 65.43 63.33 61. 60 



cant inued 

185-1 165-2 217-1 217-2 217-3 217-4 247-1 247-2 247-3 247-4 247-5 247-& 247-7 247-8 247-9 247-10 247-11 247-1 2 

cpx l ) cpx3) 2) 
opx cpx l ) cpx3) cpx 3) 2) 

opx cpx l ) cpx3) opx l ) opx l ) 3)
cpx 

4) 
cpx cpx4) 2) 

cpx 
I) 

opx cpx S) cpx3 ) 

Si0
2 

AI
2

0
3 

TiO 
Z 

FeD 

50.32 

I. 10 

0.25 

21.85 

49.00 

0.47 

0.14 

40.20 

47.31 

0.31 

O. II 

45.77 

49.49 

0.60 

0.15 

2&.94 

47.30 

0.39 

0.11 

41.92 

47.78 

0.45 

0.13 

40.43 

47.37 

1.91 

0.08 

42.27 

50.27 

1.76 

0.21 

22.48 

49.52 

2.08 

0.16 

33.23 

47.93 

O. &5 

0.11 

42.83 

47.79 

0.50 

0.14 

43.87 

50.44 

1.01 

0.20 

22.04 

49.49 

1.49 

0.19 

25.19 

50.4& 

0.92 

0.17 

22.00 

48. &1 

0.58 

O. II 

39. &9 

48.08 

0.42 

0.08" 

42.43 

48.99 

2.95 

0.17 

4 1.03 

50.12 

1.13 

0.17 

21.87 

MnO 0.48 0.83 1.08 0.58 0.69 0.91 I. 18 0.48 na I. 22 I. 03 0.54 na 0.5& I. 10 1.15 0.57 

MgO &.7& 7.70 4.75 4.34 4.54 4.39 5.08 5.06 5.85 &.07 &.78 5. &9 5. &8 &.87 &.34 7.7& &.37 5.7& 

CaD 19. 1& 2.75 0.78 18.05 4.39 &.22 I. 35 19.2& 10.97 0.87 0.72 20.31 17. &1 19.28 3.54 0.7J I. 70 19.78 

Na
2

0 na na nd na na 0.22 0.50 na 0.02 0.01 0.37 0.48 0.25 0.01 na 0.49 

total 99.92 101.09 100.10 100.35 99.54 100.31 99.4& 99.82 101.81 99.70 100.83 100.60 99. &5 100.7& 99.22 100. &4 101.21 99.89 

185-1 185-2 217-1 217-2 217-3 217-4 247-1 247-2 247-3 247-4, 247-5 247-& 247-7 247-8 247-9 247-10 247-11 247-12 

~ 

'-0 

Si 

Al 

Ti 

Fe Z+ 

~ln 

Mg 

Ca 

Na 

7.93 

0.20 

0.03 

2.88 

0.0& 

1.59 

3.24 

7.96 

0.09 

0.02 

5.4& 

O. II 

1.8& 

0.48 

7.97 

0.0& 

0.01 

&.45 

0.15 

1.19 

0.14 

0.00 

7.95 

0.15 

0.02 

3.&2 

0.08 

1.04 

3. II 

7.95 

0.08 

0.01 

5.89 

0.13 

I. 14 

0.79 

7.94 

0.09 

0.02 

5.&2 

0.13 

1.09 

1.11 

7.90 

0.36 

0.01 

5.90 

0.17 

1.27 

0.24 

0.07 

7.95 

0.33 

0.03 

2.97 

0.0& 

1.19 

3.2& 

0.15 

7.8& 

0.39 

0.02 

4.41 

I. 38 

1.87 

7.99 

0.14 

0.01 

5.97 

0.17 

I. 51 

0.16 

0.01 

7.90 

0.10 

0.02 

&.07 

0.14 

I. &7 

0.13 

0.00 

7.94 

0.19 

0.02 

2.90 

0.07 

I. 33 

3.43 

0.11 

7.91 

0.28 

0.01 

3.37 

1.35 

3.02 

7.91 

0.17 

0.02 

2.89 

0.07 

I. &1 

3.24 

0.14 

7.99 

0.11 

0.01 

5.4& 

0.15 

I. 55 

0.62 

0.08 

7.91 

0.08 

0.01 

5.84 

O. 1& 

I. 90 

0.13 

0.00 

7.89 

0.5& 

0.02 

5.52 

I. 53 

0.29 

7.94 

0.21 

0.02 

2.90 

0.08 

1.3& 

3.3& 

0.15 

total 15.93 15.. 98 15.97 15.97 15.99 16.00 15.93 15.94 15.93 15.95 1&.03 15.99 15.94 16.05 15.97 16.03 15.81 1&.02 

8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 

(x. Y) 4.69 7.50 7.83 4.86 7. 20 &.89 7.&2 4.53 6.0& 7.78 7.90 4.45 4.92 4.67 7.27 7.90 7.52 4.51 

101 3.24 0.48 0.14 3. II 0.79 1.11 0.31 3.41 1.87 0.17 0.13 3.54 3.02 3.38 0.70 0.13 0.29 3.51 

mole 

En 20. &2 23.85 15.30 13.38 14.58 13.94 17.1416.04 18.02 19.77 21 .22 17.36 17.44 20.80 20.31 24.14 20.84 17.85 

Fs 37.35 70.00 82.90 4&.59 75.32 7J .87 79.&2 40.03 57.57 78.14 77.13 37.86 43.54 37. 34 71. 5& 74.2 [ 75.20 38.06 

1010 42.03 &.15 1.80 40.03 10.10 14.19 3.24 43.93 24.41 2.09 I. &5 44.78 39.02 41.8& 8.13 I. &5 3.96 44.09 

fe 64.43 74.59 84.42 77 .&6 83.78 83.76 82.29 71.39 76.17 79.81 78:42 &8.5& 7J .40 &4.22 77.89 75.45 78.30 &6.08 



continued 

247-13 
5) 

cpx 

247-14 
2) 

cpx 

247-15 
I)

op' 

247-16 

cpx 3) 

247-17 
2) 

cpx 

247-18 
2) 

cpx 

247-19247-20 
2) 2) 

cpx cpx 

247-21 

opx2) 

247-22 

cpx l ) 

247-23 

cpx 3) 

250-1 
2) 

opx 

250-2 
1) 

cpx 

250-3 

cpx)) 

250-4 
I) 

cpx 

250-5 
3)

cpx 

265-1 

opx 2 ) 

265-2 
2) 

opx 

Si0
2 

A1 
2
0 

3 
Ti0

2 

50.14 

1.40 

0.18 

50.66 

1.49 

0.14 

47.69 

1.91 

0.13 

48. 10 

1.82 

0.18 

49.61 

0.96 

0.25 

49.29 

0.95 

0.21 

48.46 

L77 

0.16 

49.76 

2.88 

0.16 

46.86 

1.48 

0.08 

50.22 

I. 75 

0.30 

49.00 

2.25 

0.07 

49.04 

0.65 

0.20 

52.28 

1.69 

0.27 

49.23 

I. 52 

0.33 

52.05 

I. 79 

0.19 

49.46 

1.97 

0.05 

48.97 

0.57 

0.05 

49.07 

0.55 

0.09 

FeO 22.17 21.40 41.99 34.64 24.05 23.07 33.37 23.83 42.69 21.99 36.99 35.86 15.64 26.73 15.97 27.85 38.05 38.60 

MnO 0.61 0.53 I. 28 na 0.61 0.68 0.92 0.50 I. 08 0.53 I. 04 0.42 0.39 0.45 O. II 0.83 0.83 

MgO 4.92 5.84 5.68 5.90 6.17 6.19 5.07 4.91 5.60 4.82 5.89 I U.55 9.00 8.53 8.52 8.77 10.18 9.68 

CaO 19.70 19.53 0.78 8.12 18.23 19.32 9.05 17.72 1.01 19.65 7. I 2 0.69 20.83 12.36 21.46 10.93 0.84 1.35 

Na 
2
0 0.37 0.68 0.18 0.30 0.31 0.31 0.45 0.09 0.49 0.29 0.39 0.48 0.39 0.50 0.04 0.04 

total 99.49 100.27 99.66 98.84 100.18 100.02 99. II 100.21 98.89 99.75 101.32 98.32 100.52 99.57 101. 50 99.64 99.53 100.21 

247-13247-14 247-15 247-16 247-17 247-18 247-19 247-20 .247-21 247-22 247-23 250-1 250-2 250-3 250-4 250-5 lE5-1 265-2 

a
o 

Si 

Ai 

Ti 
2+

Fe 

Mn 

Mg 

Ca 

Na 

7.98 

0.26 

0.02 

2.95 

0.08 

I. 17 

3.36 

O. II 

7.96 

0.28 

0.02 

2.81 

0.07 

I. 37 

3.29 

0.21 

7.91 

0.38 

0.02 

5.83 

0.18 

1.40 

0.14 

0.06 

7.90 

0.35 

0.02 

4.75 

1.44 

1.43 

7.89 

0.18 

0.03 

3.20 

0.08 

1.46 

3.11 

0.09 

7.85 

0.18 

0.02 

3.07 

0.09 

I. 47 

3.30 

O. 10 

7. 94 

0.34 

0.02 

4.57 

0.13 

1.24 

I. 59 

0.10 

7.86 

0.54 

0.02 

3.15 

0.07 

1.16 

3.00 

0.14 

7.89 

0.29 

0.01 

6.01 

0.15 

1.41 

0.18 

0.03 

7.95 

0.33 

0.04 

2.91 

0.07 

I. 14 

3.33 

0.15 

7.87 

0.43 

0.01 

4.97 

1.41 

I. 23 

8.00 

0.13 

0.02 

4.89 

0.14 

2.57 

0.12 

0.09 

7.97 

0.30 

0.03 

I. 99 

0.05 

2.04 

3.40 

0.12 

7.84 

0.29 

0.04 

3.56 

0.05 

2.02 

2. II 

0.15 

7.94 

0.32 

0.02 

2.04 

0.06 

l.94 

3.51 

0.12 

7.85 

0.37 

0.01 

3.70 

0.02 

2.08 

l.86 

0.16 

7.96 

O. II 

O. OJ 

5. 17 

O. II 

2.47 

0.15 

0.01 

7.95 

O. II 

0.01 

5.23 

O. II 

2.34 

0.23 

0.01 

total 15.93 16.01 15.92 15.89 16.04 16.08 15.93 15.94 15.97 15.92 15.92 15.97 15.90 16.06 15.95 16.05 15.99 15.99 

8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 

(X, Y) 4.46 4.51 7.72 6.46 4.84 4.68 6.24 4.80 7.76 4.44 6.69 7.76 4.38 5.80 4.32 6.03 7.83 7.75 

W 3.47 3.50 0.20 I. 43 3.20 3.40 1.69 3.14 0.21 3.48 1.23 0.21 3.52 2.26 3.63 2.02 0.16 0.24 

mole 

En 15.64 18.34 19.00 18.90 18.79 18.75 16.76 15.87 18.55 15.45 18.53 33.86 27.46 26.27 25.90 27.23 31.7J 30.00 

Fs 39.44 37.62 79.10 62.34 41.18 39.16 61.76 43.09 79.08 39.43 65.31 64.56 26.78 46.29 27.24 48.43 66.37 67.05 

Wo 44.92 44.04 1.90 18.76 40.03 42.09 21.48 41.04 2.37 45.12 16.16 1.58 45.76 27.44 46.86 24.35 1.92 2.95 

fe 7J.60 67.22 80.64 76.74 68.88 67.62 78.66 73.09 81.00 71.85 77 .90 65.55 49.38 63.80 51. 26 64.01 67.67 69.09 



continued 

2f 5-3 265-4 265-5 265-6 265-7 265-8 265-9 265- 10 312-1 312-2 312-3 312-4 312-5 312-6 312-7 312-8 312-9 312-10 
1) 

cpx 
1) 

cpx cpx3) 1) 
cpx 

1) 
cpx opxS ) 1) 

cpx opxS) 1) 
opx 

1) 
opx cpx 3) cpx4 ) cpx I) I) 

cpx cpx 1) opx 5) cpx I) I) 
cpx 

Sia 2 
50.90 51. 35 49.71 51. 30 51.44 50.01 51.39 50.15 48.38 48.33 50.96 5 1.10 50.90 49.56 50.80 47.86 50.30 50.03 

Al
2

0 
3 

1.13 I. 08 1.04 1.06 I. 05 I. 02 1.39 I. 32 0.60 0.47 0.96 0.92 I. I 1 I. 13 1.17 0.54 1.13 0.89 

Ti0
2 

0.20 0.20 0.15 0.17 0.16 0.07 0.21 0.19 0.13 0.13 0.23 0.21 0.16 0.20 0.20 0.15 0.23 0.14 

FeO 18.24 19.32 38.74 18.18 17.47 31.85 18.94 29.3\ 40.65 40.68 19.80 20.22 21.57 2 I. 21 21.30 40.94 20. 01 20.09 

MnO 0.47 0.47 0.50 0.35 0.35 na 0.42 na 0.90 0.90 0.37 0.44 0.44 0.42 0.55 0.86 0.52 0.46 

!'\gO 7.59 7.30 9.52 7.58 7.29 8.49 7.58 8.41 8.22 7.87 7.06 7.20 6.59 6.54 6.44 6.54 6.57 7.12 

CaO 20.65 20.47 2.58 20.45 21.65 9.85 19.49 12.11 0.97 1.16 20.13 19.55 18.82 19.13 19.12 2.20 20.65 20.99 

Na
2
0 0.35 0.45 0.20 0.43 0.46 na 0.52 na 0.03 0.03 0.47 0.38 0.40 0.39 0.40 0.02 0.54 0.25 

total 99.33 100.65 102.70 99.52 99.88 101.29 99.94 101.48 99.88 99.58 99.98 100.02 99.99 98.57 99.98 99.10 99.94 99.97 

265-3 2f5-4 265-5 265-6 265-7 265-8 265-9265-10312-1 312-2 312-3 312-4 312-5 312-6 312-7 312-8 312-9 3) 2-1 a 

'" 
Si 

Al 

Ti 
2+

Fe 

Mn 

Mg 

Ca 

Na 

7.96 

0.21 

0.02 

2.39 

0.06 

1.77 

3.46 

0.11 

7.97 

0.20 

0.02 

2.51 

0.06 

I. 69 

3.40 

0.14 

7.88 

0.19 

0.02 

5.13 

0.07 

2.25 

0.44 

0.06 

8.00 

0.19 

0.02 

2.37 

0.05 

1.76 

3.42 

0.13 

8.00 

0.19 

0.02 

2.27 

0.05 

I. 69 

3.61 

0.14 

7.91 

0.19 

0.01 

4.21 

I. 76 

1.67 

7.99 

0.25 

0.02 

2.46 

0.06 

2.76 

3.25 

0.16 

7.87 

0.24 

0.02 

3.85 

I. 97 

2.04 

7.95 

0.12 

0.02 

5.58 

0.13 

2.0J 

0.17 

0.01 

7.97 

0.09 

0.02 

5.61 

0.13 

I. 93 

0.21 

0.01 

7.97 

0.18 

0.03 

2.'>9 

0.05 

I. 65 

3.38 

0.14 

7.99 

0.17 

0.02 

2.64 

0.06 

1.68 

3.28 

0.11 

8.00 

0.21 

0.02 

2.83 

0.06 

I. 54 

3.17 

O. 12 

7.92 

0.21 

0.02 

2.84 

0.06 

I. 56 

3.28 

0.12 

]. 98 

0.22 

0.02 

2.80 

0.07 

1.51 

3.22 

0.12 

7.98 

0.11 

O. 02 

5.71 

0.12 

I. 63 

0.39 

0.01 

7.91 

0.21 

O. 03 

2.63 

O. 07 

[ • 5L. 

3.48 

O. 16 

7.88 

0.17 

O. 02 

2.65 

O. 06 

I. 67 

3.54 

0.08 

total 15.98 15.99 16: 04 15.94 15.97 15.99 15.95 15.99 15.99 15.97 15.99 15.95 15.95 16. 01 15.94 15.97 16. 03 16. 07 

8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8. 00 8.00 8.00 8.00 8.00 8. 00 8.00 

(X,Y) 4.41 4.45 7.54 4.39 4.22 6.32 4.54 5.95 7.81 7.75 4.47 4.56 4.66 4.61 4.60 7.57 4.39 4.45 

W 3.57 3.54 0.50 3.55 3.75 1.67 3.41 2.04 O. I 8 0.22 3.52 3.39 3.29 3.40 3.34 0.40 3.64 3.62 

mole 

En 23.23 22.23 28.77 23.31 22.32 25.38 23.56 25.06 25.92 24.90 21. 65 22.10 20.42 20.31 20 .05 21. 09 20.13 21.25 

F, 31. 36 33.03 65.60 31.39 29.99 53.43 32.93 48.98 71.89 72.39 33.99 34.74 37.54 36.98 37.19 73.87 34.38 33.71 

Wo 45.4 I 44.74 5.63 45.30 47.69 21. \9 43.51 25.96 2.19 2.71 44.36 43.16 42. 04 42.71 42.76 5. 04 45.49 45. 04 

fe 57.45 59.76 69.51 57.38 .57.32 67.79 58.29 66.15 73.52 73.14 61.08 61. 11 64.76 64.55 64.97 77.79 63. 07 61.34 



continued 

312-11 312-12 312-13 312-14 312-15 312-J6 337-1 337-2 337-3 337-4 337-5 337-6 337-7 337-8 337-9 337-10 337-11 337-12 
op,3) op,l) op,l) op,I). op,l) cp,3) op,1 ) op,4) I)

op' op,3) 4)
op' op,1 ) 4)

cp' 
J)

cp' 
I)

op, 3)
cp' cpx l ) op,l) 

SiO
Z 

47.39 49.34 49.56 49.24 50.69 47.42 48. &7 51. 00 47.81 49.7& 51.11 47.78 50.84 49.76 49.24 47.49 49.30 49.4& 

Al 
2
0 

3 
1.44 1.80 1.08 I. 06 I. 00 I. 23 I. 00 I. 20 1.10 1.45 1.56 I. 19 1.29 2.01 2.51 1.44 I. 31 1.27 

Tia
2 

0.73 0.34 0.24 0.19 0.20 0.25 0.24 0.24 0.1& 0.20 0.18 0.29 0.2& 0.66 0.15 0.23 0.27 0.30 

FeD 38.35 20.94 23.14 20.15 20.18 40.44 4 I. 21 22.55 40.95 21. 90 22.30 40.8& 24.02 22.46 22.23 33.82 23.40 22.9& 

MnO na 0.51 0.50 0.44 0.45 na 0.54 0.3& 0.83 0.39 0.42 1. J& 0.45 na na na 

MgO 7.50 6.66 6.14 6.57 &.44 7.12 7.59 6.91 7.71 6.75 6.93 7.33 6.79 7.12 &.30 7.13 &.81 7.04 

CaD 4.00 19.41 19.03 20.4& 20.58 2.54 0.81 17.25 I. 31 19.10 18.84 0.82 18.84 20.35 19.99 7.84 19.18 19.77 

NaZO na 0.49 0.45 0.46 0.44 na 0.17 0.49 0.11 0.48 0.42 0.28 0.3& na na na na 

total 99.41 99.49 100.14 98.57 99.98 99.00 100.23 100.00 99.98 100.03 101.7& 99.71 102.86 102.36 100.42 97.95 100.27 100.80 

312-11 312-12 312-13 312-14 312-15 312-1& 337-1 337-2 337-3 337-4 337-5 337-6 337-7 337-8 337-9 337-10 337-11 337-12 

a
N 

Si 

Al 

Ti 

Fe z+ 

Mn 

Mg 

Ca 

Na 

7.79 

0.28 

0.09 

5.27 

1.84 

0.70 

7.82 

0.34 

0.04 

2.77 

0.07 

1.57 

3.29 

0.15 

7.87 

0.20 

0.03 

3.07 

0.07 

1.45 

3.24 

0.14 

7.88 

0.20 

0.02 

2.70 

0.0& 

1.57 

3.51 

0.14 

7.9& 

0.19 

0.02 

2. &5 

0.06 

I. 51 

3.4& 

0.13 

7.87 

0.24 

0.03 

5. &2 

I. 76 

0.45 

7.96 

0.19 

0.03 

5. &3 

0.07 

1.85 

0.14 

0.05 

8.00 

0.22 

0.03 

2.96 

0.05 

I. &2 

2.90 

O. IS 

7.87 

0.21 

0.02 

5. &4 

0.12 

I. 89 

0.23 

0.04 

7.86 

0.27 

0.02 

2.89 

0.05 

J .59 

3.23 

0.15 

7.90 

0.28 

0.02 

2.88 

0.05 

I. &0 

3. J 2 

0.13 

7.89 

0.23 

0.04 

5. &4 

O. 1& 

I. 80 

0.14 

0.09 

7.85 

0.23 

0.03 

3. 10 

0.06 

1.5& 

3.12 

O. II 

7.69 

0.37 

0.08 

2.90 

I. 64 

3.37 

7.75 

0.47 

0.02 

2.93 

1.48 

3.37 

7.85 

0.28 

0.03 

4. &8 

I. 76 

I. 39 

7.81 

0.24 

0.03 

3.10 

1.61 

3.25 

7.78 

0.24 

0.04 

3.02 

I. &5 

3.33 

total 15.97 1&.05 1&.07 16.08 J5. 98 15.97 15.92 15.?3 16.01 16.06 15.98 15.99 16.06 1&.05 1&.02 15.99 1&.04 1&.0& 

8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 

(X,Y) 7.27 4.& 1 4. &9 4.43 4.39 7.52 7.73 4.88 7.74 4. &8 4.73 7.76 4.83 4.68 4.65 6.60 4.79 4.73 

W 0.70 3.44 3.38 3. &5 3.59 0.45 0.19 3.05 0.27 3.38 3.25 0.23 3.23 3.37 3.37 I. 39 3.25 3.33 

lIIDle 

En 23.20 20.58 18. &9 20.18 19.82 22.48 24.28 21.66 24.36 20. &2 21. 05 23.74 20.05 20.73 19.02 22.48 20.23 20.62 

Fs 67.7& 3&.30 39.5& 34.70 34.77 7 I. 78 73.88 39.57 72. &8 37.48 37.89 74.41 39.85 36. &7 37.66 59.77 38.94 37.75 

Wo 9.04 43.12 41. 75 45.12 45.41 5.74 I. 84 38.77 2.96 41.90 41.06 I. 85 40.10 42. &0 43.32 17.75 40.83 41.63 

fe 74.12 &3.82 67.92 63.23 63.70 76.15 75.27 &4.&3 74.90 64.51 0.58 75.81 65.68 -- 70.85 65.82 



continued 

337-13 

cpx3 ) 

337-14 

opx5 ) 

340-1 
2)

opx 

340-2 

opx 2) 

340-3 

opx 2) 

340-4 
2) 

opx 

340-5 
I) 

cpx 
340-6 

cpx l ) 

340-7 

cpx l ) 

340-8 

opx 5) 

340-9 
2) 

opx 

340-10 

cpx l ) 

340-11 
5) 

cpx 

340-12 
5)

cpx 

340-13 

cpx 1) 

340-14 
I)

cpx 

340-15 

cpx 1) 

340-16 
3)

cpx 

Si0
2 49.06 48.85 47.37 47.47 46.97 47.47 49.92 50.01 49.94 47. 74 48.24 50.07 48.84 49.75 50.90 50.29 51.19 47.49 

Al 
2 
0 

3 1.01 I. 21 0.55 0.54 0.59 0.44 I. 13 0.92 0.86 0.93 0.56 1.10 J. 64 1.64 I. 28 1.32 1.48 0.94 

Ti0
2 0.29 0.29 0.19 O. 10 0.19 0.19 0.20 0.19 0.40 0.47 0.19 0.20 0.18 0.19 0.20 0.20 0.20 nd 

FeO 36.93 31.04 42.18 41.54 41.50 43.02 23.94 22.58 22.61 41. 06 43.08 22 .46 33.58 34.12 21.42 22.91 20.67 42.94 

MnO na 0.84 0.86 0.84 0.86 0.50 0.44 0.46 0.09 1.03 0.46 na na 0.47 0.46 0.47 na 

MgO 8.08 7.32 6.87 7.70 7.60 6.88 6.20 6.17 6.08 7.08 6.76 5.89 6.18 6.60 5.74 5.97 5.68 6.80 

CaO 6.96 10.91 I. I 7 I. 19 0.68 I. 00 18.40 19.60 19.95 I. 31 0.87 19.75 9.56 8.97 19.88 18.46 20.34 0.72 

Na
2

0 na na nd nd nd nd 0.57 0.48 0.48 nd nd 0.61 0.55 0.47 0.51 na 

total 102.33 99.61 99.17 99.08 98.37 99.·86 100.86 100.39 100.77 98.68 100.72 99.80 99.98 101.09 100.43 100.08 100.54 98.89 

337-13 337-14 340-1 340-2 340-3 340-4 340-5 340-6 340-7 340-8 340-9 340-10 340-11 340-12 340-13 340-14 340-15 340-16 

U' 
W 

Si 

Al 

Ti 
2+

Fe 

Mn 

Mg 

Ca 

Na 

7.81 

0.19 

0.03 

4.92 

I. 92 

1.19 

7.88 

0.23 

0.04 

4.19 

1.76 

1.89 

7.92 

O. II 

0.02 

5.90 

0.12 

1.71 

0.21 

0.00 

7.90 

0.11 

0.01 

5.78 

0.12 

1.91 

0.21 

0.00 

7.90 

0.12 

0.02 

5.84 

0.12 

1.90 

0.12 

0.00 

7.91 

0.09 

0.02 

6.00 

0.12 

1.71 

0.18 

0.00 

7.88 

0.21 

0.02 

3.16 

0.07 

I. 46 

3. II 

0.17 

7.90 

0.17 

0.02 

2.98 

0.06 

1.45 

3.32 

0.14 

7.87 

0.16 

0.05 

2.98 

0.06 

1.43 

3.37 

0.15 

7.95 

0.18 

0.06 

5.7J 

0.01 

1.76 

0.23 

O.QO 

7.95 

O. II 

0.02 

5.94 

0.14 

1.66 

0.15 

0.00 

7.90 

0.20 

0.02 

2.96 

0.06 

I. 39 

3.34 

0.19 

7.90 

0.31 

0.02 

4.54 

1.49 

I. 66 

7.91 

0.31 

0.02 

4.56 

I. 57 

J. 54 

7.98 

0.24 

0.02 

2.81 

0.06 

1.34 

3.34 

0.17 

7.95 

0.25 

0.02 

3.03 

0.06 

1.41 

3.12 

0.14 

7.99 

0.27 

0.02 

2.70 

0.06 

1.32 

3.40 

0.16 

7.94 

0.19 

0.00 

6.01 

1.70 

0.13 

total 16.06 15.99 15.99 16.04 16.02 16.03 16.08 16.04 16.07 15.90 /5.97 16.06 15.92 15.91 15.96 15.98 15.92 15.97 

8,00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 

(X,Y) 6.87 6. /0 7.78 7.83 7.90 7.85 4.80 4.58 4.55 7. 67 7.82 4.53 6.26 6.37 4.45 4.72 4.36 7.84 

J. 19 1.89 0.21 0.21 0.12 0.18 3.28 3.46 3.52 0.23 0.15 3.53 I. 66 1.54 3.51 3.26 3.56 0.13 

mole 

En 23.91 22.45 21.87 24.18 24.17 21.67 18.84 18.71 18.36 22.86 21.41 18.08 19.37 20.47 17.89 18.65 17.79 21. 68 

Fs 61.27 53.44 75.45 73.16 74.30 76.05 40.90 38.45 38.32 74.15 76.65 38.49 59.04 59.45 37.52 40.08 36.39 76.66 

Wo 14.82 24. II 2.68 2.66 J. 53 2.28 40.26 42.84 43.32 2.99 1.94 43.43 21.59 20.08 44.59 41. 27 45.82 1.66 

fe 70.42 77.53 75.16 75.45 77.82 68.47 66.37 66.67 76.44 78.16 68.05 74.39 66.75 67.33 66.18 



continued 

5iO 
Z 

AI 20 
3 

TiO 
Z 

FeO 

HIlO 

HgO 

CaO 

NaZO 

49. 10 

1.22 

0.20 

23.81 

0.46 

5.60 

17.78 

0.52 

340-17 

cpx 1) 

340-18 
1) 

cpx 

49.84 

1.36 

0.18 

23.00 

0.43 

5.94 

\9.44 

0.67 

6.17 

8.50 

na 

na 

nd 

34.63 

340- 19 
3)

cpx 

49. \6 

1.60 

na 

7.37 

3.53 

na 

340-20 
3)

cpx 

49.04 

1.15 

0.19 

40.02 

392-1 
I) 

cpx 

49.71 

1. 19 

0.22 

25.41 

0.58 

2.69 

19.60 

0.57 

49.67 

1. \0 

0.17 

25.89 

0.54 

2.81 

20.17 

0.59 

392-2 
I)

cpx 

392-3 

cpx2) 

48.14 

0.96 

0.21 

29.20 

0.61 

2.96 

17.37 

0.43 

49.10 

I. \8 

0.25 

26.22 

0.62 

2.74 

19.12 

0.56 

392-4 

cpx1) 

392-5 

cpx J) 

.49.21 

I. 19 

0.25 

i5.77 

0.60 

2.59 

19.61 

0.55 

49.49 

]. 21 

0.21 

25.69 

0.62 

2.89 

\9.6\ 

0.57 

392-6 

cpx I) 

47.00 

0.91 

0.25 

44.98 

1.29 

2.94 

1.46 

0.14 

392-7 

cpx3) 

total 98.70 100.86 99.89 101.30 99.68 100.94 99.88 99.79 99.87 100.29 98.97 

340-17 340-18 340-19 340-20 392-1 392-2 392-3 392-4 392-5 392-6 392-7 

0'0.,. 

Ca 

Na 

Kg 

Si 

Hn 

Al 

Ti 
2+ 

Fe 

7.92 

0.23 

0.02 

3.21 

0.06 

1. 35 

3.07 

0.16 

7.85 

0.25 

0.02 

3.03 

0.06 

1.39 

3.28 

0.20 

1.49 

1.47 

7.95 

0.31 

0.00 

4.68 

7.92 

0.22 

0.02 

5.40 

1.77 

0.61 

8.00 

0.23 

0.03 

3.42 

0.08 

0.64 

3.38 

0.18 

7.95 

0.21 

0.02 

3.46 

0.07 

0.67 

3.46 

0.18 

7.88 

0.19 

0.03 

4.00 

0.08 

0.72 

3.05 

0.13 

7.95 

0.23 

0.03 

3.55 

0.08 

0.66 

3.32 

0.17 

7.96 

0.23 

0.03 

3.49 

0.08 

0.62 

3.40 

0.17 

7.95 

0.23 

0.03 

3.45 

0.08 

0.69 

3.38 

0.18 

8.00 

0.21 

0.03 

6.41 

0.19 

0.75 

0.26 

0.05 

total 16.02 16.08 15.90 15.94 15.94 J 6.02 16.08 15.99 15.98 15.99 15.90 

(x. Y) 

W 

8.00 

4.79 

3.23 

8.00 

4.60 

3.48 

8.00 

6.43 

1.47 

8.00 

7.33 

0.61 

8.00 

4.38 

3.56 

8.00 

4.38 

3.64 

8.00 

4.90 

3.18 

8.00 

4.50 

3.49 

8.00 

4.41 

3.57 

8.00 

4.43 

3.56 

8.00 

7.59 

0.31 

FS 

Wo 

mole 

En 17.66 

42.08 

40.26 

18.05 

19.35 

42.60 

19.50 

61.26 

19.24 

22.75 

69.41 

7.84 

8.60 

45.97 

45.43 

8.82 

45.65 

45.53 

9.27 

5J .48 

39.25 

8.77 

47.14 

44.09 

8.27 

46.40 

45.33 

9.17 

45.88 

44.95 

10.11 

86.39 

3.50 

fe 69.48 68.55 75.85 75.31 82.6J 82.42 84.75 84.32 83.25 83.33 89.52 

95 98 136 155 340 392 

Si0
2 

AI 20
3 

Ti0
2 

FeO 

30.20 

0.33 

0.05 

67.12 

29.92 

0.07 

0.02 

66.03 

30.70 

0.03 

0.01 

62.78 

30.61 

0.06 

0.01 

64.06 

30.73 

0.18 

0.07 

65. I 7 

30.50 

0.33 

0.01 

66.29 

Na 
2

0 

total 

Si 

Al 

Ti 

Fe 2+ 

Mn 

Hg 

Ca 

Na 

total 

Fo 

Fa 

rInO 1.11 1.59 1.00 1.03 1. 19 29 
1.

HgO 1. 72 1.40 5.05 4.06 3.61 1.61 
1 

CaO O. 10 o.OJ O. 02 0.02 0.09 0.09 

0.37 0.05 0.08 0.01 0.00 08 
0. 1 

table 4.2: analyses of olivines from the (quartz-)mon

zonitic phase of the Bjerkreim-Sokndal lopolith. All iron 

is calculated as FeO. In each sample three grains have 

been measured, the averages of which are presented in the 

table. The reader is referred to appendix AI for an 

explanation of the discrepancies between optically deriv

ed fayalite contents (cf. figure 1.3) and analysed 

fayalite contents. 

101.00 

95 

5.98 

0.08 

0.01 

11. I 2 

0.19 

0.51 

0.02 

0.14 

I B.05 

4.39 

95.61 

99.09 

98 

6.05 

0.02 

0.0\ 

11.16 

0.27 

0.42 

0.00 

0.02 

17.95 

3.63 

96.37 

99.67 

136 

6.02 

0.01 

0.01 

10.29 

0.17 

I .47 

0.00 

0.03 

18.00 

12.50 

87.50' 

99.86 

155 

6.03 

0.01 

0.00 

10.55 

0.17 

1. 19 

0.00 

0.00 

17.95 

10.14 

89.86 

\0\ .04 

340 

6.00 

0.04 

0.01 

10.65 

0.20 

1.05 

0.02 

0.00 

17.97 

9.87 

91. 03 

100.20 

392 

6.06 

0.08 

0.00 

11.02 

0.22 

0.48 

0.02 

0.03 

1.7.91 

4. 17 

95.83 



table 4.3: descriptions of all analysed pyroxene phases of table 4.1. 

R40	 Orthopyroxene with closely spaced Ca-rich clinopyroxene lamellae 11(100)opx which are ca I \lm thick. Small 

apatite crystals are enclosed. This anhedral crystal is part of an extreme orthopyroxene poikiloblast. 

40-1: orthopyroxene host; 40-2: lamellae 11(IOO)opx (analysed at a coarsened part). 

Epitaxially related ortho- and Ca-rich clinopyroxene. The planes of epitaxy are '(OOI)l and (100). Along 

the latter plane a lamellar intergrowth can be observed. In the orthopyroxene very thin (I \lm) Ca-rich 

clinopyroxene lamellae are present /1(IOO)opx' The Ca-rich clinopyroxene contains thin lamellae 1/(100) 

and "(00 I) ". 40-3: bulk orthopyroxene at the contact wi th the Ca-rich clinopyroxene; 40-4: orthopyroxene 

host at this contact; 40-5: orthopyroxene host in the central part of it; 40-6: host Ca-rich clinopyroxene. 

The calcium-rich clinopyroxene also encloses a domain of orthopyroxene with regularly spaced Ca-rich 

clinopyroxene lamellae 1/(IOO)opx(probably inverted/decomposed pigeonite). 

Small anhedral Ca-rich Clinopyroxene crystal (C -type). 40-7: host between lamellae II(lOO)aug; 40-8:
2

host between lamellae 11"(OOI)~ug; 40-9: pigeonite lamella 1/"(OOI)~ug (contaminated)(3 \lm thick). 

Lamellae 11(IOO)aug in the C -domain are present in two generations: the first generation lamellae are
3

ca I fJrn thick. Their spacing is ca 10j..im. Between these lamellae very small, regularly spaced, lamellae 

11(IOO)aug and a few 11"(OOI)~ug are present. The latter (IOO)-lamellae are not resolved in analysis 40-7. 

Anhedral Ca-rich clinopyroxene crystal (CI-type) with two generations lamellae. A small rounded micro

perthite crystal is enclosed. 40-10: host in the centre of the crystal; 40-11: host in the marginal 

part of the crystal. The former represents the host for both generations, the latter includes the second 

generation lame llae. 40-12: pigeonite lame lla I I" (00 I) ~ug of firs t generation (4 urn thick). 

Small anhedral clinopyroxene crystal (C -type). Within the Ca-rich clinopyroxene three wide bands of ortho
3

pyroxene with closely spaced lamellae 1/(IOO)opx are epitaxially intergroloffi on "(001)". Between these bands 

(inverted pigeonite) and the Ca-rich clinopyroxene '(001) '-zoning (cf. section 2.1.10) is present. 40-13: 

bulk Ca-rich clinopyroxene; 40-14: hos t Ca-rich clinopyroxene; 40-15: bulk epitaxially intergrown bands. 

R74	 Small anhedral clinopyroxene crystal (C,-type) with two generations lamellae. 74-): clinopyroxene host 

for both generations lamellae in the central part of the crystal; 74-2: idem. but in the marginal part 

of the crystal; 74-3: pigeonite lamella of the first generation (5 fJm thick). 

An- to subhedral clinopyroxene crystal normal to the crystallographic c-ax.is (c)-type). 74-4: bulk analysis. 

Small anhedral clinopyroxene crystal (CI-type) enclosed in a large K-feldspar-rnicroperthite crystal. The 

lamellae have variable thicknesses. This crystal is described in detail in section 4.1.10. 74-5: Ca-poor 

clinopyroxene 'lamella'; 74-6: clinopyroxene 'lamella'; 74-7: Ca-rich clinopyroxene 'lamella'; 74-8: 

clinopyroxene 'lamella'. The ana~yses 74-5 and 74-7 are in contact with each other. The phases 74-6 and 

74-8 form a lamellar intergrowth. 74-9: bulk of Ca-rich clinopyroxene with small pigeonite lamellae 

(ca 3 "m). 

R95	 Large an- to subhedral clinopyroxene crystal (C -type) which encloses a few small Fe-Ti oxide crystals.
2

The central part is dominated by a C -domain extending to the grain boundaries. Several orthopyroxene
3

lamellae cross the grain boundary and coarsen outside the Ca-rich clinopyroxene host. In parts of the 

crystal lamellae //(IOO)aug do not form distinct C -domains: they are more or less randomly distributed.
3

Between the lamellae 11(IOO)aug very thin lamellae /1"(OOl)~Ug may be present. The marginal parts of the 

clinopyroxene crystal and the parts where (IOO)-lamellae are not forming distinct C -domains, lamellae
3

//H(OOl)~ug dominate. They are present in two generations. The orientation of the second generation is 

equal to the orientation of the small lamellae between the (IOO)-lamellae. 95-1: bulk C3-domain in the 

central part of the crystal; 95-2: bulk small C -domain which terminates at one 'end 1 at a first generation
3

lamella Ir(OOI)~ug; 95-3: host for both generations lamellae 11"(OOI)~Ug in the marginal part of the 

crystal;	 95-4: lamella 11(IOO)aug analysed in a coarsened part; 95-5: pigeonite lamella of the first 

generation (J \lm thick). 
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Subhedral clinopyroxene crystal normal to the cryst<lllographic c-axis (C -type). The lamellae 11(100)
2

extepd across the grain boundary. They coarsen outside the Ca-rich clinopyroxene host. 95-6: host 

between (IOO)-lamellae; 95-7: bulk of the clinopyroxene in the margianal 'part of the crystal. However, 

it may represent the host after exsolution of lamellae 11"(001)~ug which are not visible in this orienta

tion of the crystal; 95-8: lamella 11(IOO)aug analysed in a coarsened part. The spacing of the (100)

lamellae is very regualr. 

R98	 Small anhedral clinopyroxene crystal (Cl-type) with two generations lamellae. A small domain of lamellae 

11(IOO)aug is present (cf. figure 2.1).98-1; host in the central part of the crystal; 98-2: idem in 

the marginal part; 98-1: bulk of the C -domain with the small lamellae 11(100); 98-4: first generation
3


lamella /1"(001)" (4 urn thick).

aug 

Medium-sized subhedra1 clinopyroxene crystal (Cl-type) with two generations lamellae. 98-5: host in the 

central part of the crystal; 98-6: host in the marginal part of the crystal; 98-7: idem 98-6. The 

analyses represent the host for both generation lamellae. 98-8: first generation lamella (4 ·um thick). 

Medium-sized anhedral clinopyroxene crystal (C -type). The C -domains are subordinate to CI-domains.
2 3

Both lame llae I I (100) aug and I 1ft (00 1) ~ug are present in two generations. The second generation lamellae 

are very small (less than 1 \..1m ). 98-9: host in the central part of the crystal; 98-10: bulk of 

C -domain containing the two generation lamellae 11"(100)~ug; 98-11: host for second generation lamellae;3

98-12: first generation lamella /11'(OO1)'t (3 \..1m thick).


aug 

Rl36	 Medium-sized anhedral crys tal of orthopyroxene with closely spaced clinopyroxene lamellae I I (100) opx' 

The central part is dominated by a domain of 'orthopyroxene of the Palisades type' (cf. section 2.2.3). 

This domain is surrounded by a precipitation free zone. 136-1: bulk of domain; 136-2: orthopyroxene 

host outside the precipitation free zone; 136-3: orthopyroxene host between lamellae 11(100)opx; 

136-4: Ca-rich bleb in the 'Palisades-type' domain; 136-5: lamella I I (100) opx (3 urn thick). 

Small anhedral crystal of orthopyroxene with closely spaced clinopyroxene lamellae 11(IOO)opx in the marginal 

parts of the crystal. In the central part of orthopyroxene several clinopyroxene lamellae are 11(103) in 

addition to lamellae I I( 100) opx' 136-6: orthopyroxene host between lamellae I I (103) opx; 136-7: bulk 

of orthopyroxene with closely spaced lamellae; 136-8: lamella I I (103) opx (6 l.lm thick). 

Small anhedral Ca-rich clinopyroxene crystal the core of which consists of orthopyroxene with very fine, 

very closely spaced clinopyroxene lamellae I I (100) opx' The core extends into the c-direction to the grain 

boundary. In "this direction the amount of fine orthopyroxene lamellae I I (J 00) aug in the Ca-rich clino

pyroxene steadily decreases; this phenomenon may be comparable to the '(0~1) '-zoning, but in this crystal 

it is 1ess regular. 136-9: bulk of the core; 136-10 and 136-1 I : the gradual change in bulk composition 

in the c-direction. 136-12: marginal part of the core in the a-direction; 136-13: bulk Ca-rich 

cl inopyroxene rim. 

RI53	 Anhedral fragment of an extreme orthopyroxene poikiloblast. The orthopyroxene contains closely spaced 

clinopyroxene lamellae 11(IOO)opx' Most lamellae terminate at the grain boundary. The amount of lamellae 

diminishes towards the grain boundary. A part of the crystal consists of a domain of 'orthopyroxene of 

the Palisades type' in which the Ca-rich clinopyroxene flakes are somewhat elongated along (103)opx' Very 

small lamellae 11(IOO)opx are also present. The domain is surrounded by a precipitation free zone. 

153-1: orthopyroxene host; 153-2: lamella 11(100)opx (4 l.lm thick); 153-3: Ca-rich clinopyroxene flake. 

Medium-sized an- to subhedral crystal of orthopyroxene with closely spaced lamellae 11(IOO)opx' Several 

lamellae do not reach the grain boundary. Three flat lens-shaped lamellae of. Ca-rich clinopyroxene are 

present parallel to the remnant pigeonite plane (001). Their maximum thickness is 8 l.lm. 151-4: ortho

pyroxene host; 153-5: Ca-rich clinopyroxene lamella II remnant (001). 

Small subhedral clinopyroxene crystal with '(OOI)'-zoning (cf. section 2.1.10). The Ca-rich clinopyroxene 

contains very thin lamellae 11"(OOI)~ug' The morphology of the crystal is comparable to figure 2.10-d. 

153-6: bulk core; 153-7: bulk intermediate zone I I' (00 I) '; 153-8: hos t Ca-rich clinopyroxene rim. 

Medium-sized anhedral clinopyroxene crystal (C -type). The lamellae 11(IOO)aug are regularly spaced. In
4

the C -domain a small 'Roga1and inverted pigeonite lamella' is present. 153-9: bulk C -domain;
3 3


153-10: host between lamellae 11"(OOI)~ug in the marginal part of the crystal.
 

RI55	 Anhedral isolated section of an extreme orthopyroxene poikiloblast. The greater part of the crysta1 is 
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orthopyroxene with thin, closely spaced clinopyroxene lamellae 11(IOO)opx' The lamellae terminate at the
 

grain boundary. In a small part of the section an irregularly shaped Ca-rich clinopyroxene flake is sur


rounded by a precipi tation free zone. 155- J : orthopyroxene hos t; 155-2: lamella I I (100) opx analysed
 

in a slightly coarsened part.
 

Small euhedral, slightly prismatic, part of an extreme orthopyroxene poikiloblast. The orthopyroxene con


tains a minor amount of very thin lamellae 11(IOO)opx' 155-3: bulk analysis.
 

From the same extreme orthopyroxene poikiloblast is another isolated section in which 155-4 (the ortho


pyroxene host) and 155-5 (lamella II(JOO)opx in a slightly coarsened part)have been analysed. The
 

amount of lamellae in this section is substantially greater than in the former one. The relative amounts
 

of or tho- and clinopyroxene suggest a pigeonitic composition.
 

Small anhedral clinopyroxene crystal in which a calcium-poor clinopyroxene (at present visible as ortho


pyroxene with very fine, closely spaced, clinopyroxene lamellae 11(IOO)opx) at both (OOl)-planes is
 

epi taxially overgrown by a calcium-rich clinopyroxene. Between the two phases '(001)' -zoning is observed.
 

155-6: bulk of the Ca-pooT clinopyroxene; 155-7; bulk intermediate zone; i55-8: Ca-rich clinopyroxene
 

host; 155-9: Ca-rich clinopyroxene lamella 11(IOO)opx' 

Small subhedral clinopyroxene crystal. This crystal is the only one which has not been analysed in a 

section normal to the crystallographic b-axis, but perpendicular to a normal in the ac-plane. The 

crystal is clearly zoned. Three bulk analyses are available: 155-10: core; 155-11: intermediate zone; 

155.... 12: rim. 

Large subhedral clinopyroxene crystal (C -type). Abundant Fe-Ti oxide needles are present parallel with
4

and at a high angle to the crystallographic c-axis. The crystal inlcudes a few 'Rogaland inverted 

pigeonite lamellae I terminating at both ends at the grain boundary. Commonly these lamellae are lens

shaped. 155-13: hos t; /55-14 and 155-15: bulk analyses of the same 'Rogaland inverted pigeoni te 

lamella', which shows variable amounts of Ca-rich clinopyroxene lamellae 11(IOO)opx' 

Small anhedral clinopyroxene crystal (C1-type) with two generations lamellae. 155-16: host for both 

generations: 155-17: host for the first generation lamellae (host + second generation lamellae); 

155-18: first generation lamella (3 \.1m thick). 

Small anhedral clinopyroxene crystal (Cz-type) in whiCh only a few lamellae //(IOO)aug are present forming 

a very small centrally situated C -domain. The crystal is dominated by lamellae 11"(OOI)~Ug which are
3

present in two generations. Between first generation II(OOI)II-lamellae (IOO)-lamellae may be present 

which appear to be of the same generation as those in the C -domain. 155-19: host for both generations
3

lamellae //"(001)11 and for the lamellae 11(100) ; 155-20: host clinopyroxene (including second 
aug aug
 

generation lamellae); 155-21: first generation lamella 11"(OO')~Ug (4 um thick).
 

R185	 Medium-sized subhedral clinopyroxene (CI-type) with two generations lamellae. The thickness of the first 

generation exceeds the critical lamellar thickness, but they are still un-inverted. 185-1: host inlcuding 

the second generation lamellae which are ca 1 \Jm thick; 185-2: first generation lamella (8.5 urn thick). 

RZl7	 Small anhedral primary orthopyroxene crystal, present at the grain boundary of a Ca-rich clinopyroxene. 

217-1: bulk orhtopyroxene. 

Large anhedral clinopyroxene crys tal elongated in the a-direction (C4-type) . The lamellae I I (100) aug are 

regularly spaced. In the central part the spacing may be large enough for lamellae I 1"(001 )~ug to be 

present. The crystal contains two 'Rogaland inverted pigeonite lamellae' which at Qne end terminate at 

the grain boundary. A few Fe-Ti oxide plates parallel with and at a high angle to the crystallographic 

c-axis are present. ZI7-2: bulk clinopyroxene (including the lamellae 11(100)aug); 217-3 and 217-4: 

bulk analyses of the same 'Rogaland inverted pigeonite lamella', which shows variable amounts of Ca-rich 

cl inopyroxene lamellae / / (100) opx' 

R247	 Medium-sized anhedral crystal in which primary orthopyroxene and Ca-rich clinopyroxene are epitaxially 

related on (100). The epitaxial plane is slightly curved. The Ca-rich clinopyroxene is of type-C .
2

247-1: bulk orthopyroxene; 247-2: clinopyroxene host; 247-3: lamella I I" (001 )~Ug (4 llm thick) ~ 

Medium-sized anhedral crystal of orthopyroxene with Ca-rich clinopyroxene lamellae 11(IOO)opx and II 

remnant (OOI)-plane of pigeonite (this crystal is repcoduced in Plate 10). 247-4: orthopyroxene host 

between (IOO)-lamellae in the part devoid of lamellae 1/(OOI)pig(remnant); 247-5: orthopyroxene host in 
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the central part which is. virtually free of exsolution lamellae; 247-6: lamella II remnant (OOI)pig; 

247-7: lamella 11(IOO)opx in the part of the crystal represented by 247-4; 247-8: broad lamella II 

(IOO)opx terminating at the grain boundary and at one of the lamellae II remnant (OOI)plg 

Medium-sized crystal of orthopyroxene with closely spaced clinopyroxene lamellae 11(IOO)opx J a few 

lamellae 11(103)opx and two lens-shaped lamellae II remnant (OOI)-plane of pigeonite. Along a small part 

of the grain boundary the crystal is overgrown by Ca-rich clinopyroxene (this crystal is also reproduced in 

Plate 10). 247-9 : bulk analysis of orthopyroxene with closely spaced lamellae 11(IOO)opx; 247-10: or tho-

pyroxene host (including very fine lamellae 11(IOO)op) at the margin of the crystal where the (100)

lamellar spacing is widest; 247-1 J: lamella 11(100) in the epitaxially related Ca-rich clinopyroxene;
aug 

247-12: lens-shaped lamella; 247-13: lamella 11(103) ; 247-14: bulk of epitaxially related Ca-rich 
opx
 

clinopyroxene.
 

Small anhedral crystal of orthopyroxene with closely spaced clinopyroxene lamellae 11(IOO)opx' The lamellae 

may coarsen locally. The coarsened parts of the lamellae more or less define a plane ca 11(102)(?)opx' 

247-15:	 orthopyroxene host; 247-16: lamella 11(IOO)opx analysed in a coarsened part. 

Small anhedral clinopyroxene crystal (C -type)(cf. Plate 10). 247-17: bulk C -domain including very fine
2 3


lamellae 11"(OOL)~ug; 247-18: bulk marginal part including lamellae 11"(OOI)~ug'
 

Small subhedral clinopyroxene crystal (section normal to the crystallographic c-axis) of intimately 

intergrown Ca-poor and Ca-rich clinopyroxenes. This pattern is evidenced by the distribution of closely 

spaced orthopyroxene 'lamellae' 11(100)cpx' 247-19: bulk Ca-poor clinopyroxene; 247-20: bulk Ca-rich 

clinopyroxene. 

Hedium-sized anhedral crystal of clinopyroxene (C -type) containing two 'Rogaland inverted pigeonite
4

lamellae' which are restricted to the C -domain. The clinopyroxene is on a part of its grain boundary
3

epitaxially related to primary orthopyroxene. 247-21: bulk orthopyroxene; 247-22: clinopyroxene host 

for all lamellae analysed in the vicinity of a Fe-Ti oxide crystal at its grain boundary; 247-23: bulk 

'Rogaland inverted pigeonite lamella' (ca 15 lJm thick). 

R250	 Small subhedral crystal of primary orthopyroxene containing minor amount of very thin lamellae /1(IOO)opx. 

250-1: bulk analysis. 

Medium-sized anhedral clinopyroxene crystal (CI-type) with two generations lamellae. 250-2: host for 

both generations; 250-3: first generation lamella 11"(OOI)~ug (3 urn thick). 

Small anhedral clinopyroxene crystal (CI-type) with two generation lamellae. 250-4: host for both 

generations; 250-5: first generation lamella 11"(OOI)~ug (4 ]lm thick). 

R265 Medium-sized anhedral crystal of primary orthopyroxene from a cluster of several orthopyroxene crystals 

(cf. section J .1.6.4). Irregularly shaped Fe-Ti oxide crystals are present at the grain boundary. The 

orthopyroxene contains minor amounts of very thin clinopyroxene lamellae I I (J 00) opx' which are irregUlarly 

distributed. 265-1: orthopyroxene bulk without lamellae; 265-2: bulk orthopyroxene inclUding lamellae 

/ / (100) opx' 

Medium-sized anhedral clinopyroxene crystal (C 2-type). Lamellae I 1"(001 )~ug are present in two genera

tions. 265-3: host in C -domain; 265-4: host in marginally situated CI-domain; 265-5: first genera
3


tion lamella 11"(001)" (3]lm thick).

aug 

Medium-sized anhedral clinopyroxene crystal (C -type) with abundant plates of Fe-Ti oxide parallel with
3

and at a high angle to the crystallographic c-axis (the crystal may be described as a so-called 

R340-clinopyroxene' , cf. section 1.1.6.6). 265-6 and 265-7: host clinopyroxene in the central and 

marginal	 parts, respectively; 265-8: lamella 11(00)aug. 

Medium-sized subhedral clinopyroxene crystal (C -type) (section nonnal to the crystallog:aphic c-axis).
3


The lamellae are reg\.llarly spaced. 265-9: host; 265-10: lamella.
 

R312	 Large anhedral section of an extreme orthopyroxene poikiloblast. The orthopyroxene contains two 

generations lamellae 11(IOO)opx; the first generation lamellae are evenly 'spaced and ca 2 lJm thick, the 

second generation lamellae are very thin. The former may not tenninate at the grain boundary, the 

latter invariably do. The crystal includes a small, rounded Ca-rich clinopyroxene bleb which is surround

ed by a precipitation free zone. 312-1: orthopyroxene host in the precipitation free zone; 312-2: ortho

pyroxene host including the second generation lamellae; 312-3: Ca-rich clinopyroxene bleb; 312-4: first 

generat ion lame lla /1 (100) opx analysed in a coarsened part. 
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Small anhedral clinopyroxene crystal. The marginal part may contain lamellae 1j!'(OOI)~Ug Thin 

orthopyroxene lame llae are- present I I (100) aug. Generally the orthopyroxene forms flat elongated lenses 

at an angle of ca 8
0 

to (100) aug. If the lenses are thick enough they have exsolved very thin clino

pyroxene lamellae 11(IOO)(?)opx. The relative amounts of ortho- and clinopyroxene suggest that the 

crystal is made up of a calcium-poor clinopyroxene core partially surrounded by a calcium-rich clino

pyroxene rim. In the rim b-axis rotation C2°) along a subgrain boundary, approximately II(OOJ)aug' is 

observed. The crystal is reproduced in Plate J2, figure I. 312-5: bulk clinopyroxene rim; 312-6: 

bulk clinopyroxene remnant between orthopyroxene lenses; 312-7: Ca-rich clinopyroxene present as a 

'lamella 11(IOO)opx'; 312-8: orthopyroxene in one of the lenses. 

Small anhedral clinopyroxene crystal (CI-type) with two generations lamellae. 312-9: host in the central 

part of the crystal; 312-10: host in the marginal part. Both analyses represent the host after ex

solution of both generations lamellae. 312-11: first generation lamella Ij!'COOI);ug (4 )..Jill t..hick). 

Medium-sized an- to subhedral clinopyroxene crystal (C -type). In a part of the crystal a C3-domain
2

is present. It is bounded by the grain boundary and a first generation lamella II"COOI)~ug. Lamellae II 

(JOO)aug may be present between first generation lamellae 11"(OOl);ug' but not in the marginal parts of the 

crystal. In this part second generation lamellae 1/,I(OOI)~ug are present. The latter are also present 

in the central part of the crystal if the spacing of (IOO)-lamellae is sufficiently wide. 312-12: host 

for all lamellae; 312-J3: bulk C -domain, probably representing the host after exsolution of the first
3

generation lamellae 111l(OOl)~ug; 312-14: host for both generations lamellae Itl(OOI)~ug in the marginal 

part of the crystal; 312-15: host between first generation la~llae in the central part of the crystal. 

312-16: first generation lamella 11"(001)" (5"m thick),
aug 

R337	 Medium-sized subhedral crystal of orthopyroxene with abundant very fine clinopyroxene lamellae 11(100
6px 

. 

The clinopyroxene also forms several small irregular flakes. 337-1: orthopyroxene host; 337-2: Ca

rich clinopyroxene measured in one of the flakes. 

Anhedral section of an extreme orthopyroxene poikilob17St. The orthopyroxene contains two generations 

lamellae 11(IOO)opx The first generation lamellae are ca 2 lJm thick and locally grade into small plates. 

Generally they do not terminate at the grain boundary. The second generation forms thin lamellae invariably 

terminating at the grain boundary. A small plate of clinopyroxene is present parallel with the remnant 

(OOI)-plane of pigeonite. 337-3: orthopyroxene host probably including the second generation lamellae 

11(IOO)opx; 337-4: clinopyroxene plate II remnant (OOI)pig; 337-5: first generation lamella 11(IOO)opx. 

An anhedral section of the same extreme orthopyroxene poikiloblast. The orthopyroxe'ne has two wide 

clinopyroxene lamellae 11(IOO)opx (4 and 16 )..Jm) and abundant fine lamellae 11(IOO)opx. A kink-plane 

11'(001)' is present. 337-6: orthopyroxene host for both generations; 337-7: clinopyroxene lamellae of 

the first generation. The crystal encloses several small Fe-Ti oxide crystals. 

Small an- to subhedral clinopyroxene crystal (C 2-type) wi th two generation lamellae I I" (00 1) ~ug 337-8: 

host between first generation lamellae //1l(OOI)"including lamellae 11(100); 337-9: host for both genera

tion lamellae 11"(001)11 in the marginal part of the crystal; 337-10: first generation lamella l/n(OOI)~ug 

(3 "m thick). 

Large subhedral clinopyroxene crystal (C -type). The crystal is dominated by a C -domain. Lamellae
2 3

111I(OOJ)~ug are present in twO generations. If the spacing of the lamellae 11(IOO)aug is sufficiently 

wide second generation lamellae 1!,I(OOJ)~ug are observed in the C -domain. 337-11: host in the c 3

domain; 337-12: h~st for both generation lamellae 1!,I(OOI)~Ug in the marginal part of the crystal; 

337-13: first generation lamella Ir'(OOI)~ug; 337-14: lamella /1(IOO)aug ( 2 lJm thick). 

3

R340	 Medium-sized anhedral crystal of primary orthopyroxene with irregularly distributed clinopyroxene lamellae 

11(IOO)opx. Locally the lamellae coarsen. The orthopyroxene is closely related with a medium-sized 

crystal of F~-Ti oxide 340-1: bulk orthopyroxene in the marginal part of the crystal; 340-2: host 

between some coarsened lamellae 11(100); 340-3: bulk orthopyroxene in the marginal part of the crystal 

where it is in contact with the Fe-Ti oxide crystal. 

Large subhedral so-called 'R340-clinopyroxene'-crystal (cf. section 1.1.6.6). The crystal is elongated in 

the C-direction. The Ca-rich clinopyroxene, dominated by lamellae 11(IOO)aug' is along part of its grain 

boundary epitaxially overgrown by primary orthopyroxene. The plane of overgrowth is rather irregular. 

Between the two pyroxenes small Fe-Ti oxide crystals are present. They may also decorate the grain 

boundary of the Ca-rich clinopyroxene. Small plates of Fe-Ti oxide are abundantly present parallel with 
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or at a high angle to the crystallographic c-axis of the clinopyroxene. Lamellae 111I(OOi)~Ug are 

present in two generations. The second generation may also be present in the C -domain. The lamellae
3

11(IOO)aug which are ca 1.5 \.lm thick may locally coarsen. Along a sUbgrain boundary, approximately II 
(DOl). the crystal is rotated along the b-axis over ca • 340-4: bulk primary orthopyroxene;70 

340-5: host in C -domain including the second generation lamellae 11"(OOI)~ug; 340-6: host in the marginal
3

part of the crystal; 340-7: idem 340-6. Both analyses represent the host after exsolution of both 

generation l.mellae 11"(00 I )~ug; 340-8: lamella I I (100) aug analysed in a coarsened part. 

Medium-sized. almost equant, '340-clinopyroxene'-crystal. In the C -domain which dominates the crystal.
3

several orthopyroxene lamellae 11(103)aug are present. Fe-Ti oxide plates parallel with or at a high 

ang1.e to the crystallographic c-axis are abundantly present in the C -domain. 340-9: bulk primary
3

orthopyroxene; 340-10: host of C -domain; 340-11: lamella //(I00)aug(ca 2 J.lrn thick); 340-12:
3


lamella //(103) (5 "m thick).

aug 

Small anhedral clinopyroxene crystal (Cz-type). The amount of lamellae //(IOO)aug is very small. They 

are very thin and occur in a small domain bounded by the grain boundary and a first generation lamella 

//"'(001) "' Lamellae 1/,,(001)" are present in two generations. 340-13: host for both generations in 
aug 

the central part of the crystal; 340-14: bulk C - ' domain'; 340-15: host for both generations lamellae
3 

11"(OOI);Ug in the marginal part of the crystal; 340-l6: first generation lamella 11"(OOI)~ug (5 \.lm thick). 

Medium-sized an- to subhedral clinopyroxene crystal (C -type). The lamellae 11"(OOI)~Ug in the marginal
4

part of the crystal (Cl-domain) are present in two generations (in the sequence of exsolution of lamellae 

11"(OOl)~ug respectively the second and third generations). (The 'Rogaland inverted pigeonite lamellae' 

are regarded as the oldest, first. generation.) The second generation lamellae are also observed between 

lamellae 11(100)aug if the lamellae spacing is sufficient. The C -domain contains several plates of
3

Fe-Ti oxide which are parallel with or <:it a high angle to the clinopyroxene crystallographic c-axis. 

340-17: bulk C -domain (probably representing the host for the IRogaland inverted pigeonite lamellae');
3

340-18: host for the two generations un-inverted pigeonite lanJellae in the marginal part of the crystal; 

340-19: bulk of· a 'Rogaland inverted pigeonite lamella' (ca 25 \.lm thick); 340-Z0: un-inverted pigeonite 

lamella of the second generation 3 \.lID thick). 

R392 Medium-sized subhedral clinopyroxene crystal (C -type). However. the possibility of C -type may not be
3 2

disregarded, because the section is normal to the crystallographic c-axis). 392-1: host in the 

central part of the crystal; 392-2: host in the marginal part. 

Small an- to subhedral clinopyroxene crystal (C i-type) with a subordinate amount of lamellae 1/( I 00) aug 

(cf. f,igure 2.1). Lamellae 11"(OOI)~ug are present in two generations. 392-3: bulk analysis of the 

Ca-rich clinopyroxene crystal; 392-4: host for the first generation lamellae (includes the fine 

lamellae 1/(IOO)aug); 392-5: host for both generations lamellae; 392-6: idem 392-5, but in the marginal 

part of the crystal; 392-7:. first generation lamella 1III(OOl)~ug (4 J.lm thick). 

Figure 4.1: analysed pyroxenes and olivines from the (quartz-)monzonl"tl"c phase of the Bjerkreim-Sokndal 
lopolith. Circles: orthopyroxene; squares: calcium-poor clinopyroxene; triangles: calcium-rich clino

pyroxene. Closed symbols: bulk analyses. Open symbols: exsolved phases, either a host phase or a lamel

la. Tie-lines join pyroxene phases from the same sample. Olivl·ne ( " SOlId diamonds) and pyroxenes are not 
joined by tie-lines (the reader is referred to figure 4.7). 
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1------ LOW - PRESSURE IGNEOUS CLlNQPYROXENES --------1 
(Cowthorn and Collerson, 1914) 

N 

159t' 1600 1605 1608 

SUM OF CATIONS 

Figure 4.2: total sums of cations for pyroxenes from the QMP. The range for low-pressure 

igneous clinopyroxenes after Cawthorn and Collerson(1974) is indicated in the upper part 

of the figure. 

The sum of cations in the W(X,Y)-positions for 10 analyses is 

less than 7.92: 247-11 (7.81),40-12 (7.82), 153-11 (7.87),247-16 

(7.89), 40-1, 250-2, 340-8 and 340-19 (7.90), 98-8, 153-1 and 340-12 

(7.91). They are all exsolved lamellae, except 153-1 and 250-2 (both 

Ca-rich clinopyroxene host). 

In table 4.1 all iron is calculated as FeD. In all analyses, 
3except 136-6, enough A1 + is available to fill the tetrahedrally co

ordinated sites. Therefore it is suggested that all iron is present 
2+ as Fe • The presence of ferric iron in pyroxenes may also be esti

mated by calculating pyroxene end-members. In the present study the 

calculation scheme of Cawthorn and Collerson (1974) is adopted (cf. 
3+ . .section 4.1.9). Since all Na+ can be combined with Al to Jade1te 

. h T' 4+ 13+ . l' .,or W1t 1 +A to NaT1A S10 1t 1S not necessary to assume the6 , 

presence of ferric iron in pyroxenes from the QMP. 

An empirical formula to calculate the amount of ferric iron from 

microprobe analyses was proposed by Hamm and Vieten (1971): 
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24M' ~3+ M' =(X+Y+Z) based on 0' = 6
6- 2Fe 

0' is the basis on which the structural formula ~s calculated assuming 

that all iron is FeD. It follows then that the total sum of cations 

will be greater than 4.00 if ferric iron is present in the structural 

formula. Mutatis mutandis ferric iron is to be expected in pyroxenes 

from the QMP for which the total sum of cations exceeds 16.00. It is 

noted that the linear relation presented by Hamm and Vieten is based 

on 3 points. Edwards (1976), who compared different methods for 

evaluating the amount of ferric iron in pyroxenes, concluded that the 

method of Hamm and Vieten (1971) is unlikely to be correct and that 
3+ .	 . .

other factors than the presence of Fe ~nfluence pyroxene sto~ch~o

metry. 

sum of 
3+

Fe (calculated) 

cations 

16.02 0.01 

16.05 0.04 

16.09 0.07 

Nevertheless amounts of ferric 

iron in pyroxenes for three 

different total sums of cations 

are calculated using the linear 

relation of Hamm and Vieten (1971) 

Since the first two methods do not necessitate the introduction of 
3+

Fe and because the third method has a poor statistical basis, the 

amount of ferric iron in pyroxenes from the QMP can be neglected and 
. . d . h 11' . 2+a11 ca1cu1at~ons were carr~e out assum~ng t at a ~ron ~s Fe . 

4.1.2: non-quadrilateral components. 

Pyroxenes are generally accepted as reliable geothermometers, 

e.g. Wood and Banno (1973) and Ross and Huebner (1975). A severe 

hindrance	 in this respect is the presence of non-quadrilateral com
3+ .4+ 3+ + 2+ . 

ponents: Al ,T~ ,Fe ,Na, and Mn ,because they ~nfluence the 
2+ . 2+

Fe -Mg order~ng and to a lesser extent the Ca ordering. Also their 

influence is not considered in the determination of the geothermometers. 
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Ross and Huebner (1975) emphasize that pyroxenes in their experiments 

contain more than 95 mole% CaSi0 +FeSi0 +MgSi0 Lindsley, King, jr.
3

.
3 3

and Turnock (1974) mention 'low amounts of non-quadrilateral components 

and they consider amounts of 1.34 to 2.95 wt% to be 'reasonable'. 

The amounts of non-quadrilateral components in pyroxenes from the QMP 

are given in figure 4.3. 

Z6 

ZO 

N 

247-20 95-8 95-4 

13 15 1.7 1.9 Z.I Z.3 Z.5 Z.7 Z9 3.1 3.3 35 3.7 3.9 4.1 4.3 4.5 

ncJ') - quadrilateral components (wt %) 

Figure 4.3: amounts of non-quadrilateral components for 

pyroxenes from the QMP(bulk analyses and exsolved phases). 

Only data for 'complete analyses' have been included (a 

'complete analyses' is one in which 8, and occasionally 

9 (sample R136), elements have been analysed). Samples 

containing more than 3.1 wt% of non-quadrilateral compo

nents have been indicated. 

4.1.3: Si0 (weight percent).2 

Only 6% of the analy

ses have more than 3.1 wt% 

of these components. The 

rest may be regarded as 

'pure phases' and may be 

used for geothermometry 

and geobarometry. 

There is a weak posi

tive correlation between 

the wollastonite content 

of pyroxenes and the 

amount of non-quadrilateral 

components, the data cluster 

in a wide band. 

In figure 4.4 the Si0 weight percentages are given for ortho2 
pyroxene (primary and inverted/decomposed pigeonite*) and clinopyroxene 

* the notation inverted/decomposed pigeonite will be used for pigeon
ite which underwent the transition to orthopyroxene (+ augite). The 
mechanisms are discussed in section 2.2). 
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48 

of quartz. The mean of the orthopyroxene population from the QMP is 

47.5 wt% Si0 • The calculations in section 1.4.3 were carried out2
for an orthopyroxene population with mean = 48.3 wt% Si0 If the2 . 

actually observed data are used the amount of Si02 which would re

sult from the transition is still less than the observed amount. 

4.1.4: the pyroxene quadrilateral. 

All analyses were presented in the quadrilateral of figure 4.1. 

However, analyses of lamellae may be contaminated by their host, due 

to overlap of the analysing spot. The relation between lamellar 

thickness and accuracy of the analysis was mentioned in section 3.2. 

From the fact that the analyses of lamellae plot on the tie-lines 

for the samples in which they are present it may be inferred that they 

are due to exsolution. These exsolution lamellae are presented ~n 

table 4.4. They are excluded from further considerations. 

The bulk analyses of primary orthopyroxene (dots) and pyroxene 

hosts (open circles) indicate fairly constant wollastonite contents. 

23 13 

20 
10 

N N 

10 

46 50 

wt 1;1/" Si02orthopyroxene (WO < 3.5 %) 

49 50 51 52 53 47 48 49 50 

wt% $1°2 Co-nch clinopyroxene (Wo ~35% 1 w1 % 51°2 pigeonite 
(!5%~Wo{ 15%) 

Figure 4.4: weight percentages of Si0 in pyroxenes from
2 

the QMP. Orthopyroxene: mean= 47.5%; s.dev= 0.5; N= 32. 

Pigeonite: mean= 48.5%; s.dev= 1.8; N= 8. Ca-rich clino

pyroxene: mean= 49.5%; s.dev= 0.8; N= 78. 

(bulk analyses and host

phases). In section 

1.4.3 quartz has been 

considered in relation 

to the pigeonite-ortho

pyroxene transition. The 

population means of data 

gathered from literature 

were used to argue that 

the transition to or tho-

pyroxene will produce 

excess Si0 It was con2 . 

cluded that the calculat

ed amount is far less 

than the observed amount 
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analysis nature 

40 - 9 pig / / • (00 I ) ~ug 

98 - 4 

9jl -12 

155-18 

155-21 

247- 3 

250- 3 

250- 5 

312-11 

337-10 

337-13 

95 - 4 opx II (100) aug 

.265- 8 

265-10 

337-14 

340-11 

136- 5 aug //(IOO)opx 

247-16 aug / / (I 02) opx 

340-12 opx //(103) aug 

The range of bulk compositions for Ca

rich clinopyroxenes is considerable: ca 

30 %Wo to ca 46 %Wo (solid triangles). 

The range for clinopyroxene host-phases 

and lamellae in Ca-poor pyroxenes (open 

triangles) is limited ca 40 %Wo to ca 

48 %Wo. All open symbols are considered 

to represent subsolidus compositions. 

Scatter of wollastonite contents may be 

explained by 

incomplete subsolidus re-equilibration, 

e.g. R74 (section 4.1.10) 

incomplete resolution of the clinopyroxene 

table 4.4: contaminated exsolu host, e.g. contamination with second gen
tion lamellae from the QMP. 

eration exsolution lamellae either 
They have been omitted for con


siderations of the P-T condi- I I (I 00) or I I" (00 I)" (cL among
aug aug
tions during subsolidus re

others 392-4/5 table 4.3).
equilibration. 

Most bulk analyses are regarded to represent solidus compositions, 

but for several bulk analyses this is questionable. 

In several crystals '(OOI)-zoning' is observed: 1n RI36 (9-13), 

RI53 (6-8). RI55 (6-8) and RI55 (10-12)(cf. section 2.1.10). Incipient 

'(OOI)-zoning' is developed in R40 (13-15). The wollastonite contents 

of the Ca-rich clinopyroxenes varies between 44% and ca 46.5%. Al

though 247-14 forms only a small fringe on the (OOI)-plane of pigeon

ite (247-9) it is suggested that its high wollastonite content may 

be explained by re-equilibration similar to the '(OOI)-zoning'. 

The behaviour of non-quadrilateral components between core and 

rim in sector zoned crystals is presented in figure 4.5. The ob

served trends for different elements is consistent between samples. 

Individual analysis of intermediate compositions may be off the core

rim tie-line, but they do not contradict the suggested trend. In 
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RI36 the components behave erratically. 

It is suggested that the observed trends are due to subsolidus 

re-equilibration. It may be possible that the major elements also 

re-equilibrated which could have resulted in the high wollastonite 

contents of the rims. 

This model implies that bulk analyses in crystals showing '(001)

zoning', or more generally, analyses of epitaxially related clino

pyroxenes, may represent solvus rather than solidus compositions. 

In order to make the data more accessible an array of quadri

lateral sections, one for each sample, is presented in figure 4.6. 

To avoid confusion it is noted that the stratigraphical sequence ~n 

figure 1.3 is based on optical observations only; in figure 4.6 

samples are ordered according to the fe-ratios of the pyroxenes. The 

fe-ratio is regarded as a measure for magmatic differentiation. 

4.1.5: pyroxene trends. 

4.1.5.1: solidus trend. 

For most inverted/decomposed pigeonites as well as for several 

exsolved Ca-rich clinopyroxenes it was possible to recalculate the 

initial composition (table 4.5). 

Recalculation procedure: of each crystal a photograph has been made 

on which the analysed spots were marked. Sections are normal to the 

crystallographic b-axis. The surface areas were measured for each 

phase and the relative percentages for host and lamellae calculated. 

The initial composition is found by adding the appropriate amounts of 

each analysis. The procedure is liable to be subjected to consider

able errors. The relative percentages of phases used in the recalcu

lation of initial compositions for the QMP are given in table 4.6. 

The recalculated compositions are considered to represent solidus com
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Figure 4.6: array of quadrilateral sections, one for each sample. Symbols cf. figure 4. I. No olivine analyses are given. Dotted symbols are 

intermediate compositions in (OOI)-zoned' clinopyroxene crystals. This zoning is discussedin section 4.1.4. The nature of the zoning is inI 

dicated in the figure. For sample RI36 the reader is referred to table 4.3. 
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P lGEONITE 

Ipercentage lamellae percentage remarkshos t 

-I -2/3 27 

-6 -B136 73 27 
-

-2-I 12153 BBI~~-
-3 domain with flakes
 

153
 

-I 93 

-4 -5. J 1(100) compositions of 

-4 

82 

-5 7(001 ) both sets are assnmed 

to be equal 

155 -2 a small amount of
 

flakes
 

247"-'*. I
 

B4 16- I 

-4 -6 

-B 

79 

13
 

-4
 85 -8 15
 

-5
 -8
 

247
 

97 

-9 96 -12 

-I)
 

312"-'*. I
 -3-I 8B 12
 

-2
 -485 15
 

337•••
 B4 -4 

-5 

-3 

14 

the composition of both sets are assumed to be equal
 

*:1: the crystal appears to consist of several domains. This is based on the dlstriubtion
 

of the exsolution lamellae. In 247 a central zone //(100) contains very little
 

lamellae //(IOO){J) and !I(OOI), while the marginal zones contain abundant lamellae.
 

(2, 3) The initial composition is calculated as 1(50%) + 2(26%) + 3{247.). In 312
 

a small pre-inversion augite hleb is surrounded by a PPZ U). The remaininJZ: part of
 

the crystal contains abundant lamellae //(100)(2). The ratio J: 2:::> 4:96.
 

the very marginal parts are not Considered in the recalculation.
 

CALCIUM... RICH CLINOPYROXENE 

remarkssample host percentage lamellae percentage 

4O -II 90 -12 10
 

74 -2 77 -) 2)
 

98 -3 85 -4 15
 

9B -5 85 -8 15
 

155 -17 B5 -18 15
 

217 -2 95 -)/4 5
 

265 -)/4 79 -50 21
 ':t composition assumed to 

be equal to 265-2 

)12 -9/10 90 -II 10 

312 -12/15U 87 -16 13 

)40 -14 BS -16 15 

** all four analyses of host (CI-domain) and bulk of C -domain are averaged.
3

table 4.6: relative amounts of phases used for the recalcula

tion of the initial compositions of pigeonites and Ca-rich 

clinopyroxenes from the QMP. Not included in the table are 

the relative amounts of host and lamellae for the recalcula

tion of 217-2/3/4 and 265-3/4/5; both host:lamellae = 95 : 5. 

Results are given in table 4.5. 
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positions. They are, together with the analysed bulkcompositions 

which are also believed to represent solidus phases, plotted in the 

quadrilateral of figure 4.7. 

The· crystallization sequence 1S schematized in table 4.7. Samples 

containing primary orthopyroxene (stage I) are from restricted areas 

at the very base of the QMP ("catafalque"; figure 1.1: the geological

petrological map). R217, 265 and 340 are from the largest area; R40 

and 247 from the area near ned Myssa (grid coordinates 3480-64765) 

and R250 from an area too small to be mappable). Orthopyroxene may 

be present as subhedral crystals (section 1.1.6.4) or as epitaxially 

related crystals in the so-called 'R340-clinopyroxenes' (section 

1.1.6.6). The degree-of iron-enrichment of the primary orthopyroxenes 

is high. 

Two samples (R40 and 247) contain primary orthopyroxene, pigeon

ite, and Ca-rich clinopyroxene. Textural evidence shows that only the 

pairs of primary orthopyroxene + Ca-rich clinopyroxene, on the one 

hand, and pigeonite + Ca-rich clinopyroxene, on the other, coprecipi

tated. This rules out the presence of the stable three-phase assem

blage (cf. figure 2.20). Since during crystallization of stage I 

neither temperature nor pressure are likely to have varied consider

ably, the local precipitation of pigeonite (+ Ca-rich clinopyroxene) 

probably reflects local changes in silica activity, sodium activity, 

oxygen fugacity or pH 0. The reader is referred to section 4.1.15.2
The 'quartz-line' (section 1.1.5) separating the QMP-I from the 

QMP-2 should, according to Duchesne (1973), coincide with the boundary 

between stage 2a and 2b. In my opinion this is an oversimplification: 

Figure 4.7: pyroxene solidus phases and olivines from the QMP. (selected bulk analyses (table 4.8) ex

cluding those in which (OOI)-zoning' is observed, the recalculated compositions (table 4.5), and theI 

samples 66209, TI I and 66261 from Duchesne (1973». Symbols cf. figure 4.1. Tie-lines connect coexist

ing phases. No Ca-rich clinopyroxene data for sample Rl36 are known. Dashed lines indicate tile tllrce

phase assemblage, opx-pig-aug, and the isotherms for Ca-rich clinopyroxenes (from Ross and Huebner 

1975). 
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- - - - -

00 
'-J 

SAMPLE PRIMARY PIGEONITE CALCIUM-RICH OLIVINE 
ORTHOPYROXENE CLINOPYROXENE 

fe-ratio fe-ratio fe-ratio Wo% Fa% 

R392 

R98 

R95 

66261 1) 

TIll) 

RI55
 

RI53
 

R337
 

R312
 

RJ36
 
166209 ) 

--------11 
R217 

R247 

R40 

R340 

R265 

R250 

I	 1 
I 84.8 39.6 I 
I	 1 

I 84.7 39.0 I 
I	 , 

1 u.k. u.k. I 
1 I 

I 77.6 38.6' , L ' 
I I 

I 81.0 1 75.6 38.6 1 

1 I	 I 
I 75.0 ,68.8 38.1 I 
I I I 
I 74.7 1 68.4 37.6 1 

I 1 I 

I 73.8 I u.k. u.k. I 
I I	 I 
1 73.0 I 65.0 40.3 
I I 

I 69.0 : 57.8 44.4x : 
I I I 
, 67.9 I 59.1 38.1 I 

- - - - - - - - - - T- - - - - - - - I - - - - - - - - - - - - -I 

84.4 1 I 78.4 38.6 I 
I 1	 I 

83.0 I 77.9 I 73.1 41.0x	 I 

I I	 1 
80.9 , 79.4 I 74.2 39.0	 I 

1 

76.8(75.2-78.2): : 70.6 35.5 I 

I I	 ' 68.4	 I I 62.7 36.8 I 
I 

65.6 : : na na	 I 
I	 I 

95.8 

96.4 

95.6 

94.0 _ 

92.4 

89.9 

87.5 

81.0 

na 

91.0 

PLAGIOCLASE QUARTZ 

An% modal% 

12 8 

12 8 

15 12 

? ++ 
>--------,I

? o 
20 o 
18 10 

25 7 

25 2 

20 ace 

? o 
I 

-------r---- 
20 I 0 

24 I 

25 o 
22 o 
26 o 
28 ace 

a SiO
2 

1.00 

1.00 

1.00 

1.00 
- ---I 
0.58 

0.51 

0.46 

0.52 
-- - - I 

0.58 

0.55 

,D 
N 

Q)
 
bO
 
til 
w 
til 

I 

til 
N 

Q)
 

bO
 
til 
w 
til 

1 

Q)
 

bO
 
til 
w 
til 

table 4.7: crystallization sequence of the QMP based on chemical analyses of pyroxenes and olivines, and recalculated initial compositions of 

pyroxenes (tables 4.1, 4.2 and 4.5). Anorthite contents for plagioclase and modal percentages for quartz are taken from table 1.1. Samples. 

labelled 1) are from Duchesne (1973). u.k.: the initial compositions cannot be calculated from the available chemical data. na: not 

analysed. Wollastonite contents influenced by subsolidus re-equilibration (ct. section 4.1.4) have been marked x. ++: quartz is present. 

Sample R217 was not included in table 1.1. Its modal composition is plag(20%An), alkalifeldspar-microperthite, mesoperthite (ace), primary 

opx, Ca-cpx, amph, 01, ap and ore (grid coordinates 3489-64766). The silica activities are calculated for Ptotal = 6 kb. The temperatures 

are estimated from figure 4.7. 



it appears that iron-enrichment in the anhydrous Mg-Fe silicates bears 

no correlation with the crystallization of the felsic minerals. The 

latter was probably governed by the silica- or sodium-activity in the 

melt (note the virtually constant anorthite content of plagioclase). 

The crystallization trends from the QMP are compared with pyroxene 

trends from 'anorthosite-charnockite suites' and some iron-rich 

igneous rocks (figure 4.8). The clinopyroxene miscibility gap for the 

QMP is wider than for Grenville anorthosites and related rocks. 

4.1.5.2: sub solidus trend. 

Average compositions of Ca-rich clinopyroxene hosts and lamellae 

are plotted in figure 4.9. The CI-type of clinopyroxenes in R155, 312 

/\ /\ /\ /\--~ 

DI~ __-:HED 

-. _ -------C -
BIO°C Isolherm-- • - . _ - _ 

------~~---~~-~~-~/ \ 
40 

70 Fs 

'<- v"-- \>L-1 --"'L V V 35 
70 80 90 

figure 4.9: calcium-rich clinopyroxene host phases from the QMP: host of C1 crystal (I) and host 

for C crystal (3). Dashed lines are the isotherms for the pigeonite saturated augite limb of the
3 

pig-aug solvus (Ross and Huebner 1975). The 810oe-isotherm (Lindsley, King, jr. and Turnock 1974) 

is indicated by the dash-dotted line. 

and 340 appear to have re-equilibrated to lower temperatures than 

other host phases in the same samples. 

In R95, 98 and 265 CI-domains in C2-type clinopyroxenes seem to 

indicate lower re-equilibration temperatures than the C3-domains in 

the same crystals. 

It is suggested that the ability of cations to migrate more easily 

in the c- than in the a-direction (cf. sections 2.1.5 and 2.1.10) is 
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figure 4.8: comparison of pyroxene crystallization trends compiled from literature with the trends 

in the QMP. A: solid lines (zones) indicate possible crystallization trends for Grenville anortho

sites and related rocks (Bohlen and Essene 1978). Coexisting metamorphic pyroxenes from the Adiron

dacks (Bohlen and Essene 1978) are indicated with the dashed lines. The dash-dotted lines indicate 

coexisting pyroxenes from augite-orthopyroxene granulites and amphibolites from the Hudson High

lands, Adirondacks, Belchertown Complex and Gortlandt Complex (Jaffe et al 1975). Dotted lines in

dicate the limits of the two-pyroxene fields. B: crystallization trends for 1: cumulus 'augite' 

from a ferrogabbro of the Beaver Bay Intrusion, Minnesota (Nakamura and Konda 1974);2: clino

pyroxene trend from the Shiant Isles Sill (Gibb 1973); 3: (Circles) pyroxenes from Hebridian 

Tertiary acid rocks (Emeleus, Dunham and Thompson 1971); dashed curves (4): Dufek Intrusion, 

Antarctica (Himmelberg and Ford 1976)(note the absence of a calcium minimum in the Ca-rich clino

pyroxene trend; dots and crosses: calcium-poor pyroxene trends from the Weiselberg andesite (5) 

and Uull andesite (6) (Virgo and Ross 1973). 
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reflected in these seemingly different temperatures. One should also 

bear in mind that pigeonite lamellae may have persisted metastably in 

CI-domains/crystals as a result of the stabilizing effect of the host 

(section 2.1.5). In such cases the host can easily increase its 

wollastonite content and it will not be necessary to nucleate ortho

pyroxene lamellae on (100) in order to remain on the stable ortho

pyroxene saturated limb of the opx-aug solvus. 

4.1.5.3: subsolidus reaction fayalite + quartz = Fe-rich orthopyroxenE 

In a few samples from the QMP-2 primary orthopyroxene formed by 

a reaction between olivine and quartz (section 1.1.6.7). 

The composition of orthopyroxene is estimated from the optical 

angle using Deer, Howie and Zussman (1963): 

R95 : Enl2FsS4W04 (table 3, no. IS) 

R330: Enl6FsSOW04 (table 3, no. 16) 

The composition of olivines is also estimated from the optical angle, 

using the curve of figure A3 (appendix I): 93 %Fa. 

The possibility of a subsolidus reaction between fayalite and 

quartz to form iron-rich orthopyroxene during slow cooling was already 

suggested by Simmons, Lindsley and Papike (1974). 

The symbols used in the figures in this section are: 

Triangles Ca-rich clinopyroxenes 
5quares Ca-poor clinopyroxenes 
Circles orthopyroxenes 

Bulk analyses al'e represented by solid symbols; subsolidus phases are 
represented by open symbols. 

4.1.6: non-quadrilateral element fractionation. 

4.1.6.1: fractionation between solidus phases. 

The fractionation is illustrated with the aid of some selected 
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.bulk analyses (table 
primary orthopyroxene 

inverted/decomposed 

pigeonite (5~lvo~20) 

calcium-rich clino

pyroxene (Wo~35) 

40-3, 217-1 , 247-1, 247-21, 265-1, 
I 4.8). Some re-equili 

265- 2, 340-1, 340-2, 340-3, 340-4, 340-9. 

40-15, 136-1, 136-7, 136-9, 136-10. 155-6, bra ted bulk analyses 
155-10, 247-9, 247-19. 

have been included in 
40-13, 74-4, 74-9, 136-13, 153-9, 155-12, 

247-14, 247-17, 247-18, 247-20, 392-3. order to compare their 

table 4.8: selected bulk analyses of pyroxenes from the behaviour relative to 
QMP. Compositions which have	 been submitted to subsolidus the rest of the samples. 
re-equilibration have also been included. They have been 

used to define trends in ttl€ figures 4.10, 4.15 and 4. lb. Only in one sample are 

Ca-poor and Ca-rich pyroxene in mutual contact (247-19/20). The phases 

40-3 and -13 are also considered to be in equilibrium. The writer 1S 

aware that the criterion of actual contact is a rather strict one. 

Tie-lines between the two pairs may be regarded as trend-lines. 

Alumina is preferentially incorporated in Ca-rich pyroxenes 
3(figure 4.IOa). The data with the high amounts of A1 + are from 

sample R247 in which the highest Al 0 values have been measured. Alsoz 34
Ti + appears to be	 enriched in Ca-rich pyroxenes (figure 4.IOb). The 

2+ . 2+ 2+ 2+
fractionation of Mn (f1gure 4.IOc) shows that Mn > Mn. > Mn . 

opx p1g aug 
This deviates from the observations by Lindsley, Tso and Heyse (1974), 

who observed that on the join 75/25 Mn. > Mn > Mn 1 > Mn
p1g opx 0 aug 

They concluded that incorporation of MnSi0 stabilizes the phases
3 

relative to each other 1n decreasing order from left to right. The 
2+

observed fractionation of Mn (figure 4.IOc) between Ca-poor and Ca

rich pyroxenes contradicts the results of Lindh (1974) that manganese 

1n pyroxenes is completely uncorrelated with the calcium-content. 

Sodium is enriched	 in Ca-rich pyroxenes (figure 4.IOd). 

Fleet (1974-a) made an inventory study on the partitioning of 

elements between coexisting Ca-poor and Ca-rich pyroxenes from igneous 

and (high-)metamorphic (charnockites, metamorphosed Iron Formations) 

environments. The observed patterns in the QMP are similar to those 

observed by Fleet. 
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4.1.6.2: element distribution vs. fractionation. 

Alumina and titanium are not correlated with the fe-ration of 

pyroxenes. This may reflect conditions in the magma. Dekker (1978, 

figure VI-8) observed that the amount of A1 0 of whole-rock analyses2 3 
is not correlated with the Larsen variation index. which is a measure 

.4+ f dfor magmatic differentiation. The T~ -contents 0 orthopyroxene an 

of Ca-rich clinopyroxene are virtually constant. It is suggested that 

its amount in pyroxenes is buffered by Fe-Ti oxides (ilmenite and 

magnetite). The Ti0 content of magnetite steadily increases during2 
fractionation of the liquid (Duchesne 1969. 1972). All samples con

tain Fe-Ti oxides. Buffering of the Ti02 content of pyroxenes by Fe

Ti oxides may be inferred from the work of Ridley et al (1972): dur

ing continued crystallization the Ti02 content of pyroxenes increased 

steadily, because no high-titanium phase precipitated and the titanium 

activities in the melt were therefore rising. 

The relation between MnO wt% 

and the fe-ratio is sympathetic. 

although linear correlation 

coefficients are low (figure 4.11). 

This result is somewhat surprising. 

because it is generally accepted 
2+ 2+

that Fe and Mn are mutually 

replaceable. 

No correlation is observed 

between the Na+ content and fe

ratio for calcium-poor pyroxenes. 

For Ca-rich clinopyroxenes a linear 

figure 4. I I: ~nO wt% vs. fe-ratio for se correlation coefficient equal to 
lected bulk analyses from the QMP (table 0.78 can be calculated if analysis 
4.8). Calculated linear best fit equations
 

are for primary orthopyroxene: ~nO(wt%) = 247-14 is excluded.
 
0.025(fe)-0.945; r = 0.79; N = 12, for
 

pigeonite MnO(wt%) = 0.019(fe)-0.559; r =
 
0.64; N : 8, and for Ca-rich clinopyroxene:
 

HnO(wtZ) = 0.008(fe)-0.012; r = 0.61; N =
 

15. 

" • 
1.2 

10 

0.8 

~ 
~ 0.6 

i 

o 
~ 0.4 

02 

01 

o "V'------:c60:---....,7~O---:!870-~90 

fe-rOllO 
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4.1.6.3: subsolidus fractionation. 

Subsolidus fractionation is illustrated with the aid of four 

selected crystals: 74-5 to 9, 95-1,2,3,5 and 392-3 to 7 (all Ca-rich 

clinopyroxenes) and 247-9,10,12,13 (inverted/decomposed pigeonite). 

For both Ca-rich clinopyroxene hosts and lamellae as well as for ortho

pyroxene the data tend to form clusters (outlined by the fields in 

figure 4.12). Each field represents a normally distributed population 

(table 4.9). It is suggested that if the compositions of subsolidus 

phases plot within the outlined fields they represent equilibrium 

compositions. Differences in the ability of cation migration in dif

ferent directions within a pyroxene crystal may influence the shapes 

and positions of the fields outlined in figure 4.12. 

Crystal 74-5 to 9 is the only registered sample in which fraction

ation does not reach the 'equilibrium fields'. It will be discussed 

in section 4.1.10. The Ca-rich clinopyroxenes 95-1 and -2 also plot 

outside the equilibrium field in figure 4.12d. It is probably due 

to analytical errors (cf. the rel.dev. error for Na 0 in Ca-rich2
pyroxenes; figure 3.2). 

total
4.1.7: Al vs. Si (atoms per formula unit). 

Figure 4.13 is drawn after Kushiro (1960). It shows the presence 
VIof Al in most pyroxenes, especially Ca-rich clinopyroxenes (it 1S 

noted that Kushiro restricts the diagram to Ca-rich pyroxenes). The 

presence of octahedrally coordinated alumina indicates low silica 

activities in the melt and/or high pressure (CaAl 2Si06 + Si02 = 

CaAl Si 0 )·2 2 S
Kushiro (1960) and Verhoogen (1962) suggested a relation between 

the Ti0 and Al 0 contents of pyroxenes and the silica activity 1n
2 2 3 

the melt. They argued that low silica activities will result in a 

strong tendency for alumina to enter in tetrahedrally coordinated 

sites. The alumina must be charge-balanced by titanium entering 

the octahedrally coordinated sites. Akella and Boyd (1973) confirmed 
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fractionation for pyroxenes from the QMP. The dash
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Sample Til from Duchesne (1973). 

10 20 '.0 
Co aloms. per formula unit (based on 240) 

10 20 25 '0" 
Co oloms. per formula unit (bosed on 240) 

Ca-rich clinopyroxene h05telement orthopyroxene host 

Nmean s.dev. varmean s.dev. var N 

A1 3+ 6414 0.21 0.053 2.7 10- 3
0.10 0.02 4.0 10-4 

2+ 640.07 0.016 2.6 10-4
Mn 0.14 0.024 5.4 10-4 16 

Ti4+ 0.025 0.007 4.9 10-5 640.015 0.0065 3.9 10-5 
15 

+ 
620.145 0.027 7.4 10-4

Na 

table 4.9: populations of non-quadrilateral elements in pyroxenes from 

the QMP. All populations are at 95% significance level accepted as 
3

normal distributions using range/s.dev. vs. N. The population for A1 + 

in opx is calculated omitting 337-3 and -6. The latter analysis is 
4

also omitted from the Ti + population. The population of Na+ in Ca

rich clinopyroxene is calculated omitting 95-3 and 155-20. Analyses 

74-5 to -9 have been disregarded for all populations. 
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figure 4.13: Si VS. Altotal(atoms per formula unit)(af

ter Kushiro 1960). The dashed line indicates 5i + 

Altotal = 8.00 + 0.08. 

this hypothesis in their study 

of synthetic clinopyroxenes: 

if Si0 2 was added to the experi

mental runs the resulting 

clinopyroxenes showed a dramatic 

decrease in Ti02 and Al 203 
(adding Si0 also caused2 
crystallization of pigeonite 

rather than olivine. However, 

they claim that any changes 

in the Ca-rich clinopyroxene 

liquid equilibria are negligible). 

4.1.8: Ti-AI relations. 

In a graph Ti vs. Al (atoms 

per formula unit) (figure 4.14) 

the data cluster between the 

lines Ti : Al = 1:4 and 1:16. 

A similar pattern was observed 

by Philpotts (1966) for pyroxenes 

from the Morin Anorthosite 

(Canada) . 

In figure 4.14 two groups 

can be distinguished: 

1.	 Ti4+ is constant within a 

sample (R74, 95, 98, 153, 

155, 247, 337, 340 and 392) 

2.	 Ti 4+ and A1 3
+ have a sym

pathetic relationship (R40, 

136 and 312). 

(samples R250 and R265 are not 

considered). 

Ti-AI plots for pyroxenes 

are generally used to establish 
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the presence of octahedrally coordinated alumina and interpretation 

of cooling histories (e.g. Bence, Papike and Prewitt 1970, and Ross 

et al 1970). The diagrams are interpreted as follows: 

- the line Ti:AI = 1:2 indicated the coupled substitution 

.4+ 3+ 2+ 
(subscripts refer to coordination numberT~VI + 2AIIv~R.VI + 

with respect to oxygen) 

- the line Ti:AI = 1:4 indicates equal amounts of the previous substi 

tution and the coupled substitution 

3+ 3+ ~ 2+ .4+
AIVI + AI IV ----,...R.VI + S~IV (e.g. Bence, Papike and Lindsley 1971).
 

3+

It must be noted that these substitutions are influenced by Cr which 

. .4+ 3+ 2+ 3+.
competes w~th T~ for Al to form R Cr S~AI06. In pyroxenes from 

the present study the chromium content is negligible. 

Only a few occurrences are known in which pyroxenes have Ti:AI 

ratios less than 1:4, viz. Ridley et al (1972; lunar basalt 14310), 

Bence and Papike (1972; lunar basalts), Bence, Pap ike and Lindsley 

(1971; phenocrysts from Oceanus Procellarum), Tarasov et al 

(1973; Luna 20 basalts and anorthosites), Hodges and Kushiro (1973; 

Apollo 16 lunar highland rocks) and Nakamura and Coombs (1973; a 

tholeiitic dolerite from Moeraki, New Zealand). All authors agree 

that the small ratios indicate considerable amounts of AI;;. 
4It is generally accepted that Ti + cannot enter in tetrahedrally 

coordinated sites (e.g. Hartman 1969). In pyroxenes it is present 
2+ .4+ 

as R T~ A1 206 . 

Thus Ti:AI ratios equal to 1:2 represent the maximum amount of 

Ti4+ entering in pyroxenes (Hodges and Kushiro 1974). They also re

ported the presence of Ti~; in pyroxenes from lunar basalt 70017. 

Tetrahedrally coordinated titanium is also reported from synthetic 

diopside in which the amounts of A1 3+ and Na+ are too low for charge 

balance to form components such as TiCaA120 or NaTiAISi06 (Lindstrom6 
1976). 

Ti:Al ratios larger than 1:2 are generally interpreted to indi
.3+

cate the presence of T~ . 
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Ti:Al ratios equal to 1:2 are used as an indicator for coprecipi

tation of pyroxene and plagioclase (anorthite rich). There is textural 

evidence in lunar basalts that the changeover from Ti:Al ratios smaller 

than 1:2 to Ti:Al = 1:2 in zoned pyroxenes coincides with the onset 

of plagioclase crystallization (e.g. Virgo 1973). Hodges and 

Kushiro (1974) suggest that even when plagioclase dqes not crystallize 

the Ti:Al ratios may be equal to 1:2 if the Ti02 : A1 0 ratios in the2 3 
melt are high enough to saturate the pyroxenes with titanium. Akella 

3 4and Boyd (1973) observed diminished substitution of A1 + and Ti + in 

pyroxenes coprecipitating with anorthite and ilmenite. It appears 

that bulk chemistry of the melt and the crystallization sequence will 

be predominating factors controlling the Ti:Al ratios of igneous 

pyroxenes. On the other hand, Grove et al (1973) observed that Ti:Al 

ratios of synthetic pyroxenes remained unchanged at 1:4 even when 

plagioclase crystallized in equilibrium with these pyroxenes. Lofgren 

et al (1974) showed in their cooling rate experiments that Ti4+ and 

13+ . . .. fA 1n pyroxenes have a sympathet1c relat10nsh1p. In all but a ew 

crystals Ti:Al ratios were smaller than 1:4. They also showed that 

increasing cooling rates favoured the incorporation of A1 3+, while 
.4+ .

the amount of T1 rema1ned constant. Furthermore they showed that 

groundmass pyroxenes associated with plagioclase did not have Ti:Al 

ratios equal to 1:2. 

In summary: Ti-Al graphs may be used to indicate the presence 
3of octahedrally coordinated alumina or the presence of Ti +. They 

cannot be used to decipher cooling histories. 

Ti:Al ratios for pyroxenes from the QMP are smaller than 1:4 
2(figure 4.14). It suggests that, apart from the molecule R +AlSiAl06 , 

other molecules in which alumina is in the octahedrally coordinated 

sites must be present (e.g. NaAlSi 0 ).
2 6

4.1.9: pyroxene end-members. 

Cawthorn and Collerton (1974) proposed a calculation scheme to 
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I 

N 
o 
o 

ORTHOPYROXENE 

analysis fe-ratio 

40 - 1 80.9 

40 - 3* 80.6 

40 - 4* 80.3 
I40 - 5* 80.9 

136- 2 69.9 

136 3 69.5 

136 6 70.3 

153 1 76.5 

1 153 4

1155 
- 1 

75.4 

75.8 

155 3 76.8 

~5- 424~ 
75.9 

82.3 

247- 4 79.8 

247 5 78.4 

247-10 75.4 

247-15 80.6 

247-21 
- I 81.0 

250 '* 65.6 

265 1~ 67.7 

_265 2* 69.1 

312 I 73.5 

312- 2 73.1 

337 I 75.3 

337 3 74.9 

337 6 75.8 

340 1* 76.8 

340 2* 74.0 

340 3* 74.6 

340- 4* 77 .8 

340- 9* 78.2 

CaAl Si02 6 
(CATS) 

1.4 

1.3 

1.4 

1.7 

0.5 

0.2 

1.0 

0.4 

0.5 

0.1 

0.5 

0.4 

3.7 

1.4 

1.1 

1.7 

3.1 

3.0 

0.0 

1.0 

0.9 

0.9 

0.5 

1.0 

1.6 

0.8 

0.9 

1.0 

1.0 

0.6 

0.9 

NaAISi 02 6 
(jadeite) 

0.0 

0.0 

0.0 

0.0 

1.0 

0.7 

0.5 

0.2 

0.0 

1.0 

0.5 

0.5 

1.8 

0.3 

0.0 

0.0 

1.5 

0.8 

2.3 

0.3 

0.3 

0.3 

0.3 

1.3 

1.0 

2.3 

0.0 

0.0 

0.0 

0.0 

0.0 

CaTiAl 

0.3 

0.3 

0.3 

0.3 

0.3 

0.2 

0.0 

0.5 

0.5 

0.5 

0.5 

0.5 

0.3 

0.3 

0.5 

0.2 

0.5 

0.3 

0.5 

0.3 

0.3 

0.5 

0.5 

0.8 

0.5 

1.0 

0.5 

0.2 

0.5 

0.5 

0.5 

02 6 

I 
CLINOPYROXENE 

Ti/AI 
analysis fe-ratio 

1/11 

1/11 40 - 6 71.5 

1/11 
40 - 7 71.7 

1/13 40 - 8 74.2 

1/9 
40 -10 72.4 

1/8 40 -11 72.9 

40 -13 70.7 

1/4 
40 -14 71.7 

1/4 40 -15 80.0 

1/4 74 - 1 74.1 

1/5 
74 - 2 74.1 

1/5 74 - 4 76.2 

1/22 74 - 5 83. a 

1/12 74 - 6 80.9 

1/6 74 - 7 75.2 

1/19 74 - 8 80.6 

1/17 74 - 9 78.4 

1/25 136 1 69.2 

1/7 
136- 7 68.4 

) /10 136- 9 68.9 

1/9 
136-10 67.9 

1/6 
136-11 66.5 

1/5 
136-12 67.5 

1/6 136-13 57.8 

1/10 153- 6 74.5 

1/5 153 7 71.5 

1/6 153- 8 66.7 

1/12 153- 9 68.4 

1/6 
153-10 66.1 

1/4 155 6 74.6 

1/4 155 7 73.3 

CaA1 Si02 6 
(CATS) 

0.6 

0.3 

0.0 

1.9 

2.2 

1.8 

1.5 

1.5 

0.6 

0.1 

1.3 

0.9 

0.8 

1.7 

2. I 

2.0 

0.5 

0.4 

O. I 

1.2 

0.2 

1.0 

0.7 

0.0 

0.1 

0.0 

0.0 

0.4 

0.5 

0.4 

NaAISi 02 6 
(jadeite) 

2.2 

3.8 

4. a 
0.0 

0.0 

0.5 

0.5 

0.0 

3.3 

4.6 

2.8 

2.8 

3.5 

4.1 

2.5 

4.6 

0.8 

1.5 

1.0 

0.7 

2.7 

3.7 

3.2 

1.7 

1.5 

3.0 

2.7 

3.0 

1.2 

2.2 

CaTiAl 

0.5 

0.8 

0.5 

0.8 

0.5 

0.5 

0.8 

0.5 

0.8 

0.8 

0.8 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.7 

0.5 

0.2 

0.2 

0
2 6 Ti/AI 

1/9 

1/8 

1/10 

1/7 

1/11 

1/10 

1/6 

1/8 

1/7 

1/8 

1/9 

1/) I 

1/12 

1/17 

1/15 

1/19 

1/6 

1/7 

1/4 

1/8 

1/8 

1/11 

1/11 

1/5 

1/5 

1/8 

1/6 

1/ Ia 
1/13 

1/17 



continued 

I 

N 
o 

1155- 8 

155-10 

155-11 

155-12 

155-13 

155-16 

155-17 

155-19 

155-20 

247 2 

247 9 

247-14 

247-17 

247-18 

247-19 

247-20 

247 22 

250 2 

250 4 

1';65- 3 

265- 4 

265 6 

265 7 

265 9 

312 5 

312- 6 

312- 7 

312- 9 

312-10 

312-12 

312-13 

312-14 

312-15 

340 5 

340- 6 

340-10 

66. I 

76. a 
71.3 

I 

65.9 

68. a 
63. a 
66.7 

65.4 ! 
63.3 

71 .4 

77.9 

71.6 

68.9 

67.6 

78.7 

73.1 

71.9 

49.4 

51.3 

57.5 

59.8 

57.4 

57.3 

58.3 

64.8 

64.6 

65.0 

63. I 

61.3 

63.8 

67.9 

62.6 

63.7 

68.5 

66.4 

68. I 

0.0 

0.5 

0.6 

1.0 

0.0 

0.3 

0.1 

0.0 

0.8 

1.5 

1.0 

1.4 

0.4 

0.5 

2.5 

4.6 

1.3 

1.5 

2. a 
0.8 

0.3 

0.3 

n. \ 

0.6 

0.6 

0.6 

0.8 

0.0 

0.6 

1.4 

0.0 

0.0 

0.3 

0.0 

0.0 

0.0 

3.7 

0.3 

1.2 

1.3 

4.0 

3.8 

3.5 

4.2 

2.0 

3.8 

1.3 

2.8 

2.2 

2.4 

2.5 

3.6 

3.8 

3.1 

3.0 

2.8 

3.5 

3.3 

1.5 
4. I 

3.0 

3.0 

3.0 

4.0 

2. a 
3.7 

3.4 

4. I 

3.3 

4.2 

3.4 

4.0 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.8 

0.3 

0.5 

0.7 

0.5 

0.5 

0.5 

1.0 

0.8 

0.5 

0.5 

0.5 

0.5 

0.5 
0.5 

0.5 

0.5 

0.5 

0.7 

0.5 

1.0 

0.7 

0.5 

0.5 

0.5 

0.5 

0.5 

1/9 

1/5 

1/7 

1/9 

1/ I a 
1/11 

1/9 

1/ I a 
1/9 

\ / II 

J /13 

1/13 

1/6 

1/9 

1/17 

1/28 

1/8 

1/ I a 
1/16 

1/11 

1/10 

1/ I a 
1/9 
1/13 

1/ I a 
1/ \a 
1/11 

1/8 

1/8 

1/8 

1/7 

1/ I a 
1/ I° 
1/ I a 
1/9 

1/ I a 

0.4 

0.9 

0.9 

0.4 

0.4 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

CLINOPYROXENE 

CaA1 Si0
2 6 

(CATS) 

1.8 

0.8 

0.1 

3.2 

0.3 

0.0 

0.0 

0.0 

0.2 

0.7 

0.5 

1.2 

0.6 

0.7 

0.9 

0.0 

2.6 

1.8 

0.7 

4.3 

3.5 

4. I 

4.0 

4.9 

4.6 

4.5 

3.2 

4.3 

5. a 
4.5 

NaA1Si 0
2 6 

(jadeite) 

0.5 

0.8 

0.0 

0.0 

8.5 

3.3 

3.5 

4.5 

4.5 

3.5 

1.0 

0.7 

1.8 

2. a 
2.8 

3.5 

4.1 

2. a 
3.7 

0.5 

0.5 

0.5 

0.5 

0.5 

0.8 

0.5 

0.7 

0.8 

0.7 

0.8 

CaTii\1203 

0.3 

0.8 

4.6 

0.5 

0.3 

0.5 

0.5 

0.5 

0.2 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

1.0 

1/11 

1/13 

1/14 

\.' 12 

1/13 

1/8 

1/11 

1/7 

1/7 

1/9 

1/8 

Ti/i\l 

1/16 

1/5 

1/2 

1/15 

1/32 

1/9 

1/9 

1/11 

1/27 

1/12 

1/6 

1/8 

1/8 

1/9 

I' II 

119 

1/21 

1/13 

1/6 

I I 340-13 

340-14 

340-15 

340-17 

340-18 
f--

392- I 

392- 2 

392- 3 

66.8 

67.3 

66.2 

69.5 

68.5 

82.6 

82.4 

84.8 

392- 6 
'------. 

EXSOLUTION 

analysis 
I 

40 

74 

95 

95 

95 

153

153

155

155

155

2 

3 

4 

5 

8 

2 

5 

2 

5 

9 

155-14 

155-15 

155-18 

155-21 
c---' 

247-6 

247- 8 

247-12 

247-13 

250- 3 

392- 5 83.3m-~lr
 
83.3 

LAMELLAE IN 

fe-ratio 

69.2 

80.8 

88. I 

88.8 

90.4 

66.4 

63.5 

60.2 

61.2 

63.0 

74.1 

76.7 

74. I 

61.6 

68.6 

64.2 

67.2 

68. I 

63.8 



c.ontinued 

1250- ) 64.0 2.!~ 4.0 0.2 1/46 SAHPLES R95 ANa R98 

265- 5 69.5 1.1 1.5 0.5 ~ 

1 312 3 61.1 I :.0 3.5 0.8 1/6 analysis 

1312- 4 61.1 0.3 2.8 0.5 1/9 

312- 8 77.8

~·~164'6 I 

0.8 

0-:1 

0.3 

3.8 

0.5 

0.8 

1/6 

1/7 95 I 

337 4 

1337- 5 

64.5 

63.6 I 

1.0 

1.4 

3.7 

3.3 

0.5 1/13 95 2

0'5~ 95 3 

337 7 1 65.7 0.7 2.7 0.7 1/8 95 6 

~------r-- 0.3 0.0 2.1 1/2 95 7 

392 7 89.5 I 1.3 1.3 0.8 1/7 11 98 I 

98 2 

98 3 

98 5 

tv 98- 6 o 
tv 98 7 

98- 9 

98-10 

98-11 

fe-ratio 

82.0 

82.2 

80.6 

82.2 

82.3 

83.6 

82.6 

84.3 

83. I 

83.2 

81.3 

84.5 

84.3 

83.9 

CaA1 
2
Si0

6 
NaA1Si 20 6 

CaTiA1 
2
0 

6 
NaTiA1Si0

6 
(CATS) (jadeite) 

0.0 4.3 0.0 0.8 

0.0 4.5 0.0 1.0 

0.0 5.0 0.0 0.5 

0.0 4.8 0.5 0.0 

0.0 5.0 0.0 0.5 

o. a 2.5 0.0 1.0 

0.0 2.5 0.0 0.5 

0.0 2.5 0.0 0.8 

0.0 2.5 0.0 0.8 

0.0 2.3 0.0 0.8 

0.0 2.3 0.0 0.8 

0.0 2.5 0.0 0.8 

0.0 2.8 0.0 0.5 

0.0 2.5 0.0 0.8 

table ~.IO: calc.ulated pyroxene end-members in pyroxenes from the QMP. The results are listed 

separately for orthopyroxene (primary orthopyroxene is marked x) (rernaining data are for ortho

pyroxene host phases), for clinopyroxenes (both solidus and subsolidus compositions), for ex

solution lamellae in clinopyroxenes and for samples R95 and R98. 

Ii/Al 

1/6 

1/6 

1/11 

J / 12 

1/11 

1/4 

1/6 

1/4 

1/4 

1/4 

1/4 

1/4 

1/4 

1/4 



calculate pyroxene end-members. The scheme first allocates all Na
+ 

3+ (" " ) + " . d "h 3+ f " to Al Jade1te and excess Na 1S comb1ne W1t Fe to orm acm1te 

(Fe 2+ + (Fe total - Fe3+». All Ti 4+ is combined with A1 3+ and Ca2+ to 
3the Ca-Ti-tschermak molecule. Remaining A1 + is calculated as Ca

2tschermak molecule (CaTs). Ca + is further calculated as wollaston
" (.2+ ) f "I" 2+ " 1te; Fe + Mn as errOS1 1te and Mg as enstat1te. 

Pyroxene end-members for the QMP are given in table 4.10. In 

two samples (R95 and 98) the amount of (Na + Ti)~Al. Therefore the 

calculation scheme of Cawthorn and Collerson was abandoned: first 
+ 3+ 4(Na + Al ) was combined to all Ti + to form NaTiAlSi0 The remain6 . 

" + 3+1ng Na and Al were combined to jadeite. Form here on the scheme 

mentioned was followed. 

The Ca-tschermak molecule and jadeite component for the selected 

bulk analyses (table 4.8) and for subsolidus phases are plotted ver

sus the fe-ratio in figure 4.15 and 4.16. There is no systematical 

relationship between the CaTs-molecule for bulk analyses and the fe

ratio. The jadeite molecule for bulk analyses of Ca-poor py~oxenes 

is also uncorrelated with the fe-ratio. A linear relation can be 

calculated between the mean jadeite component of Ca-rich clino

pyroxenes and the anorthite content of plagioclase if the data for 

... 30 
~ 247 247 

~::.~1. 
~15 ~ 
~ . 
~ 10 

0.0 1.0 20 3.0 4.0 5.0 

MOLE % MEAN JADEITE COMPONENT 

figure 4.17: mean jadeite molecule (mole%) 

vs. anorthite content of plagioclase 

(tables 4.10 and 1.1, respectively). The 

calculated linear best fit equation for 

Ca-rich clinopyroxenes is (An(%) = -2.631 

(jadeite mole%) + 25.34; r = -0.89; N = 7 

(date for sample R247 is omitted). 

sample R247 are disregarded. 

(figure 4.17). It appears that 

the composition of the melt is 

the controlling factor for the 

amount of jadeite in (clino-) 

pyroxene. 

The CaTs- and jadeite mole

cules in subsolidus ph~ are 

not systematically related to the 

fe-ratio. 

The subsolidus compositions 

are strongly determined by the 

initial composition of the solidus 
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4.16: jadeite molecule (mole%) vs. fe-ratio for pyroxenes from the Q?~ (both solidus and 

subsolidus phases) (table 4.10). Symbols cf. figure 4. I. Calculated linear best fit equation for 

Ca-rich clinopyroxene solidus phases is jadeite (mole%) = 0.1609(fe)- 9.2614; r = 0.74; N = 19. 
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phases. 

In table 4.10 the end-members CaTiAI 0 and NaTiAlSi0 are also
Z 6 6 

listed. The latter 1S restricted to samples R95 and R98, both from 

stage Zb (cf. table 4.7). The anorthite content of plagioclase in 

these samples is the lowest observed in the QMP. The relation between 

these end-members and the anorthite content may be experssed as: 

CaTiAIZ06 (· ) + NaAlSi308 (· 1) ~e~=;1n pyrox. ss 1n p ag 

NaTiAlSi06 (· ) + CaAI ZSiZ06 (· 1)1n pyrox. ss 1n p ag 

All other parameters remaining unchanged, increased activity of albite 

(lower anorthite content of plagioclase) will favour incorporation of 

NaTiAlSi0 in pyroxene SSe Pyroxenes in these two samples also have
6 

considerable amounts of jadeite molecule. It is suggested that the 

composition of the magma, e.g. high sodium activity is the predominant 

factor controlling the high amount of jadeite molecule in pyroxene 

and the low anorthite content of plagioclase. The predominating in

fluence of the bulk chemistry of the magma on the compositions of 

pyroxenes crystallizing from it, was also concluded by Thompson (1974) 

from his study on high-pressure pyroxenes. It seems therefore 

questionable whether CaTs and jadeite molecules in pyroxenes may be 

used as indicators for crystallization under 'high pressure' (e.g. 

Kushiro 1969). 

Hollister and Gancarz (1971) suggested that even at 'low pressure' 

considerable amounts of CaAlSiAl06 may be incorporated in clinopyroxenes 

depending on growth-rate phenomena (e.g. cooling rates) provided 

that no AI-bearing phase (anorthite) is coprecipitating. Numerical 

data on the amount of CaTs in 'high pressure' pyroxenes are 'rare. 

Kushiro et al (1971) present data for pigeonite (1.5mole%) and for 

sub-calcic augite (3.5 mole%), but they wonder whether "the presence 

of such small amounts of CaAI Si0 is the result of high-pressureZ 6 
crystallization". For pyroxenes from the QMP (figure 4.15) the amount 

of CaTs molecule is generally less than 3 mole%. From experimental 

work Hays (1967) concluded that the presence of CaTs molecule in 
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pyroxenes rather indicates 'high temperatures combined with moderate 

pressure' than 'high pressure' alone. 

4.1.10: compositions of lamellae //"(001)" . aug 

Exsolution lamellae //"(001)" may be present as inverted or 
aug 

un-inverted pigeonite depending on the critical lamellar thickness 

(sections 2.1.2 and 2.1.5). The distribution of clinopyroxene lamellae 

//(100) in the Rogaland inverted pigeonite lamellae suggests that opx 
their composition may vary along their length. Separate analyses, 

within the same Rogaland inverted pigeonite lamella confirm this: 

155-14 and -15, respectively En20.IFs57.6W022.3 and En20.3Fs66.7WoI3.0 

and 247-3 and -4, respectively EnI4.6Fs75.3WoI0.1 and EnI3.9Fs71.9 

Wo Analyses of lamellae in which the distribution of clinoI4 . 2 . 

pyroxene lamellae //(100) does not change along the length of the opx 
lamella yield fairly constant wollastonite contents: WOI6.2-19.2' 

This may be regarded as the approximate initial compositions for the 

Rogaland inverted pigeonite lamellae. 

In a clinopyroxene from sample R340 a Rogaland inverted pigeon

ite lamella and an un-inverted pigeonite lamella have been analysed. 

The latter (340-20) is probably slightly contaminated with the host. 

Still its wollastonite content (7.8%) is much lower than that of the 

inverted lamella (19.2%). It strongly suggests that the latter ex

solved at higher temperatures than the former (for the topology of 

the pyroxene phase diagram the reader is referred to figure 2.20). 

The critical lamellar thickness of lamellae / /" (001)" in aug 
pyroxenes from the QMP is 6 ~m (section 2.1.2). The wollastonite 

con~t of lamellae thinner than 6 ~m varies between 1.6% (40-12, 

340-16) and 6.3% (98-8). An un-inverted pigeonite lamella of 8.5 ~m 

thick (185-2) has a wollastonite content of 6.1%. 

Compositions of Wo~4% are probably on the metastable extension 

of the augite saturated pigeonite limb of the pig-aug solvus. 
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Compositions of lamellae with 1.6 %Wo are probably on the stable aug

ite saturated orthopyroxene limb of the opx-aug solvus (cf. figure 

2.20). They appear to have a monoclinic symmetry and may thus be re

garded as clino-eulite. Naturally occurring members of the clino

enstatite-clinoferrosilite series are reported by Binns, Long and 

Reed (1963) from the Bon Accord Quarry, Transvaal, South Africa and 

in pyroxene granulites from Broken Hill, Australia. 

The analyses 74-S to -9 are from a small anhedral crystal en

closed in a large K-feldspar-microperthite crystal. It has been in

cluded because the nature of exsolution lamellae is different from 

the normal CI-type. 

In one part of the crystal a wide 'band' of Ca-rich clinopyroxene 

(ca 60 ~m) contains several lamellae (ca 3 ~m)//"(OOI)". The 

wollastonite content of the bulk analysis is 38.1%. In the remaining 

part Ca-rich clinopyroxene forms a regular lamellar intergrowth with 

Ca-poor clinopyroxene, also //"(001)". The lamellae are IS to 20 ~m 

thick. In the Ca-rich clinopyroxene of the lamellar intergrowth small 

(ca I ~m) lamellae are present //"(001)" . The wollastonite contents aug 
of the wide lamellae in the intergrowth are W024.3-Wo24.9 and W0 41 -Wo2. 6 . 

Each pair is from adjoining lamellae. The amount of Ca-poor and Ca

rich clinopyroxene lamellae in the intergrowth is more or less equal. 

This crystal somewhat resembles a clinopyroxene crystal in mon

zonite 2-1678 from the Nain Anorthosite massif (Smith 1974), although 

the initial compositions for both crystals differ: EnI3.4Fs48.SWo38.1 

(R74) and Wo (2-1678). In both crystals the pigeonite-ortho20- 30 
pyroxene transition did not take place. 

Smith (1974) explains the extreme lamellar thickness by assuming 

that only a few nucleii were available for growth of lamellae. 

The non-quadrilateral element fractionation in 74-S to -9 in

dicates that the subsolidus phases did not reach equilibrium composi

tions. Major element fractionation is interpreted as follows: 
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clinopyroxene (W0 ) exsolves lQw-calcium pigeonite (= clinoeulite)38
lamellae //,,(001)" and its wollastonite content is increased to 41 %\010. 

The compositions of host and lamella (Wo 2S) did not reach equica 
librium on the stable limbs of the opx-aug solvus. 

The observed phenomena seem to indicate extremely 'dry' conditions 

during cooling of this sample. These conditions must have prevailed 

locally, because the nature of exsolution lamellae in other CI-type 

clinopyroxenes in this sample are similar to the generally observed 

pattern (cf. section 2.1.2). 

4.1.11: geotherrnometry and geobarometry. 

4.1.11.1: introduction. 

It was concluded from optical observations that crystallization 
o 0of the QMP took place at temperatures between ca 1000 C and ca 900 C 

for Ptotal = ca S kb. The pH20 was low, ca O.S kb. In the final 

stages of crystallization it may have increased locally (section 

1.1.8). The presence of Rogaland inverted pigeonite lamellae and the 

phenomena observed on exsolution lamellae //"(001)" suggest that aug 
pH20 remained low during cooling of the QMP (section 2.4 and 4.1.10). 

Subsolidus re-adjustment took place to well below ca 7SOoC. 

Incorporation of manganese (MnSi0 ) stabilizes pyroxenes and3
olivine relative to each other (section 4.1.6.1). Lindsley, Tso and 

Heyse (1974) observed that incorporation of S mole% MnSi0 stabilizes
3 

pigeonite relative to orthopyroxene + augite to at least SOOC below 

the lower stability limit for pigeonite on the same join, but without 

manganese. Bohlen and Boettcher (1978) report that adding S mole% 

MnSi0 to pure ferrosilite will stabilize this phase towards higher
3 

pressure (ca O.S kb) relative to the pure composition. 

The highest amount of MnSi0 in pyroxenes from the QMP is 2.4
3 

mole% (figure 4.18). 
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As a first approximation 

the influence of these 

small amounts of MnSi0 is
3 

disregarded in following 

estimates of temperature 

and pressure. 

0.0 '-'VI1'!.6':-0--6c':S,--------o7~0---=7S:----8;f:0,.----='8-S 

fe - ratio pyroxenes 

figure 4.18: MnSi0 (mole%) vs. fe-ratio for selected
3
 

bulk analyses from the QMP (table 4.8). MnSiO (mole%)
 
. 2+ 3
 

(= Rh) 1S calculated as Mn/(Fe +Mg+Ca+Mn) x 100. Linear
 

best fit equations are calculated for primary ortho


pyroxene: (fe) = 56.7 + 11.8 (Rh); r = 0.79; N = 12, for
 

pigeonite: (fe) = 53.3 + 13.8 (Rh); r = 0.70; N = 7, and
 

for Ca-rich clinopyroxene: (fe) = 43.6 + 29.2 (Rh); r =
 
0.72; N = 16.
 

4.1.11.2: temperature estimates. 

Equilibration temperatures for solidus and solvus pairs have 

been calculated using the geothermometers of Wood and Banno (1973) 

and Wells (1977)(table 4.11). Equilibration temperatures have been 

calculated between pigeonite and augite and between orthopyroxene and 

augite. The former pair will result in less accurate temperatures. 

The amount of ferric iron in pyroxenes from the QMP is negligible and 

an error caused by the inaccurate knowledge of the exact amount is 

likely to be small. Wells (1977) claims that his geothermometer is 

accurate if clinopyroxene contains less than 10 wt% A1 0 . The2 3
claimed accuracy for both geothermometers is + 70oe. Equilibration 

temperatures for coexisting pyroxenes calculated using the geothermo

meter of Wood and Banno were compared with petrologically derived 

temperatures for the rocks containing these pryroxenes (Hewins 1975). 
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I 
pyroxene pair 

40-3/40-6 

40-3/40-13 

40-3/40-11,12:0 

40-1,2;::/40-11,12;:: 

40-13/40-15 

155-1,2:0/155-17,18_ 

247-4/8_/247-18 

247-9/14>/247- J8 

265-1/265-3/5_ 

265-2/265-3/5_ 

312-1/4_/312-9/11_ 

312-1/4>/312-12/16_ 

340-1/3/340-14/16_ 

calculated temperatures 

initial phases (-) 

cpx
"MB2Si

2
0 

6 

opx 
al1g2Si206 

X
opx 
Fe 

0.0063 0.0337 0.8059 

0.0 112 0.0337 0.8059 

0.0142 0.0337 0.8059 

0.0142 0.0296 0.7880:0:0 

0.0110 0.0293 0.8003:0:0 

0.0203 0.0507 
0.7422__ 

0.0127 0.0366 0.7813:0:0 

0.0127 0.0371 0.7757:0:0 

0.0344 0.0945 0.6767 

0.0344 0.0846 0.6909 

0.0191 0.05'>7 0.7305:0:0 

0.0203 0.0557 0.7305:0:0 

0.0225 0.0514 0.7604 

I T~ood/Banno (C) T~ells (e) 

755 776 

819 87,0 

847 914 

866 948 

834 895 

854 934 

828 889 

827 889 

859 947 

869 963 

837 910 

845 921 

861 943 

for pyroxene pairs at the sol idus us ing ana 1y sed bulk composi tions or recalculated 

xx: the calcium-poor pyroxene is pigeonite rather than primary orthopyroxene.
 

40-1/40-2
 787 8230.0082 0.0323 0.8089 
0.6892__ 

780 824
 

153-1/153-2
 

136-9/136-/3 0.0150 0.0787 

822 882
 

153-4/153-5
 

0.0161 0.0502 0.7646 

771 806
 

153-6/153-8
 

0.0111 0.0555 0.7536 

827 892
 

155-1/155-2
 

0.01 16 0.0359 0.7447xx 

851 929
 

155-3/155-5
 

0.0211 0.0521 0.7583 

863 946
 

155-4/155-5
 

0.0220 0.0486 0.7681 

858 9390.0220 0.0514 0.7587 
0.7464 __ 

866 953
 

155-10/155-12
 

155-6/155-9 0.0202 0.0454 

788 83 I
 

247-4/247-8
 

0.0089 0.0376 0.7602:0:0 

861 938
 

247-5/247-8
 

0.0168 0.0359 0.7981 

844 913
 

247-4/247-6
 

0.0168 0.0421 0.7842 

789 827
 

247-5/247-6
 

0.0091 0.0359 0.7981 

774 8070.0091 0.0421 0.7842 
0.7789 __ 

796 84 I 0.0098 0.0373247-9/247-12 
0.7789 __ 

780 815
 

247-9/247-14
 

0.0084 0.0373247-9/247-13 

806 856
 

247-10/247-14
 

0.0107 0.0373 0.7789:0:0 

769 802
 

312-1/312-3
 

0.0 I07 0.0546 0.7545 

798 848
 

312-2/312-4
 

0.0154 0.0624 0.7352 

0.0198 0.0581 Cl.7440 833 902
 

312-6/312-8
 841 910
 

337-1/337-2
 

0.0160 0.0415 0.7779 

876 970
 

337-3/337-4
 

0.0264 0.0540 0.7527 

821 882
 

337-3/337-5
 

0.0166 0.0536 0.7490 

847 923
 

337-6/337-7
 

0.0206 0.0536 0.7490 

843 915
 

340-4/340-6
 

0.0186 0.0493 0.7581 

802 849
 

340-4/340-5
 

0.0122 0.0443 0.7782 

828 889
 

340-5/340-8
 

0.0153 0.0443 0.7782 

819 877
 

340-9/340- 10
 

0.0153 0.0491 0.7644 

782 8180.0099 0.0428 0.7816 
0.8953__ 

658 627
 

392-7/392-6 0.0023 0.0260 0.8953:0:0
 

0.0019 0.0260392-7/392-5 

675 649 
I 

calculated temperatures for pyroxene pairs at the solvus using ana lysed compositions. xx: see above. 

table 4.11: calculated equilibration temperatures for pyroxene pairs from the QMP using the geothermo

meters of Wood and Banno (1973) and Wells (1977). 
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He concludes that the calculated temperatures are 'not too low or 

more than 500C too high'. 

However, the accuracy of the geothermometers may be less than 

50-70oC, because 
2I)	 the assumption that Fe + and Mg are randomly distributed between 

M and M sites of coexisting pyroxenes appears to be incorrect
1 2
 

(Fleet 1974-b).
 
2+ .


2)	 the strong preference of Ca 10ns for M sites in clinopyroxene.2 
Blander (1972) argues that this strong preference of Ca2+ ions wi~l 
block the M sites in clinopyroxene in increasing order of magn12 2+
tude from pigeonite to Ca-rich clinopyroxene. The Fe -Mg exchange 

equilibria in clinopyroxenes will thus be highly sensitive to the 

wollastonite content. 

The	 averages of calculated temperatures are 

TOC +70 (Wells) 

solidus pairs 908 

solvus pairs * 876 

* data for R392 are not considered. 

TOC +70 (Wood/Banno) 

839 

818 

Calculated temperatures are not correlated with the Al 0 con2 3 
tent. A poor linear correlation (r = -0.70) can be calculated between 

the temperatures for solidus pairs and the fe-ratio. Temperatures 

for solvus pairs bear no relation to the fe-ratio. 

Powell and Powell (1974) presented an olivine-clinopyroxene geo

thermometer. They claim that crystallization temperatures can be 

calculated accurately, although subsolidus re-equilibration may affect 

the calculated temperatures. Wood (1976-a) argues that the geothermo

meter is not applicable especially not to iron-rich pairs. Still the 

geothermometer is applied to olivine-clinopyroxene pairs in R392, R98 

(recalculated Ca-rich clinopyroxene) and TIl (from Duchesne 1973). 

Application of the geothermometer requires knowledge of the 
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total pressure; P 1 ~s estimated at 5 kb.tota 

clinopyroxene olivine 

sample 
~e,MI xMg,MI xA1 ~/~e 

TOe 

R392 0.8008 0.1442 0.025 0.0435 836 

R98 0.8074 O. 1526 0.035 0.0377 879 

TIl 0.7180 0.2320 0.019 0.0824 768 

The temperatures appear to be low, although for R98 it might indicate 

the crystallization temperature. 

P-T relations for coexisting orthopyroxene and olivine can be 

expressed by the equation 
X

oPx468.0 = -(1.9873)T In + 0.0390 Px01 

sample fa(%) Fs(%) 

R31,0 

RI36 

RI55 

Til" 

66209" 

0.91 

0.875 

0.90 

0.92 

0.81 

0.77 

0.69 

0.75 

0.81 

0.68 

~X 

O. II, 

0.185 

0.15 

0.13~
 

temperature(OC) 

2 kb 5 kb 7 kb 

1) 56 810 578 

576 1,11 

1058 71,0 529 

1039 

1113 779 556 

table 4.12: calculated equilibration temperatures 

for orthopyroxene-olivine pairs (primary orthopyrox

ene and orthopyroxene host phases) using the equa

tion of Frisch and Bridgwater (1976). The parameter 

~x us after Smith (1971-a). Temperatures are cal

culated at several pressures. 

(Frisch and Bridgewater 1976) 

In all samples but R340 

the calcium-poor pyroxene is 

pigeonite instead of ortho

pyroxene. The calculated temp

eratures for the other pairs 

will be less accurate (table 

4. 12) . 

All pigeonite in the R

samples is transformed to or

thopyroxene. Temperatures 

calculated for these orthopyroxene-olivine pairs in RI36 and RI55 

result in 596
0 

e and 812
0 
e, respectively, at Ptotal = 5 kb. 

Temperatures calculated for coexisting orthopyroxene and olivine 

must be regarded with caution. Medaris, jr. (1969) and Matsui and 
2

Nishizawa (1974) showed that the partitioning of Fe + and Mg between 

coexisting orthopyroxene and olivine cannot be used as an indicator 

for the physical conditions of the chemical equilibrium. 

Medaris, jr. (1969) suggested that the partitioning may be used 
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to evaluate equilibrium between these two pha&es. Equilibrium between 

800
0

C and 900
0

C can be expressed by the linear equation 

log (~)Ol ~ 0.1630 + 1.1128 log (~)OPX 
The equation fits the data from table 4.12 and for the subsolidus 

pairs (R136 and ISS) rather well. All olivines are enriched in iron 

relative to the Ca-poor pyroxene. 

Smith (1971-a) introduced the parameter ~X to evaluate the exist

ence of equilibrium between coexisting orthopyroxene and olivine + 

quartz. He suggests that for natural pairs ~X is ~n the order of 0.15; 

~X - ( Fe) ( Fe)
Fe+Mg 1. . Fe+Mg orthopyroxeneo ~v~ne 

Smith also observed that for iron-rich compositions (Fe2+/(Fe2+ +Mg» 

ca 0.7) ~X cannot be substantially greater than 0.15 between 7500 C 

and 900
o

C. The values for pairs from the QMP vary between 0.11 and 

0.185 (table 4.12). The highest value may be interpreted to indicate 

disequilibrium although it must be kept in mind that the Ca-poor 

pyroxene is pigeonite instead of orthopyroxene. 

Minimum crystallization temperature extimates can be obtained 

using the orthopyroxene-pigeonite transition curve (Ross, Huebner 

and Hickling 1973) (figure 4.19). The presence of untwinned un-in

verted pigeonite (section 1.1.6.5) suggests that pigeonite crystal

lized from the melt. The fe-ratios of pigeonite and orthopyroxene 

hosts vary from 69 to 80.5 thus bracketing a temperature range of 

980-96SoC. 

I prefer to use the experimental results of Ross, Huebner, and 

Dowty (1973) and Ross and Huebner (1975) to estimate pyroxene crys

tallization temperatures. The latter paper presents intersections 

of the pseudobinary pyroxene T-X sections for several fe-ratios with 

the pyroxene quadrilateral. The positions of the three-phase tri

angles (opx-pig-aug) are also given. The position of the solvus sur

face in the T-X (quadrilateral) space is relatively insensitive to 
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1250 

1150 

TOC 

1050 

1000 

950 

OPX + CPX 

OPX opX+ cpx+ 
fa+ 5 

,1
I 

: pigeonite 
I 

20 30 40 50 60 70 75 80 85 

fe - ratio 

figure 4.19: orthopyroxene-pigeonite transition curve 

(Ross, Huebner and Hickling 1973). Range of minimum crys

talization temperatures is indicated on the ordinate. On 

the abcissa the range of fe-ratios for pigeonite and for 

orthopyroxen~hosts of inverted/decomposed pigeonites 

from the QMP is indicated. 

minor element variations (Ross, Huebner and Dowty 1973). The 

wollastonite content of Ca-rich clinopyroxene will be virtually in

dependent of the total pressure (e.g. Smith 1972). The diagram 

of Ross and Huebner (1975) may be used for solidus as well as for 

solvus pyroxenes, because the tie-line rotations are negligible as 

temperature decreases. The wollastonite content of clinopyroxenes is 

essentially a function of the temperature. The Ross and Huebner dia

gram can be used for total pressures between zero and 5 kb. 

Bohlen and Essene (197B) comment on the work of Ross and Huebner 

(1975) and they suggest that temperatures derived with this method 

will be accurate within IOOoC. They also suggest that the pigeonite 

saturated augite limb of the pig-aug solvus below 750 0 C should be 

widened (that is extended to higher wollastonite contents). 

In comparable experiments Lindsley, King, jr. and Turnock (1974) 

determined the position of the BIOoC-isotherm in the pyroxene quadri

lateral. This isotherm intersects the BOOoC-isotherm of Ross and 
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Huebner (cf. figure 4.9). 

Summarizing: Ca-poor clinopyroxenes indicate crystallization 
0 0temperatures between ca 1050 C ! lOa and 950 C ! lOa (figure 4.7). 

Crystallization temperatures of Ca-rich clinopyroxenes are bracketed 
0 0between 950 C + lOa and 800 C ! lOa. Textural evidence suggests that 

in several cases pigeonite crystallized prior to Ca-rich clinopyroxene 

(section 2.4). The presence of Rogaland inverted pigeonite lamellae 

in C -crystals suggests that the crystals precipitated from the melt4
at temperatures higher than the temperature for the three-phase tri

angle. For the fe-ratios observed in the QMP this suggests crystal

lization between ca 10000C ! lOa and 9000C ! lOa (C -crystals are
4

never observed to be epitaxially related to Ca-poor clinopyroxene). 

Temperatures calculated for Ca-poor/Ca-rich pyroxene pairs, for 

olivine-clinopyroxene pairs (except for R98) and for orthopyroxene/ 

pigeonite-olivine pairs are all too low, although for the most iron

ricn compositions the order of magnitude is comparable to the estimates 

using the results of Ross and Huebner (1975). 

It is stressed that pyroxenes will crystallize from a natural 

magma at temperatures that are lower than those for pyroxenes alone. 

The temperatures estimated for subsolidus re-equilibration vary 
0 0

between 800 C + lOa to below 600 C ! lOa for Ca-rich clinopyroxene 

phases (figure 4.9). The range in temperature is explained in sec

tion 4.1.4 and 4.1.5.2. all compositions for orthopyroxene hosts 

plot in the quadrilateral to the low temperature side of the 810oC

isotherm of Lindsley, King, jr. and Turnock (1974). 
2+The equilibrium distribution of Fe and Mg between orthopyroxene 

and Ca-rich clinopyroxene is also used to estimate equilibrium temp

eratures. The distribution coefficient is defined as 

2+
Fe -Mg 

KD(opx-cpx) 
Xopx 

(I-X)
cpx 

Xcpx 
(I-X)

opx 
, where X = 

Fe2+ 

2+
Fe +Mg 

The distribution coefficient for pyroxenes from the QMP is also cal

culated for pigeonite-Ca-rich clinopyroxene pairs (table 4.13). For 
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sample

TIl 

R40 

RI55 

R312 

R247 

R40 

R95 

RI53 

RI55 

R247 

R312 

R337 

R340 

2 
Fe 

0.2345 

0.2690 

0.2496 

0.3474 

0.3689 

0.2800 

0.2838 

0.2713 

Mg 1 
(Fer opx 

0.2363 

O. 1062 

0.3078 

0.3188 

0.3019 

0.2529 

0.3253 

0.3253 

0.3602 

0.3440 

0.3351 

0.3351 

0.3191 

0.2850 

0.2795 

e
C 'Pig Fe27cPX 

0.3231 0.81 I. 38 0.73 

0.3478 1.29 0.770.79 

0.4150 0.80 I. 66 0.60 

0.4534 0.74 1.31 0.77 

0.4952 0.73 1.34 0.74 

0.4742 0.78 1.87 0.53 

0.4788 0.78 1.69 0.59 

0.3683 0.79 I. 36 0.74 

Fe
X

opx 

0.4460 0.81 1.89 0.53 

0.2173 0.90 2.05 0.49 

0.5052 0.77 I. 64 0.61 

0.6578 0.76 2.06 0.48 

0.6347 2.06 0.480.77 

0.2751 0.80 1.09 0.92 

J.. 22 0.820.3966 0.75 

0.4690 1.44 0.690.75 

0.6371 0.74 1.78 0.57 

0.6364 0.74 I. 85 0.54 

1.64 0.610.5502 0.75 

I. 66 0.600.5556 0.75 

0.5032 0.76 I. 58 0.63 

0.4799 0.78 I. 68 0.59 

I. 68 0.600.4696 0.78 

e

C XF<; ~I
pig ~ 0.40 

Mg ) 
Fe 2+ 0.30 

pig 

0.20 

0.30 0.40 0.50 0.55 

figure 4.20: graphically solved ~-value 

for Ca-Fich - and Ca-poor clinopyroxene 

pairs from the QMP. The data below the line 

are omitted (from samples R40 and R247, cf. 

table 4.13). 

table 4.13: calculated distribution coefficients 

(~) for assumed equilibrium pairs from the QNP. 

these pairs ~ is graphically solved in figure 4.20: ~ = 1.28. 

The calculation is carried out omitting the data for sample 

R247.; pyroxenes in this sample are enriched in A1 20 compared to
32+

other pyroxenes from the QMP. The distribution of Fe over MI and 
2+

M2 sites in these clinopyroxenes will be greatly hindered by Ca 

favouring M2 and A1 3 
+ favouring HI and it can be suspected that 

2+
Fe -Mg exchange between ortho- and clinopyroxene may deviate strongly 

from the equilibrium distribution for pure phases. The value for 

R40 is for the pair 40-13/15. for which subsolidus re-equilibration 

is suggested. 

Kretz (1963) and McCallum (1968. taken from the paper by Bunch 

and Olsen 1974) assume a linear relationship between the ~-value and 

the equilibration temperature. The ~-values for solvus pairs from 
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the QMP indicate a wide range of equilibration temperatures: 

1060
0

C to well below 5600 C (using McCallum) 

1180
0

C to 570
0

C (using Kretz). 

The upper limits are too high, but the lower limits may represent 

realistic values (a lower limit of 600 0 C + 100 was estimated from the 

wollastonite contents for Ca-rich solvus phases). The mean ~-value 

is 0.56 which is well below the KD-value for pyroxenes on the 810
o

C

isotherm: 0.69 (Lindsley, King, jr. and Turnock 1974). The observed 

range for solvus pairs ~s comparable with solvus pairs from the 

Grenville anorthosites and metamorphic rocks (Bohlen and Essene 1978) 

and are also comparable with pyroxene pairs from metamorphosed Iron 

Formations (cf. Butler, jr. 1969). 

The observed ~-values for pigeonite-Ca-rich clinopyroxene pairs 

from the Q!~ are similar to the values for integrated pyroxene pairs 

from Grenville anorthosites (Bohlen and Essene 1978), for which the 

suggested crystallization temperatures are 1100-1000oC + 100. 

4.1.11.3: pressure estimates. 

The last Ca-poor pyroxene is assumed to have crystallized in 

equilibrium with olivine + qvartz (sample TIl of Duchesne 1973). The 

pressure may be calculated from the equation 

= 486 - 0.32 _ 0.02~4(P-I)1og ( a / a ) - !log afa fs T Si02 

(Williams 1971) for the reaction FeSi0 FeSi!02 + !Si0 if the2 ,3 
crystallization temperature is known and the activities for the Fe-

Mg species. Substituted in the equation results log (0.92/0.81) 

486/1198 - 0.32 - 0.0204(P-I)/1198 from which is calculated that P = 
1.8 kb. It is much lower than the pressure estimated from the petro

graphical evidence (section 1.1.8). 

The best available geobarometer seems to be the extension of 

the two-pyroxene field towards the ferrosilite-hedenbergite join, 

which is synonymous with the extension of the forbidden zone into the 
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quadrilateral. Lindsley and Munoz (1969) d~fined this zone as the 

part of the pyroxene quadrilateral where Ca-poor pyroxene is not in 

stable coexistence with Ca-rich clinopyroxene; Ca-poor pyroxene 

(orthopyroxene) breaks down to fayalite + quartz. In the quadrilateral 

boundary of this zone is partially outlined by the tie-line connect

ing Ca-rich clinopyroxene and Ca-poor clinopyroxene which coexists 

with Fe-rich olivine + quartz. Lindsley and Munoz (1969) estimated 

the intersection of the forbidden zone with the enstatite-ferrosilite 

join for low pressures at ca 90 %Fs. Smith (1971-a) suggests that 

for low pressure the intersection should be at ca 70 %Fs. The out

line of the forbidden zone in the quadrilateral at 9250 C was deter

mined by Smith (1972) as a function of the total pressure. It may 

be concluded that the composition of orthopyroxene can be used as a 

geobarometer indicating minimum pressures, because for a given temp

erature the stability of orthopyroxene relative to olivine + quartz 

is a simple function of P l'tota 
The compositional range of primary orthopyroxenes in stage 1 of 

the QMP is comparable to the range for primary orthopyroxenes from 

Labrador (Smith 1971-b), albeit that the most iron-rich orthopyroxene 
2 2from the QMP is slightly richer in iron (Fe +/(Fe ++Mn+Mg+Ca) = 0.83 

compared to the Labrador rocks 0.81). Smith (1971-b) concluded that, 

if the Labrador orthopyroxenes formed stably at or near 9000 e and 

effects of minor elements are negligible, the total pressure must 

have been in excess of 5 kb. 

Stage 1 is the lower stratigraphical of the QMP. It is suggest

ed that its crystallization temperature is of the same order of mag

nitude as for crystallization of stage 2(a), perhaps slightly higher. 

By analogy it is concluded that for crystallization of stage 1 

P 1 must have been in excess of 5 kb (note that the effect of
tota 
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temperature on the minimum pressure for the stability of primary or

thopyroxene within the quadrilateral is negligible (Smith 1972). 

The most iron-rich, calcium-poor pyroxene from the QMP is report

ed in sample TIl (Duchesne 1973). Although from this sample no 

quartz is described it is tempting to use the assemblage pig-aug-ol 

to delineate the boundary of the forbidden zone, together with the 

Ca-rich clinopyroxenes from stage 2b. The estimated outline of the 

forbidden zone indicates that for temperatures of 9S0-900 0 C the total 

pressure cannot have exceeded 7 kb (for the outline of this zone the 

reader is referred to figure 4.2). 

The assemblage pig-aug-ol from sample TIl is comparable to a 

similar assemblage in monzonite 2-1678 from Labrador (Smith 1974). 

Pigeonite in the latter assemblage is slightly less iron-rich than 

in the former. For the monzonite from Labrador Smith (1974) estimated 

that the total pressure was in excess of S kb at temperatures probably 

above 92SoC assuming that pH20 is low (cf. also section 4.3). 

Summarizing: crystallization of the QMP took place at P 1t ota 
o5-7 kb at temperatures above 900 C. 

Subsolidus features (clinoeuli te lamellae / /" (00 I)" and the aug 
composition of primary orthopyroxene formed by the (subsolidus) reaction 

olivine + quartz) may also be used for pressure estimates. The upper 

limit for subsolidus re-equllibration was estimated at ca soooe (the 

Rogaland inverted pigeonite lamellae are not considered here). For 

temperatures less than 9000 C the published data for the extension of 

the forbidden zone cannot be used. 

Data on the stability fields of orthopyroxene and olivine + quartz 

(Smith 1971-a, figures 3a and 3b) may be used to estimate the P-T condi

tions for the reaction olivine + quartz = orthopyroxene in the QMP-2 

(section 4.1.5.): at 9000 C the total pressure is ca 7 kb; P = ca I kb 

for temperatures less than 6000 C. Similar results are obtained from 

the compositions of exsolution lamellae //"(001)" in R98 and 
aug 

R392. 
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Temperature and pressure are antagonists with respect to the 

stability of iron-rich, calcium-poor pyroxene which is stabilized 

either by high pressure or low temperature. 

It is suggested that the total pressure during subsolidus re

equilibration was ca 5 kb or slightly lower; iron rich, calcium-poor 

pyroxene being stabilized by low temperatures (figure 4.21) . 

.----..:----...,.-------.c---""7\50 

o 
o 
70 

figure 4.21: pyroxene quadrilateral section in which Ca-poor pyroxene 

host phases and exsolution lamellae in Ca-rich clinopyroxenes are in

dicated (open symbols; cf. figure 4.1). Orthopyroxene and olivine com

positions' of the subsolidus reaction olivine + quartz = primary ortho

pyroxene (section 4.1.5.3) are indicated with the solid symbols. The 

forbidden zone (Smith 1972, and Lindsley 1967) is outlined at 92SoC and 

S kb (dashed line) and at 92SoC and 7 kb (dash-dotted line). 

The geobarometer of Wood and Strens (1971) was applied in sec

tion 1.1.8 for optically derived compositions for orthopyroxene and 

olivine. Application of this geobarometer for the analytical results 

would result in higher estimates compared to those in section 1.1.8. 

prefer the pressure estimates from the present section. 
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4.1.12: and 

The distribution of data for Ca-rich clinopyroxenes in the Si 

vs. Al diagram (figure 4.14) may suggest low silica activities during 

crystallization of these pyroxenes. 

In general iron-rich, calcium-poor pyroxenes indicate low oxygen 

fugacities and high silica activities. The latter can be expressed by 

the reaction 

(Lindsley and Munoz 

in pyroxene in olivine 

(Fe2Si 206)ss (Fe 2Si04)ss + 

1969) equation I. 

Increasing silica activity will force the reaction to the left-hand 

side, increasing the ferrosilite content in pyroxene. 

Often the most iron-rich, calcium-poor pyroxene is pigeonite in

stead of orthopyroxene. Carmichael, Nicholls and Smith (1970) sug

gested that equation 1 may be transformed to 

(Fe 2Si 20 6)ss (Fe 2Si04)ss + 

in Ca-poor pyroxene in olivine 

Adjusting equation 1 of Nicholls, Carmichael and Stormer, jr. (1971) 

gives 

01663	 0.0406(P-I) -log alog aSi0 - 0.46	 +2	 T T fa 

(equation 2) 

Silica activities may also be calculated using the reaction 

CaA1SiA10 + Si0 CaA1 Si 06 2 2 2 S 
in Ca-cpx in melt in plagioclase 

Rewriting this equation gives 

Ca-cpx plag
-log	 aSi02 -log K +log aCaTs -log aanorthite (equation 3) 

· h 1 K A + B + C(P-I) h 
~n wh~c - og = T T' were
 

A = - ~H /(2.303R), B ~S /(2.303R) and C - ~Vo/(2.303R)
 
r r	 r 
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Molar volume data are from Weast (1975). Enthalpy and entropy data 

from Robie, Hemingway and Fisher (1978). 

For fe-ratios of pyroxenes in the present study 

Ca-cpx ~ XCa-cpx (Wood 1976-b) (the Ca-tschermak molecule is aCaTs V'"'\ CaTs
 
2+


calculated as 2Al/(2Al+Fe +Mg). For low anorthite contents 

plag plag
a = X (Saxena 1973). Substituted in equation 3 theAn An 

result is 

- 44 ·94 _ 0.037 - 0.05i l (P-I) _ 10 XCa-cpx + log Xplag 
T g CaTs An 

(equation 4) 

Silica activities have been calculated assuming that Ptotal 
6 kb (table 4.7) Temperatures for stage 2a are estimated from the 

compositions of pigeonite (figure 4.7). For stage 1 temperature is 
0assumed to be 950 C. Silica activities in stage 2b are assumed to be 

equal to unity (they 'plot' within the forbidden zone). 

If silica activities are calculated with equation 4, using the 

same estimates for pressure and temperature, the data vary between 

1.05 and 3.24, which is clearly too high. Only for one Ca-rich clino

pyroxene crystal is the calculated silica comparable to those calcu

lated with equations 1 and 2 (a = 0.28; 247-20: CaTs = 0.20,
Si02
 

plag
X = 0.24, T = 1248°K and P = 6000 bars). Almost all quartz in
An 

this sample is of secondary origin (myrmekite). 

Substituting the calculated silica activities (equations 1 and 2) 

in equation 3 linear P-T relations for crystallization of the Ca-rich 

clinopyroxenes can be calculated (figure 4.22). These curves are 

clearly outside the field of estimated P-T conditions for crystalliza

tion of the QMP. 

The discrepancies between calculated silica activities using 

the equations 1 and 2 vs. those calculated using the equation 4 

appear to be related to the low A1 0 contents of Ca-rich clinopyroxenes.2 3 
It is supported by the observation that the only crystal for which 
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figu~e 4.22: calculated P-T relations using equation 4 for CaTs molecule in Ca-rich clinopyroxenes. 

Substituted silica activities have been calculated using equation 2 for samples outside the forbidden 

zone. Silica activities in R392 and R98 are equal to unity (cf. table 4.7). The hatched field indi

cates the estimated P-T conditions during crystallization of the QMP (section 4.1.11). 

silica activity calculated with equation 4 is comparable with other 

calculated activities is from the sample in which the highest amounts 

of Al 20 have been analysed.3 
To illustrate this, xCcaT-cPx is calculated for the recalculated 

aSIa 2+ 
Ca-rich clinopyroxene in sample R312 (X~n g = 0.25, Fe = 2.90, Mg 

o1.69, T = 1248 K, P 6000 bars). Quartz is present in the sample.
 

The silica activity may be calculated using equation 2 from Nicholls,
 

Carmichael and Stormer, jr. (1971) for the reaction Si02(glass)
 

SiO . a

2(quartz)' Si0 0.67.2
 

Substituting these data in equation 4 gives XCa-cpx =
 
CaTs2 3

2Al/(2AI+Fe ++Mg) = 0.179 from which it is calculated that A1 + = 
0.55, which would be equivalent to 2.5-3.0 wt% AIZ~~ in the Ca-rich 

clinopyroxene. The observed amount is 1.0 wt% (AI = 0.13). 

It was already suggested that the presence of jadeite and CaTs 

molecules in pyroxenes are primarily controlled by the bulk chemistry 

of the magma (section 4.1.9). The chemical controle of the AI Z0 3 
content of pyroxenes from the QMP may be explained as follows: 
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The buffering capacity of the Fe-Ti oxides results in virtually 
. (.4+) . 13+. .constant T102 T1 contents 1n pyroxenes; A 1S 1ncorporated to 

4charge balance this Ti +. The uniform low anorthite content of plagio

clase suggests that the sodium activity in the melt may have been 

high, even increasing in stage 2b. During fractionation of the magma 

Na+ in pyroxenes and in plagioclase increased (figure 4.17). It is 

suggested that Na+ (Na 0) is preferentially incorporated in feldspars2
(plagioclase) relative to (clino-)pyroxenes, resulting in limited 

amounts +..of Na 1ncorporated 1n the pyroxenes. + . Na 1S charge balanced 

by A1 3+ 

Summarizing: the prec1p1tation of Fe-Ti oxides and feldspars 

(plagioclase), assuming that ~~;~ is greater than ~~:~x,determine 
3+

the Al (A1 203) content of pyroxenes. 

The influence of silica and sodium activities on compositions 

of plagioclase and (clino-)pyroxene may be inferred from table 4.7. 

The anorthite content of plagioclase in stage 2a varies (table 

4.7). Samples with the higher anorthite contents contain quartz. 

Increasing silica activity will lower the CaTs molecule in pyroxene, 

which will form anorthite, thus increasing the anorthite content of 

plagioclase (in R136 and 155 the mean amount of CaTs in Ca-cpx is ca 

0.48 mole%, low anorthite contents of plagioclase; in R153 and 312 

the mean amount of CaTs in Ca-cpx is ca 0.30 mole% (high anorthite 

contents of plagioclase)). 

In stage 2b the silica act1v1ty 1S equal to unity. Calculated 

end-members in (clino-)pyroxenes are NaAlSi 206 and NaTiAlSi06
. Even 

though silica activities are high, which should reduce the solubility 

of jadeite in pyroxenes, considerable amounts of it are present 

(table 4.10). It suggests high sodium acitvities 1n the melt which 

could (super-)saturate pyroxene. It is supported by the observation 

that instead of CaTiA1 0 the component NaTiAlSi0 is present2 6 6 
(section 4. I .9) . 
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4.1.13: T-f relations.
O

2 

Nitsan (1974) determined the stability field of olivine with 

respect to oxidation and reduction at 1 bar pressure (figure 2.23). 

Wones and Gilbert (1969) studied the fayalite-magnetite-quartz (FMQ) 

T~) buffer as a function of 
600 600 1000 1= lqoo 1600 1900 

temperature and oxygen 

fugacity between 0.8 and 

2 kb. The T-f curve for02 
olivine (90 %Fa) of Barker 

et al (1975) calculated at 

1.5 kb, coincides with the 

olivine-silica-magnetite 

(OSM) curve of Nitsan for 

olivine of the same composi

tion. At lOOOoe orthopyroxenE 

will be the stable phase in

stead of olivine + quartz 

for P = 15 kb (Smith 1971-a). 

It seems safe to conclude 

that the data from Nitsan 

(1974) may be applied for----.~--+---.J
12 10 6 the pressures estimated in

104fT ,old 

figure 4.23: temperature-oxygen fugacity relations the present study.
 
in the QMP estimated from the compositions of olivine
 

The fayalite content(after Nitsan 1974, figure I), The estimated temper

ature range for crystallization of t~le QMP is indi of analysed olivines from 
cated along· the abcissa. T-f r~lations estimated02 the QMP varies between 87.5fr:om the Fe-Ti oxides (Duchesne 1969, 1972) are
 

given by the indicated line.
 and 96.4 %Fa (table 4.2). 

For crystallization between 

ca J0500 e and ca 9500 C 
-10

(section 4.1.11.2) the oxygen fugacity varies between ca 10 atm and 
-1610 atm (figure 4.23). The T-f relations for Fe-Ti oxides02 

10.20L1_-.\;-1....:..-_-------,;';--__
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(Duchesne 1969, 1972) are of the same order of magnitude. 

Opaque plates and spindles are present in some Ca-rich clino

pyroxenes, especially in C2- and C -types (section 1.1.6.6). The
3

opaque phase is an Fe-Ti oxide mineral. 

Elsdon (1971) suggests that oxidation of the ferrosilite com

ponent of the host could result in the formation of Fe-Ti oxide phases 

by the reaction: ? FeSi0 + 02 2 Fe 0 + 6 Si02 , by the actiDn of3 3 4 
supercritical wate~~ pyrox. The silica may have left the system. 

Changes of the f values or of the df /dT ratios may increase the02 022Mg/Fe + ratio of calcium-free pyroxenes at subsolidus temperatures 

(Speidel and Osborn 1967, Speidel and Nafziger 1968). 

The amount of silica produced in the reaction should be readily 

observed. For this reason Okamura et al (1976) suggest that the 

orientated plates of spinel are unlikely to have formed by oxidation. 

They feel that the orientated plates in pyroxenes are suggestive of 

an exsolution process. They propose that spinel nucleii formed by 

migration of cations from interstitial sites and tetrahedral sites in 

original non-stoichiometric pyroxenes. 

Both models may be applied to the pyroxenes from the QMP. Evi

dence supporting the first model is restricted to the presence of 

extreme poikiloblasts of amphibole (Rietmeijer and Dekker 1978), which 

are present in tectonically disturbed zones (section 1.1.3 and 1.1.5). 

The distribution of Ca-rich clinopyroxenes with plates of Fe-Ti oxide 

is, however, random. Still the presence of these amphiboles indicate 

that water has been present; only locally was pH 0 sufficiently high2
to produce amphibole. Introduction of water may cause changes in 

f or df /dT.02 02 

4.1.14: nature of parental magma. 

Hermans et al (1975) and Dekker (1978, figure VI.I0) concluded 

that the magma of the Bjerkreim-Sokndal lopolith has an alkali-basaltic 

parentage. Miyashiro (1978) subdivided the alkali-basalt field of the 
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'Kuno-diagram' (Kuno 1968). He 
offer Miyashiro ,1978 

distinguishes three different 

trends: the Kennedy, Coombs and 

Straddle-type trends. 

The first one is a nepheline

normative basalt, the latter two 

are hypersthene-normative basalts, 

which may contain orthopyroxene 

and pigeonite instead of olivine. 

Whole-rock data for the QMP have 

• good fit with the Coombs- and• 
o 1vY---4~0------'5""0--6:!:0--7:!;:,0-----'------;:80 Straddle-type trends (figure 4.Z4). 

5i02 Wt.% LeBas (196Z) used A1 Z03 , TiOZ 
and SiO relations in Ca-richZfigure 4.24: Si0 (wt%) VS. (Na 0+K 0) (wt%)

2 2 2
(whole rock analyses, cf. appendix 2) (af clinopyroxenes to distinguish 
ter Miyashiro 1978, for alkalic volcanic different basaltic parentages. 
rock series). The shaded areas indicated 

the trends distinguished by Miyashiro. In a plot of SiOZ (wt%) vs. A1 Z03 
(wt%) the data for selected bulk 

analyses fall outside the areas defined by LeBas. If the boundaries 

between the different fields may be extrapolated towards lower values 

of A1 Z0 (wt%) the data are within the field for tholeiitic/high3 
alumina/calc-alkali basalts (figure 4. Z5). A similar conclusion is 

reached from the plot of A1IV x 100/8 vs. TiOZ (wt%) (figure 4.Z6). 

The usefulness of LeBas's diagrams, especially A1 Z0 (wt%) vs. SiOZ3 
(wt%), is debatable regarding the results of Gibb (1973) for Ca-rich 

clinopyroxenes from the Shiant Isles Sill, which scatter wildly in this 

diagram leaving an image of a complex assemblage of basalts of 

seemingly different parentages. However, Gibb (1973) claims that all 

pyroxenes crystallized from one, mildly alkaline magma. Barberi, 

Bizouard and Varet (1971) suggest that variations in pHZO and pOZ 

during crystallization of basaltic magmas with alkaline affinities 

may result in pyroxene(-s) trends which are regarded as 'a-typical' 
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figure 4.25:	 AI 20 (wt%) vs. Si0 (wt%)
3	 2

in Ca-rich clinopyroxenes from the QMP 

(after LeBas 1962). Only bulk analy

ses with Wo>.35%. The hatched fields 

are LeBas' results. 

figure 4.26:	 Ti0 (wt%) vs. AI x 100/8 for pyroxenes2
from the QMP (after LeBas 1962, inset). 

for these	 basalts (e.g. subcalcic clinopyroxenes and low TiO contents)Z 
It may be that LeBas's diagrams have to be restricted to quickly 

cooled environments. 

4.1.15:	 discussion on the crystallization and cooling history of the 

(quartz-)monzonitic phase. 

The parental magma of the Bjerkreim-Sokndal lopolith has an 

alkali basaltic parentage resembling the Coombs and Straddle type 

trends. 
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Crystallization took place in two stages: 

I) primary orthopyroxene-Ca-rich clinopyroxene (~ olivine). 

Both pyroxenes crystallized simultaneously; some orthopyroxene 

grew after precipitation of Ca-rich clinopyroxene (the 'R340

clinopyroxenes, cf. section 1.1.6.6). 

2) pigeonite-Ca-rich clinopyroxene (~ olivine) (stage 2a) and Ca

rich clinopyroxene - olivine + quartz (stage 2b). Both clino

pyroxenes from stage 2a probably crystallized simultaneously. 

Locally pigeonite crystallized prior to the Ca-rich clinopyroxene. 

In each stage the calcium-poor pyroxenes show considerable iron

enrichment. 

Pyroxene crystallization in stage 2 took place between ca 

1050
0 

C + 100 and 900-800
o

C + 100. P 1 is estimated between 5 kb tota 
and 7 kb. Crystallization temperatures for stage I are probably of 

the same order of magnitude, maybe slightly higher. 

Substituting the silica activity (0.55) and the mole fractions 

for primary orthopyroxene and olivine from sample R340 (stage I) in 

equation 2 (section 4.1.12) results in a crystallization temperature 

of 1058°C at P I = 5 kb; at P 1 = 6 kb the temperature is 941 oC.tota tota 
Subsolidus re-equilibration continued to well below 600

o
C. 

P I was ca 5 kb or slightly less. The seemingly different ret ota 
equilibration temperatures for subsolidus phases for different domains 

in Ca-rich clinopyroxenes (section 4.1.5.2) might be explained by the 

ability of cations to migrate more easily in the c- than in the a

directions of clinopyroxenes. 

The water pressure during crystallization was low (scarcity of 

primary hydrous silicates and presence of hypersolvus feldspars, cf. 

section 1.1.8). It remained low during cooling (presence of Rogaland 

inverted pigeonite lamellae (section 2.4) and presence of un-inverted 

pigeonite lamellae with compositions on the metastable extension of 

the pig-aug solvus and which are thicker than the critical lamellar 

thickness, cf. section 4.1.10). Locally pH 0 was sufficiently high
2
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to produce extreme amphibole poikiloblasts. 

The fractionation of non-quadrilateral elements suggests that 

the subsolidus phases reached equilibrium compositions. 

During crystallization of pyroxenes and olivines in stages 1 and 

2a silica activities varied between 0.46 and 0.58 for rocks without 

2 3

quartz; In stage 2b a 
Si02 

1.0. 

. 
Cons~derable amounts 

. 3+
of octahedrally coord~nated Al are present 

in Ca-rich clinopyroxene (figure 4.13). The amount of AI +(AI3 0 ) in 

clinopyroxenes appears to be chemically controlled (high a~:it). The 

anorthite content of plagioclase shows a positive correlation with 

the ratio CaTsj(CaTs + jad) (averages for each molecule). High
cpx 

sodium activities may be inferred from the low anorthite content of 

plagioclase and the presence of NaTiAISi0 in clinopyroxenes from6 
stage 2b which also have considerable amounts of jadeite. 

The oxygen fugacity decreased with decreasing temperature and in

creasing fractionation. It is suggestive of a 'dry' melt. Local 

increase of f may have caused the exsolution of Fe-Ti oxide plates
02 

and needles in Ca-rich clinopyroxene. 

During crystallization and cooling of the QMP nucleation of 

orthopyroxene was difficult (section 1.1.8 and 2.2). It appears to 

be related to the anhydrous conditions prevailing in the Q}W. 

Nakamura and Kushiro (1970) emphasize that pigeonite has a high 

temperature stability field relative to hypersthene + augite and not 

to hypersthene alone. If the total pressure is constant decreasing 

temperature will shift the crystallization of opx + aug, via the 

three-phase assemblage opx-pig-aug, to pigeonite (+ aug). The 

crystallization path for the QMP is indicated in figure 4.27. The 

zone symbolizing the three-phase assemblage may be equivalent to the 

'pigeonite eutectoid reaction line' of Ishii (1975). This model 

cannot explain the overlap of fe-ratios for Ca-poor pyroxenes from 

stage 1 and 2a. 

Increasing pressure will stabilize orthopyroxene relative to 
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1100 

tooo 

Toe 

900 

800 

pigeonit~ (Brown 1968, for 

composition En48.ZFs4Z.9Wo8.9). 

If p 1 during crystalliza,, , tota 
..................~..................
 tion of stage I was higher......... .::......... fe- range for oigeonite
 

>, ' , ' than during crystallizationfe- range for ......... :::: .........
 
primary orthopyroxene '-.:;, > ........
 

.................................. OpK + olg+ aug
 of stage Za the difference in 

crystallization of the Ca-poor 

~ 

50 60 70 80 90 pyroxene could be explained.
fe- ratio 

No evidence, however, can be 

figure 4.27: schemati~ diagram showing the rela presented for changes of the 
tions between hypersthene + augite and pigeonite 

during crystallization (after Nakamura and Kushiro total pressure during crys
1970, figure I I), The temperature vs. fe-ratios tallization of the QMP. 
relations for the three-phase assemblage, opx

pig-aug, are bracketed between the two dashed It is suggested that 
lines. The ranges for Ca-poor pyroxenes from minor elements may influence 
the QMP, stage I and stage 2a, are indicated 

by the solid lines. the stability of the calcium

poor pyroxenes assuming all 

other parameters remain unchanged (p l' T, silica activity andtota 
pHZO). A mOdel which takes the sodium activities and NaZO fraction

ation between pyroxenes into account will be presented 1n section 4.3. 

The discontinuity in iron-enrichment of calcium-poor pyroxenes 

(figure 4.Z7) , of Ca-rich clinopyroxenes and to a lesser extent of 

olivine (table 4.7) between stage I and Za suggest that both may be 

regarded as separate magmas each with its own crystallization history. 

Textures in rocks from stage I are reminiscent of some medium-grained 

monzonorites from the very top of the leuconoritic phase (section 

1.I.Z). On the locality of sample R40, near ned Myssa, there is 

evidence that a weakly developed layering in the leucocratic rocks is 

steeply inclined (A.C. Tobi, pers. corom.). From their massive appear

ance they were previously included in the so-called 'catafalque' 

(section 1.1. I) which was believed to be synonymous with the QMP. 

The cryptic layering in the QMP (table 4.7) is subhorizontal (cf. 

section 1.1). 
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Therefore stage 1 of the QMP (of the present study) is affixed to 

the leuconoritic phase to which some monzonorites were already 

allocated. 

The revised stratigraphical column for the Bjerkreim-Sokndal 

lopolith becomes: 

Top (quartz-)monzonitic phase	 two-clinopyroxene syenites 

and monzonites and olivine

clinopyroxene syenites and 

-granites. 

(stages 2a and 2b) 

leuconoritic phase	 pyroxene monzonites and- syen

ites (stage 1) 

monzonorites 

leuconorites, norite and an

orthosite forming 5 major 

rhythnic units (equivalent to 

the leuconoritic phase of 

Bottom	 Hermans et al 1976). 

Graded layering and cryptic layering in the leuconoritic 

phase is steeply inclined; cryptic layering in the (quartz-) 

monzonitic phase is subhorizontal. 'Chilled margin mon

zonorites' may be present at the very base of the (quartz-) 

monzonitic phase. 
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4.2 the Botnavatnet Igneous Complex. 

4.2.1: data. 

The analytical results for pyroxenes are given in table 4.14, 

for olivines in table 4.15. Descriptions of all analysed pyroxenes 

can be found in table 4.16. The analytical results are graphically 

presented ~n the pyroxene quadrilateral MgSi0 -FeSi0 -MgCaSi 03 3 2 6


FeCaSi 0 (figure 4.28).2 6 
Only 3 analyses (5%) do not satisfy the Hess-criterion for a 

'good analysis' (cf. section 4.1.1)(figure 4.29). All phases contain 

enough alumina to fill the tetrahedrally coordinated Z-sites. Total 

sums of cations greater than 16.00 may indicate the presence of ferric 

iron ~n the structural formula (cf. section 4.1.1). Using the equa
3

tion of Hamm and Vieten (1971) the largest amount of Fe + is calcu

lated for analysis 788-3: 0.07 at. proportions. Calculation of 

pyroxene end-members with the scheme of Cawthorn and Collerson (1974) 

(section 4.2.8) does not necessitate the introduction of ferric 
+	 3+ .4+ 3+

iron; all Na can be allocated to Al or (T~ +AI ) to form 

NaAISi 0 or NaTiAISi0 It is thus assumed that in the pyroxenes
6

.
2 6 

from the BIC no ferric iron is present. 

The amounts of non-quadrilateral components ~s generally less 

than 3.1 wt% (figure 4.30). Most analyses may be treated as 'pure 

phases' (cf. section 4.1.2). 

table 4. ]4: analyses of pyroxenes from the Botnavatnet Igneous Complex. All iron is calculated as FeO. 

All structural formulae are calculated to 24 oxygens. Manganese is not considered in the	 calculation of 
2 2

the end-members enstatite, ferrosilite and wollastonite. The fe-ratio is calculated as Fe +/(Fe ++Hg) x 

100. Ttl€ ptlases are identified with the abbreviations 'opx' or 'cpx' provided with a cipher in the sub


script: I): host phase; 2): bulk analysis; 3): Ca-poor clinopyroxene lamella / /"(001 )~ug or Ca-rich
 

clinopyroxene lamella 1/(OOl)remnant pig in inverted/decomposed pigeonite; 4): Ca-rich clinopyroxene
 

lamella //(IOO)opx; 5): orthopyroxene lamella //(IOO)aug"
 

All analysed samples are listed according to the sample number.
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767-1 771-1 771-2 771-3 771-4 771-5 777-1 777-'2 777-3 777-4 777-5 777-6 777-7 777-8 777-9 777-10 777-11 777-12 

opx2 ) I) 
cpx 

1) 
cpx cpx2) cpx l ) cpx3 ) opx2) opx2) opx2) I) 

cpx cpx2) cpx l ) cpx2) 1) 
cpx cp.3) 2)

CP' cpx] ) 2)
cpx 

Si0
2 

50.24 48.55 48.21 48.12 47.24 47.20 47.31 47.41 47.72 49.39 47.75 49.81 48.87 49.29 48.34 49.71 50.05 50.10 

Al 
2

0
3 

0.54 1.30 1.13 I. 23 I. 10 0.59 0.31 0.39 0.42 1.06 0.57 I. 10 1.24 1.02 0.62 I. 00 I. 13 I. 08 

Ti0
2 

0.16 0.44 0.34 0.44 0.46 0.35 0.07 0.07 0.11 0.18 0.09 0.27 0.19 0.22 O. II 0.25 0.23 0.24 

FeO 35.39 28.13 28.26 30.58 29.38 46.35 43.53 44.33 43.01 22.81 42.04 24.64 20. 63 24.90 36.75 24.35 24.37 23.61 

MnO 0.75 0.96 0.95 0.96 1.08 I. 22 0.67 0.76 0.78 0.41 0.78 0.42 0.51 0.47 0.76 0.44 0.37 0.43 

MgO 11.90 2.24 2.08 2.23 2.00 2.79 6.02 6.20 6.05 5.67 5.97 4.90 5.41 5.20 5.52 5. 10 5.83 5.23 

CaO 0.96 18.58 19.04 16.35 17.85 I. 75 1.82 0.68 1.57 19.86 2.90 19.08 16.76 18.15 7.52 18.61 18.51 18.76 

NaZO 0.13 na na na na 0.08 0.07 0.03 0.50 0.13 0.44 0.41 0.46 0.34 0.50 0.44 0.46 

total 100.07 100.20 100.01 99.91 99.10 100.25 99.81 99.91 99.69 99.88 100.23 100.66 100.02 99.77 99.96 99.96 100.93 99.91 

767-1 771-1 771-2 771-3 771-4 771-5 777-1 777-2 777-3 777-4 777-5 777-6 777-7 777-8 777-9 777-10 777-11 777-12 

N 
W.,. Si 

Al 

Ti 
2+

Fe 

Mn 

Mg 

Co 

Na 

8.00 

O. 10 

0.02 

4.71 

0.10 

2.82 

0.16 

0.04 

7.89 

0.25 

0.05 

3.82 

0.13 

0.54 

3.24 

7.88 

0.22 

0.04 

3.86 

0.13 

0.51 

3.33 

7.88 

0.24 

0.05 

4.21 

0.13 

0.55 

2.88 

7.83 

0.22 

0.06 

4.07 

0.15 

0.49 

3.17 

7.99 

0.12 

0.04 

6.56 

0.18 

0.70 

0.32 

7.93 

0.06 

0.01 

6. I 0 

0.09 

I. 50 

0.33 

0.03 

7.94 

0.08 

0.01 

6.21 

O. II 

1.55 

0.12 

0.02 

7.97 

0.08 

0.01 

6.01 

O. II 

I. 51 

0.28 

0.01 

7.87 

0.20 

0.02 

3.04 

0.06 

1.35 

3.39 

O. 15 

7.93 

0.11 

0.01 

5.84 

O. II 

1.48 

0.52 

0.04 

7.91 

0.21 

0.03 

3.27 

0.06 

1.16 

3.25 

0.15 

7.86 

0.22 

0.02 

3.58 

0.07 

J, 30 

2.89 

0.13 

7.91 

0.19 

0.03 

3.34 

0.06 

1.24 

3.12 

0.14 

7.95 

0.12 

0.01 

5.05 

0.11 

1.35 

1.33 

0.11 

7.94 

0.19 

0.03 

3.25 

0.06 

I. 21 

3.18 

0.15 

7.90 

0.21 

0.03 

3.22 

0.05 

I. 37 

3.13 

0.13 

7.97 

0.20 

0.03 

3.14 

0.06 

I. 24 

3.20 

J.14 

total 15.95 15.92 15.97 15.94 15.99 15.91 16.05 16.04 15.98 16.08 16.04 16.04 16.07 16.03 16.03 16.01 16.04 15.98 

8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8. DO 8.00 8.00 8.00 8. DO 8.00 8.00 8.00 8.00 8.00 

(X,Yl 7.75 4.68 4.64 5.06 4.82 7.59 7.69 7.90 7.69 4.54 7.48 4.64 5.05 4.77 6.59 4.68 4.78 4.64 

W 0.20 3.24 3.33 2.88 3.17 0.32 0.36 0.14 0.29 3.54 0.56 3.40 3.02 3.26 1.44 3.33 3.26 3.34 

mole 

En 36.67 7. 11 6.62 7.20 6.34 9.23 18.91 19.67 19.36 17.35 18.88 15.10 16.74 16.10 17.49 15.84 17.75 16.36 

Fs 61.25 50.26 50.13 55.10 52.65 86.54 76.93 78.81 77 .05 39.07 74.49 42.58 46.07 43.38 65.41 42.54 41. 71 41.42 

Wa 2.08 42.63 43.25 37.70 41.10 4.23 4.16 1.52 3.59 43.58 6.63 42.32 37.19 40.52 17.10 41.62 40.54 42.22 

fe 62.55 87.61 88.33 88.45 89.25 90.36 80.26 80.03 79.92 69.25 79.78 73.81 72.31 72 .93 78.91 72.87 70.15 71.69 



conti nued 

777-13 777-14 777-15 781-1 781-2 781-3 781-4 781-5 781-6 781-7 781-8 788-1 788-2 788-3 788-4 788-5 788-6 788-7 

cpx3) cpx 1) 3)
cpx cpx 2) cpx 2) cpx l ) cpx I) 3) 

cpx 
2)

cpx cpx 2) cpx 1) I) 
opx cpx 2) cpx3) I) 

opx opx') cpx3) cpx 2) 

Si0 2 
AI 

2
0 

3 
Ti0

2 

48.09 

1.82 

0.24 

49.91 

I. 16 

0.25 

48.69 

0.95 

0.22 

47.79 

1.05 

0.27 

47.91 

I. 04 

0.35 

48.10 

0.97 

0.34 

48.76 

0.83 

0.27 

47.09 

l. 65 

0.20 

48.42 

l. 12 

0.34 

48.81 

I. 46 

0.28 

49.13 

I. 08 

0.32 

48.26 

0.46 

0.17 

48.14 

0.84 

0.15 

49.75 

1.30 

0.17 

47.90 

0.55 

0.15 

48.46 

0.40 

0.15 

49.73 

0.91 

0.20 

48.22 

0.44 

0.14 

FeO 32.96 22.75 37.29 32.38 31.74 ~1.49 29.18 44.53 28.63 27.44 27.26 41.62 39.19 21.58 40.00 40.97 22.20 39.22 

MoO 0.50 0.35 0.74 1.04 1.04 0.96 0.85 l. 51 0.97 0.95 0.82 0.82 0.79 0.33 0.69 0.70 0.30 0.64 

MgO 5.73 5.74 5.39 0.99 I. 18 1.04 0.75 2.01 I. 64 2.79 1.61 7.78 7.73 7. 73 7.18 8.38 6.83 7.83 

CaO 10.20 19.35 6.45 15.73 16.45 16.37 18.82 3.84 18.26 17.72 19.32 0.76 3.00 18.39 2.59 0.86 19.16 3.05 

Na
2
0 0.44 0.52 0.30 0.48 0.29 0.26 0.46 0.15 0.55 0.54 0.51 0.15 0.17 0.52 0.16 0.25 0.43 0.01 

total 100.08 100.03 100.03 99.80 100.00 99.53 99.96 99.57 99.93 100.99 100.05 100.02 100.01 99.77 99.22 100.37 99.76 99.55 

777-13 777-14 777-15 781-1 781-2 781-3 781-4 781-5 781-6 781-7 781-8 788-1 788-2 788-3 788-4 788-5 788-6 788-7 

N 
W 
v; 

Si 

Al 

Ti 
2+

Fe 

Mn 

Mg 

Ca 

Na 

7.82 

0.35 

0.03 

4.48 

0.07 

1.39 

I. 78 

0.14 

7.91 

0.22 

0.03 

3.02 

0.05 

I. 36 

3.29 

0.16 

7.99 

0.18 

0.01 

5.12 

0.10 

I. 32 

1.13 

0.09 

7.93 

0.21 

0.03 

4.49 

0.15 

0.25 

2.80 

0.15 

7.91 

0.20 

0.04 

4.39 

0.15 

0.29 

2.91 

0.09 

7.97 

0.19 

0.04 

4.36 

0.13 

0.26 

2.90 

0.08 

8.0r 

0.15 

0.03 

4.00 

0.12 

0.18 

3.32 

0.14 

7.90 

0.33 

0.03 

6.24 

0.21 

0.50 

0.69 

0.05 

7.92 

0.22 

0.04 

3.92 

0.13 

0.40 

3.20 

0.17 

7.91 

0.28 

0.03 

3.72 

0.13 

0.67 

3.08 

0.17 

7.98 

0.21 

0.04 

3.70 

0.11 

0.39 

3.36 

0.16 

7.97 

0.09 

0.02 

5.75 

0.12 

1.91 

O~ 13 

0.05 

7.90 

0.16 

0.02 

5.38 

0.11 

1.89 

0.53 

0.05 

7.85 

0.24 

0.02 

2.85 

0.04 

1.82 

3. I I 

0.16 

7.95 

0.11 

0.02 

5.55 

0.10 

I. 78 

0.46 

0.05 

7.95 

0.08 

0.02 

5.62 

0.10 

2.04 

0.15 

0.08 

7.89 

0.17 

0.02 

2.95 

0.04 

1.61 

3.26 

0.13 

7.95 

0.09 

0.01 

5.41 

0.09 

1.92 

0.54 

0.00 

total 16.06 16.04 15.94 16.08 15.98 15.93 15.94 15.95 16.00 15.99 15.95 16.04 16.04 16.09 16.02 16.04 16.07 16.01 

8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 

(X,Y) 6.14 4.59 6.72 5.13 4.98 4.95 4.48 7.21 4.63 4.74 4.43 7.86 7.46 3.82 7.51 7.81 4.68 7.47 

W 1.92 3.45 1.22 2.95 3.00 2.98 3.46 0.74 3.37 3.25 3.52 0.18 0.58 3.27 0.51 0.23 3.39 0.54 

mole 

Eo 18.17 17.74 17.44 3.32 3.82 3.46 2.40 6.73 5.32 8.97 5.22 24.52 24.23 23.39 22.84 26.12 20.59 24.40 

Fs 58.56 39.37 67.63 59.54 57.84 58.03 53.33 83.98 52.13 49.80 49.67 73.81 68.98 36.64 71.25 71.96 37.72 68.74 

Wo 23.27 42.89 14.93 37.14 38.34 38.51 44.27 9.29 42.55 41.23 45. II I. 67 6.79 39.97 5.91 1.92 41.69 6.86 

fe 76.32 68.95 79.50 94.73 93.80 94.38 95.69 92.58 90.74 84.73 90.49 75.07 74.00 61.03 75.72 73.37 64.69 73.81 



continued 

788-8 788-9 788-10 788-11 788-12 788-\3 788-14 788-]5 788-16 788-17 788-]8 788-19 788-20 788-21 788-22 PI25-] P ]25-2 P125-3 P125-4 
2) 

cpx 
]) 

opx 
4) 

cpx 
2) 

cpx cpxZ) 2) 
cpx cpx2) 

]) 
opx 

5) 
cpx 

2)
cpx cpx2) opx2) 5) 

cpx cpxZ) cpx2 ) 2)
cpx cpxZ) cpx I) cpx3) 

SiOZ 48.77 48.42 50.36 50.92 48.57 48.68 50.46 48.83 49.97 50.59 48.5] 48.41 50.95 50.22 50.62 46.52 47.25 47.00 48.74 

Al 
2

0
3 0.47 0.48 0.99 ].08 0.53 0.89 1.56 0.3] 2.53 1. 08 0.41 0.38 2.99 1. 20 1. 05 0.36 0.63 0.42 0.85 

TiO
Z 0.14 0.14 0.26 0.21 O. ] 5 0.19 0.]6 0.10 O. ]8 0.20 0.17 O. ]1 0.15 0.34 0.23 O. II 0.18 O. II O. ]5 

FeO 36.89 40.53 21.04 21.20 37.83 37.64 21. 20 40.39 21.66 20.72 39.50 41. 55 21. 52 23. I] 21.61 44.54 37.43 42.80 28.00 

MnO 0.67 0.76 0.43 0.38 0.62 0.69 0.34 0.77 0.32 0.33 0.78 0.82 0.40 0.46 0.53 1. 81 1.44 1.91 1. 34 

MgO 7.77 8.21 5.58 7.08 8.24 6.94 6.76 8.66 e.02 7.34 7.56 7.86 5.63 6.71 6.22 2.6] 2.48 2.83 3.00 

CaO 4.86 1.4] 19.59 18.80 3.78 4.73 I~. 95 0.78 18.03 ]9.32 2.30 0.66 18. ]4 17.70 ]9.25 4.04 ]0.]3 5.14 18.07 

NazO O. ]3 0.16 0.76 0.33 0.30 0.20 0.25 0.14 0.39 0.44 0.15 0.18 1. 06 0.46 0.45 0.05 0.26 0.]2 0.37 

tot.al 99.70 100. II 99.01 99.07 100.02 99.96 99.68 99.78 99.10 100.02 99.38 99.97 100.84 100.20 99.96 100.04 99.80 100.33 100.37 

788-8 788-9 788-10 788-11 788-12 788-13 788-14 788-]5 788-16 788-]7 788-]8 788-19 788-20 788-2] 788-22 P]25-1 P125-2 P125-3 P125-4 

N 
W 
0' 

Si 

Al 

Ti 
2+ 

Fe 

Mn 

Mg 

Ca 

Na 

7.98 

0.09 

0.02 

5.05 

0.09 

1.89 

0.85 

0.04 

7.94 

0.09 

0.02 

5.56 

O. II 

2.01 

0.25 

0.05 

8.01 

O. ]9 

O. oj 

2.80 

0.06 

1. 32 

3.34 

0.24 

7.98 

0.20 

0.02 

2.78 

0.05 

1.65 

3.16 

0.]0 

7.93 

0.]0 

0.02 

5.16 

0.09 

2.00 

0.66 

0.09 

7.95 

O. ]7 

0.02 

5. ]4 

0.10 

1.69 

0.83 

0.06 

7.94 

0.29 

0.02 

2.79 

0.05 

1. 59 

3. ]9 

0.08 

7.99 

0.06 

0.01 

5.53 

0.11 

2. ]1 

0.]4 

0.05 

7.90 

0.47 

0.02 

2.87 

0.04 

1.42 

3.06 

0.12 

7.93 

0.20 

0.02 

2.72 

0.04 

1.71 

3.25 

0.13 

8.00 

0.08 

0.02 

5.45 

0.\1 

1.86 

0.4] 

0.05 

7.97 

0.07 

0.01 

5.72 

0.11 

1. 93 

0.12 

0.06 

7. 9] 

0.55 

0.02 

2.79 

0.05 

1.30 

3.02 

0.32 

7.92 

0.22 

0.04 

3.05 

0.06 

1.58 

2.99 

0.14 

7.98 

0.20 

0.03 

2.85 

0.07 

1.46 

3.25 

O. ]4 

7.93 

0.07 

0.0] 

6.33 

0.26 

0.66 

0.74 

0.02 

7.92 

0.12 

0.02 

5.25 

0.20 

0.62 

1.82 

0.08 

7.93 

0.08 

0.01 

6.04 

0.27 

0.71 

0.93 

0.04 

7.91 

0.16 

0.02 

3.80 

0.18 

0.73 

3.14 

0.12 

total 16.01 16.03 ]5. 99 ]5. 94 16.05 ]5. 96 ]5.95 J6. 00 15.90 16.00 ]5.98 ]5.99 15.96 16.00 15.98 16.02 ]6.07 16.01 16.06 

8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 

(X, Y) 7.12 7.73 4.41 4.68 7.30 7.07 4.68 7.81 4.72 4.62 7.52 7.8] 4.62 4.87 4.59 7.26 6.17 7.04 4.80 

W 0.89 0.30 3.58 3.26 0.75 0.89 3.27 0.19 3. ]8 3.38 0.46 0.18 3.34 3.13 3.39 0.76 1. 90 0.97 3.26 

mole 

En 24.26 25.70 17.69 2].74 25.58 22.06 21.00 27.12 ]9.32 22.26 24.09 24.84 18.28 20.73 19.3] 8.54 8. 07 9.24 9.52 

F. 64.83 71.10 37.54 36.63 65.98 67.] 0 36. B6 71.08 39.05 35.42 70.60 73.62 39.24 40.03 37.70 81.89 68.24 78.65 49.54 

Wo 10.9] 3.20 44.77 4].63 8.44 19.84 42.14 1.80 4].63 42.32 5.31 1.54 42.48 39.24 42.99 9.57 23.69 12.11 40.94 

.to 72.77 73.45 67.96 62.75 72 .07 75.99 63.70 72.38 66.90 61.90 74.56 74.77 68.21 65.87 66.13 90.56 89.42 89.48 83.89 



771 781 

Si0 2 
Al 

2
0

3 
Ti0

2 
FeO 

MnO 

I'lgO 

CaO 

Na
2
0 

total 

29.81 

0.08 

0.01 

66.64 

2.06 

I. 31 

0.06 

na 

99.97 

29.67 

0.35 

0.05 

67.19 

1.84 

0.50 

0.07 

0.20 

99.87 

77\ 781 

Si 

Al 

Ti 
2+

Fe 

}In 

/'lg 

Ca 

Na 

total 

6.00 

0.02 

0.00 

11.21 

0.35 

0.39 

0.0\ 

-
17.98 

6.02 

0.01 

0.01 

11.41 

0.32 

0.15 

0.01 

0.08 
-

18.02 

Fa 

Fa 

3.36 

96.64 

1.30 

98.70 

table 4.15 : analyses of oli

vines from the BIe. Iron is 

calculated as FeD. The 

structural formulae are calcu

lated to 24 oxygens. The 

averages of three crystals 

per sa.mple are listed. For 

compa~ison with optically 

derived fayalite contents 

(figure 1.22) the reader is 

referred to appendix Al . 

10 

N 

2 r,--------ILJ '--- -JLJ I_L, 
o L--l.;1~5';::9;:;O-~~1::'5'::9::2-~~1::5'::.9-:4----'--:1:'5.'::'9'::'S----'--'15:'9::-a::-"""--"IS.J.-O-O----'-c-IS:'-.::"0::"2----'--IS,..O""4.,-..L..-16:'-O""S,----'--16.J.o-a-w 

Sum of cations 

figure 4.29: total sums of cations for pyroxenes from the BIC 
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table 4.16: descriptions of all analysed pyroxene phases of table 4.14. 

R767	 sm~ll anhedral crystal of primary orthopytoxene with a subordinate amount of exsolution lamellae 

//(100) 767-1: bulk analysis.opx 

R771	 medium-sized subhedral clinopyroxene crystal (C,-type) with two generations lamellae. 

771-1: host including second generation lamellae. 

medium-sized anhedral clinopyroxene crystal (section normal to the crystallographic c-axis). 

Small lamellae //(IOO)aug are present. 771-2: host. 

medium-sized subhedral clinopyroxene crystal (CJ-type) with two generations lamellae. 

771-3: bulk analysis; 771-4: host including second generation lamellaE;; 771-5: first 

generation lamellae (4· lJrn thick) 

R777	 medium-sized anhedral crystal of primary orthopyroxene with exsolution lamellae / /( 100) opx' In 

the marginal part the amount of lamellae is less than in the central part. 777- J: bulk core; 

777-2: bulk rim. 

small anhedral crystal in which primary orthopyroxene and Ca-rich clinopyroxene are epitaxially 

related on (100). Small exsolution lamellae are present / ( I 00) aug' 777-3: bulk orthopyroxene; 

777-4: host Ca-rich clinopyroxene. 

small anhedral crystal in which orthopyroxene and Ca-rich clinopyroxene (C -type) are epitaxially
3

related on (100). The orthopyroxene contains abundant closely spaced exsolution lamellae 

//(JOO)opx' 777-5: bulk orthopyroxene with closely spaced lamellae; 777-6: Ca-rich clinopyroxene 

host. 

medium-sized subhedral clinopyroxene crystal (C -type) (section normal to the crystallographic c-axis).
3

777-7: bulk analysis. 

medium-sized clinopyroxene crystal (C -type). Lamellae //"(OOI)~ug are present as inverted (Rogaland
4

inverted pigeonite lamellae) and un-inverted pigeonite lamellae. 777-8: host~ including lamellae 

/ /( 100) aug; 777-9~ bul\\ Rogaland inverted pigeonite lamella. 

medium-sized subhedral clinopyroxene crystal (C -type). 777-10: bulk analysis.
3

medium-sized anhedral clinopyroxene crystal (C -type). The c -domain forms a narrow band in the central
2 3

zone of the crystal. Lamellae /r'(OOI)~ug are present in two generations. 777-11: host including 

the second generation lamellae; 777-12: bulk C -domain; 777-13: first generation lamella (4 IJm
3

thick) . 

medium-sized an- to subhedral clinopyroxene crystal (CI-type) with two generations lamellae. 777-14: 

host including second generation lamellae; 777-15: first generation lamella (3.5 lJm thick). 

R781	 small anhedral clinopyroxene crystal (C -type). The spacing of the (IOO)-lamellae is extremely narrow.
4

A thin~ 7 \.lm~ lens-shaped 'Rogaland inverted pigeonite lamella' is prt:!senr. 781-1 and 781-2: both 

bulk analyses for the host after exsolution of thE' "(001)" -lamella. 
aug 

medium-sized an- to subhedral clinopyroxene (CI-type) with two generations lamellae. 781-3: host 

for the first generation (including second generation lamellae); 781-4: host for both generations; 

781-5: first generation lamella (thickness 4 \.lm). 

small anhedral clinopyroxene crystal (C -type). The C -domain forms a distinct core. Lamellae
2 3

//"(OOI)~ug are present in two generations. 781-6: bulk C -domain; 781-7: bulk analysis of
3


Cj-type rim; 781-8: host for both generation lamellae (in the rim).
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R788	 medium-sized crystal of orthopyroxene with closely spaced clinopyroxene lamellae I I (100) opx' The lamellae 

are present in two generations. One small lens-shaped clinopyroxene lamella is present I I remnant pigeonite 

(OOI)-plane. This lamella is surrounded by a precipitation free zone. 'lhe first generation lamellae II 

(I00}opx may terminate within the orthopyroxene before reaching the grain boundary. 788-1: host between 

(IOO)opx-lamellae in a part of the crystal where the lamellar spacing is exceptionally wide; ca 10 um; 

788-2: bulk orthopyroxene with closely spaced lamellae; 788-3: lens-shaped clinopyroxene lamella. 

medium-sized subhedral orthopyroxene crystal wi th closely spaced cl inopyroxene lame llae I I (100) o"px' Be tween 

these lamellae very fine lamellae of the second generation are present. A few small lens-shaped clino

pyroxene lamellae are present I I remnant (001 )-piane of pigeonite. 788-4: bulk analysis of orthopyroxene 

with closely spaced lamellae //(100) after exsolution of lamellae II remnant (OOl)-plane of pigeonite. 

788-5: host for all ex solved phases; 788-6: lens-shaped clinopyroxene lamella. 

medium-sized anhedral cyrstal of orthopyroxene with closely spaced lamellae //(IOO)opx' The distribution 

is heterogeneous. Several clinopyroxene lamellae 11(103)opx are also present. On a part of the grain bound

ary the orthopyroxene is epitaxially related to Ca-rich clinopyroxene (C -type). The plane of epitaxy is
3

'(001)'. 788-7: bulk orthopyroxene with closely spaced lamellae. This analysis represents the major. part 

of the crystal; 788-8: bulk of orthopyroxene-domain in which the amount of the closely spaced lamellae 

II(lOO)opx lS extremely high; 788-9: orthopyroxene host between (103)-lamellae; 788-10: lamella 11(103)opx 

(6 pm thick) j 788-] 1: bulk epitaxially related Ca-rich clinopyroxene. 

medium-sized subhedral crystal of orthopyroxene with closely spaced clinopyroxene lamellae 11(IOO)opx 

788-12: bulk analysis. 

small subhedral clinopyroxene crystal elongated in the c-direction. A C -type clinopyroxene is on '(001) I
3

epitaxially related to orthopyroxene with closely spaced lamellae I I( 100)opx' Between the two pyroxenes 

incipient '(OOI)-zoning' is developed (cL section 2.1.10). 788-13: bulk orthopyroxene with closely spaced 

lamellae: 788-14: bulk Ca-rich clinopyroxene. 

medium-sized subhedral crystal of orthopyroxene with clinopyroxene lamellae II(lO))opx (6 pm thick) and 

very fine lamellae //(IOO)opx' The orthopyroxene is completely rimmed by Ca-rich clinopyroxene. 788-15: 

orthopyroxene hostj788-16: lamella 1/(103)opx; 788-17: bulk Ca-rich clinopyroxene. 

small anhedral crystal of orthopyroxene with closely spaced Clinopyroxene lamellae 11(100)opx which do not 

terminate at the grain boundary. The marginal zone of the orthopyroxene contains virtually no lamellae 

11(IOO)opx' In a small central band of the orthopyroxene crystal clinopyroxene lamellae II(J03)opx dominate. 

They are surrounded by a precipitation free zone. Small amphibole fringes decorate the orthopyroxene grain 

boundary where (103)-lamellae terminate at the grain boundary. 788-18~ bulk orthopyroxene with closely 

spaced lamellae 11(100). 788-19: orthopyroxene in the marginal zone; 788-20: lamella 11(103) (5.5 pm
opx 

thick) . 

medium-sized subhedral clinopyroxene crystal (C -type). Lamellae //"(OOI)~ug are present in two generations.2

788-21: bulk C)-domain; 788-22: bulk Cl-domain
 

P 125	 medium-sized orthopyroxene with closely spac~d clinopyroxene lamellae 11(IOO)opx (section normal to the 

crystallographic c-axis). PI25-J: bulk analysis. 

small an- to sUbhedral crystal of orthopyroxene with closely spaced lamellae //(100) The spacing of la
opx 

mellae is extremely close. PI25-2: bulk analysis. 

medium-sized clinopyroxene crystal eCI-type) with one generation lamellae. P125-3: host; PI25-4: lamella 

11"(001)" (5"m thick).
cpx 

figure 4.28: analysed pyroxenes and olivines from the Botnavatnet Igneous Complex. Circles: ortho

pyroxene; squares: calcium-poor clinopyroxene; triangles: calcium-rich clinopyroxenes. Closed symbols: 

bulk analyses. Open symbols: exsolved phases, either a host phase or a lamella. Tie-lines join py

rox~ne phases from the same sample. Olivines are indicated by solid diamonds. The forbidden zone for 

the BIC	 is outlined by the dashed line. 
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10 

1.0 1.2 14 1.6 18 20 3.0 

non- quadrilateral components (wI %) 

40 5.0 

figure 4.30: amounts of non-quadrilateral components for pyroxenes from the nrc (bulk analyses 

and exsolved phases). Only data for 'complete analyses' have been included (a 'complete analy

sis' is one in ~hich 8 elements have been analysed), Samples containing more than 3.2 wtZ of 

non-quadrilateral components have been indicated. 

3~ r~ I==:L-. 
47 48 49 50 5/ 

wt % 51°2 orthopyroxene (Wo (5) 

'L~~
46.5 47 48 49 50
 

Wt % Si~ pigeonlte (S,{ Wo,{ 15)
 

Wt % Si 02 Co-rich clinopyrox~me (Wo), 35) 

figure 4.3]: weight percentages of SiO in py
Z 

roxenes from the BIC. Orthopyroxene: mean = 

48.1%; s.dev 0.55; N 8. Pigeonite: mean 

47.9%; s.dev 0.76; N 13. Ca-rich clino

pyroxene: mean = 49.35%; s.dev = 1.0; N = 30. 

4.Z.Z: SiO (weight percent).Z 

Comparison of the weight 

percentages of SiOZ in the pyrox

enes from the BIC (figure 4.31) 

shows that they are slightly poor' 

er in SiO than pyroxenes fromZ 
the QMP (figure 4.4). The inti 

mate relationship observed be

tween quartz and inverted/decom

posed pigeonite (section 1.4.3) 

is poorly supported by the 

analytical data from the BIC 
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4.2.3: the pyroxene quadrilateral. 

All analysed phases have been plotted ~n figure 4.28. The com

positions of pigeonite lamellae //"(001)" 777-13, -15 and 781-5, 
. aug 

are probably contaminated with their host phase (cf. section 4.1.4). 

The solid symbols (bulk analyses) represent solidus phases. The 

solidus compositions of both Ca-poor and Ca-rich clinopyroxenes show 

considerable scattering. For several bulk analyses of Ca-rich clino

pyroxene subsolidus re-equilibration is suspected, e.g. '(OOI)-zoning' 

(cf. section 4.1.4): 788-13 and -14; 788-11 and 788-17. The latter 

two are analyses of (partial) rims on Ca-poor clinopyroxenes. Like 

the '(OOI)-zoned' phases from the QMP they are not regarded as re

presenting solidus compositions; they rather represent bulk analyses 

of re-equilibrated phases. 

The subsolidus composistions of Ca-rich clinopyroxenes (open 

triangles) cover a wide range of wollastonite contenents: ca 39 %Wo 

to 46 %Wo. The possible explanations for scattering are mentioned in 

section 4.1.4). 

The gap in fe-ratios of Ca-poor pyroxene (orthopyroxene) is 

rather wide. Optical data (figure 1.22) indicate that the fe-ratio 

of primary orthopyroxene may vary between 62.6 (R767) and ca 70 (R766, 

777, 788) before pigeonite starts to crystallize. 

4.2.4: pyroxene trends. 

4.2.4.1: solidus trend. 

In sample PI25 it was possible to recalculate the initial compo

sition on the solidus for P125-3 and -4. The ratio host: lamellae = 

3:1 (for the recalculation procedure cf. section 4.1.5.1). 
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Si0
2 

47.2 Si I. 98 Z 2.00 

A1 
2
0

3 
0.5 Al 0.02 WXY 2.00 

Ti0
2 

FeO 

O. I 

39.0 

Ti 
2+

Fe 

0.00 

I. 37 En 9.3 

MnO 1.7 Mn 0.06 Fs 71.0 

MgO 2.9 Mg 0.18 Wo 19.7 

CaO 8.3 Ca 0.38 

Na
2

0 0.2 Na 0.02 fe 88.4 

99.9 

The crystallization sequence, schematized 1n table 4.17, for the 

BIC is as follows: 

Crystallization starts with primary orthopyroxene plus Ca-rich 

clinopyroxene. At the ratio Fs:En = ca 70:30 the Ca-poor pyroxene 

co-precipitating with Ca-rich clinopyroxene changes to pigeonite. 

The crystallization sequence closes with the assemblage Ca-rich 

clinopyroxene plus olivine + quartz. The fe-ratio of pigeonite of 

the assemblage aug-pig-olivine + quartz is 90.6. 

In R777 two Ca-poor pyroxenes are present. The position of this 

sample in the quadrilateral suggests that the assemblage is pigeonite

augite; primary orthopyroxene precipitated locally (cf. section 

4.2.12). Both pigeonite and primary orthopyroxene may be epitaxially 

related to Ca-rich clinopyroxene. The fe-ratios of pigeonite and pri

mary orthopyroxene are similar which rules out the existence of the 

three-phase assemblage opx-pig-aug. 

In the samples R777 and 788 orthopyroxene (Wo ca 1.5%) forms rims 

on Ca-rich primary orthopyroxene and pigeonite. Three explanations 

are offered: 

I) the rims formed during cooling, probably after the pigeonite

orthopyroxene transition took place. In this case the fe-ratio 
opx 

should be greater than the fe-ratio. (Smith 1972).
p1g 
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SAMPLE PRIMARY PIGEONITE CALCIL11-RICH OLIVINE PLAGIOCLASE QUARTZ a ' Os
ORTHOPYROXENE CLINOPYROXENE 1 2 

fe-ratio fe-rat. Wo% fe-ratio Wo% Fa% An% modal% 

I I	 I 
R781 I 94.0 38.0 I 98.7 24 I 25 1.00 

I 
R771 I 88.5 37.7 I 96.6 24 I 22 1.00 _________ L ~--_------

PI25	 90.6 9.6 I 89.0(7) 7 90-96* 27 I 21 0.59 
I	 I 

R777 79.9 :	 7 I 

I	 I
80.0(rim) 79.8 6.6 72.3 37.1	 I 20 1.00 

I I 
R788 73.0 7-11 I 62.8 41.6** I 

I 
N 
.c 72. J 8.4 I I 
.c-

I I 
76.0 11.0 I 63.7 42.1**	 25 I 15 1.00 

73.4(rim)	 74.6 5.3 : : 

: 66.0 39(C)-43(C ) '[j 
~--~----------+---------~-----------r-----r------------ --- 

R767 62.6	 I I 7 7 I 27 I 13 7 
I I I 

table 4.17: crystallization sequence based	 on chemical analyses of pyroxenes and olivines (tables 4.14 and 4.15). The anorthite contenc of 

plagioclase and modal percentage and quartz	 are taken from table 1.8. Wollastonite contents marked x* represent bulk compositions after sub

solidus re-adjustrnent (clinopyroxene phases	 epitaxially related to inverted/decomposed pigeonite). The question mark means that the composi

tion is not kno~n; the fe-ratio of Ca-rich clinopyroxene is estimated from the analysed phases. The composition of the olivine in PI2S is 

estimated from the optical angle (2V = S2o~ 2; cf. appendix AI). In sample R788 the Wo-contents of C j - and C -domains in a Cz-type clino
x 3

pyroxene differ significantly (788-21 and -22). For the silica activities tile reader is referred to section 4.2.10. 



2) subsolidus re-equilibration which depletes the marginal zones 

~n calcium. However, no evidence for granule exsolution is found 

at the grain boundaries of these crystals. 

3) the existence of a narrow two-phase region in the calcium-poor 

part of the quadrilateral which is parallel to the join enstatite

ferrosilite. Such a low calcium, P2 1/c, pigeonite-orthopyroxene 

field was suggested by Virgo and Ross (1973). The corresponding 

wollastonite contents are 4% and 2%. 

In the BIC all three phases are on the same tie-line. If the 

third alternative is chosen the two-phase field opx-pig would be co

linear with the field opx-aug. This is contradictory to the tie-line 

orientations between pigeonite and olivine + quartz (solidus diagram) 

and the tie-line orientation between opx-pig (subsolidus diagram at 

ca 900oC) of Huebner and Ross (1972). 

Bulk analyses of C1- and C -domains in C2-clinopyroxene are3
available: W0 •2 (C3-domain 788-21) and Wo43 . 0 (C 1-domain 788-22).39
This is the only evidence that different domain types could be re

lated to differences in wollastonite content (see section 4.2.12). 

The solidus phases are presented in figure 4.32. 

figure 4.32: pyroxene solidus phases and olivines from the BIC. Samples in which subsolidus re

equilibration was suspected for the bulk analyses have been omitted (ct. section 4.2.3). Included 

is the recalculated composition in sample Pl25 (section 4.2.4.1). T~e positions of the pigeonite

augite miscibility gaps, the three-phase triangles (opx-pig-aug), and the isotherms of the pigeonite 

saturated augite limb of the pigeonite-augite solvus at 10 kb (cf. section 4.2.9.3) have been indi

cated. The compositions (Wo%) of the apices of the three-phase triangles at low pressures (Ross 

and Huebner 1975) and at 15 kb (Hensen 1973) have been indicated by the dotted and dash-dotted lines 

respecti.vely. 

Symbols used in the figures are: circles: orthopyroxene; squareE 
Ca-poor clinopyroxenes; triangles: Ca-rich clinopyroxenes; closed synr 
bols represent bulk analyses; open symbols represent subsolidus phaseE 

4.2.4.2: subsolidus trend. 

The average compositions for Ca-rich clinopyroxene hosts and la

mella show considerable variation of the wollastonite content (figure 

4.33). In one crystal the host after exsolution of two generations 

of lamella //"(001)" has been analysed (781-8).aug 
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figure 4.33: calcium-rich clinopyroxene host phases from the Ble. lsothenns for the pigeonite 
0 

saturated augite limb of the pig-aug solvus (Ross and Huebner 1975)(dashed lines) and the 810 C

isotherm of Lindsley, King, jr. and Turnock (1974) (dash-dotted line) are indicated. 

One analysis of an un-inverted pigeonite lamella and one of a 

Rogaland inverted pigeonite lamella are available, respectively 771-5 

(Wo ) and 777-9 (Wo • ). The different wollastonite contents indi4 . 2 I7 1
cate that the former represents a younger generation (cf. figure 

2.20). 

Tie-lines in sample R788 joining subsolidus phases intersect 

(tie-line 788-1/-3 intersects those for the pairs 788-5/-6; 788-9/-10 

and 788-15/-16). It is probably caused by an analytical error of 

788-3 (a small lens-shaped lamella //(001) t' . remnan p1g 

4.2.5: non-quadrilateral element fractionation. 

4.2.5.1: fractionation between solidus phases. 

Fractionation between bulk analyses (excluding 788-17) is pre

sented in figure 4.34. The tie-line PI25-1/2 may be used to indicate 

trends for the assemblages Ca-rich clinopyroxene- olivine + quartz. 

Alumina is preferentially incorporated in Ca-rich clinopyroxene 

(figure 4.34-a). For titanium it is less evident (figure 4.34-b). 

Manganese is preferentially incorporated in Ca-poor pyroxene (figure 

4.34-c). 
2+

The data from samples R771 and 781 cluster around ca 0.12 Mn 

atoms per formula unit. The cluster is on the extension of the tie

line PI25-1/2. 
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Sodium appears to be preferentially incorporated 1n Ca-rich 

clinopyroxenes (figure 4.34-d). 

The observed trends are similar to those observed by Fleet (1974-a) 

for coexisting pyroxenes from igneous and high-metamorphic environments 

(cf. section 4. I . 6 • I) • 

B 

t= 010010 • 

0.04 004 

002 0.02. 

05 " 20 '.5 40 05 '0 20 25 35 40'0'0 " 
Co atoms per formula UnI' [based on 24 Q) Co OIoms per formula unl1 (based on 24 0) 

A 

0'0 

§ 0,20 

1 
.E 

004 

002 

L 

•• j 010 

o 

/ 

.-

20 

Co aloms per formula uno! (based on 24 O) 

'005 

'-.--11_ 
010. • .... 

/ --
"0,05 •• 

U
·! / 

'5 --'0 I 002/ t l 

~ 001 • 

o 0 .i~OC---c,'5,---~'~Oc--~2<5--.,L'0--~-~:5~-~4'0 

Co aloms per formula unit (based on 240) 

figure 4.34: solidus fractionation of non-quadrilateral elements between pyroxenes from the 

BIC. (Symbols d. figure 4.28 and 4.1). Solid tie-lines join the pairs 777-1/2; 788-7/8; 

788-18/19 and 788-21/22. The dashed tie-line joins the pair 788-13/14 (incipient '(001)'

zoning', cf. section 4.2.3), The dash-dotted line joins the pair PI2S-1/2. 
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4.2.5.2: element distribution vs. fractionation. 

Al 20 and Ti0 are not correlated with the fe-ratio of pyroxenes3 2 
(figure 4.35-a and -b). The Ti02 content of Ca-poor and Ca-rich py

roxenes is virtually constant. It 1S probably buffered by Fe-Ti 

oxides which are present in all samples (cf. section 4.1.6.2). 

The MnO content has a strong linear correlation with the fe-ratio 

of Ca-rich clinopyroxenes (figure 4.35-c). The calculated l~ne also 

20 

A 

• . . .
··1 ... '" \ • 
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00L1r~60,---6;';;5--~7;;:0--~-".0:;---~----;1;90;---

" 
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'----------------------------' 

06 

05 
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02 \-:,.• \
• I 

I 95 

0'0 

::"\r:;;--'6~5----,7~0--"·'c;7"'5-----t:;;---t.c----.9: 
fe-rOllO 

figure 4.35: non-quadrilateral component dis


tribution vs. fractionation (fe-ratio). The
 

dash-dotted line joins the pair PI25-1!2.
 

The calculated linear best fit equation for
 

Ca-rich clinopyroxenes (excluding sample
 

P125) is (ie) = 41.5 MnO(wt%) + 49.29; r =
 
0.97; N = 10.
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fits the data for Ca-poor pyroxenes well. 

No correlation is observed between Na20 and the fe-ratio (figure 

4.35-d). 

4.2.5.3: subsolidus fractionation. 

8ubsolidus fractionation is illustrated with four selected crys

tals: 771-3,4,5 (Ca-rich clinopyroxene) and 788-1,2,3; 788-7,8,9,10 

and 788-18,19,20 (all inverted/decomposed pigeonites) (figure 4.36). 

Data for Ca-rich clinopyroxene hosts and lamellae tend to form clus
, 3+ 2+ ,	 ( f' ld I' dters; 1dem. for Al and Mn 1n orthopyroxene the 1e s out 1ne 

in figure 4.36). Each field represents a normally distributed popula

tion (table 4.18). 

element 

A1 3+ 

I ::~: 

Ca-rich clinopyroxene host 

mean s.dev. var 

0.20 0.027 6.8 10-4 

0.052 0.009 6.9 10- 7 

0.136 0.023 4.5 10-4 

N 

16 

II 

7 

Compositions plotting in 
I 

the outlined fields are thought 

to represent equilibrium com

positions (cf. section 4.1.6.3), 

For Ca-rich clinopyroxenes 
0.031 0.011 1.2 10-4 

phases two fields are given in 
Na 0.142 0.015 2.0 10-4 12'"I LJ figure 3.36-b: the lower field 

for phases from the assemblagestable 4.18: populations for 'non-quadri


lateral elements' in pyroxenes from the
 pigeonite-augite, the other 
BIC. All populations are accepted as normal 

distributions at 95% significance level field is for phases from the 
using range/s.dev vs. N, except the largest assemblages augite- olivine + 
population for manganese. For sodium the 

population is calculated only for data in quartz. A similar division is 
the range 0.12-0.16 (omitting 3% of rhe observed for solidus phases.
available data).For orthopyroxene the data
 

are too few.
 

total ,
4.2.6:	 Al vs. 81 (atoms per formula unit). 

V1The presence of considerable amounts of Al 1n Ca-rich clinopy

roxenes can be inferred from figure 4.37 drawn after Kushiro (1960). 
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Co oloms per formula uM (based on 24 0) 

figure 4.36: subsolidus non-quadrilateral ele

ment fractionation for pyroxenes from the BIC. 

The dashed fields outline normally distributed 

populations for the element concerned for ortho

pyroxene and Ca-rich clinopyroxene. No fields 

for Ti4
+ and Na+ in orthopyroxene. Populations 

are described in table 4.18. The length of the 

bars is equal to (mean - one s.devl-(rnean + one 

s.devl, The positions of the bars along the 

abcissa is at the means of Ca atoms per formula 

unit for orthopyroxenes and Ca-rich clinopyrox

enes. 
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$1 aloms per formula unit 

It suggests low 

silica activity and/ 

or high pressure 

during crystalliza

tion (cL section 

4.1.7) . 

figure 4.37: Si Vs. Altotal (atoms per formula unit)(after
 

Kushiro 1960). Bulk analyses for Ca-poor (solid squares) and
 

Ca-rich (solid triangles) clinopyroxenes. The dashed line is
 

the line for Si + Altotal = 8.00 + 0.08. 

4.2.7: Ti-Al relations. 

In a graph Ti vs. Al (atoms per formula unit) (figure 4.38) the 

data cluster between the lines Ti:Al 1:4 and 1:16. It is suggestive 

of considerable amounts of octahedrally coordinated alumina (cf. 

11 CO-rich clinopyroxene (Wa~ 35) 
\: 2 o C0- poor Clinopyroxene (5 ~ Wo ~ 25 ) 

o Orthopyroxene (Wo < 5) 
closed symbolS: bulk analyses
 

"§
 
006 

open symbols· subsolidus phases 

0 O.0S 

Ii
8 
15 002 

.= 
0.01 

002 0.10 0.20 0.30 040 050 o 
Al t0101 atoms per formula unit 

figure 4.38: Ii vs. Al (atoms per formula unit) relationships for pyroxenes from the Botnavatnet 

Igneous Complex. 
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1 

section 4.1.8). In addition to the coupled substitutions 

components such as NaAlSi 0 must be present.2 6 
.	 .4+In deta1l the amount of T1 for the same phases 1n each samp e 

is constant. 

4.2.8	 pyroxene end-members. 

Pyroxene end-members are calculated using the scheme of Cawthorn 

and Collerson (1974)(table 4.19). In 

component NaTiAlSi0 has been calcu6 
lated because (Na +T1 ) is greater 

+ .4+ 

3than A1 + (cf. section 4.1.9). 

For clinopyroxene solidus and 

subsolidus phases the CaTiA1 0 mole2 6 
cule forms a normally distributed pop

ulation (mean=O.59, s.dev.=O.24, N=26; 

using range/s.dev. vs. sample size at 

95% significance level). 
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figure 4.39: Ca-Tscherrnak molecule 

(rnole%) vs. fe-ratio for pyroxenes 

from the BIC (both solidus and sub

solidus phases) (table 4.19). Sym

bols cf. figure 4.28. 

a very few analyses the 
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figure 4.40: jadeite molecule (mole%) 

vs. fe-ratio for pyroxenes from the 

BIC (both solidus and subsolidus 

phases) (table 4.19). Symbols cf. fig

ure 4.28. The calculated linear best 

fit for Ca-rich clinopyroxenes from 

the QMP (figure 4.16) is indicated by 

the dashed line. 
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sample 

767-1 

777-1 

-2 

-3 

788-1 ~ 

-5 

~:;, 
-19 

sample 

777-4 

-5 

-6 

-7 

-8 

-10 

-II 

-12 

-14 
I 

781-1 

-2 

-3 

-4 

-6 

-7 

-8 

788-2 

-4 

-7 

-8 

-II 

-12 

-13 

- 14 

-17 

-18 

-21 

-22 

125-1 

-2 

-3 

777-9 

-13 

-15 

781-5 

788-3 

-6 

-10 

-16 

-20 

125-4 

CaA1 
2
Si0

6 

0.3 

O. I 

0.5 

0.6 

0.0 

0.0 

0.0 

O. I 

{J.O 

CaAl 
2
Si0

6 

0.1 

0.6 

0.0 

0.6 

0.0 

0.5 

0.2 

0.0 

0.0 

0.0 

0.4 

0.4 

0.0 

0.4 

0.6 

0.6 

0.9 

0.3 

0.9 

O. I 

0.8 

O. I 

0.9 

2.2 

0.4 

0.0 

0.0 

0.0 

0.4 

0.0 

O.l 

O. I 

1.9 

0.9 

2.8 

0.5 

0.0 

3.9 

4. I 

2.4 

0.0 

NaAlSi 
2
0 

6 

1.0 

0.2 

0.5 

0.3 

1.2 

2.0 

1.2 

1.0 

J .5 

NaAlSi 
2
0

6 

3.7 

1.0 

3.7 

3.2 

3.5 

3.0 

3.2 

3.5 

4.0 

3.8 

2.3 

2. ° 
3.0 

3.2 

4.3 

3.0 

I . .2 

1.3 

0.0 

1.0 

2.5 

I .7 

1.5 

2.0 

3.2 

1.3 

3.5 

3.5 

0.5 

2. () 

1.0 

2.5 

LS 

l. l 

1.3 

3.9 

3 • .2 

5.6 

3. I 

8.1 

3.0 

CaTiAl 
2
0

6 

0.5 

0.2 

0.2 

0.3 

0.5 

0.5 

0.5 

0.0 

O. L 

CaTiAI 
Z

0 
6 

0.5 

O• .2 

0.7 

0.5 

0.7 

0.0 

0.7 

0.8 

0.7 

0.8 

1.0 

1.0 

0.0 

0.0 

0.8 

0.0 

0.5 

0.5 

0.2 

0.5 

0.5 

0.0 

0.5 

0.5 

0.5 

0.5 

1.0 

0.8 

0.2 

0.5 

0.2 

0.0 

0.1 

(J.3 

D.S 

0.5 

0.5 

0.8 

0.5 

0.5 

0.5 

NaTiAlSi0
6 

0.3 

NaTiAlSi0
6 

0.7 

0.8 

1.0 

1.0 

0.5 

0.2 

fe-ratio 

62.6 

80.3 

80.0 

79.9 

75.1 

73.4 

73.5 

72.4 

74.8 

69.3 

79.8 

73.8 

72.3 

72 .9 

72.9 

70.2 

71 . 7 

69.0 

94.7 

93.8 

94.4 

95.7 

90.7 

84.7 

90.5 

74.0 

75.7 

73.8 

72.8 

62.8 

72. I 

76.0 

63.7 

61.9 

74.6 

65.9 

66. I 

90.6 

89.4 

89.5 

78.9 

76.3 

79.5 

9.2 .6 

61.0 

64.7 

68.0 

66.9 

68.2 

83.9 

Ti/Al 

1/5 

1/4 

1/ 10 

1/7 

1/4 

1/6 

1/4 

1/5 

1/10 

1/ I0 

1/13 

1/7 

1/1 I 

1/5 

1/7 

1/7 

1/6 

1/8 

1/7 

1/4 

1/5 

1/5 

1/5 

1/9 

1/5 

1/8 

1/6 

I / I I I 
I 

I /4 

1/ I0 

1/5 

1/9 

1/ I S 

1/111 

1/5 

1/6 

1/6 

1/9 

1/6 

1/9 

1/15 

1/ I 2 

1/16 

1/1 I 

1/12 

1/8 

1/19 

1/25 

1/28 

1/8 

table 4.19: calculated pyroxene end-members in pyroxenes from the BIC. The results 

are listed separately for orthopyroxene (primary orthopyroxene is marked ~)(the re

maining data are orthopyroxene host phases); for clinopyroxenes (both solidus and 

subsolidus compositions) and for exsolution lamellae (at the bottom 777-9 to 125-4). 
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34 

30 

2.0 

There is no systematical relation between the amount of CaTs and 

the Fe-ratio of pyroxenes (figure 4.39). Its amounts in Ca-rich clino

pyroxenes from the BIC are less than in Ca-rich clinopyroxenes from 

the Q}W (figure 4.15). 

The jadeite molecule also has no correlation with the fe-ratio 

(figure 4.40). Comparison with figure 4.16 shows that there is no 

significant difference between the BIC and Q}W. 

4.Z.9: geothermometry and geobarometry. 

4.Z.9.1: introduction. 

From optical observations (section 1.3.7)	 it was suggested that 

the crystallization 

of the BIC took place 

between ca 10000C and 
r
I
 

o900 C at total pres-

I
jPI2S. 1/Z sure greater than 5 kb 

•
 

.. 

and low pHZO . 

Lindsley, Tso and Heyse 

(1974) and Bohlen and.. 
0' 
Vi 

.. .. .. 
§ 

;;'1 

'" "0 • - -,
• • 

::E 

1.0 .. --.. • 
.. .. .. 

.. 
0.2 

65 70 80 90 

fe-ratio 

figure 4.41: mole% MnSi0 vs. fe-ratio for pyroxenes from
3 

2the BIC. MnSiO'3 (mole%) is calculated as I1n/(Fe ++Mg+Ca-Mn) 

x 100. The dash-dotted line joins the phases PJ25-1/2. 

Boettcher (1978) found 

that 11nSi0 incorpora~ed
3 

in pyroxenes stabilizes 

the phases towards lower 

temperatures and higher 

pressures. The experi

ments were carried out 

for 5 mole% added MnSi03 . 

In pyroxenes from the 

BIC the amounts of MnSi03 
are considerably less 

than 5 mole% (figure 4.41). 

255 



Therefore the influence of this component 1S neglected in the tempera

ture and pressure estimates. 

4.2.9.2: temperature estimates. 

·Equilibration temperatures for solidus and solvus pairs have been 

calculated using the thermometers of Wood and Banno (1973) and Wells 

(1977) (table 4.20). The accuracy of the geothermometers is discussed 

pyroxene pair cpx 
aMg2Si206 

opx xo px TOe 
aMg2si206 Fe Wood/Banno TOCwells 

PI25-I/PI25-2 0.0051 0.0065 0.9056u 915 991 

Calculated temperatures for pyroxene pairs at the solidus. 

777-3/777-4 0./184 0.0355 0.7992 1178 1517 

777-5/777-6 0.0966 0.0317 0.7978...... 1160 1480 

788-1/788-3 0.0174 0.0556 0.7507 822 883 

788-2/788-3 0.0174' 0.0534 0.7400...... 829 896 

788-9/788-10 0.0087 0.0608 0.7345 740 762 

788-15/788-16 0.0187 0.0693 0.7238 811 869 

788-18/788-20 0.0132 0.0541 0.7456U 794 842 

788-19/788-20 0.0132 0.0579 0.7477 786 830 

PI 25-3/p 125-4 0.0035 0.0075 0.8948u 848 892 

Calculated temperatures for pyroxene pairs at the solvus. 

the calcium-poor pyroxene is pigeonite rather than primary ortho-

pyroxene. 

**: 

table 4.20: calculated equilibration temperatures for pyroxene pairs 

from the BIC using the geothermometers of Wood and Banno (1973) and 

Wells (1977). 

clinopyroxene olivine pressure 
(in kb) 

TOC 

sample xFe,MI ~g.MI 
x

A1 ~g.o/xFe.ol 

R777 

R781 

P 125 

0.8203 O. 1072 

0.8904 0.0496 

0.9650 0.0037 

0.8203 O. 1072 

0.12 

0.14 

0.04 

0.12 

0.0348 

0.0132 

0.0526... 

0.0526 

3 

6 

10 

6 

8 

8 

992 

1008 

1030 

lOll 

1434u 

1043......... 

table 4.21: calculated equilibration temperatures for Ca-rich clino

pyroxene-olivine pairs from the BIC using the geothermometer of Powell 

and Powell (1974). ~: optically derived olivine composition, Fa 93%. 

~~: calculated using P125-2 (Wo 23.7). The Ca-rich clinopyroxene in 

sample FI2S has not been analysed. Its composition is probably close 

to the composition of Ca-rich clinopyroxene in R777. Using this compo

sition the equilibration temperature in P12S is calculated (~~~). 
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~n section 4.1.11.2. For solidus pairs the carculated temperature is 

915
0 

C ~ 70. For solvus pairs, excluding R777, the temperatures range 
o 0

from 848 C to 740 C (~70). These temperatures are of a likely order 

of magnitude (compared with the QMP). 

The geothermometer of Powell and Powell (1974) is applied to 

Ca-rich clinopyroxene-olivine pairs (table 4.21) although Wood (1976) 

argues against the use of this geothermometer especially for iron

rich compositions. The temperatures calculated for the BIC are ca 

1000
0 

C + 100 for P 1 = 6 kb (note that the influence of the totaltota 
pressure on the calculated temperature is ne~ligible as can be seen 

~n table 4.21). 

The presence of untwinned un-inverted pigeonite suggests that 

pigeonite crystallized directly from a melt. 

Minimum crystallization temperatures may be obtained from the p~geon

ite-orthopyroxene transition curve of Ross, Huebner and Hickling (1973) 

(cf. figure 4.19). The fe-ratios of pigeonite and orthopyroxene hosts 

vary between 72 and 91 indicating temperatures of ca 965°C. 

The 6X~value (Smith 1971-a) for pigeonite and olivine in sample 

P125 is ca 0.0-0.05. For T = 9000 C this small value indicates that 

the minimum total pressure for this pair is ca 10 kb (Smith 1971-a). 

I prefer to use the experimental results of Ross and Huebner (1975) 

to estimate the temperatures. However, their results can only be 

applied for pressures between zero and 5 kb. Therefore the T-X rela

tions in the pyroxene quadrilateral must be constructed at elevated 

pressure. 

4.2.9.3: T-X relations in the quadrilateral at 10 kb. 

Lindsley et al (1974) determined the position of the three-phase 

triangle on the join 60/40 at 15 kb. The calcium content of Ca-rich 

clinopyroxene coexisting with orthopyroxene is virtually insensitive 

to the total pressure. Consequently the data obtained at 15 kb are 

used at 10 kb. 
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The consolute temperatures of the solvi (T ) and corresponding
c 

wollastonite contents (X ) were determined by Grover, Lindsley and 
c 

Turnock (1972) for the joins 60/40 and 75/25 and by Smith (1972) for 

the join 85/15 - all for 15 kb. Grover, Lindsley, Turnock (1972) 

calculated that on iron-rich joins T decreases with declining pres-
c 

o 
sure at a rate of 2-5 C/kb. The compositions (Wo%) of the apices 

of the three-phase triangles at 15 kb were also determined. The com

positions and temperatures at 15 kb and the extrapolated temperatures 

at 10 kb are given in table 4.22. 

join T 
c

oC(15kb) TcoC(IO~b) X (Wo%)(15kb) 
c 

60/40 1070 + 15 1060-1045 23 : 2 

75/25 980 + 10 970 955 23 + 2 

85/15 950 + 10 940- 925 ca 25 

T ~ 
apex 

1005 : 10 

900 + 20 

880 

X (Wo%)
apex 

15 + 3 

13 + 3 

table 4.22: consolute temperatures (T ) at 10 kb and 15 kb and composi
e 

tions of the solvus crest, pig-aug (Grover, Lindsley and Turnock 1972 and 

Smith 1972, 1974). Temperatures and compositions of the apices of the 

three-phase triangles at 15 kb (Lindsley et al 1974 and Smith 1972). 

The three-phase triangle at 15 kb (Lindsley et al 1974) has a 

slight counterclockwise rotation relative to the join 60/40. 

The composition (Wo%) of the apices of the three-phase tri

angles is interpolated between the line which joins these apices at 

low pressure (Ross and Huebner 1975) and a similar line at 15 kb 

(Hensen 1973). Mori (1978) determined the dependence of the wollaston

ite content on the total pressure: the Wo-content of the apex of the 

three-phase triangle increases with increasing total pressure. 

Temperatures for the apices must also be extrapolated to 10 kb. 

In a P-T plot the univatiant reaction curve for the reaction low-cal

c~um clinopyroxene ~ rhombic pyroxene has a posi~ive slope. On the 

join 60/40 dT/dP = 50 C/kb and for pure FeSi03 10oC/kb (Brown 1968). 

The data for 15 kb (table 4.22) recalculated for P = 10 kb are: 

9800 C (join 60/40) 

8750 C (join 75/25) 

8400 C (join 85/15) 
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The positions of the solvus limbs of the opx-aug solvus at 980
0 

C 

at 15 kb (Lindsley et al 1974) and for 810
0 

C at 15 kb (Lindsley, King, 

jr. and Turnock 1974) are without corrections used at 10 kb. 

With these data tentative T-X (mole%) relationships in the py

roxene quadrilateral at 10 kb have been constructed and are presented 

in figure 4.32. The shapes of the solvus crests are broad (cf. Smith 

1974) and the pyroxene phases in sample PI25 (Wo and Wo ) are prob
20 24

ably outlining the solvus. The data for the join 85/15 (Smith 1972) 

are used for sample PI25 (join 90/10). On the former join the compo

sition of pigeonite at T is 10 %Wo which fits well with the composi
c 

tion of PI25-1. 
For reference to the T-X relations of figure 4.32 it ~s mentioned 

0
that on the join ferrosilite-hedenbergite T is ca 880 C at 20 kb 

c 0
(Lindsley and Munoz 1969) which becomes 860-830 C when corrected for 

P = 10 kb. 

Comparison with the data of Ross and Huebner (1975) (figure 4.7) 

shows that the pigeonite-augite miscibility gap at 10 kb is narrower 

than at 5 kb. 

Pyroxene crystallization temperatures in the BIC are estimated 

between ca 10000C ! 100 to slightly below 940
0

C ! 100 for Ca-poor 

clinopyroxenes and ca 810
0 

C ~ 100 for Ca-rich clinopyroxenes (the un

certainty in the estimates is taken from section 4.1.11.2). Evidence 

of crystallization of Ca-poor clinopyroxene prior to Ca-rich clino

pyroxene is meager. The presence of Rogaland inverted pigeonite 

lamellae in several C -clinopyroxenes suggests that they crystallized4
at temperatures higher than for the three-phase triangle. Taking the 

calculated temperatures for pyroxene pairs (table 4.20) and for Ca

rich clinopyroxene-olivine pairs (table 4.21) into account the py

roxene-olivine crystallization temperatures in the BIC are estimated 

between ca 10000C + 100 and ca 9000 C + 100. Crystallization of the 

assemblage orthopyroxene-augite may have taken place at somewhat 

higher temperatures. 

If the total pressure is slightly less than 10 kb the temperature 
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estimates will have to be corrected to somewhat lower temperatures. 

It is noted that crystallization temperatures for pyroxenes alone 

will be higher than for pyroxenes crystallizing from a natural melt. 

Temperature for subsolidus re-equilibration are estimated between 

BIOoC + 100 to well below it at 10 kb and between 9000 C + 100 to well 

below 600
0 

C : 100 at 5 kb. Subsolidus compositions for orthopyroxene 

plot below the BIOoC-isotherm of Lindsley, King, jr. and Turnock (1974). 

sample 
(Mg )-2"+ . 
Fe P1[\ 

(Mg )
Fe2+ cpx 

~ 
-I 
~ 

R777 0.2534 0.3547 1.40 0.71 

R788 0.3513 0.3686 1.05 0.95 

0.3412 0.4659 I. 37 0.73 

0.1175 0.192 i 1.63 0.61 

PI25 0.1043 0.1181 I. 13 0.88 

P125-1/2 0.1175 .0.1921 1.63 0.61 

(;:2~opx 
1.77 0.57 

R788 

0.2512 0.4441R777 

1.92 0.52 

0.3615 0.4714 

0.3322 0.6386 

I. 30 0.77 

0.3816 0.4948 1.30 0.77 

0.3374 0.4659 I. 38 0.72 

table 4.23: calculated distribution co

efficients (~) for assumed equilibrium pairs 

from the BIe. 

The distribution of 
2+

Fe and Mg between or tho-

and clinopyroxenes is also 

used to estimate equili

bration temperatures (cf. 

section 4.1.11.2). The 

Ku-values for subsolidus 

pairs and one solidus pair 

(PI2S-I/2) from the BIC 

are given in table 4.23 

and graphically solved 

1.n figure 4.42. 

This Ku-value is 

strikingly similar to the 

value from the QMP and 

0.40 

0.30 

~ 
Fe O;~XI/P;g 

o 10 

------"-~--,----------,-'=-=--~'-::------,-':::---;:":::------;::' 
o 0.10 020 030 0.40 050 060 0.70 

(:.~+tx 
figure 4.42: graphically solved ~-value for Ca-poor and 

Ca-rich pyroxene pairs from the BIG. 

conclusions from section 

4.2.11.2 are also applic

able for the subsolidus 

pairs from the BIC (that 

is disregarding differences 

in total pressure): sub

solidus re-equilibration 

took place between ca 

BOOoC to well below 600oC. 
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4.2.9.4: pressure estimates. 

If the compositions of the Ca-poor pyroxene and olivine from the 

assemblage orthopyroxene (or pigeonite)-olivine-quartz are known a 

linear P-T relation can be calculated using the equation of Williams 

(1971), 

1 ( / ) = 486_ 0 32 _ 0.0204(P-I)og T· Tafa afs 

Subsitution of the relevant parameters for PI25 results in P = 2.6 kb 
00·

at 1000 C and P = 3.4 kb at 950 C. These are likely to represent 

minimum estimates. 

The presence of almost pure fayalite (+ quartz) in sample R781 

provides an upper limit for the total pressure: if final crystalli

zation took place at ca 9000 C the pressure cannot have been in excess 

of 14 kb (Smith 1971-a). The composition of Ca-rich clinopyroxene 

from this sample is almost on the ferrosilite-hedenbergite join. The 

phase relations on this join were determined by Lindsley (1967). From 

his figure 21-b it can be inferred that the maximum pressure possible 

for the Ca-rich clinopyroxene in R781 is 10 kb (in the presence of 

other components the melting temperature is probably lowered and may 

be substantially lower than the melting temperature indicated in 

Lindsley's figure, viz. ca 12000 C. 

In section 4. L 11.3 it was suggested that the best available 

geobarometer seems to be the extension of the two-pyroxene field in 

the quadrilateral towards the Fs-Hed-join. The data of Smith (1972) 

on the extension of the so-called forbidden zone may be used if the 

final crystallization took place at ca 925
0 

C. The position of the 

boundary for the forbidden zone in the BIC (figure 4.28) indicates 

that the pressure must have been in excess of 7 kb. 

Summarizing: crystallization of the BIC took place between 7 kb 
o 0

and 10 kb for temperatures between ca 1000 C + 100 and ca 900 C + 100. 

The subsolidus phases 771-5 (an un-inverted pigeonite lamella), 

the pair PI25-3/-4 and the compositions of hosts and lamellae in R781 
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may be used to outline the forbidden zone for subsolidus re-equilibra

tion. The boundaries of the forbidden zones for solidus and subsoli 

dus phases coincide. This strongly suggests that during subsolidus 

re-equilibration the pressure decreased. 

It is suggested that the total pressure during sub-solidus re

equilibration in the BIC and Ql1P are comparable, because the composi

tions of the most iron-rich un-inverted pigeonite lamellae are ~imilar 

and temperatures for re-equilibration of the same order of magnitude. 

The persistence of un-inverted pigeonite lamellae may be due to 

the stabilizing effect exerted by the host (section 2.1.5). It is 

questionable if the results of Smith (1972) for these phases may be 

used to delineate the boundary of the forbidden zone. If not, the 

temperature estimates are minima and therefore the pressure estimates 

also. 

4.2.10: 

Extreme iron-enrichment in iron-rich Ca-poor pyroxenes requires 

high silica activities and low oxygen fugacities. The Si vs. Al dia

gram (figure 4.37) suggests that during crystallization of Ca-rich 

clinopyroxenes the silica activity was low (or the total pressure 

high). 

For the assemblage pigeonite-olivine in sample P125 the silica 

activity may be calculated with equation 2 (section 4.2.12). Sub

stitution of the activities for pigeonite and olivine results in 

log a 6~3 0.46 - 0.04~6(P-1) + 2log 0.906 - log 0.93
 
Si02
 

For P = 8 kb and T = 9000 e the silica activity = 0.59. However, the 

presence of free quartz suggests that a should be equal to unity.
Si02 

This discrepancy may be explained by assuming that the Fe-Mg silicates 

equilibrated in the absence of quartz which then precipitated in a 

later stage. 
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Silica activities in R771 and 781 are equal to unity. 

Silica activities may also be calculated from the reaction 

CaAISiAI0 + Si0 CaAl Si 0	 (equations 3 and6 2 2 2 6 
in Ca-cpx in melt in plagioclase 4 from section 

4.1.12) 

For samples R771 and 781 xCca-TcPx are 0.0915 and 0.093, respective
a s 1ag

ly (both averages); for both samples xrn = 0.24. From the linear 

P-T relation which results after substitution of these data in equa

tion 4 it can be	 calculated that the pressure for both samples 1S 

0	 o7.8	 kb at 900 C (for T = 800 C, an absolute minimum, P = 7 kb). 

for XCa-cpxThe values	 are 0.083 for 777-7 and 0.086 for
CaTs 

788-21/22. The calculated silica activities at P = 8 kb and T = IOOOoC 

are respectively 1.17 and 1.13. The presence of free quartz in these 

samples suggests that the silica activity may have been equal to unity. 

If for these samples the silica activity 1S assumed to be equal 

to unity the linear P-T relations (form equation 4) indicate that 

P = 8.8 kb at 900
0

C and 7.8 kb at 800
o

C. These pressures are within 

the suggested range, but they are higher than those obtained from the 

samples R771 and 781. 

Calculated silica activities are given in table 4.17. 

The compositions of olivines indicate that the oxygen fugacity is 

ca 10- 10 atw at ca I 1000C and ca 10- 17 atrn at ca 900oC(cf. figure 4.23). 

In the pyroxenes from the BIC ore plates or needles are rare 

(section 1.3.3.5) and restricted to small domains of the pyroxenes. 

Philpotts (1966) observed similar distribution patterns in recrystal

lized pyroxenes from anorthosite-magnerite rocks in southern Quebec. 

In primary, igneous, pyroxenes the distribution of (ilmenite-) plates 

is homogeneous throughout the pyroxene hosts. 

4.2.11: nature of parental magma. 

Whole-rock analyses from the BIC and GIC would plot in the fields 

for the Coombs and Straddle type trends of the alkalic volcanic rock 
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series (Miyashiro 1978)(cf. figure 4.24). In the LeBas (1962) dia

grams (cf. figures 4.25 and 4.26) the data for pyroxenes from the BIC 

will plot on the data from the QMP. 

4.2.12:	 discussion on the crystallization and cooling history of the 

Botnavatnet Igneous Complex. 

There is meager evidence that the parental magma of the BIC has 

an alkali basaltic parentage resembling the Coombs and Straddle type 

trends. 

Crystallization commenced with primary orthopyroxene + Ca-rich 

clinopyroxene which changed to pigeonite + Ca-rich clinopyroxene at 

fe-ratio of ca 70. Crystallization finished with theca-poor pyrox 
assemblage olivine plus quartz + Ca-rich clinopyroxene. Some pigeon

ite crystallized prior to Ca-rich clinopyroxene. Locally primary 

orthopyroxene + Ca-rich clinopyroxene and pigeonite + Ca-rich clino

pyroxene precipitated (sample R777)(cf. section 4.3). 

Pyroxene crystallization took place between ca 1000
0 

C + 100 and 

ca 9000 C + 100. Crystallization of primary orthopyroxene + Ca-rich 

clinopyroxene probably took place at slightly higher temperatures. 

P 1 is estimated between 7 kb and 10 kb, probably close to 8 kb 
tota 

(calculated from the T-X relations of equation 4). 

Subsolidus re-equilibration took place from 800
0 

C to well below 

600oC. The total pressure may have decreased to ca 5 kb or slightly 

less. 

The water pressure during crystallization and cooling was low 

(scarcity of primary hydrous silicates and presence of hypersolvus 

feldspars, cf. section 1.3.7; presence of Rogaland inverted pigeonite 

lamellae, cf. section 2.4). Locally pH20 was sufficiently high to 

form secondary amphibole (cf. section 1.3.3.7). The oxygen fugacity 

was low. 

During crystallization of assemblages with Ca-poor pyroxene, 

silica activities may have been less than unity. The presence of 
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quartz suggests that it may have increased to unity after cessation 

of pyroxene crystallization. In the final stage of crystallization 

a c 1.0.
SiOz 

The zoned Ca-poor pyroxenes may outline a small two-phase region 

~n the Ca-poor part of the quadrilateral. Its presence may be relat

ed to high total pressure during crystallization(> ca 7 kb). 

Its shape is outlined by the analyses 

788-18/-19 for the join 75/Z5 5.3-1.5 Wo% 

777-1/-Z for the join 80/Z0 4.Z-1.5 Wo% 

The orthopyroxene saturated pigeonite limb ~s at a small angle 

to the enstatite-ferrosilite join. It is suggestive for a termina

tion of this two-phase field towards higher fe-ratios (before 

intersection with the boundary of the forbidden zone 7). 

In sample R777 the pyroxene crystallization is explained as fol

lows: 

high-calcium primary orthopyroxene (Wo ) and pigeonite (Wo ) crys4 . 6 .Z 6
talize. The former on the Ca-poor two-phase region, the latter on 

the pigeonite-augite two-phase region. Zoning (epitaxial overgrowth 

on these phases are orthopyroxene (Wo • ) and augite (Wo ), respective
1 5 7

ly. 

The zoning of Ca-rich clinopyroxene (sample R788) may be related 

to the existence of the two-phase field for Ca-poor pyroxenes: Ca

rich clinopyroxene (Wo ) co-precipitated with pigeonite (Wo 9)
39

. Z ca 
on the pig-aug solvus or W0 of the Ca-poor two-phase field. Ca

5
. 
3 

rich clinopyroxene (Wo ) precipitated with orthopyroxene (Wo 1. 5) which
43

grew over pigeonite (Wo ).
5

. 
3

265 



4.3: comparison of the BIC and QMP. 

Crystallization temperatures for both are similar, but the total 

pressures have been different: 5-7 kb for the Q~~ and 7-10 kb for 

the QMP. 

Both magmas belong to the alkali basaltic rock series. The 

pyroxene crystallization trends for the QMP and BIC are schematically 

presented in figure 4.43 together with Ca-rich clinopyroxenes coexist

ing with orthopyroxene from the surrounding charnockitic migmatites 

(Jacques de Dixmude 1978). 

DI~--......,....---......----,r---"""-----""'I50 HED 

10 20 30 40 50 60 70 80 90 
FS 

100 

figure 4.43: pyrbxene crystallization trends for the QMP (section 4. I) and the BIC (section 

4.2). One or tho- and clinopyroxene pair and the compositions of Ca-rich clinopyroxenes from 

coexisting pairs from the charnockitic migmatite terrane (data from Jacques de Dixmude (1978). 

Calculated equilibration temperatures for these pyroxene pairs, using the geothermometer of 

Wood and Banno (1973), are 757°C-879°C. 

The wollastonite contents of Ca-poor clinopyroxenes from the QMP 

are lower than in the BIC. 

Iron enrichment in pyroxenes from the BIC proceeded to higher 

fe-ratios than in the QMP. The fe-ratio. . from the assemblagep1geon1te 
pigeonite-augite-olivine + quartz in the QMP is equal to 81.0, in the 

BIC 90.6 and in a quartz-monzonite 2-1299 from the Nain Anorthosite 
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(Smith 1971-b) it ~s equal to 77.4 (figure 4.44). Crystallization 

temperatures for the three 

complexes are similar which 

implies that the total pres

sure for the quartz-monzon

ite 2-1299 may have been 

lower than for the QMP. 

Pyroxenes in the BIC crys

tallized at higher pressure 

than in the two complexes 

mentioned. 

Sodium activities in 

figure 4.44: most iron rich pigeonite-Ca-clino the QMP are higher than in 
pyroxene-olivine+quartz assemblages from quartz

the BIC (lower anorthite 
monzonite 2-1299 from the Nain anorthosite (Smith 

1971-b). the QMP. and the BIC. Symbols cf. contents in the former com
figure 4.28. 

pared to the latter and the 

presence of NaTiA1Si06 in 

the most iron-rich clinopyroxenes from the Q}W). 

The average amounts of CaA1SiA106 in pyroxenes from the QMP is 

greater than in the BIC. This is a consequence of the adopted calcu

lation scheme which calculates the component CaTiA1 0 before CaTs
· 1 1 ~f T~ '1 bl 1

Z 6 
13+ ,mo1ecu1e ~s ca cu ated; ~ more ,4+ ~s, ava~ a e ess A rema~ns 

2+
to be allocated to Ca to form CaA1 Si0 Indeed pyroxenes from6 .

2
the BIC are richer in Ti0 than pyroxenes from the QMP (figure 4.45)

2 
Fractionation of non-quadrilateral elements between solidus 

phases in both complexes are similar. 

The populations of non-quadrilateral elements for subsolidus 

phases (tables 4.9 and 4.18) of Ca-rich clinopyroxenes are similar. 

The Student's t-test at 10% significance level presents no evidence 

that the population means for A13+, Ti4+ and Na+ are different. The 
2 4

population means for Mn + are different. A1 3+, Ti + and Na+ are pre
2+

ferentially incorporated in Ca-rich clinopyroxenes; tin favours 
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figure 4.45: Ti0 (wt%) in pyroxenes from the BIC and the QMP. Black: ca-rich clinopyroxenes.2

Ca-poor pyroxene. In both complexes considerable amounts of alumina 

are in the octahedrally coordinated sites (cf. the Ti vs. Al (atoms 

per formula unit)-plots and the 'Kunshiro-diagrams'). 

In some samples from the BIC and QMP two Ca-poor clinopyroxenes 

are observed. Bulk analyses of all three pyroxene species are only 

available from the BIC. Fractionation of sodium (figures 4.34-d and 
+ + +

4.IO-d) can be summarized as Na < Na . < Na 
opx plg 

Ca-cpx 

It is suggested that the increasing sodium activities will 

stabilize Ca-poor clinopyroxene relative to primary orthopyroxene. 

This is consistent with the observed sodium acitvities in the 

QMP, V1Z. silica activities during crystallization of stage 1 were 

lower than for stage 2, which are characterized by primary orthopy

roxene and Ca-poor clinopyroxene respectively (cf. section 4.1.15 and 

the anorthite content, table 4.7). 

The local precipitation of Ca-poor clinopyroxene in stage 1 of 

the QMP (samples R40 and 247) may be explained by assuming local 

fluctuations in the sodium activity. It is observed that the amounts 

of jadeite molecule in Ca-rich clinopyroxenes in the samples R40 and 

R247 are higher than in the rest of Ca-rich clinopyroxenes from stage 1: 

2.1 mole% and 1.3 mole% (both averages), respectively. For sample 
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R777 from the BIC the model is less evident, but it must be kept ~n 

mind that the existence of a two-phase region in the Ca-poor part of 

the quadrilateral may be responsible for the presence of the two Ca

poor pyroxenes in this sample. 
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4.4: Gloppurdi Igneous Complex. 

The similarity between the Gloppurdi Igneous Complex and the 

Botnavatnet Igneous Complex is stressed in section 1.3.7, which 

summarizes petrological results. 

Although the geological map (figure 1.15) is based on detailed 

petrographical research it was not possible to construct a detailed 

stratigraphical sequence. 

From the similarity between the BIC and GIC it is suggested that 

the pyroxene trends will be comparable. The presence of zoned Ca

poor pyroxenes in the BIC and GIC and their absence in the QIW ~s 

conspicuous (samples R777 and R788(BIC) and samples AIOI and R652 

(GIC)(the latter two reproduced in Plate 4. figures I and 2)(cf. 

also section 1.1). 

Also the compositions of olivines from the BIC and GIC are com

parable: 

complex 

Botnavatnet 

Gloppurdi 

optical angle range 
(mean) 

051 0 
+ 4 58-44-

49.50 
+ 3 57-430 (x)-

69-400 

Fa-content 
(range)xx 

9O-10O
 

84-100
 

section 

1.3.3.6 

1.2.9.8 

(*) mean is calculated for population with this range; the 
wider range is actually observed. The fayalite content is 
determined using figure A3 of the appendix. 

Two samples from the GIC have been analysed with E~illA-4 (cf. 

chapter 5). 

It is important to note that the boundaries of the forbidden 

zones in the pyroxene quadrilateral for both complexes probably 

coincide. The similarity in composition suggests that crystalliza

tion temperatures were probably comparable and consequently Ptotal 

as well. 
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4.5: geothermal gradients in Rogaland. 

It is tempting to construct a cooling model for Rogaland with 

the P-T estimates obtained from this study. Versteeve (1975) deter

mined the whole-rock Rb/Sr isochron age for the GIC. The isotopic 

ages for the QMP and BIC are discussed by Wielens (1978). The BIC 

and GIC are concordantly intercalated in the charnockitic migmatites. 

Both complexes are very similar (sections 1.2 and 1.3). Therefore 

it is assumed that their ages may be comparable. 

It is assumed that both complexes intruded in a late stage during 

the amphibolite facies metamorphic event which preceeded the granulite 

facies metamorphism caused by the intrusion of the anorthosite massifs 

and lopolith of Bjerkreim-Sokndal. 

If the temperature for the amphibolite metamorphism is estimated 

at ca 7500 C the geothermal gradient is calculated at 25-35 °C/km. 

Subsolidus re-equilibration in the BIC and QMP took place between 
0 

ca 800 C to well below 6000 C at 5 kb or slightly less. The lower 

temperature is comparable to the hornblende blocking temperature. 

Hornblende K-Ar data indicate an age of 950 Ma (Dekker 1978). Dekker 

(1978) convincingly argues that the whole-rock Rb-Sr isotopic age of 

the QMP is ~n error because late stage (autometamorphic ?) amphiboles 

~n the top of the QMP also show the 950 Ma-ages. The zircon age 

~n the BIC (1079 (+20/-15) Ma) is interpreted to be due to resetting 

possibly as a result of the intrusion of the leuconoritic phase of 

the Bjerkreim-Sokndal lopolith for which crystallization temperatures 

are probably well in excess of 1000oC. Therefore the intrusion of 

the QMP is estimated between 1000-950 Ma, probably close to 950 Ma. 

The temperature for the granulite facies metamorphism ~s estimated at 

ca 1000oC. The geothermal gradient can be calculated at 47-66 °C/km. 

The subsolidus temperature of 550°C at ca 5 kb results in a geo

thermal gradient of ca 36 °C/km. 
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Complex 
crystallization 

temperature pressure 
(in °C) (in kb) 

BIC 

GIC 

1000-900 

id 

7-10 

id 

QMP 1050-850 5-7 

cooling ca 
550 

ca 5 

metamorphic gradient 
terrane t 5m-1 isotopic ~n 

perature C age (MA) °C/km 

ca 750 25-35 

id I 1206 + - 70% id 

ca 1000 928 + 20%% 47-66 
1000 - 900 

ca 550 950%%% ca 36 

(% from Versteeve (1975); %% from Wielens (1978); %%% from Dekker
 
Dekker (1978)).
 

It may be concluded that from ca 1200 Ma to ca 950 Ma the geo

thermal gradient remained essentially unchanged at ca 35 °C/km. The 

geothermal gradient during the granulite facies metamorphism was 

steeper, ca 50 °C/km. 

The uplift rate between intrusion of the BIC (GIC) and the QMP 

~s calculated at (25-18 km)/(1200-1000 Ma) = 0.35 rom/year. The 

cooling rate for the QMP is 90 C/Ma. For the metamorphic terrane it 

varied between 9-3 °C/Ma (Dekker 1978). 

272 



5: TFansmission Electron Microscopy. 

5.1: introduction. 

Some calcium-rich clinopyroxenes and inverted/decomposed pigeon

ites have been selected for TE~ from double polished normal petro

graphical thin sections. They were ion-thinned in an Edwards IBMA 

ion thinning machine by bombardment with argon ions. The samples 

have been studied with a Phillips EM 301 microscope at an accelerating 

voltage of 100KV. Chemical analyses were made with an analytical 

electron microscope EMt1A-4. The analytical technique is described by 

Lorimer and Champness (1973). 

Attention was focussed on the pigeonite lamellae //"(001)"
aug 

which are observed to change their habit plane from "(001)" to 
aug 

(100) (cf. section 2.1.9 and Plate 5, figure 2). The (001)
aug 

interface between inverted/decomposed pigeonite and Ca-rich clino

pyroxene (C 3- or C4-clinopyroxenes or Ca-rich clinopyroxene lamellae 

//(001) . ) is also of interest. It is observed that in C4 clino
p~g 

pyroxenes the interface is step-like developed (cf. section 2.1.2 and 

Plate 3, figure 3). 

In section 2.4 it remained enigmatic whether the pigeonite

orthopyroxene transition for the singular crystals took place as ~n

version or by decomposition. Duplex-cell growth has been suggested, 

but the phases involved (low-pigeonite (P2 /c) and orthopyroxene)1
are not consistent with the model of decomposition. 

273 



5.2: singular crystals of decomposed pigeonite. 

Inverted/decomposed pigeonites have been studied 1n two samples 

from the Gloppurdi Igneous Complex in samples A7 and AlOI, both from 

the southwesternmost part of the complex (cf. figure 1.15). 

The orthopyroxene has numerous closely spaced clinopyroxene 

lamellae //(100) In addition they have several ca 5 ~m thick 
opx 

clinopyroxene lamellae at a small angle to the (IOO)-plane: the so-

called (103)-lamellae (section 2.2.6; Plates 10, II and 12, figure 1). 

At the grain boundary the lamellae are approximately //(100); devia

tion from this plane commences several microns away from the grain 

boundary. They terminate at grain boundaries or at lens-shaped 

clinopyroxene lamellae //(001) 1 . which may be present in some of 
re .p1g 

these crystals. 

In orthopyroxene A7-I and A101-14 the marginal zone contains less 

lamellae //(100) compared to the rest of the crystal. This zoning
opx 

is a common feature in inverted/decomposed pigeonites from the BIC 

and GIC (cf. sections 2.2.6 and 4.2.4.1). 

In the lens-shaped clinopyroxene lamellae very fine lamellae 

are observed //(100) . 
aug 

The investigated crystals are all inverted/decomposed pigeonites 

from the second group (cf. section 2.2.6). The pigeonite-orthopyroxene 

transition is thought to be a massive transformation (section 2.2.7). 

The (103) lamellae are believed to be related to this transforma
opx 

tion. 

The (103) and (100) -lamellae apparently nucleated at grain
opx opx 

boundaried. The former lamellae are only observed if the distance 

between opposite grain boundaries exceeds a minimum distance of ca 

60 ~m. If the distance is less only closely spaced clinopyroxene 

lamellae //(100) are observed. 
opx 

5.2.1: electron petrography. 

Numerous augite lamellae are present //(100) . They have opx 
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coherent interfaces. Their thickness varies between 0.14 ~m and 

0.6 ~m; a few are less than 0.05 ~m thick. The spacing varies between 

0.1 and 1.5 ~m. 

The lamellae have parallel interfaces over considerable lengths. 

Incidentally they may bifurcate. They may also terminate by wedging. 

Any change in thickness is accompanied by strain fields in both host 

and matrix. HREM shows that the (100) lattice fringes have a spacing 

of 9.70 R, corresponding to the (100) lattice spacing of Ca-rich 

clinopyroxene. 

Generally wedging takes place because one of the interfaces is 

displaced by ledges. These ledges appear to be several lattice para

meters high. l~st of the strain fields are associated with these 

ledges. The interface between orthopyroxene and augite is similar to 

an augite-pigeonite interface reported by Copley, Champness and 

Lorimer (1974, figure 5) in an iron-rich clinopyroxene from 

Ardnamurchan (Scotland). They report that similar growth ledges have 

been observed at the interfaces of exsolved augite lamellae II 

(IOO)b . from the Stillwater Complex. The ledges in the present
ronz~te 

orthopyroxenes are also interpreted as growth ledges. 

Wedging of adjacent augite lamellae is in opposite directions. 

It is often impossible to decide whether orthopyroxene or augite 

wedges out, that is which of the two phases was growing. The impres

sion is one of simultaneous growth of both phases from opposite 

directions (Plate 13, figure 1). 

In parts where 'duplex cells of or tho- and clinopyroxene' growing 

from opposite grain boundaries meet, they may interfere. The result 

is that a growing augite lamella seems to leave its plane of growth 

in one cell to continue growth in a (IOO)-plane of an opposite cell 

which is slightly displaced, resulting in a very flat S-shaped curve. 

6
0

The inclined part of the curve is at an angle of ca to (lOO)-plane. 

In many cases the interference of cells results in small S-shaped 

lamella-like augite phases which show a remarkable alignment 11(103) 
opx 
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(cf. Plate 12, figure I). However, in several places real lamellae 

are observed which are parallel with (103) over several microns. opx
 
There is some evidence that the interface between ortho- and
 

clinopyroxene is incoherent in the inclined parts of the S-shaped
 

10
curve: aX A a* • c* //c*
opx aug 'opx aug 

Under a normal light-optical microscope the orthopyroxene appears 

homogeneous. Planar defects parallel with //(100) are visible opx 
under the EM (Plate 13, figure 2). They are coherent with the ortho-

pyroxene. They may be either very short or traceable over several 

microns. Strain fields may decorate their terminations. Their dis

tribution is heterogeneous. The average frequency increases towards 

the orthopyroxene-augite (lamellae) interfaces. The spacing of the 

planar defects may vary from one to several (100) lattice spacings.opx
 
Near the orthopyroxene-augite interfaces the spacing is generally one
 

(100) lattice spacing.opx 
Generally the thickness of the planar defects is N x 28.24 ~ 

(N = I, 3 or 5). Occasionally repeats of 2 or 4 this thickness have 

been observed. The number of repeats and N both increase in the 

orthopyroxene towards the interfaces with augite lamellae. In AIOI-I4 

planar defects of 48.78 ~ thick are observed adjacent to defects of 

28.24 ~ thick. 

The (IOO)-orthopyroxene lattice spacing ~s 18.34 ~ ! 0.15, which 

means that the thickness of the defects may indicate a repeat of one 

(100) plus one (100) lattice spacing:opx cpx 

N x 28.24 = N x 18.34 + N x 9.9 (~). 

The thickness of 48.78 ~ may be translated into circa one (100) + 
opx 

3 x (100) lattice spacings. Contrast of the defects is differentcpx 
from the augite lamellae. 

Clinopyroxene lamellae may be present //(001) 1 .. They may 
re .p~g 

terminate by wedging (Plate 13, figure 3). A lamella (1.1 ~m thick) 

in crystal A7-1 is at an angle of ca 1160 to the (IOO)-plane. 
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Orthopyroxene lamellae in this lamella and clinopyroxene 

lamellae //(100) in the inverted/decomposed pigeonite-host
opx 

nucleate from the (001) clinopyroxene lamella/host interface. 

Gro~th apparently took place by migration of ledges on (100) 

planes which resulted in wedge-shaped lamellae (reminiscent of the 

organ-pipe distribution of augite lamellae in an orthopyroxene from 

the Stillwater Complex (Champness and Lorimer 1973)). The angle be-
o 

tween (100) (h ) and (100) (1 11 ) = 3 .opx ost opx arne ae 
The interface is a low angle dislocation interface. Between like 

phases across the interface the orientation of the interface is normal 

to the (IOO)-plane; between unlike phases the interface is inclined at 
o 

an angle of 125 to the (IOO)-plane. 

In the inclined parts of the interface it has a step-like appear

ance: the orthopyroxene is 'frayed' by the development of steps which 

are 3-5 (100) lattice spacings wide, suggestive of a mobile opx 
boundary. 

Chemical analyses are available from the orthopyroxene host and 

clinopyroxene lamellae //(100) and (103) and from the clinoopx opx 
pyroxene host and lamellae //(100) of the clinopyroxene lamellae aug 
/ / (00 I) , (table 5.1),

re-pl.g 
The compositions of the Ca-rich clinopyroxene phases show a 

limited range in wollastonite, 44.5-46.0 %Wo. Using the isotherms of 

Ross and Huebner (1975) (cf. figure 4.7) would indicate equilibration 
otemperatures well below 600 C. 

The compositions of the orthopyroxene phases plot well below the 

810
o
C-isotherm of Lindsley, King, jr. and Turnock (1974)(the lamella 

//(100) in the clinopyroxene lamella //(001) 1 . in A7-1 is aug re .pl.g 
probably contaminated with its host). 

5.2.2: discussion. 

The growth of orthopyroxene-augite 'duplex cells' //(100) from 

opposite grain boundaries proceeded by the migration of ledges on the 
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(100)	 interfaces, generally only on one of the interfaces.
 

The lamellae //(103) which have also been described as made
 
opx 

up of en echelon arranged fragments in a plane at 5.5
0 

to (100) 
opx 

(section 2.2.6, the second group) are indeed for the greater part 

isolated parts resulting from interference of growing 'duplex cells'. 

The persistent constant angle of these 'lines of interference' may 

be related to the massive transformation character of the transition 

(cf. section 2.2.7). 

It remains to be explained why 'isolated fragments' should be 

aligned in a plane //(103) It seems possible that at one point
opx 

of interference of growing cells augite nucleated in the (103)-plane. 

The augite may grow to form a discrete lamella, from which lamellae 

//(100) may emanate or it may 'resolve' in the growing duplex cells opx 
at a certain distance away from its nucleation point, because the mis

match between opposite cells becomes negligible. Mismatch may be 

caused by differences in widths of augite-orthopyroxene lamellae in 

the growing cells. The exact nature of the duplex cells is at present 

not understood. The proposed opx-aug duplex cells differ from the 

mechanism suggested in section 2.2.7 where it was believed that the 

cells consisted of orthopyroxene and low-pigeonite, because this pro

vided an explanation for the observed angle of 5.50 
• 

The nature of the dislocation interface between the inverted/de

composed pigeonite host and the augite lamella //(001) 1 . is at 
re .p~g 

present not understood. 

The planar defects //(100) have a strong resemblance to the opx 
(100) lattice defects described in an orthopyroxene from Papuan 

Ultramafic Belt (Boland 1972) and in orthopyroxenes from the Still 

water Complex and the Bushveld Complex (Champness and Lorimer 1974). 

These authors suggested that they are heterogeneously nucleated transi

tion phases (or pre-precipitates). Boland (1972) suggested that these 
. h d· 2+ 2+ 1 d (74) .. . .zones are enr~c e ~n Fe or Ca . Bo an 19 pos~t~vely ~dent~-

fied these lattice defects as untwinned clinoenstatite. The untwinned 

clinoenstatite lamellae may be related to deformation. The a-axis 
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repeats of N x 28.24 ~ would be consistent with a superlattice. 

The idea that the planar defects are pre-precipitates of a transi
. . d· 2+ d/ 2+.. . b .t10n phase enr1che 1n Ca an or Fe 1S 1nterest1ng, ecause 1t 

would suggest the presence of a solute gradient which in the ortho

pyroxene would increase towards the orthopyroxene-augite interfaces. 

The gradient slopes in a direction which is opposite to the slope of 

a gradient which would be expected if the augite lamellae precipitated 

from the orthopyroxene. In this respect it is of interest that the 

orthopyroxene adjacent to the lamellae has no precipitation free zones 

and that no G.P. zones are observed 1n the orthopyroxene. They would 

be expected if the augite formed by precipitation from the orthopyroxene 

(cf. Champness and Lorimer 1974). 

The suggested gradient may be explained as follows: orthopyroxene 

and augite grew simultaneously (duplex cells). Upon cooling the ortho

pyroxene decreased and the augite increased the wollastonite contents 

in order to reach or remain on the stable limbs of the opx-aug solvus. 

Calcium migrates from the orthopyroxene to the augite. After cession 

of migration excess calcium in the orthopyroxene could be precipitated 

as the coherent transition phases. 

The mechanism of growing duplex-cells suggests that also the 

pigeonites of the singular crystals may be regarded as decomposed 

pigeonites (in section 2.2.6 the question whether inversion or decom

position took place was left unanswered). 

The presence of heterogeneously nucleated lamellae and the 

transition phase are indicative of slow cooling. 

Table 5.1: EMMA-4 analyses of decomposed pigeonites in samples (A7(-j) 

and A10l(-14). Both samples a~e f~om the Gloppu~di Igneous Complex. 
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inverted/decomposed pigeonite (A7-1) 

orthopyroxene matrix "mean" 

5i0 45."3 49. I 47.202 
AI 0 0.9 0.7 0.802 3
 
FeO 47.7 43.3 45.50
 

MnO 1.0 0.9 0.95
 

MgO 4.1 5.1 4.60
 

CaO 1.0 0.9 0.95
 

100.0 100.0 100.00 100.0 

Si 7.76 8. lJ 7.95
 

Al 0.18 0.05
 

Al 0.14 O. II
 
2+ 

Fe 6.83 5.99 6.41
 

Mn 0.15 0.13 0.14
 

Mg 1.05 1.26 1.15
 

Ca 0.18 0.16 0.17
 

Z 7.94 8.13 8.00
 

WXY 8.21 7.68 7.98
 

En 13.J 17.0 14.9
 

Fs 84.7 80.8 82.9
 

Wo 2.3 2.2 2.2
 

fe 85. I 81.2 83.2 

inver ted /decomposeQ pigeonite 

(AI01-14) 

orthopyroxene matrix 

5iO 48.4 49.1 50.5 51.2 
Z 

AI 0 1.1 0.9 0.8
2 3 

FeO 39.4 37.9 37.0 

MnO 1.0 0.8 1.0 

MgO 8.9 10.5 10.0 

CaO 1.\ 0.9 0.7 20.6 

99.9 100.1 100.0 100.0 

Si 7.90 7.92 8.08 

Al 0.10 0.08 

Al 0.11 0.09 0.15 
2+

Fe 5.38 5. II 4.96 

Hn 0.14 O. II O. 14 

Hg 2.17 2.52 2.39 

Ca 0.19 0.16 0.12 

z 8.00 8.00 8.08 

WXY 7.99 7.99 7.76 

En 28.0 32.3 32.0 23.6 

Fs 69.5 65.6 66.4 

Wo 2.5 2. I 1.6 44.8 

clinopyroxene lamella 

//(OOI)rel pig 
(A7-1) 

lamellae / / (100) "mean" host lamella//(IOO)
opx aug 

49.9 51.4 50.65 49. I 44.2 

0.8 1.0 0.90 1.3 0.6 

25.0 24. I 24.55 24.9 48.8 

O. I 0.2 0.15 0.3 0.9 

3.3 4.7 4.00 3.6 3.4 

20.9 18.7 19.80 20.8 2. I 

100.1 100. OS 100.0 100.0 

8.01 8.12 8.06 7.90 7.67 

O. 10 0.12 

0.15 0.19 0.17 0.15 

3.36 3.18 3.27 3.35 7.08 

0.0 I 0.03 0.02 0.04 0.13 

0.79 I. 11 0.95 0.86 0.88 

3.60 3. 17 3.38 3.58 0.39 

8.01 8.12 8.06 8.00 7.79 

7.91 7.68 7.79 7.98 8.48 

16.27 

10.2 14.9 12.5 11.0 10.5 

43.4 42.6 43.0 43.0 84.8 

46.4 42.5 44.5 46.0 4.7 

80.8 73.6 77. I 78.8 87.5 

clinopyroxene lame llae in A101-14 

lamellae //(103) lamellae / I (100)
opx opx 

52.1 51.65 53.7 52.5 

1.3 1.5 1.40 1.3 0.8 

18.6 18.1 18.35 16.9 17.9 

0.5 0.6 0.55 0.3 0.7 

7.8 7.4 7.60 7.6 9. I 

20.3 20.45 20.2 19.0 

100.0 100.00 100.0 100.0 

7.96 8.05 8.01 8.21 8.08 

0.04 

0.20 0.27 0.26 0.23 0.14 

2.42 2.34 2.38 2.16 2.30 

0.07 0.08 0.07 0.04 0.09 

1.81 J.70 1.76 1.73 2.09 

3.43 3.36 3.40 3.31 3.13 

8.00 8.05 8.01 8.21 8.08 

7.93 7.75 7.87 7.47 7.75 

23.0 23.3 25.0 27.8 

31.6 31.6 31.6 30.0 30.6 

45.4 45. I 45.0 41.6 

56.3 56.8 56.5 55.0 51.3 J70.0 66.0 66.2 

280 



5.3: Ca-rich clinopyroxenes. 

Two samples from the QtlP have been studied with a TEH (R340 from 

stage 1 and R394 from stage 2a). Both clinopyroxenes are of type C
4 

(cf. section 2.1). Electron microprobe analyses of pyroxenes from 

sample R340 are given in table 4.1. In this sample exsolved plates 

of titanomagnetite are present parallel with and at a high angle to 

the crystallographic c-axis of the clinopyroxenes. Pyroxene phases 

in R394 are among the most iron-rich observed in stage 2a (they plot 

on the join Fe/Mg = 84/16). 

5.3.1: electron petrography. 

The investigated Ca-rich clinopyroxenes have three different 

generations lamellae 11"(001)"
aug 

and two generations lamellae II 

"(100)" . The chronology of precipitation is schematized in figure
aug 

5.1 (for sample R394) and will be discussed below for both samples. 

1) the Rogaland inverted pigeonite lamellae 11"(001)" It has been 
aug 

observed in section 4.1.10 that the composition may vary along 

their length. Two extremes have been studied in R394: a part 

which is pure orthopyroxene containing a few very fine lamellar 

precipitates 11(100) and a part in which orthopyroxene contains opx 
ca 40% clinopyroxene lamellae 11(100) . The interfaces may be 

opx 
9

0
classified as dislocation interfaces. The interface 1S at ca 

to (001) in the obtuse beta-angle. Orthopyroxene at the "(001)"aug 
interface is frayed in a way suggestive of a mobile boundary. At 

triple pQints of augite-hostlorthopyroxene-host/augite lamella II 

(100) (the latter two from the inverted pigeonite lamellae)
opx 

the orthopyroxene tends to minimize its surface energy by rounding 

of the (I 00) I" (00 1) "-' corners' . 

At the lamellalhost interface orthopyroxene lamellae may nucleate 

into the augite host. 
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2) orthopyroxene lamellae //(100) which are coherent with the 
aug 

augite matrix. The thickness varies between 0.1 and 0.5 ~m. The 

d(IOO) spacing is 18.5 + 0.02 ~. Coherent planar defects //(100) 
opx 

are generally present. Between lamellae their frequency is vari

able. Within lamellae they are randomly distributed. These planar 

defects are generally N times d(IOO) thick (N = I, 2, or 3).
opx 

No regular repeats are observed. 

In R340 a precipitate is observed at the interface of ortho

pyroxene lamellae with the augite matrix (Plate 14, figure I). 

It is generally not observed to be present over a considerable 

length along the interface. Its contrast differs from the ortho

pyroxene and the augite matrix. It is generally present at both 

interfaces. Lattice fringes are 9 ~ wide. Repeats of as much as 

14 fringes are observed. Selected area diffraction 1S suggestive 

for a primitive monoclinic phase. It seems also to be present, 

although only poorly, in sample R394. 

3) Ca-poor clinopyroxene lamellae //"(001)" (un-inverted pigeonite).
aug 

They are only present if the spacing of lamellae //(100) is greater 

than 1.2-1.5 ~m. They are coherent with the augite matrix and 
0 

ca 0.5 ~m thick (0.1-0.8 ~m). They are at an angle of 6 to 

(001) (in the obtuse S-angle). SAD shows that the space group 
aug 0 0 

is P2 /c. The beta-angle is 108 (S = 105 and consequently
1 aug 

~B = 30 which suggests that they are both equilibrium phases,cf. 

Papike et al 1971). Growth proceeded by the migration of ledges 

along the interface. Their shape suggests that they grew lateral

ly outwards (Plate 14, figure 2). Stacking fautls //(100) . arep1g 
occasionally observed; generally only 2 or 3 in a lamellae of ca 

2 ~m long. Their distribution within a lamella appears to be 

random. 

At some stage during growth they change the habit plane from 

"(001)" to (IOO)(Plate 14, figure 2). At both ends the change 

occurs in opposite directions. This change 
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takes place without any straining in augite matrix nor lamella. 

If the change coincides with an interface of an orthopyroxene 

lamella //(100) the (IOO)-part of the monoclinic lamella may
aug 

grow over some distance along this interface (Plate 14, figure 2). 

If the (IOO)-part is close to an orthopyroxene lamella interface 

it ~s observed that on the orthopyroxene interface a precipitate 

forms which grows towards the (IOO)-part of the monoclinic lamella. 

In R340 it is observed that the (IOO)-part merges into the mono

clinic precipitate at the orthopyroxene/augite interface. In 

rare cases precipitation occurs in the acute angle between the 

orthopyroxene lamella //(100) and a pigeonite lamella //aug 
"(001)" . It more or less rounds off this angle. Precipitationaug 
probably results from a tendency to decrease the surface tensions 

~n the system. 

The (IOO)-part appears to have an orthorhombic sYmmetry. 

The d(lOO) spacing is equal to 2d(100) . If d(IOO) is assumaug aug 
ed to be 9.8 R(from Turnock, Lindsley and Grover 1974 for compo

sition En14Fs46W040) it follows that d(IOO)opx = 19.6 R. This is 

too high for orthopyroxene. It may suggest the development of 

anomalous cell parameters in the (IOO)-parts of the P2 /c pigeon1
i te lamellae. 

The "(001)" -lamellae may show an offset //(100). The places
aug 

of offset and nucleation sites of orthopyroxene lamellae //(100) aug 
(at both interfaces of the pigeonite lamella), coincide. A lamella 

may be offset at several places. Offset is always in the same 

direction: the "(OOI)"-interface is kinked over a short distance. 

Rounding off of the obtuse angle between the orthopyroxene and 

pigeonite lamellae is observed. It is similar to the precipita

tion of the (IOO)-parts of growing pigeonite lamellae on the ~n-

terfaces of orthopyroxene lamellae //(100) (see above).aug
 
The orthopyroxene lamellae are coherent with the augite matrix.
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4) fine orthopyroxene lamellae (0.02-0.08 j.lm) / /" (1 00)" or fineaug . , 
pigeonite lamellae (0.05-0.10 j.lm) //"(001)" if the spacing of 

aug 
first generation orthopyroxene lamellae is greater than ca 2 j.lm. 

The smallest lamellae observed are 0.03-0.15 x 0.007 j.lm for 

lamellae //"(100)" and 0.1 x 0.003 j.lm for lamellae //"(001)" • aug aug 
They are disc-shaped. 

Lamellae //,,(100)" generally terminate by wedging which aug 
takes place by the development of ledges at one of the interfaces. 

Their number increases towards the termination of the lamella. 

Strain fields are associated with the ledges. The "(IOO)"-lamellae 

may nucleate on ledges at the interfaces of the oldest generation 

un-inverted pigeonite lamellae or at dislocations in the augite 

matrix. 
oThe lamellae //"(001)" . They are at an angle of ca 10 to aug 

(00l) (in the obtuse angle). At their terminations they mayaug 
be slightly curved. Curving is in opposite directions (cf. fig

ure 4 of Robinson et al 1977). Curving is not observed for the 

smallest precipitates. 

Both sets of lamellae may also form a fine cross-hatched 

pattern. If the two sets intersect it is observed that "(100)"

lamellae may coarsen at the point of intersection. 

SAD shows that the pigeonite lamellae are primitive mono

clinic (8 = 1080 
). 

The position of the orthopyroxene lamellae which appear to have 

nucleated on the first generation un-inverted pigeonite lamellae is 

not clear. They postdate the lamellae //"(001)" . They may be aug 
simultaneous with the lamellae described under 4. However, the 

lamellae described under 4 and these orthopyroxene lamellae seem 

mutually exclusive. 

Subgrain boundaries approximately //(001) are decorated with 

small precipitates //"(100)" and //"(001)" . Locally subgrainaug aug 
boundaries are approximately //(100) . aug 
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In sample R394 orthopyroxene lamellae at a small angle to 

(100) are present in addition to the lamellae described above (cf.aug 
also section 2.1.3). Orthopyroxene lamellae may grow by the propaga

tion of ledges along one of its interfaces. The ledges have consid

erable heights: ca 0.03 ~m (circa 18 x d(IOO) ). The distance be
opx 

tween ledges is variable. The distribution of ledges may give the 

impression of an interface inclined to (100) (ca 50). However,
aug 

at several places the interface is over a short distance indeed in

clined to (100) . From the inclined interfaces precussors may emanate 
aug 

into the augite matrix //(100) . 
aug 

5.3.2: discussion. 

Growth proceeded by the propagation of ledges along one of the 

lamella interfaces, resulting in wedging of small lamellae and giving 

the trace of an interface of lamellae //(100) the impression of 
aug 

being inclined to (100) , especially if the ledges are high. The 
aug 

exact nature of the process involved is at present not understood. 

However, there are some similarities with interfaces observed ~n 

decomposed pigeonites (section 5.2) where it is attributed to rapid 

simultaneous growth of orthopyroxene and augite. 

Planar defects in the first gneeration lamellae //(100) mayaug 
be similar to the untwinned clinoenstatite lamellae observed by 

Boland (1974) in orthopyroxene and which are believed to be caused 

by deformation. Whether the primitive monoclinic phase at the inter

face of these orthopyroxene lamellae with the augite matrix ~n R340 

is also related to deformation is not clear. Champness and Lorimer 

(1974) describe a transition phase which formed by heterogeneous 

nucleation in orthopyroxenes from the Stillwater and Bushveld in

trusions instead of the equilibrium phase. The presently observed 

monoclinic phase may be a transition phase, but it is enigmatic why 

it should be a monoclinic phase. 

The orthopyroxene lamellae //(100) which appear to have aug 
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nucleated on offsets in un-inverted pigeonite lamellae may be related 

to migration of dislocations in the system (100) [OOIJ The disloca

tions which formed in the augite matrix acted as nucleation sites 

for orthopyroxene. The un-inverted pigeonite lamellae are in fact 

a marker system showing this migration. The dislocations cross the 

"(OOI)"-lamellae. Precipitation of orthopyroxene is continuous 

through the "(OOI)"-lamellae. 

The presence of two generations monoclinic lamellae //"(001)"
aug 

may be related to shear stresses which obliterated the stability field 

for the orthorhombic phase. The idea was put forward by Schreyer et al 

(1978) to explain the presence' of clinoeulite (P2 /c) in the Vredefort1
Structure (South Africa). It could explain the monoclinic lamellae of 

4 which nucleated instead of an orthorhombic phase. 

Since cooling of the investigated samples was virtually isobaric, 

the presence of considerable shear stresses due to shrinkage seems 

likely. 

Of interest ~n the investigated samples is the change of habit 

plane of lamellae //"(001)" to "(100)" . aug aug 
The model of the 'critical temperature' from Nakazawa and Hafner 

(1977)(cf. section 2.1.9) may be applicable. 

The model assumes that two monoclinic pyroxenes (C2/c) will have 

their best fit on (001) above a certain temperature and that below 

this temperature (= critical temperature) the best fit will be on 

(100). In the investigated samples the space group of the Ca-poor 

clinopyroxene is P2 
1
/c. Thermal expansion data on cell parameters of 

primitive monoclinic pyroxenes are, however, rare. 

The wollastonite contents of the lamellae are 1.8% (R340) and 2% 

(R394) suggesting that they are members of the clinoenstatite-clino

ferrosilite series. Smyth (1974) determined the cell parameters as a 

function of the temperature for clinohypersthene En31Fs67W02 both 

P2 /c and C2/c. Using these data and data for the Ca-rich clinopyroxene 

host (Wo 45' cf. Nakazawa and Hafner 1977, figure 4) it may be ca 
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concluded that the a-axis will have a good fit for T>750
o

C and that 

below 5500 C the c-axis will have the better fit. The critical tem

perature is roughly estimated at ca 650oC. In the present study the 

lamellae are clinoeulite instead of clinohypersthene which suggests 

that this temperature may be slightly too high. 

Thus lamellae nucleated above T = ca 650
0 

C and continued growth 

to below this temperature. It was already suggested (sections 

4.1.11.2 and 4.2.9.3) that exsolution may have proceeded to well below 

600oC. 

Precipitation occurred by heterogeneous nucleation. The smallest 

disc-shaped lamellae may have nucleated homogeneously. The observa

tions are suggestive of slow cooling (cf. Champness and Lorimer 1976, 

figure 7 for the TTT-diagram). 

References used in chapter 5 which have not been included in the list 

of references at the er~ of this thesis. 

Boland, J.N., 1972, Electron petrography of exolution in an enstatite

rich orthopyroxene. Contrib. Mineral. Petrol., 37, 229-234. 

------------, 1974, Lamellar structures in low-calcium orthopyroxenes. 

Contrib. Mineral. Petrol., 47, 215-222. 

Champness, P.E. & Lorimer, G.W., 1974, A direct lattice-resolution 

study of precipitation (exsolution) in orthopyroxene. Phil. Mag. 

30, 357-365. 
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Copley, P.A., Champness, P.E. & Lorimer, G.W., 1974, Electron petro

graphy of exsolution textures in an iron-rich clinopyroxene. 

J. Petrol, 15, 41-57.
 

Papike,	 J.J., Bence, A.E., Brown, G.E. Prewitt, C.T. & Wu, C.H., 1971,
 

Apollo 12 clinopyroxenes: exsolution and epitaxy. Earth. Planet.
 

Sci. Lett., 10,307-315.
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___host? %Wo 
B host -= 

---~lamellae / /" (00 I)" and / / (100) 
EnI3.8Fs41.IW045.1 

clinopyroxene //"(001)" 
(1.7-2.3 %Wo) 

orthopyroxene //(100) 
(1.7-2.7 %Wo) 

L ~host? %Wo 

host (ca 43 %Wo) lamellae / /" (00 I)" 
N 
00 

'"" orthopyroxene //(tOO)host x 
( I .8 %"70)

EnI4.3Fs46.IW039.6 

initial phase 

pigeonite //"(001)" orthopyroxene (1.4-2.4 %Wo)
ca I 6-19 %\.]0 inversion/decomposition ~plus clinopyroxene lamellae 

(ca 40 %Wo) 

Figure 5.1: schematic presentation of precipitation chronology in R394. 

x : microprobe measurements (table 4.1 and section 2.1.10). Remaining data are obtained with 

E}ft~-4. 

Spacing of first generation orthopyroxene lamellae is less than 1.5 ~m(A), and greater than 1.5 ~m(B). 



REFERENCES
 

290
 



AKELLA, J., and BOYD, F.R., 1973, Partitioning of Ti and Al between coexisting silicates, oxides, and liqui.ds. PrDc. 

4th. Lunar Sci. ConL, I, 10109-1059. 

BARBERI, F., BIZOUARD, H., and VARET, J., 1971, Nat ... ::~ of the clinopyroxene and iron enrichment in alkalic and 

transitional basaltic magmas. Contrib. Hineral. Petrol., 33, 93-107. 

BARKER, F., WONES, D.R., SHARP, W.N., and DESBOROUGH, G.A., 1975, The Pikes Peak Batholith, Colorado Front Range and 

a model for the origin of the gabbro-anorthosite-syenite-potassic granite suite. Precambrian Research, 2, 97-160. 

BENCE, A.E., PAPIKE, J.J., and PREWITT, C.T., 1970, Apollo 12 clinopyroxenes: chemical trends. Earth Planet. Sci. Lett., 

8, 393-399. 

BENCE, A.E., PAPIKE, J.J., and LINDSLEY, D.H., 1971, Crystallization histories of clinopyroxenes in twoporphyric 

rocks from Oceanus Procellarum. Proc. Lunar Sci. Conf., 2, 559-5710. 

BENCE, A.E., and PAPIKE, J.J., 1972, Crystallization histories of pyroxenes from lunar basalts. Lunar Science 3, 

C. Watkins (ed.), Lunar Science Institute, Houston, contrib. 88, 59-61. 

BINNS, R.A., LONG, J.V.P., and REED, S.J.B., 1963, Some naturally occurring members of the clinoenstatite-clinoferro

silite mineral series. Nature, 198, 777-778. 

BIRCH, F., 1966, Compressibility; elastic constants. In: Handbook of Physical Constants -revised edition, S.P. Clark, 

jr. (ed.), Geol. Soc. Amer., Mem., 97, 129-137. 

BLANDER, M., 1972. Thermodynamic properties of orthopyroxenes and c linopyroxenes based on the ideal two-s i te model. 

Geochim. Cosmochim. Acta, 36, 787-799. 

BLAXLAND, A.B., van BREEMEN, 0., El1ELEUS, C.H., and ANDERSON, J.G., 1978, Age and origin of the major syenite centers 

in the Gardar province of south Greenland: Rb-Sr studies. Geo!. Soc. Amer. Bull., 89, 231-244. 

BOHLEN, S.R., and BOETTCHER, A.L., 1978, The effect of manganese On orthopyroxene-olivine-quart'z stability: ortho

pyroxene geobarometry. Geol. Soc. Amer. Abstracts, 10, 369. 

BOHLEN, S. R., and ESSENE, E.J., 1978, Igneons pyroxenes from metamorphosed anorthosi te mass ifs. Contrib. Mineral. 

Petrol., 65, 433-1042. 

BONNICHSEN, B., 1969, Me tamorphic pyroxenes and amphiboles in the Biwabik Iron Formation, Dunka river area, 

r1innesota. Hinera!. Soc. Amer., Spec. Pap .• 2, 21].-233. 

BORG, 1.. and HANDIN, J., 1966, Experimental deformation of crystalline rocks. Tectonophysics, 3, 249-368. 

BOYD, F.R., and BROWN, G.M., 1969, Electron-probe study of pyroxene exsolution. Mineral. Soc. Amer., Spec. Pap., 

2, 211-216. 

BOYD, F.R., and SUITH, D., 1971, Compositional zoning in pyroxenes from Lunar Rock 12021, Oceanus Procellarum. J. 

Petrol., J 2, 439-464. 

BROWN, f..M., 1957, Pyroxenes from the early and middle stages of fractionation of the Skaergaard intrusion, East 

Greenland. Mineral. Mag., 31, 511-543. 

BROWN. G.M., 1968, Experimental studies of inversion relations in natural pigeonitic pyroxenes. Carnegie Inst. 

Wash. Year Book, 66, 347-353. 

BROWN, G.M .• 1972, Pigeonitic pyroxenes: a Review. Geo!. Soc. Amer., Inc., Mem •• 132, 523-534. 

BRUHNS, W'! and RAMDOHR. P., 1939, Petroli:raphie(Gesteinskunde), W. de Gruyter & Co. (ed.), Berlin, JI7 p. 

BUNCH, T. E., and OLSE~l, E., 1974. Res tudy of pyroxene-pyroxene equilibration temperatures for ordinary chrondri te 

meteorites. Contr. Mineral. Petrol., 43, 83-90. 

BUTTER, jr., P., 1969, Mineral compositions and equilibria in the metamorphosed iron-formation of the Cagnon region, 

Quebec, Canada. J. Petrol., 10, 56-101. 

CAMERON, M., SUENO. 5 .. PREWITT, C.T., and PAPIKE, J.J., 1973, High-temperature crystal chemistry of acmite, diopside. 

hedenbergite, jadeite, spodumene. and ureyite. Amer. Mineral., 58, 594-618. 

CAMPBELL, l.H., and NOLAN. J., 1974. Factors effecting the stability field of Ca-poor pyroxene and the origin of the 

Ca-poor miflimum in Ca-rich pyroxenes from tholeiitic intrusions. Contrib. Mineral. Petrol., 28, 205-219. 

CARMICHAEL, I.S.E., NICHOLLS, J., and SMITH, A.L., 1970, Silica activity in igneous rocks. Amer. Mineral., 55, 246-263. 

CARSTENS, H., 1967, Exsolution in ternary Feldspars, II. Intergranular precipitation in alkali feldspar containing 

calcium in solid solution. Contrib. Mineral. Petrol., 14, 316-320. 

CAWTHORN, R.G., and COLLERSON, K.D., 1974, The recalculation of pyroxene end-memberparameters and the estimation of 

ferrous and ferric iron content from electron microprobe analyses. Amer. Hineral., 59. 1203-1208. 

CHADWICK, G.A., 1972, Metallography of phase transformations. Butterworths (ed.), London, 276-282. 

CHAMPNESS, P.E., and LORIMER, G.W., 1973, Precipitation (exsolution) in an orthopyroxene. J.Materials Science,8,467-474. 

291 



CHAMPNESS, P.E., and COPLEY, P.A., 1976, The transformation of pigeonite to orthopyroxene. In: Electron Microscopy in 

Mineralogy, H. R. Wenk (ed.), Springer Verlag, Berlin, Heidelberg, New York, 228-234. 

CHM1PNESS, P.E., and LORIMER, G.W., 1976,Exsolution in silicates. In: Electron Microscopy in Mineralogy, H.R. Wenk (ed.), 

Springer Verlag, Berlin, Heidelberg, New York, 174-205. 

COLE, G.A.J., 1913, Outlines of Mineralogy for Geological Students, Longmans, Green, and Co (ed.), London, New York, 

Bombay, Calcutta, 339 p. 

DEER, W.A., HOWIE, R.A.,~ and ZUSSMAN, J., 1963, Rock forming minerals, vol. 2, Chain silicates, Longmans, Green, and Co. 

Ltd. (ed.), 378 p. 

DEKKER, A.G.C., 1978, Amphiboles and their host rocks in the high-grade metamorphic Precambrian of Rogaland!Vest-Agder, 

SW.Norway. Geol. Ultraiectina, 17, 277 p + XII. 

DEMAIFFE, D., 1972, Etude petrologique de l'apophyse sud-est du Massif de Bjerkrem-Sogndal (Norvege meridionale). Ann. 

Soc. Geol. Belgique, T95, 255-269. 

DEMAIFFE, D., 1977, De l'origine des Anorthosites. Ph. D. thesis, Universite Libre de Bruxelles, 360 p. 

DRAKE, M.J., and WEILL, D.F., 1971, Petrplogy of Apollo II sample 10071. A differentiated mini-igneous complex. 

Earth Planet. Sci. Lett., 13, 61-70. 

DUCHESNE, J.C., 1969, Les minerais noirs dans Ie massif magmatique stratiforme de Bjerkrem-Sogndal (Rogaland) et leur 

evolution dans la differenciation, Ph. D. thesis, Univ. of Liege (Belgium), 127 p. 

DUCHESNE, J. C., 1972, Iron-ti tanium oxide minerals in the Bj erkrem-Sogndal massif, southweStern Norway. J. Petrol, 13, 

57-81. 

DUCHESNE, J, C., 1973, Pyroxenes et olivines dans Ie massif de Bjerkrem-Sogndal (Norvege meridionale); contribution a 
I 'etude de la serie anorthosite-mangerite. 24th. Int. Geol. Congr., Montreal,sect. 2, 320-328. 

DUCHESNE, J. C., ROELANDTS, I., DEMAIFFE, D., HERTOGEN, J., GIJBELS, R., and WINTER, de, .I., 1974, Rare-earth data on 

monzonoritic rocks related to anorthosites and their bearing on the nature of the parental magma of the 

anorthositic series. Earth Planet. Sci. Lett., 24, 325-335. 

DUCHESNE, J.C., and DEMAIFFE, D., 1978, Trace elements and anorthosite genesis. Earth Planet. Sci. Lett., 38, 249-272. 
3EDWARDS, A.C., 1976, A comparison of the methods for calculating Fe + contents of clinopyroxenes from microprobe 

analyses. N. Jb. Mineral. Mh., II, 508-512. 

ELSDON,	 R., 1971, Clinopyroxenes from the Upper Layered Series Kap Edvard Holm, East Greenland. Mineral. Mag., 38, 49-57. 

EMELEUS, C. H., DUNHAM, A. C., THOMPSON, R.N., 1971, Iron-rich pigeonites from acid rocks in the tertiary igneous province 

of Scotland. Amer. Mineral., 56, 940-951. 

ERNST, T., and SCHORER, G., 1969, Die Pyroxene des "Maintrapps", einer Gruppe tholeiitischer Basalte des Vogelsberges. 

N. Jb. MineraL, Mh., 108-130. 

ESCHER, B.G., 1950, Algemene Mineralogie en Kristallografie. J. Noorduyn en ZoOn (ed.), Gorinchem, 628 p. 

FERGUSON, .I., and PULVERTAFT, T.e.R., 1963, Contrasted styles of igneous layering in the Gardar Province of south 

Greenland: Miner. Soc. Amer., Spec. Pap., I, 10-22. 

FLEET, M.E., 1974-a, Partitioning of major and minor elements and equilibration in coexisting pyroxenes. Contrib. 

Mineral. Petrol., 44, 259-274. 
2FLEET, M. E., 1974-b, Mg, Fe + Si te occupancies in coexis ting pyroxenes. Contrib. Mineral. Petrol., 47, 207-214. 

FLEET, M.E., 1975, Growth habits of clinopyroxene. Can. Hineral., 13,336-341. 

FRISCH,	 T., and BRIDGWATER, D., 1976, Iron- and Hanganese-rich minor intrusions emplaced under late-orogenic conditionS" 

in the Proterozoic of South Greenland. Contrib. Hineral. Petrol., 57, 25-48. 

GARY, M., McAFEE, R., and WOLF, C.L. 1972, Glossary of Geology. Amer. Geol. Inst. Wash., D.C. 

GHOSE, S., McCALLUM, 1.S., and TIDY, E., 1973, Luna 20 pyroxenes: exsolution and phasQ transformation as indicators of 

petrologic history. Geochim. Cosmochim. Acta, 37, 831-839. 

GIBB, F.G.F., 1973, The zoned clinopyroxenes of the Shiant Isles Sill, Scotland. J. PetroL, 14, 203-230. 

GROVE, T.L., WALKER, D., LONGHI, .I., STOLPER, E.N., and HAYS, J.F., 1973, Petrology of rock 12002 from Oceanus Procellarum 

(abstract). Lunar Scienc'e 4, J.W. Chamberlain and C. Watkins (eds.), Lunar Sciem;e Institute, Houston, 323-325. 

GROVER, .I.E., LINDSLEY, D.H., and TURNOCK, A.C., 1972, Ca-Ug-Fe pyroxenes: subsolides phase relations in iron-rich 

portions of the pyroxene quadrilateral. Geol. Soc. Amer. Abstracts, 4, 521-522. 

GRUENEWALDT, von, G., 1970, On the phase-change orthopyroxene-pigeonite and the resul tine textures in the Main and 

Upper Zones of the Bushveld Complex in the easterr: Transvaal. Geol. Soc. S. Africa, Spec. Publ., I, 67-73. 

292 



GRUENEWALDT, von, G., and WEBER-DIEFENBACH, K., 1977, Coexisting Ca-poor pyroxenes in the Main Zone of the Bushveld
 

Complex. Contrib. Mineral. Petrol., 65, 11-18.
 

HAFNER, S.S., VIRGO, D. and 1.JARBURTON, D•• 1971, Cation distributions and cooling history of clinopyroxenes from Oceanus
 

Procellarum. Proc. 2nd, Lunar Sci. Conf., 1,91-108.
 
3
HAHH, H.M., and VIETEN, K. t 1971, Zur Berechnung der Kristallchemischen Formel und des Fe +-Gehaltes von Klino

pyroxenen aus Elektronen-strahl-Mikroanalysen. N. Jb. Miner., Mh., 310-315. 

HARKER, A., 1968. Petrology for students, An introduction to the study of rocks under the microscope. Cambridge 

University Press, London, New York, 283 p. 

HARRY, W.T., and EMELEUS, C.H., 1960, Mineral layering in some granite intrusions of S.W. Greenland. Report Intern. 

Geol. Congress, Norden, session 21, Part 14, 158-164. 

HARRY, W. T., and PULVERTAFT, T. C. R.. 1963, The Nunarssui t intrusive complex, south Greenland, part I: general description. 

Gr~nl. Geol. Unders., BulL, 36, 136 p. 
4 4

HARTMAN, P., 1969, Can Ti + replace Si + in silicates? Mineral. Mag., 37, 366-368.
 

HAYS, J.F., 1967, CaAI Si0 Pyroxene. Carnegie Inst. Wash. Year Book. 65. 235-236.

Z 6 

HENSEN, B.J., 1973, Pyroxenes and garnets as geothermometers and barometers. Carnegie lnst. Wash. Year Book, 72, 527-534. 

HERMANS, G.A.E.M., TOBI, A.C., POORTER, R.P.E., and MAIJER, C. t 1975, The high-grade metamorphic Precambrian of the 

Sirdal-0rsdal area, Rogaland/Vest-Agder, south-west Norway. Norges Geol. Unders., 318, 51-74. 

HER.l1ANS, G.A.E.M., HAKSTEGE, A.L., JANSEN, J.B.H., and POORTER, R.P.E., 1976, Sapphirine occurrence near Vikes~ in Roga

l",nd, southwestern Norway. Norsk Geo!. Tidsskrift, 56, 397-412. 

HESS, H.H., 1941, Pyroxenes of common mafic magmas, part I and 2. Amer. M~Jl., 26, 515-536 and 573-595. 

HESS, H.H., i960, Stillwater Igneous Complex, Montana. Geoi. Soc. Amer., Mem .• 80, 219 p. 

HEWINS, R.H., 1975, Pyroxene geothermometry of SOme granulite facies rocks. Contrib. Mineral. PetroL, 50,205-209. 

HIMHELBERG, G.R., and FORD, A.B., 1976, Pyroxenes of the Dufek Intrusion. Antarctica. J. Petrol., 17, ZI9-243. 

HODGES, F.N., and KUSHIRO t I., 1973, Petrology of Apollo 16 lunar highland rocks. Proc. 4th. Lunar Sci. Conf., I, 1033

1048. 

HODGES, F.N., and KUSHIRO, 1., 1974, Apollo 17 High-titanium basalts 70017 and 74275: A comparison. Carnegie Inst. Wash. 

Year Book, 73. 459-464. 

HOLLISTER, L.S., and HARGRAVES, R.B., 1970, Compositional zoning and its significance in pyroxenes from two coarse grained 

Apollo IJ samples. Proc. Apollo 11 Lunar Sc. ConL, 1.541-550. 

HOLLISTER, L.S., and GANCARZ, A.J., 1971, Compositional sector-zoning in clinopyroxene from the Narce Area, Italy. 

Amer. Mineral., 56, 959-979. 

HOUNG-YI YANG, and FOSTER, W.R., 1972, Stability of iron-free pigeonite at one atmosphere pressure. Amer. Mineral., 57, 

1232-1241. 

HOWIE, R.A., 1963. Cell parameters of orthopyroxenes. Mineral. Soc. Amer., Spec. Pap., I, 213-223. 

HUEBNER, J.S., and ROSS, M., 1972, Phase relations of lunar an~ terrestrial pyroxenes at I atm. Lunar Science 3, 

C.Watkins (ed.), Lunar Science Institute, Houston, contrib •• 88, 410-412. 

HUEBNER, J. S., ROSS. M., and HICKLING, N., 1975, Significance of exsolved pyroxenes from Lunar breccia 77215. Proc. 

Lunar Sc. Conf. 6th., 529-546. 

ISACHSEN, Y. W., 1969, Origin of anorthosite and related rocks.' New York State Museum and Science Service, Mem. 18. 

Isachsen (ed.), 466 p. 

ISHII, T., 1975, The relations between temperature and composition of pigeonite in some lavas and their application to 

geothermometry. Mineral. J., 8, 48-57. 

ISHII, T., and TAKEDA, H., 1974, Inversion, decomposition and exsolution phenomena of terrestrial and extraterrestrial 

pigeonites. Mem. Geol. Soc. Japan, I I, 19-36. 

JACQUES de DIXlruDE, S., J978~ Geothermometrie comparee de roches du facies granulite du Rogaland (Norvege meridionale). 

Bull. Mineral., 101, 57-65. 

JAFFE, H.W •• ROBINSON, P., TRACY, R.J., and ROSS, M., 1975, Orientation of pigeonite exsolution lamellae in metamorphic 

augite: Correlation with composition and calculated optimal phase boundaries. Amer. Mineral., 60, 9-28. 

KALSBEEK, F., 1969, Note on the reliability of point counter analyses. Neues Jb. Min .• Mh .• I. 1-6. 

KATZ, M.B., 1970, Notes on the mineralogy and coexisting pyroxenes from the granulites of Mont Tremblant Park, Quebec. 

Can. Mineral., 10,247-251. 

KRETZ, R., Distribution of magnesium and iron between orthopyroxene and calcic pyroxene in natural mineral assemblages. 

J. Geol., 71, 773-785. 

293 



KUNO, H., 1968, Differentiation of basalt magmas. In:Hess, H.H. and Poldervaart, A. (eds.); Basalts, vol. 2, 623-688. 

J. Wiley and sons Inc. New York, London, Sydney. 

KUSHIRO, 1., 1960., Si-AI relation in clinopyroxenes from igneous rocks. Amer. J. Sci., 258, 548-554. 

KUSHIRO, 1., 1969, Clinopyroxene solid solutions formed by reactions between diopside and plagioclase at high pressures. 

Mineral. Soc. Amer., Spec. Pap, 2, 179-191. 

KUSHIRO, 1., NAKAMURA, Y., KITAYAMA, K., and AKIHOTO, 5., 1971, Petrology of some Apollo 12 crystalline rocks. Proc. 

2nd. Lunar Sci. ConL, I, 481-495. 

LALLY, J.S., HEUER, A.H., NORD, jr, G.L., and CHRISTIE, J.M., 1975, Subsolidus reactions in lunar pyroxenes: an electron 

petrographic study. Contrib. Mineral. Petrol., 51, 263-281. 

LeBAS, M.J., 1962, The role of aluminum in igneous clinopyroxenes with relation to their parentage. Amer. J. Sci., 

260, 267-288. 

LINDH, A., 1974, Manganese dis tribution between coexis ting pyroxenes,. N. Jb. Min. Mh., 8, 335-345. 

LINDSLEY, D.H., 1967, The join hedenbergite-ferrosilite at high pressures and temperatures. Carnegie Inst. Wash. Year 

Book, 65, 230-234. 

LINDSLEY, D.H., and MUNOZ, J.L., 1969, Subsolidus relations along the join hedenbergite-ferrosilite. Amer. J. Sci., 

Schairer Volume, 276A, 295 .... 324. 

LINDSLEY, D.H., GROVER, J.E., and CALABRO, C.E., [973, Subsolidus phase relations of Ca-Mg-Fe pyroxenes with Fe/Fe+Mp, near 

0.75 at pressures from 1-5 Kbar and temperatures from 600-800
0 

C. Geol. Soc. Amer. Abstracts, 5~ 713-714. 

LINDSLEY, D.H., KING, jr, H.E., and TURNOCK, A.C., 1974, Compositions of synthetic augite and hypersthene coexisting at 

810
0 

C: application to pyroxenes from Lunar highlan~ rocks. Geophysical. Res. Lett., I, 134-136. 

LINDSLEY, D.H., TSO, J., and HEYSE, J.V., 1974, Effect of Mn on the stability of pigeonite. Geol. Soc. Amer. Abstracts, 

6, 846-847. 

LINDSLEY, D.H., KING, jr, H.E., TURNOCK, A..C., and GROVER, J.E., 1974, Phase relations in the pyroxene quadrilateral at 

'980'0 C and 15 Kbar. Geol. Soc. Amer. Abstracts, 6, 846. 

LINDSTROM, D.J., 1976, Tetrahedral titanium in diopside. Geol. Soc. Amer. Abstracts, 8, 979. 

LOFGREN, G., DONALDSON. C.H., WILLIAMS, R.J., '{ULLINS, jr, 0·., and USSELifAN, T.~L 1974, Exp·erimentally reprodu'ced textures0 

and mineral chemistry of Apollo 15 quartz normative basalts. Proc. 5th. Lunar Sc. Conf., I, 549-567. 

LOMBMRD, A.F., 1949, Die Geologie van die Bosveldkompleks langs Bloedrivier. Trans. Geol. Soc. S. Afr .• 52, 343-376. 

LONGHI, J., WALKER, D., and HAYS, J. F., 1976, Fe, Mg and silica in lunar plagioc lase In: Lunar Science, 7, 501 - 503 .Lunar 

Sc ience Ins t i tu te, Hous ton. 

MASSALSKI, I.B., 1970, l'1assive Transformations. In: Phase Transformations. Amer. Soc. for Metals (Metals Park), Ohio, 

Chapman and Hall, London (eds.), 433-487. 

MATSUI, Y., and NISHIZAWA, 0., 1974, Iron(2)-magnesiuffi exchange equilibria between olivine and calcium-free pyroxene 

over a temperature range 800
0 

C to 1300
0 

C. Solutions solides en mineralogie, 146-164. 

McCALLISTER, R.H., 1978, The coarsening kinetics associated with exsolution in an iron-free clinopyroxene. Contrib. 

Mineral. Petrol. I 65, 327-331. 

McCALLUM, L.S., OKAMURA, F,P., and GHOSE, 5., 1975, Mineralogy and petrology of sample 67075 and the origin of Lunar 

anorthosites. Earth Planet. Sci. Lett., 26. 36-53.
 
2 2


MEDARIS, jr, L.G •• 1969, Partitioning of Fe + and Hg + between coexisting synthetic olivine and orthopyroxene. Amer. J. 

Sci., 267, 945-968. 

MICHOT. J., 1960, La palingenese basique. Acad. Royale Belgique, Bull. Cl. Sci., 5, 46, 257-268. 

MICHOT. J., 1972, Anorthosite et recherche pluridiciplinaire. Extrait. Ann. Soc. Geol. Belgique, T 95, Easc. I, 5-43. 

MICHOT, J., and MICHOT, P., 1969, The problem of anorthosites: .th~ South-Rogaland Igneous Complex, southwestern Norway. 

In: O.A.R.R., Y.W. Isachsen (ed.), New York State Museum and Science Service, Mem. 18,399-410. 

MICHOT, P., 1955, Anorthosites et Anorthosites, Extrait. Acad. Royale Belgique Bull. Cl. Sci., ser. 5, T 41,275-294. 

MICHOT, P., 1964, Le magma p lagioc lasique. Ceo 1. Rundschau, 54, 956-976. 

MICHOT, P., 1969, Geological environments of the anorthosites of south Rogaland, Norway. In: O.A.R.R., Y.W. Isachsen 

(ed.), New York State Museum and Science Service, Mem 18, 4il-423. 

MIYASHIRO, A., 1978, Nature of alkalic volcanic rock series. Contrib. Mineral. Petrol. 66, 91-104. 

MOORE, A.C., 1970, Descriptive terminology for th~ textures of rocks in granulite facies terrains. Lithos. 3, 123-127. 

MOORE,	 jr, J.M., KRANCK, S.H., and CHAO. G.Y., 1969, Optical and X-ray data for iron-rich orthopyroxenes from northern 

Quebec. Can. Miner., 10, 101-104. 

MORI, T., 1978, Experimental study of pyroxene equilibria in the system CaO-MgO-FeO-Si0 J. PetroL. 19,45-65.
2

. 

MORIMOTO, N., 1974, Crystal structure and fine structure of pyroxenes. Fortschr. Mineral., 52, 52-80. 

MORIMOTO,	 N., APPLEMAN, D.C., and EVANS, jr, H.T., 1960, The crystal structures of cllnoenstatite and pigeonite. 

Zeitschrift. Kristal., 114, 120-147. 

MORIMOTO, N.,and TOKONAHI, M., 1969, Oriented exsolution of augite in pigeonite. Amero Mineral., 54,. [101-1117. 

294 



MORSE, S.A., 1969-a, Feldspars. Carnegie Inst. Wash. Year Book, 67, 120-126. 

MORSE, S.A., 1969-b, The Kiglapait Layered Intrusion, Labrador. Geol. Soc. Amer., Inc., Mem., 112, 146 p. 

MORSE, S.A., 1970, Alkali feldspars with water at 5 kb pressure. J. Petrol., II, 221-251. 

NAKAMURA, Y., 1973, Origin of sec tor zoning of igneous c I inopyroxenes. Amer. Mineral., 58, 986-990. 

NAKAMURA, Y., and KUSHIRO, 1., 1970, Equilibrium relations of hypersthene, pigeonite and augite in crystallizing magmas: 

microprobe study of a pigeonite andesite from Weiselberg, Germany. Amer. Mineral .• 55, 1999-2015. 

NAKAMUR4, Y., and COOMBS~ D.S., 1973, Clinopyroxenes in the Tawhiroko tholeiitic dolerite at Moeraki, north-eastern 

Otago, New Zealand. Contrib. Mineral. PetroL, 42, 213-228. 

NAKAMURA, Y.• and KONDA, T., 1974, Compositional relations of pyroxenes in a ferrogabbro from Beaver Bay intrusion. 

Minnesota. Lithos. 7. 7-14. 

NAKAYAMA, 1., KAJI, A., SHIODA, T., and SWASAKI. M., 1973, Finding of inverted pigeonite from the gabbro in the Mikabu 

Zone at Kamiyama, eastern Shikoku, Japan. Mem. Fac. Sc., Kyoto University, series geol!mineral., 40, I, 27-33. 

NAKAZAWA, H., and HAFNER, 5.S., 1977, Orientation relationships of augite exsolution lamellae in pigeonite hosts. 

Amer. t1ineral., 62, 79-88. 

NICHOLLS, J., CARMICHAEL, 1.S.E., and STORMER, jr, J.C., 1971, Silica activity and Ptotal in igneous rocks. Contrib. 

Mineral. Petrol.. 33. 1-20. 

NITSAN, U., 1974, Stability field of olivine with respect to oxidation and reduction. J. Geoph. Res., 79, 706-711. 

OHASHI, Y., 1973, High temperature structural crystallography of synthetic cltnopyroxenes (Ca,Fe)Si0 • Ph. D thesis,
3 

Harvard University, Cambridge. Massachusetts, 119-159. 

OKAMURA, F.P., McCALLUM, 1.S., STROH, J.M., and GHOSE, S., 1976, Pyroxene-spin·el intergrowths in lunar and terrestrial 

pyroxenes. Proc. 7 th. Lunar Sci. Conf., I., 1889- 1899. 

PAPEZIK, V.5., 1965, Geochemistry of some Canadian anorthosites. Geochim. Cosmochim. Acta, 29, 673-709. 

PAPIKE, J.J., and BENCE, A.E .• 1972. Apollo 14 inverted pigeonites: possible samples of Lunar plutonic rocks. Earth 

Planet. Sci. Lett., 14, 176-182. 

PHILPOTTS, A. R., 1966, Origin of the anorthosi te-mangeri te rocks in sou thern Quebec. J. Petrol., 7, 1-65. 

POLDERVAART, A., and HESS, H.H., 1951, Pyroxenes in the crystallization of basaltic magma. J. Geol., 59, 472-489. 

POWELL,	 M., and POWELL, R., 1974, An olivine-clinopyroxene geothermometer. Contrib. Mineral. Petrol., 48, 249-263. 

PkEWITT, C.T q BROWN, G.E., and PAPlKE, J.J., 1971, Apollo 12 cllnopyroxenes: high temperature X-ray diffraction studies. 

Proc. 2nd. Lunar Sc i. Conf., I, 59-68. 

RIDLEY, W.I., BRETT, R., WILLIAMS. R.J., TAKEDA, H., and BROWN, R.W., 1972, Petrology of Fra Mauro basalt 14310. Proc. 

3th. Lunar Sci. Conf., I, 159-170. 

RIEL, van. B.J. 1973, Doctoraalverslag van het veldwerk in het noordelljk deel van de lopoliet van Bjerkreim-Sogndal, 

tussen Helleland en Eia-Heskestad, RogalCind (SW-Noorwegen). Internal Report, dept. Petrol., State Univ. Utrecht. 

the Netherlands, 72 p. 

RIETHEIJER, F.J.M~, 1973-a, Verslag van een veldwerk in het zuidelijk en zuidoostelijk deel van de lopoliet 

Bjerkreim-Sogndal, Rogaland, SW Noorwegen. Internal Report, dept. Petrol., State Univ. Utrecht, the Netherlands, 

125 p. 

RIETMEIJER, F.J.M., 1973-b, Pyroxenen uit de lopollet Bjerkreim-Sogndal, Rogaland, zuidwest Noorwegen. Internal Report, 

dept. Petrol., State Univ. Utrecht, the Netherlands, 50 p. 

RIETHEIJER, F.J.M., and DEKKER, A.G.C., 1978, An extreme form of poikiloblastic texture in Rogaland-Vest-Agder, SW Norway. 

Norsk Geol. Tidsskrift~ 58. 191-198. 

ROBIE, R.A., HEMINGWAY, B.S., and FISCHER, J.R., 1978, Thermodynamic properties of minerals and related substances at 

298.15 K and I bar (IDS Pascals) pressure and higher temperatures. Geol. Surv. Bull., 1452, 456 p. 

ROBINSON, P., JAFFE. H.W., ROSS, M., and KLEIN, jr. J C., 1971, Orientation of exsolution lamellae in clinopyroxenes and 

clinoamphibole6: consideration of optimal phase boundaries. Amer. Mineral., 56, 909-939. 

ROBINSON, P., ROSS, M., NORD, jr., G.L.. SMYTH, J.R., and JAFFE, H.W., Exsolution lamellae in augite and pigeonite: 

fossil indicators of lattice parameters at high temperature and pressure. Amer. Mineral., 62, 857-873. 

ROSS, M•• BENCE, A.E., DWORNIK, E.J., CLARK, J.R., and PAPIKE, J.J., 1970, Mineralogy of the Lunar clinopyroxenes, augite 

and pigeonite. Proc. Apollo II Lunar Sci. Conf., I, 839-848. 

ROSS, M., HUEBNER, J.S., and DOWTY, E., 1973, Delineation of the one atmosphere augite-pigeonite miscibility gap for 

pyroxenes from Lunar basalt 12021. Amer. Hineral., 58. 619-636. 

ROSS,	 M., HUEBNER, J.S., and HICKLING, N., 1973, Delineation of the orthopyroxene-pigeonite transition and its bearing 

on pyroxene phase relations in lunar rocks. Lunar Science, IV, Abstracts of papers presented at the 4th. Lunar 

Sci. Conf. J.W. Chamberlain! C. Watkins (eds.), Houston, 5-8 march, 637-639. 

295 



ROSS, M., and HUEBNER, J. S., 1975, A pyroxene geothermometer based on composi tion-temperature relationships of naturally 

occurring orthopyroxene, pigeonite, and augite. Intern. Conf. Geothermometry and Geobarometry, Pennsylvania 

State Univ. University Park, Penn., october 5-10. 

SAXENA, S. K., 1973, Thermodynamics of rock-forming crystalline solutions. Minet'als, Rocks and Inorganic rna terials. 

Monograph series of theoretical and experimental studies. W. von Engelhardt, T. Hahn, R. Roy and P.J. Wyllie 

(eds.), 120-138. 

SAXENA, S.K., GHOSE, S., and 'fURNOCK, A.C., 1974, Cation distribution in low calcium pyroxenes: dependence on temperature 

and calcium content and thermal history of lunar and terrestrial pigeonites. Earth Planet. Sci. Lett., 21, 

194-200. 

SCHORER, G.. 1970, Die Pyroxene ter tiarer Vulkani te des Voge lberges. Chemie der Erde, 29, 69-138. 

SCHREYER, W., STEPTO, D., ABRAHAM, K., and MULLER, W.F., 1978, Clinoeulite (Magnesian clinoferrosilite) in a Eulysite 

of a Metamorphosed Iron Formation in the Vredefort Structure, South Africa. 'Contrib. Mineral. Petrol., 65, 

351-361. 

SCHRIJVER, K., 1973, Bimetasomatic plagioclase-pyroxene reactions zones in granulite facies. N. Jb. Miner. Abh., 119-, 

1-19. 

SCHRIJVER, K., 1975, Deformed root of a composite diapir in granulite facies. Geotekt. Forsch., 49, 1-118. 

SCHWAB, R.G., and SCHWERIN, M., 1975, Polymorphie und Entmischungsreaktionen der Pyroxene 1m System Enstatir.(MgSi0 )
3 

Diopsid(Ca, Mg)Si 0 N. Jb. Miner. Abh., 124, 223-245.
6

. 

SIMMONS, E.e., :'I!'ODSLEY, D.H., and PAPIKE, J.J'J 1974, Phase relations and' crystallization sequence in a contact meta

morohosed rock from the Gunflint Iron Formation, Hinnesota. J. ,Petrol., IS, 539-565. 

SHITH, D., 1971-a, Stability of the assemblage iron-rich orthopyroxene-olivine-quartz. Amer. J. Sci., 271, 370-382. 

SMITH, D., 1971-b, Iron-rich pyroxenes. Carnegie Inst. Wash. Year Book, 69, 285-290.
 

SMIIH, D., 1972, Stilbility of iron-rich pyroxene in the system CaSi0 - FeSi0 -MgSi0 . Amer. Mineral., 57, 1413-1428.
 

2

3 3 3 
SMITH, D., 1974, Pyroxene-olivine-quartz assemblages in rocks associated with the Nain Anorthosite Massif, Labrador. 

J. Petrol., IS, 58-78. 

SMITH, J. , 1969, Crys tal structure and stabi li ty of the MgSi0 polymorpBs; physical properties and phase relations of
3 

Mg, Fe pyroxenes. Mineral. Soc. Amer. , Spec. Pap. , 2, 3-29. 

SMITH, J.V. , 1974, Feldspar minerals, 2, Chemical and textural properties. Springer Verlag, Berlin, Heidelberg, New York, 

690 p. 

SilITHSON, S.B. ,and RAMBERG, LB., 1978, Gravity Interpretation of the Egersund Anorthosite Complex, Norway: its petro

logical and geothermal significance. Geol Soc. Amer., Bull., in press. 

SMYTH, J. R. 1969, Orthopyroxene-high-Iow clinopyroxene inversions •. Ear th Planet. Sci. Le t t., 6, 406-407. 

SMYTH, J.R., 1979, High:-temperature single-crystal X-ray studies of natural orthopyroxenes. Amer. Mineral., Abstract, 

55, 312. 

SMYTH, J.R., 1973, An orthopyroxene structure up to 850
0 

C. Amer. Mineral., 58, 636-649. 

SMYTH, J.R., 1974, The high temperature crystal chemistry of clinohypersthene. Amer. Mineral., 59, 1069- 1082. 

SPEIDEL, D.H., and OSBORN', E.F., 1967, Element distribution among coexisting phases in the system MgO-FeO- Fe 0 -Si0
2 3 2 

as a function of temperature and oxygen fugacity. Amer. Mineral., 52, J 139-1153. 

SPEIDEL, D.H., and NAFZIGER, R.H. J 1968, P-I-f relations in the system Fe-O-MgO-SiO ' Amer. J. ScL, 266, 361-379.
02 Z 

SPRINGER, G., Die Berechnung von Korrek'turen fur die Quantitatieve Elektronenstrahl-Mikroanalyse. Fortschr. Mineral., 

45, 103-124. 

SPRY, A., 1974, Metamorphic textures. Pergamon Press Ltd. Oxford, New York, Toronto, Sydney, 350 p. 

STRECKEISEN, A., 1976, To each plutonic rock its proper name. Earth Sci. Reviews, lZ, 1-33. 

SUENO, S., CAMERON, M., and PREWITT, C.T., 1976, Orthoferrosilite: high-temperature crystal chemistry. Amer. Mineral., 

01, 30-53. 

TAKEDA, H., 1973, Inverted pigeonites from a clast of rock 15459 and basaltic achondrites. Proc. 4th. Lunar Sci. Conf.,I. 

875-885. 

TAKEDA, H., MIYAMOTO, M., ISHII, I., and LOFGREN, G.E. 1975, Relative cooLing rates of mare basalts at the Apollo IZ and 

1-5 sites as estimated from pyroxene exsolution data. Proc. 6th. Lunar Sci. Conf., 987-996. 

296 



TARASOV, L.S., NARASOV, M.A., SHEVALEEVSKY, LD., MAKOROV, E.S., and IVANOV, V.I., 1973, Mineralogy of anorthositic 

rocks from the region of the crator Apollonius C(luna-20). Proc. 4th. Lunar Sci. Conf., 1,333-349. 

TARNEY, J., 1969. Epitaxic relations between coexisting pyroxenes. Mineral. Mag., 37, 115-122. 

THOMPSON, R.N., 1974, Some high pressure pyroxenes. Mineral. Mag., 39, 768-787. 

TOBI, A.C., and KROLL, H. 1975, Optical determination of the An-content of plagioclases twinned by Carlsbad-Law: A 

revised chart. Amer. J. Sci., 275, 731-736. 

TSCHERMAK, G.• 1921. Lehrbuch der Mineralogie. A. Holder (ed.). Wien, Leipzig, 751 p. 

TURNOCK, A.C., LINDSLEY. D.H., and GROVr::R, J.E., 1973, Synthesis and unit cell parameters of Ca-Mg-Fe pyroxenes. Amer. 

Mineral., 58, 50-59. 

TUTTLE, O.F., and BOWEN, N.L., 1958, Origin of granite in the light of experimental studies in the system NaAISi 0 
3 8 

KAISi 0 -Si0 -H 0. Geol. Soc. Amer., Mem •• 74, 153 p.
3 8 2 2

UPTON, B.G.J., 1960, The Alkaline Igneous Complex of Kungnat Fjeld, south Greenland. Gr~nlands Geol. Unders., Bull., 

47, 144 p. 

VERHOOGEN, J., 1962, Distribution of titanium between silicates and oxides in igneous rocks. Amer. J. Sci., 260, 211-220 

VERSCHURE, R.H .• 1978, A microscope-mounted drill to isolate microgram quantities of mineral material from thin and 

polished sections. Mineral. Mag., 42, 499-503. 

VERSTEEVE, A.J., 1970, Versl'ag van een petrografische doktoraalkartering in de omgeving van Byrkjedal. Rogaland, zuid

west Noorwegen. Intern. Report, dept. Petrol., State Univ. Utrecht, the Netherlands, 78 p. 

VERSTEEVE, A.J., 1975, [sotope geochronology in the High-grade metamorphic Precambrian of southwestern Norway. Norges 

Geol. Unders., 318, 1-50. 

VIRGO, D., 1973, Crystallization and subsolidus cooling history of Apollo 15 basalts 15076 and 15476. Carnegie Inst. 

Wash. Year Book, 72, 650-654. 
2

VIRGO, D.• and HAFNER, S.S., 1969, Fe +, Mg order-disorder in heated orthopyroxenes.Mineral. Soc. Amer., Spec. Pap., 2, 

67-8 J. 

VIRGO. D., and ROSS, M., 1973, Pyroxenes from Mull andesites. Carnegie Inst. Wash. Year Book, 72, 535-540. 

WAARD, de. D., 1969, The anorthosite prOblem: the problem of the anorthosite-charnockite suite of rocks. O.A.R.R., 

New York State Museum and Science Service, Hem. 18, Y.W. Isachsen (ed.), 71-93. 

WAGER, L.R., and DEER, W.A., 1938, Geological investigations in East Greenland, III. The petrology of the Skaergaard 

intrusion, Kangerdlugssuaq, East Greenland. Medd. om Gr~nland, Bd. 105, 4, 1-352. 

WALKER, K.R., 1969, The Palisades Sill, New Jersey: A reinvestigation. Geol. Soc. Amer., Spec. Pap., Ill, 175 p. 

WEAST, R.C. (ed.), 1975, Handbook of chemistry and Physics. 56th ed. CRC Pre~s Inc. 

WEGELIN, A.A., 1978, Veldwerk in het gebied Rlg~rd-Oltedal-Nedrabo, Rogaland, ZW Noorwegen. Internal Report, dept. Petrol., 

State Univ. Utrecht, the Netherlands, 50 p. 

WELLS, P.R.A., 1977, Pyroxene Thermometry in simple and complex systems. Contrib. Hineral. Petrol. I 62, 129-139. 

WHEELER, II, E.P., 1969, Minor intrusives associated with the Nain anorthosite. O.A.R.R. New York State Museum and 

Science Service, Mem., 18, Y.W. Isachsen (ed.), 189-207. 

WIELENS, J.B.W., BOELRIJK, N.A.I.M., HEBEDA, E.H., PRIEM. H.N.A.; VERDURMEN, E.A.Th:. and VERSCHURE, R.H., 1977, Zircon 

ages from the high-grade metamorphic precambrian of Rogaland, SW Norway. ECOG V, Pisa, sept, 5-10. 

WIELENS, J.W.B., KUYPER, R.P .• PRIEM. H.N.A., BOELRIJK, N.A.I.M., HESEDA, E.H., VERDURMEN, E.A.Th., and VERSCHURE, R.H.,1978 

Zircon ages in the high-grade metamorphic Precambrian of SW Norway. Verhandeling, 4, ZWO Laboratorium voor 

isotopen-geologie, Arns terdam. 

WONES, D.R., and GILBERT, M.G., 1969, The stability of fayalite. Arner. J. Sci., 267-A, 480-488. 
0 0

WILLIAMS. R.J., 1971, RCi:action constants in the sysL.'m Fe-MgO-::>i0 -0 at I atm. between 900 and 1300 C: experimental
2 2 

results. Amer. J. ScL, 270, 334-360. 

WOOD, B.J., 1976-a, An olivine-clinopyroxene geothermometer: a discussion. Contrib. Uineral. Petrol., 56, 297-303. 

WOOD t B. J., 1976-b, Mixing properties of tschermaki t ic cl inopyroxenes. Arner. Minerai., 61, 599-602. 

WOOD, B.J. and STRENS, R.J.G., 1971, The orthopyroxene Geobarometer. Earth Planet. Sci. Lett .• II, 1-6. 

WOOD, B.J., and BANNO, S., 1973, Garnet-orthopyroxene and orthopyroxene-clinopyroxene relationships in simple and 

complex systems. Contrib. Mineral. Petrol., 42, 109-124. 

YAMAGUCHI, Y., and TOMITA, K., 1970, Clinoenstatite as an exsolution phase in diopside. Mem. Faculty of Science, Kyoto 

University, Ser. Geo!. and Mineral., 37, no. 2, 173-180. 

YODER, jr., H.S., STEWART, D.B., and SMITH, J.R., 1957, Ternary Feldspars. Carnegie Inst. Wash. Year Book, 56, 206-214. 

ZEINO-MAHMALAT, R•• and KRAUSE, H., 1976, Plagioklase im Anorthosit-Komplex von 2na-Sira, SW Norwegen. Petrologische 

und chemische Untersuchungen. Norsk Geol. Tidsskrift, 56, 51-94. 

297 



PLATES
 

298
 



PLATE I. 

Figure 1 (top): cock's comb texture between quartz (white) 

and albite (gray) from the margin of a K-feldspar microperthite 

crystal. Remnant quartz droplets ~n feldspar (section 1.1.6.2) (sam

ple R452). 

Figure 2 (middle): plates and droplets of quartz (white and 

black) in K-feldspar-microperthite (gray) (sections 1.1.6.2 and 

1.4.2) (sample R380). 

Figure 3 (bottom): intercalated melanocratic layer in the 

Gloppurdi Igneous Complex. The disrupted layer is invaded by the 

leucocratic host rock. The grain size of the invading rock is greater 

than in the surrounding leucocratic rock (hammer's handle is 55 cm). 
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PLATE 2. 

Figure 1 (top): zone of three parallel intercalated melanocra

tic inter layers in the Gloppurdi Ign~ous Complex. The layers are 

parallel to the lineation of the leucocratic host rock (section 1.2.4) 

(hammer's handle is 55 cm) 

Figure 2 (bottom): undulating contact, due to load-casting, be

tween an intercalated melanocratic interlayer and the leucocratic 

host rock in the Botnavatnet Igneous Complex (sections 1.3.1 and 1.3.6) 

(sample R776). 
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All crystals are orientated with the crystallographic b-axis 

normal to the thin section unless otherwise mentioned. Photographs 

were taken with crossed polarisers. 

PLATE 3.
 

Figure I (top-left): CI-type clinopyroxene with two generations 

lamellae (section 2.1.2) (sample R235). Black: Ca-rich clinopyroxene 

host; white: Ca-poor clinopyroxene lamellae (trending ENE-WSW). 

Figure 2 (top-right): C4-type clinopyroxene. Three generations 

lamellae //"(001)" (trending NW-SE). The oldest generation beingaug 
the Rogaland inverted pigeonite lamellae. Only one generation 

lamellae //(100) visible (section 2.1.2) (sample R413). Dark 
aug 

gray: Ca-rich clinopyroxene host; white: Ca-poor pyroxene lamellae. 

Figure 3 (bottom-left): Interface between Ca-rich clinopyroxene 

host with orthopyroxene lamellae //(IOO)(two generations) and a 

Rogaland inverted pigeonite lamellae (detail of figure 2). Black: 

Ca-rich clinopyroxene host; white: orthopyroxene. 

Figure 4 (bottom-right): Rogaland inverted pigeonite lamella 

which is almost pure orthopyroxene (in its upper part). The lamellae 

appears to change its habit plane into (100) (section 2.1.2)(sample
aug 

R205). Black: Ca-rich clinopyroxene host; white: orthopyroxene. 
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PLATE 4. 

The crystallographic c-axes are orientated N-S. 

Figure 1 (top-left): C3-type clinopyroxene. Lamellae //"(001)" 

are present if the spacing of lamellae //(IOO) is sufficient. Lamellae 

//(IOO) may cross the grain boundary where they coalesce into a homo

geneous orthopyroxene phase (section 2.1.3){sample R330). Black: 

Ca-rich clinopyroxene host; white: Ca-poor pyroxene lamellae. 

Figure 2 (top-right): C2-type clinopyroxene. Both sets of 

lamellae are present in two generations. The C -domain dominates the3
crystal (section 2.1.4){sample R551). Orthopyroxene lamellae //(IOO) 

may coarsen at the grain boundary. Black:, Ca-rich clinopyroxene host; 

white: Ca-poor pyroxene lamellae. 

Figure 3 (bottom-left): C2-type clinopyroxene. The C1 - and C
3 



domains form a mosaic (section 2.1.4){sample R551). Black: Ca-rich 

clinopyroxene host; white: Ca-poor pyroxene lamellae. Two genera

tions lamellae //"(001)" are visible. 

Figure 4 (bottom-right): C -type clinopyroxene containing two2
generations lamellae /;:'(001)" and three //"{IOO)". The first genera

tion lamellae dominate (section 2.1.4){sample R95). Black: Ca-rich 

clinopyroxene host; white: Ca-poor pyroxene lamellae. 
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PLATE 5. 

Figure I (top)~ C -type clinopyroxene with two generations
2

lamellae 11"(001)" and three generations 11"(100)" (section 2.1.4) 

(sample R235). Black: Ca-rich clinopyroxene host; white: Ca-poor 

pyroxene lamellae. Orientation of the crystallographic c-axis is 

m\f-SE. 

Figure 2 (bottom): detail of figure I. In the Ca-poor clino

pyroxene lamellae 11"(001)" (trending NIV-SE) small plates of Fe-Ti 

oxide are present 11(100) .. The second generation lamellae II
pl.g 

"(001)" changes its habit plane to "(100)". The two generations 
o

lamellae 11"(100)" are at an angle of 3 to each other (note that the 

first generation lamellae 11(100) are not visible in this figure; 

cf. lower-left part of figure 1 of this plate) (sections 2.1.4 and 

2.1.9). Gray: Ca-rich clinopyroxene host; white: Ca-poor pyroxene 

lamellae. 
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PLATE 6. 

Epitaxial relations between Ca-poor and Ca-rich clinopyroxenes 

(section 2.1.10 and figure 2.10). 

All Ca-poor clinopyroxene underwent the pigeonite-orthopyroxene 

transition to orthopyroxene with closely spaced Ca-rich clinopyroxene 

lamellae //(100). 

Figure I (top-left): Ca-poor clinopyroxene partially overgrown 

on (100) and (OOI)(sample R534). Black: orthopyroxene; white: Ca

rich clinopyroxene. Crystallographic c-axes are N-S. 

Figure 2 (top-right): lamellar intergrowth on (001) of both 

clinopyroxenes (sample R415). Gray: Ca-rich clinopyroxene; white: 

orthopyroxene. 

Figure 3 (bottom-left): a so-called 'clinopyroxene ladder'(sample 

R256). Black: orthopyroxene; white: Ca-rich clinopyroxe?e (the 

b-axis is slightly inclined). 

Figure 4 (bottom-right): epitaxial relations on (001) and (JOO) 

(sample AIOI). Gray: orthopyroxene; black: Ca-rich clinopyroxene. 

The irregular white patches are alteration products. 

Orientations of the crystallographic c-axes ~n figures 2, 3 and 4 

are NE-SW. 
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PLATE 7. 

Figure 1 (top): '(OOI)-zoning' between epitaxially related Ca

poor and Ca-rich clinopyroxenes (sections 2.1.10, 4.1.4 and 4.2.3). 

The inset shows the crystal of which the left part is enlarged (sample 

R155). Black: Ca-rich clinopyroxene; white: orthopyroxene. The 

crystallographic c-axis trends NE-SW. 

Figure 2 (bottom): part of an extreme orthopyroxene poikiloblast. 

The photograph was taken with parallel polarisers. Therefore it can

not be seen that the crystal is a decomposed pigeonite (orthopyroxene 

with two generations lamellae //(100) ). All parts of the crystalopx 
are in optical continuity (sample R84). The c-axis of the ortho-

pyroxene trends NW-SE. 
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PLATE 8.
 

Decomposed pigeonites (section 2.2). 

Figure I (top): orthopyroxene (black) with lens-shaped Ca

rich clinopyroxene lamellae //(001) .. and lamellae //remnant p~geon~te 

(100) . In the right-hand part of the crystal the spacing of Ca
opx
 

rich clinopyroxene lamellae //(100) is very close. The bright

opx 

white grains in the left- and right-hand parts and the small rim at 

the lower left grain boundary are quartz (section 2.2.6)(sample 

R579)(crystallographic c-axis is N-S). 

Figure 2 (middle): part of an extreme orthopyroxene poikilo

blast. Three domains with differently orientated Ca-rich clinopyroxene 

lamellae //(001) .. Two generations of Ca-rich clino
remnant p~geon~te. 

pyroxene lamellae //(100) (the lamellae //(100) trend NW-SE) (sample
opx 

RI56)(section 2.2.6). 

Figure 3 (bottom): decomposed pigeonite from a dehydrated rim 

of an intercalated amphibolite in the BIC (sample R774) (section 

2.2.6). The orthopyroxene (gray) in the left-hand part of the figure 

has two domains of differently orientated Ca-rich clinopyroxene 

lamellae //(001) " . One of these sets of lamellae be-remnant p~geon~te 

longs to the remnant pigeonite in the right-hand side of the figure. 

It can be seen that the two orthopyroxenes have different orientations 

with respect to the pigeonite crystals (remnant pigeonite b-axis 

normal to the thin section) (section 2.2.7). Black and gray: ortho

pyroxene; white: Ca-rich clinopyroxene lamellae. 
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PLATE 9. 

Figure I (top): decomposed pigeonite. Ca-rich clinopyroxene 

exsolved prior to decomposition forms irregular blebs (left-hand part 

of the figure). Lamellae //(100) (trending N-S) coarsen at the opx 
kink-plane (sample R300) (section 2.2.6). Black and gray: ortho-

pyroxene host; white: Ca-rich clinopyroxene lamellae. 

Figure 2 (middle): inverted/decomposed pigeonite with a domain 

of 'orthopyroxene of the Palisades type' (section 2.2.6). The domain 

~s surrounded by a precipitation free zone (left-hand side of the 

crystal). The rest of the crystal contains lamellae //(100) (theopx 
b-axis is slightly inclined) (sample AIOI). Black: orthopyroxene 

host; white: Ca-rich clinopyroxene lamellae. Crystallographic c-axis 

trends N-S. 

Figure 3 (bottom): decomposed pigeonite with almost equal amounts 

of orthopyroxene (gray) and Ca-rich clinopyroxene (white) forming a 

lamellar intergrowth approximately //(103). Ca-rich clinopyroxene 

also forms fine lamellae //(100) (sample R415) (section 2.2.6).opx 
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PLATE 10. 

Two singular crystals of decomposed pigeonite (section 2.2.6) 

(sample R247, cf. table 4.3). The crystal in the top of the plate 

is orthopyroxene host (black) with Ca-rich clinopyroxene lamellae 

(white) //(001) .. (lens-shaped), J/(IOO) (closelyremnant p~geon~te opx 
spaced) and //(103) . In the lower crystal the orthopyroxene host 

opx 
(black) contains Ca-rich clinopyroxene lamellae (white) // 

(001) .. and //(100) . The latter in two generations.
remnant p~geon~te opx 

The central part of the crystal is denuded in Ca-rich clinopyroxene 

lamellae. The crystallographic c-axes trend NE-SW. 
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PLATE II.
 

All crystallographic c-axes trend N-S. 

Figure I (top): decomposed pigeonite: orthopyroxene (black) con

tains Ca-rich clinopyroxene lamellae (white) 11(001) remnant .. p~geon~te, 

11(100) opx (closely spaced) and 11(103) . opx The marginal part of the 

crystal contains less lamellae than the central part (sections 2.2.6, 

4.2.12 and 4.4; zoned Ca-poor pyroxenes) (sample AIOI). 

Figure 2 (bottom-left): zoned Ca-poor pyroxene crystal of which 

the core is similar to the decomposed pigeonite of figure I. The 

rim is pure orthopyroxene. The Ca-poor part is partially overgrown 

by Ca-rich clinopyroxene (right-hand part of the crystal)(sample 

R652). Black: orthopyroxene; white: Ca-rich clinopyroxene. 

Figure 3 (bottom-right): detail of clinopyroxene lamellae II 

(103) nucleating on a grain boundary ( a lamella 11(001)opx remnant 

. .). Only at some distance away from the grain boundary the 
p~geon~te 

Ca-rich clinopyroxene lamellae change their habit plane from (100) 

to (103). In several places it can be seen that the (103) lamellae 

are in fact an echelon arranged fragments of lamellae at a small angle 

to (100) . Ca-rich clinopyroxene lamellae 11(100) seem to emanate opx opx 
from the (103)-lamellae (section 2.2.6)(sample AIOI). Black: ortho-

pyroxene host; white: Ca-rich clinopyroxene lamellae. 
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PLATE 12. 

Figure 1 (top): Ca-rich clinopyroxene (inset) with elongated 

lenses of exsolved orthopyroxene. Ca-rich clinopyroxene(-lamellae) 

are //(103) and //(100) . The latter seem to emanate from the opx opx 
former. The lamellae //(103) are either coherent over a consider

opx 
able distance or the alignment of short (103)-lamellae leaves the im

pression of one large (103)-lamella (sample R312) (section 2.2.6 and 

table 4.3). Gray: orthopyroxene; white: Ca-rich clinopyroxene. 

Figure 2 (bottom): primary orthopyroxene (black) with Ca-rich 

clinopyroxene (white) //(100) either as plates or as fine lamellae. 

Ca-rich clinopyroxene is epitaxially overgrown along an irregular 

interface (section 2.3) (sample R337). 
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PLATE 13. 

Transmission electron microscopy of decomposed pigeonite. 

Figure I (top): orthopyroxene (gray) and Ca-rich clinopyroxene 

(white) interfingering leaving the impression of a Ca-rich clino

pyroxene lamella //(103) . In the left-hand top corner and the 
opx 

lower right-hand corner of the figure the Ca-rich clinopyroxene 

lamellae are //(100) (sample AIOI(-14». Crystallographic c-axes 
opx 

trend NE-SW. 

Figure 2 (middle): detail of planar defects //(100) . Their 
opx 

number increases towards the interfaces of orthopyroxene and Ca-rich 

clinopyroxene lamellae (two lamellae are visible in the centre of the 

figure trending NW-SE) (white) (sample A7(-I». 

Figure 3 (bottom): Ca-rich clinopyroxene lamella //(001) t remnan 
. . (lamellae trends SW-NE (white). The dislocation interface

p1geon1te 
between like phases is normal to (100); between unlike phases it is 

inclined. Orthopyroxene grows into the Ca-rich clinopyroxene from 

its interface (the upper interface. in the centre of the figure). 

The irregular patches are alteration products. The lamella terminates 

by wedging (sample A7(-I». Gray (with the fine lamellae): ortho

pyroxene; white: Ca-rich clinopyroxene lamellae. Crystallographic 

c-axes trend N-S. 
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PLATE 14. 

Transmission electron microscopy of Ca-rich clinopyroxene. 

Figure I (top): Ca-rich clinopyroxene host with orthopyroxene 

lamellae //(100) (dark gray with fine lamellar features trending SE-NW 

in the figure). Lamellae //"(001)" (trending N-S) change the habit aug 
plane to (100) on the orthopyroxene lamellae //(100) (lower part

aug 
of the figure). They grade into the monoclinic precipitate at the 

interface of the (IOO)-lamellae (in the upper part of the figure) 

(sample R340(-2». 

Figure 2 (bottom): Ca-poor clinopyroxene lamellae //"(001)"aug 
(trending N-S in the figure) change the habit plane to (100). The 

wide lamella trending almost E-W is orthopyroxene //(100) (sampleaug 
R340(-2». 
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APPENDIX I 

FYODOROV UNIVERSAL STAGE MEASURE}ffiNTS 

AI. I" APPARATUS 

A Russian built apparatus was used in this study for the determination 

of the optical angles of orthopyroxene, clinopyroxene and olivine. 

Planar or near planar pyroxene intergrowths,twinplanes of clinopyroxene, 

and cleavage planes of all three minerals were also measured. 

Both polarization microscope, MIN-8, and the five-axial Fyodorov 

Universal Stage, CTID-I, are manufactured by Leningrad Optical

Mechanical Enterprises, Amalgamated (OMO). The Universal Stage of the 

apparatus is equiped with glass-segments of refractive index(n) = 

1.785. 

AI.2. I. analytical procedure. 

Normal petrographical thin sections and double-polished thin sections 

were used in the orthoscopic measurements. Only grains situated in the 

centre of the microscope axis (intersection point of stage axes) were 

measured. Between specimen and glass segments a thin film of 

glycerine was fixed. 

In current literature no nomogram was found for the correction of the 

read off of the U-stage for segments with n = 1.785. Therefore a nomogram 

was constructed (figure AI). 

The two main sources of errors are involved in 

- the differences between the refractive indices of sample and segment. 

- the angle of tilt of the stage. 

The use of segments with n = 1.785 for measurements on pyroxenes and 

olivines limits the first error. The expected range of the refractive 

index for the pyroxenes and olivines in this study is from approximatly 

1.70 to 1.88 (n (f 1" )( based on preliminary investigations byz aya 1te 
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figure AI: correction nomogram for 

tilting angles of the universal stage. 

After the nomogram of Trager (1939) 

(Zbl. '1in., 1939a, 179). 

I,ll· on~l. of thin le(lion 

Rietmeijer 1973-b). The second source of error is involved with the 

angle of tilt of the stage, especially for high angles. In this thesis 
o

angles greater than 25 were carefully avoided. From the figure AI 

it can thus be estimated that the correction of V-stage read-out ~n 

o 0
all cases is probably less than +1.5 and -I ; for the orthopyroxene 

+1_0 0 
• The corrections seem too unimportant to be considered 

seriously. 

The measured extinction positions and the poles of cleavage planes, 

planes of epitaxy (pyroxenes), and twin-planes were plotted in a 

stereographic net. 

Repeated measurement of extinction positions and subsequent projection 

in the stereographic net yielded constructed data (2V ( 01) and x opx, 
2V ( )) with standard deviation of 2.40 

• For olivine this is an opti
z cpx 

mistic figure when it is observed that due to the strong extinction 

dispersion of olivine, it is rather difficult to find the exact ex

tinction positions. Orthopyroxene in sections perpendicular to the 

crystallographic b-axis, can also have a rather pronounced extinction 

dispersion. The standard deviation in this case 
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IS comparable to olivine. Clinopyroxene does not show any dispersion
 

and the standard deviation mentioned is therefore considered to be a
 

maximum.
 

Repeated measurements for twin-planes, cleavage- and epitaxy planes are
 

reproducible with a standard deviation of 1.80 
•
 

AI.2.2. orthopyroxene.
 

Generally nand n and one optical axis were measured. In rare cases
 
y z 

both optical axes could be fixed and 2V was measured directly. 

Incidently in suitable oriented grains all three principal axes of 

refraction could be measured. 

AI.2.3. clinopyroxene.
 

Generally nand n , incidently nand n , and one optical axis were
 
y z y x 

measured. In a few crystals 2V was measured directly. 

The crystallographic c-axis was found in the intersection point of at 

least three cleavage planes, when present the orientation of exsolution 

lamellae //(100) ,and the optical axial plane (of course the latter 
cpx 

plane cannot be used for calcium-poor pigeonites). 

As only in rare cases twin planes could be measured it will be clear 

that the position of the crystallographic c-axis IS liable to consider

able errors. However, the deviation of the plane of best for exsolution 

lamellae //(100) with the host crystallographic (IOO)-plane is 
cpx 

generally small for iron-rich clinopyroxenes (cf. among others Jaffe et 

al (1975). Therefore it is suggested that lamellae //(100) have equal
cpx 

value as twin-planes for the construction of the cystallographic c-axes. 

Still data [or (n Ac) should be regarded with caution. z 

AI.2.4. olivine.
 

In most crystals n , n , and one of the optical axes were measured. In
 
y z 

several grains it was possible to measure 2V directly. In most samples 

2 crystals are measured; in 8 samples 3 crystals; in 15 samples only 

crystal. The strong extinction dispersion hinders the finding of the 
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exact extinction postions for the optical axes. In order to get an 

impression of the error possibly involved,several attempts were made 

to bring the same grain into an extinction position for one of its 

opti~al axes. This was done with and without a one-lambda compensator 

plate. From the data thus obtained the mean and standard deviation were 
odetermined. The latter equals I. I .
 

Repeated measurements yield constructed 2V-data with a standard
 
o 2+

deviation of 2.4 . Because the slope in the diagram 2V vs. Fe (at%)
 

(Deer, Howie, and Zussman 1963) is constant in the iron-rich part, the
 

postulated error results in an error of + 4% Fs in the data obtained.
 

AI.3. optical data vs. analysed compositions.
 

AI.3.1. orthopyroxene.
 

For orthopyroxene the optical angle (2V ) appears to be a simple funct
x 

ion of the fe-ratio(Deer, Howie and Zussman 1963, volume 2, figure 10). 

The analysed fe-ratios versus the optically estimated fe-ratios for 

orthopyroxene hosts of inverted/decomposed pigeonites from the QMP and 
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F/+( F/++ Mg) analysed 

BIC have a linear re

lationship (figure 

A2.). The calculated 

linear fit deviates 

slightly from the 

ideal fit. 

AI.3.2. calcium-rich 

clinopyroxene. 

The optical angles for 

the Ca-rich clino

pyroxene (figure 1.7) 

are greater than the 

angles reported in the
figure A2: opti~aily derived vs. analysed fe-ratios for 

orthopyroxenes from the Qt1P and the BIC. Bulk analyses for nomogram for clino
primary ortllopyroxene (dots) and pigeonites (solid squares). 

Orthopyroxene host phases (open squares). The linear best 

fit equation is [eanal. '::" O.8J~ fe . + 11.61 (~'= 10; r '= 
opt 

0.90). 
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pyroxenes from Deer, Howie, and Zussman(1963, volume 2, figure 41). 

From this figure the expected maxima should be ca. 60
0 

• Scott(1976) 
+ .4+ 

among others,suggested that minor constituents, such as Na ,T~ , 
3+ 2+

Ai and Mn ,have the over-all effect of increasing the optical angle 

(2V ). In section 1.4.5. the presence of omphacite or fassaite mole-z 
cules in Ca-rich clinopyroxenes was suggested to explain the high optic

al angles. The presence of considerable amounts of Ai-bearing components 

jadeite and CaTs seems to support this. 

AI.3.2. olivine. 

Figure A3 gives the optical angles of olivine and the estimated fayalite 

content together with the analytical results. The relationship between 

the estimated and 'analysed' fayalite contents is expressed by the 

equation Fa . 1 3.203 Fa 1 d -2.12 (N= 7; r= O. 81 ) . 
opt~ca ana yse 

MnSi0 For olivines from the present study the relationship between the
3

. 

fayalite content (analysed) and the MnO-content is linear, 

Fa 7.553 MnO(wt%) + 83.45 (N= 8; r= 0.76). The correlation
analysed 

coefficient is surprsingly low, because Simkin and Smith(1970) from an 
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figure AJ: optically derived V$. analysed 

f~lyalitl' contents for olivines from the Q~1P 

dnd the Ble. The solid line is the linear 

bl2st fit (r = 0.81). The corresponding 

C'ptiL{1J angles are also indicatt:d. 

This line deviates strongly from the 
2"ideal curve" 2V vs. Fe +(at%) from 

x 
Deer, Howie, and Zussman (1963). The 

deviation is probably caused by the MnO

content. The MnO-content of olivines 

used by these authors ~n the construct

ion of their curve ~s much lower than 

the MnO-content of olivines from the 

iron-rich complexes. However, the oli

vines from the present study cannot be 

characterised as manganese-rich. They 

are poorer in MnO than the olivines from 

some iron- and manganese-rich intrusions 

of south Greenland (Frisch and Bridg

water 1976), which have ca. 5.5 mole % 
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extensive study on olivines concluded that the minor element distri

bution in olivine, especially manganese 1n plutonic olivines, is 

dominantly related to the major-element fractionation. The observed 

deviation from the "ideal curve" causes considerable errors in the 

fayalite contents given in figure 1.3 and 1.22. 

Literature: 

Scott, P.W., 1976, Crystallization trends of pyroxenes from the 

alkaline volcanic rocks of Tenerife, Canary Islands. Mineral. 

Mag., 40, 805-816. 

Simkin, T. and Smith, J.V., 1970, Minor element distribution 1n oli

vine. J. Geol., 78,304-325. 
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APPENDIX 2
 

Whole rock data. 

In the sections dealing with the crystallization histories of 

the QtW (1.1.8) and the BIC and GIC (section 1.3.7) whole rock data 

have been used to estimate crystallization temperatures using the 

'petrogeny's residua system' of Tuttle and Bowen (1958). 

The whole rock data have also been used to characterize the 

parental magmas using t1iyashiro's (1978) diagram Si02 vs. (Na20+K 0)2
(sections 4.1.14 and 4.2.11). 

All whole rock data are taken from Dekker (1978). Dr. Dekker 

lS kindly thanked for his permission to reproduce these data in this 

appendix. 

JJJ 



E 067 E 167 F 501 N 402 N 827 R 227 R 229 R 269 R 356 P 097 R 668 V 276 V 277 

Si0.2 65.28 67.80 59.29 70.54 57.94 52.66 58.57 54.80 68.51 68.99 64.04 76.38 62.79 

ri0
2 

1.08 .72 1.04 .31 I. 21 3. 02 I. 29 I. 66 .59 .23 .51 . 02 .22 

A1
2

0 
3 

13.60 13.58 17.76 12.89 17.68 12.83 15.45 17.22 13.34 15.13 17.53 12.16 18.25 

Fe 
2

0 
3 

I. 88 2.12 3.64 .77 4.00 I. 75 1.05 I. 89 I. 61 .46 .28 .85 .87 

FeO 4.67 3.76 3.43 2.86 4.25 12.01 7.33 6.84 3.72 I. 74 2.05 .46 I. 12 

~lnO .10 .08 .05 .04 .Ii .17 . 17 .12 .07 .07 .04 .05 . 05 

.94 .26 .77 .71 .85 2.75 I. 05 1.46 .22 .51 .40 • 07 .20 

2.52 I. 81 3.79 1.82 3.88 5.64 3.81 4.79 I. 62 1.76 1.82 .59 I. 69 

3.69 3.87 3.96 3.28 4.06 4.30 4.26 4.58 3.75 4. J j 4.18 2.79 3.91 

4.86 5.22 4.13 5.43 4.42 2.67 4.91 3.58 5.25 4.93 7.06 5.19 8.06 

.40 .12 .40 .14 .44 1.85 .57 .92 .12 .08 .11 .00 .60 

.59 .37 .73 .29 .67 .44 .46 .75 .41 .44 .51 .56 .64 

.19 .07 .15 .12 .15 .11 .12 . 09 .12 .07 .10 .12 .14 

.10 .00 .26 .00 .10 .37 .92 .41 .00 .15 .00 .00 .00 

.12 .08 .14 .09 .13 .41 .15 1.02 . 09 .13 .15 .46 .17 

SU:i 100.02 99.86 99.54 99.19 99.89 100.98 100.11 100.13 99.42 98.84 98.78 99.70 98.71 

-F=O .05 .03 .06 .04 . 05 .17 .06 .43 . 04 .05 .06 .19 . 07 

Total 99.97 99.83 99.48 99.15 99.84 100.81 100.05 99.70 99.38 98.79 98.72 99.51 98.64 

si 270 305 215 346 197 150 201 174 321 335 272 51 Q 267 

al 33 36 38 38 36 22 31 32 37 43 44 43 46 

fm 28 24 25 20 27 44 33 13 22 13 II 

II 14 14 17 14 16 8 9 

28 32 23 33 23 17 25 22 33 35 37 40 38 

8.2 5.7 8.9 4.7 7.6 4. I 5.4 8.0 6.5 7. a 7. J 12.5 9.2 

1.5 1.1 1.5 1.5 1.4 3.8 1.6 9.9 1.4 2.0 2. a 9.7 2.3 

0.5 0.0 1.3 0.0 0.4 1.4 4.3 1.7 o. a 0.9 O. a o. a 0.0 

3.5 2.4 2.8 1.2 3.1 6.5 3.3 4. a 2.0 0.9 1.5 o. I 0.8 

0.8 0.3 0.7 0.3 0.6 2.2 0.8 1.2 0.3 0.1 0.3 0.0 1.0 

k 46 47 41 52 42 29 43 34 48 44 53 55 58 

mg 20 17 26 16 26 18 23 30 23 10 15 

27 34 49 20 46 11 II 20 28 20 12 62 41 

45.7 47.8 41.0 52.0 38.4 30.6 37. I 34.6 49.4 50.4 42.7 61.2 41.6 

41.8 42.8 47.0 40.5 48.7 38.4 46.5 48.2 42.3 45.9 53. a 36.5 53.2 

12.6 9.4 II. 9 7.4 13.2 31. a 16.3 17.3 8.2 3.8 4.2 2.2 5. a 
21 21 13 II 20 11 6 

10 j 3 15 i3 5 II 

16 20 12 19 13 J8 29 19 

T 5 4 15 13 10 7 

-6 -5 +J -4 -J -J 2 -8 -6 -4 -I -1 +4 
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