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Terrestrial massif anorthosites have gained new interest for the understanding of the deep zones of the crust and
for the reconstitution of its history in Proterozoic time. The purpose of this paper is to show how trace elements
can enlighten two controversial questions in the problem of anorthosites, namely the nature of the parental magma
and the process which gives rise to related acidic rocks. Data obtained on rocks and minerals coming from the Roga-
land anorthositic province, South Norway, are presented together with those available in the literature. The St and
Ba in plagioclase and their relationship with Ca and K, K and Rb in rocks and plagioclases, rare earth elements
(REE) in cumulate minerals and in various liquids, 87Sr/868Sr initial ratios on rocks and minerals as well as a few data
on transition elements and on 180/160 ratios are discussed in the different sections. Quantitative modelling of the
behaviour of trace elements is realized mainly by graphical methods in the Bjerkrem-Sogndal layered lopolith and in
the Hidra body, both andesine-type massifs. The major conclusions are as follows:

(1) The parental magma of the andesine-type massifs has a jotunitic (hypersthene-monzodioritic) composition char-
acterized by variable K/Rb ratios (from 480 to 1700), by the absence of an Eu anomaly, by variable REE contents
(from 50 to 220 for La chondrite-normalized content) and by La/Yb ratios almost constant (from 6 to 12), as well
as by high Ti and Fe contents, by transition elements indicating calc-atkaline affinities and by 87Sr/86Sr initial ratios
similar to those of rocks derived from the upper mantle or the deep crust.

(2) A jotunitic composition appears not to be compatible with the parental magma of the labradorite-type mas-
sif anorthosite. The relationship between andesine anorthosite and labradorite anorthosite cannot be described sim-
ply in terms of fractional crystallization.

(3) Fractional crystallization can explain the succession of rocks from andesine anorthosite to leuconorite, to
norite and finally to acidic rocks. In some cases however, namely the Bjerkrem-Sogndal lopolith in Rogaland, con-
tamination by supracrustal material must be invoked and seems to have superimposed its effects on those of frac-
tional crystallization.

(4) Deformation, granulation and recrystallization do not appear to fractionate both the major and trace ele-
ments of the plagioclase, except Ti which is lowered.
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1. Introduction

Terrestrial massif anorthosites may be considered
the most important basic plutonic phenomenon in
the deep zone of the earth’s crust [1]. They represent
in some provinces (e.g. Grenville) more than 25% of
the crystalline terrains and can form plutons of

* Also Musée Royal de I’Afrique Centrale, Tervuren, Bel-
gium.

batholitic dimensions. They occur most frequently in
high-grade metamorphic terrains of granulite facies
or transitional between amphibolite and granulite
facies. Their emplacement can be syn- or post-tec-
tonic; many massifs have, however, been affected by
subsequent deformation and recrystallization (meta-
anorthosites).

Anorthosites are absent from Phanerozoic terrains;
they occur dominantly in Mid-Proterozoic (1800—
1000 m.y.) and in Archaean terrains 2500 m.y.)
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and seem to constitute, in paleogeodynamic recon-
structions before drifting of the continents, either
two broad belts (one in Laurasia and the other in
Gondwana) [2] or a unique great circle belt in a
super-continent [3]. They are usually associated with
mafic rocks of gabbroic or noritic types which may
also include troctolites, with intermediate jotunitic
rocks (hypersthene monzodiorite, monzonorite) and
with acidic rocks (hypersthene monzonite, mangerite,
quartz mangerite, charnockite, etc.). All these rocks
belong to the charnockite category and may be
referred to as the anorthositic suite.

Two great types of massif anorthosites can be dis-
tinguished on the basis of the nature of the plagio-
clase: the andesine and the labradorite anorthosites.
Recent review papers {4,5] summarize and discuss
the main geological characteristics of these rocks.

In addition to their intrinsic interest and the
numerous problems raised by their genesis, anortho-
sites have drawn the attention of scientists in various
fields of geology. Their frequent association with
granulites suggests that they largely occur in the deep
continental crust between the Conrad and Moho dis-
continuities [6-—-8]. Their occurrence is restricted
to two ancient periods (Archaean and Mid-Protero-
zoic). This questions the uniformitarism principle and
has several implications on the formation and evolu-
tion of the ancient continental crust. Russian geolo-
gists (see Pavlovsky [9]) consider the Siberian
anorthosites as relics of a primeval gabbro-anortho-
sitic crust. Their arrangement in one or two belts of
planetary extension is one of the (rare) constraints
available to establish convection models in Protero-
zoic times [3] or initiation of chemical plumes [10].
The high density of occurrence of massif anorthosites
in some provinces leads Martignole and Schrijver
[11] to envisage the intrusion mechanism as being
the cause — rather than the result — of deep-seated
regional deformations. Dewey and Burke [12] believe
that massif anorthosites are generated through reac-
tivation or re-cycling of continental crust.

It thus appears that any contribution to the “prob-
lem of anorthosites™ is likely also to improve our
knowledge about Proterozoic palaeogeodynamics as
well as the geology of the deep zones of the earth’s
crust. Morcover, as anorthositic rocks constitute a
large part of the lunar highlands [13,14], further data
on terrestrial anorthosites will also clarify the geologi-
cal evolution of the moon.

In the present state of knowledge on terrestrial
anorthosites, one of the major difficulties hamper-
ing the geologists is the nature of the parental magma
of the anorthositic suite. Chilled margins are excep-
tional and their composition is very variable. Geolo-
gists have therefore tried to estimate the composition
of the magma by adding the volumes of rocks which
would derive from it. Besides the inaccuracies due to
the method itself, a further difficulty arises from the
fact, not universally admitted, that acidic rocks
associated with anorthosites belong to the same mag-
matic series. Several authors following Buddington
[15,16] admit that acidic rocks are cogenetic with
anorthosites but question their comagmatism. They
could derive from a different magma produced for
instance by anatexis. Other authors follow Bowen
[17] and include the acidic rocks as belonging to the
series (e.g. [6,18—20]). Yet, others, following Kranck
[211, also include Rapakivi granites into the series on
the basis of chemical similarities. These granites could
be residual liquids left by the crystallization of massif
anorthosites and emplaced in upper levels of the
crust.

It is thus not surprising that there is little agree-
ment among geologists and petrologists on the nature
of the parental magma: a wide range of compositions
from basalt to granodiorite are put forth.

In this controversial problem we think that trace
element geochemistry is likely to enlighten the ques-
tion from a different angle and bring it nearer its
solution. We have chosen to concentrate on anortho-
sites and related rocks coming from Rogaland (South
Norway). This petrographic province has been stud-
ied from the geological and petrological points of
view by Paul Michot and Jean Michot (Jr.} and their
associates. Its geological evolution and the main fea-
tures of the petrogenesis of the different units are
known to an extent seldom achieved in other prov-
inces. The andesine-type massif anorthosites predom-
inate in the province, but labradorite anorthosites and
meta-anorthosites are also known, as well as a layered
anorthositic-mangeritic lopolith and synkinematic
and postkinematic bodies. In short, this key region
for the problem of anorthosites permits to study the
various rock types in all the different geological set-
tings also found elsewhere. We shall not, however,
deal with the Archaean anorthosites which appear to
constitute a separate category, and for which very
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Fig. 1. General geological map of the Rogaland igneous complex and southeastern satellites (after Michot and Michot [25]).
Eg-Og = Egersund-Ogna body; H-H = H&land-Helleren massif; A-S = Ana-Sira body ; Bk-Sg = Bjerkrem-Sogndal lopolith; E-R =
Eia-Rekefjord intrusion; FC = Farsund charnockite; LG = Lyngdal hornblende-granodiorite; G = Garsaknatt body; H = Hidra

body.

Legend. 10 = circle: mangerite and quartz mangerite; oval: noritic-mangeritic complex; 9 = quartz jotunite of the Eia-Reke-
fjord intrusion; 8 = layered anorthosite, leuconorite, norite and jotunite of the Bjerkrem-Sogndal lopolith; 7 = leuconorite and
anorthosite; 6 = norite, locally migmatitic, of the Lakssvelefjeld-K oldal intrusion; 5 = leuconoritic gneiss; 4 = anorthosite; 3 =
Lyngdal hornblende-granodiorite; 2 = Farsund charnockite; 1 = surrounding gneisses.

few trace element data are available *; they are not of

the massif type and contain very anorthite-rich plag-
ioclase and chromite. They would seem to represent
fragments of old layered bodies of basaltic origin
deformed in catazonal environment together with
their metamorphic envelope [23].

The main features of the geological model of
Paul Michot have been published elsewhere [24,25]
(Fig. 1). Complementary data have been added sub-
sequently [4,26]. Only features essential to the
understanding of the geochemical point of view will
be recalled here.

* Preliminary REE determinations on the Fiskenaesset com-
plex, West Greenland [22}, indicate very low contents and
higher La/Yb ratios in plagioclase compared to many other
anorthositic complexes.

The Egersund-Ogna body, the oldest in the prov-
ince, is of the massif type. It is made of an anortho-
site whose plagioclase (Ansg to Angs) has a grain size
of the order of 1 cm. Locally plagioclase megacrysts
(>10 cm) can be found as well as, more rarely,
“giant” orthopyroxene (50 cm) with plagioclase
exsolutions [27]. The inner border of the body is
made of strongly foliated leuconorite (meta-leuconor-
ite); the plagioclase is a labradorite (Ansg to An;g)and
olivine (Fog) can coexist with orthopyroxene. Clinopy-
roxene, apatite and oxides are absent. Gneissic structures
are not restricted to the border but can reach in some
places central parts of the body. The thin Lakssvelefjeld-
Koldal noritic intrusion, migmatitic in place, girdles
the massif.

The Bjerkrem-Sogndal body is a synkinematic
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layered lopolith [24,28] which displays the complete
series of rocks from anorthosite to quartz mangerite
(hypersthene, mesoperthite-granite). It results from
gravity differentiation. Rocks are characterized by
macro- and micro-textures typical of igneous layered
cumulates (lamination, small-scale rhythmic layering,
banding, etc.). Taking into account recurrences due
to successive influxes of fresh magma, the evolution
of the mineralogy throughout the whole sequence

of rocks [28—30] is as follows: in the anorthosites,
the leuconorites and the lower part of the norites,

an unzoned plagioclase (Anso to Angs) is associated
with an orthopyroxene and oxides; in the norites up-
wards in the sequence, clinopyroxene and apatite
appear as additional cumulate minerals and plagio-
clase is more albitic (Angg to Angg). Still higher in
the norites, potassium feldspar appears — first as
antiperthite, then progressively as a cumulate mineral
— and the rocks grade into jotunitic (hypersthene
monzodioritic) cumulates which constitute a rapid
transition towards the mangeritic phase: mangerites
(hypersthene, mesoperthite-monzonite) and, on top
of the massif, quartz mangerites. Intimately associ-
ated with the southern part of the lopolith is the
quartz jotunitic intrusion of Eia-Rekefjord [24],
which was emplaced in a stage a brittle deformation
of the lopolith. An extensive network of dykes is
related to this unit.

The Haland-Helleren [31] and Ana-Sira bodies are
made of a complex association between anorthosites
and norites with all transitions between these two
rock types. Phenocrysts are commonly found in ma-
trix of anorthositic to noritic composition. Banded
anorthositic-leuconoritic gneisses, locally folded, con-
stitute large parts of the bodies — namely in the sur-
roundings of Hiland — or are found as inclusions in
the anorthositic-noritic rocks. According to J. Michot
[32] it is not possible to distinguish whether these
bodies result from fractional crystallization or from
anatexis.

The anorthositic-leuconoritic bodies of Hidra
[26,33] and Garsaknatt are intrusive in the surround-
ing gneisses. They clearly appear as post-tectonic and
are thus the latest anorthositic intrusions in the prov-
ince. They are characterized by occurrence of a
chilled margin of jotunitic nature, locally porphyri-
tic (phenocrysts from 1 to 5 ¢m), which passes grad-
ually to the leuconorite forming the central part of

the body. In Hidra a network of charnockitic dykes
and acidic pegmatites develops after the solidifica-
tion of the massif.

The southeast end of the magmatic province is
occupied by two distinct bodies of acidic rocks: the
Farsund charnockite and the Lyngdal hornblende-
granodiorite. The two massifs, long considered as a
single intrusion (the so-called Farsundite), are clearly
distinguishable on the basis of the mineralogy and
geochemistry [34]. The genetic relationships between
these two acidic rocks and with the neighbouring
anorthosites are not very clear.

Available geochemical data * on the different units
of the province are classified into sections dealing
with Sr and Ba in plagioclases, K and Rb in plagio-
clases and rocks, rare earth elements (REE) in Bjer-
krem-Sogndal cumulates and various liquids, transi-
tion elements and Sr and O isotopes. In each case
data from the literature are integrated with those
from Rogaland. The interpretation which follows is
mostly based on quantitative modelling. This presen-
tation will make clear the methodological interest
of each group of elements in solving some peculiar
aspects of the problem of anorthosites. It is hoped
that this approach will stimulate further trace ele-
ment studies on anorthosites.

2. Strontium and barium in plagioclase

Strontium and Ba are trace elements interesting
to study in plagioclase in relationship with the Ca and
K contents of the mineral.

Available data are schematically plotted in Figs. 2
and 3. They concerned the Nain massif [35] and the
Labrieville massif [36}, as well as anorthositic inclu-
sions in North Minnesota, U.S.A., and Iceland doler-
ites [37]. Data from South Norway are the most
abundant ([37-40]; R. Zeino-Mahmalat, personal
communication, 1975).

The Sr and Ba contents present variations from
300 to 1800 ppm for Sr and from 10 to 1000 ppm
for Ba. The overall trends show an enrichment in
Sr with a decrease in Ca and simultaneous increase of
Ba with K. A negative correlation between K and Ca
* A data compilation and detailed calculations for the model-

ling of the Bjerkrem-Sogndal and Hidra bodies are available
on request.
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Fig. 2. Plot of Sr vs. Ca in plagioclase from anorthosites and related rocks. Bk-Sg = Bjerkrem-Sogndal lopolith; Eg-Og (centre) = cen-
tral part of the Egersund-Ogna body; Eg-Og (border) = inner border of the Egersund-Ogna body; Ph = phenocrysts from different
Rogaland bodies; Lab = Labrieville {36]; Nain = Nain complex [35]; N. Minn, Icel = North Minnesota and Iceland anorthositic inclu-
sions [37]. o = Bjerkrem-Sogndal plagioclases; 2 = Egersund-Ogna plagioclases; v = phenocrysts; ¥ = average phenocrysts from Ana-
Sira body (R. Zeino-Mahmalat, personal communication, 1975); e = plagioclases outside Rogaland bodies. In Bjerkrem-Sogndal,
points 0, 1 and 2 (stars) refer to calculated plagioclases in equilibrium with the parental magma and the liquids at the end of the

Sr at

anorthositic-leuconoritic and noritic stages. Between 1 and 2 the evolution is not linear because of the strong variation of D plag

this stage.

is also recognized when Figs. 2 and 3 are combined.

If trends peculiar to each body are considered
(Fig. 2), it is observed that the data present more
restricted ranges and more diversified trends than in
the overall trends. For instance, the Sr-Ca relationship
in Bjerkrem-Sogndal plagioclases is characterized by a
zig-zag pattern; the Egersund-Ogna body presents
wide variations in Sr-Ca and Ba-K, which are approxi-
matively parallel to those defined for the Nain.

Such evidence can be used to refine the classifica-
tion of anorthosites. It can also help in solving field
relations (e.g. determining the provenance of xeno-
liths [41]). Its major interest, however, lies in that it
constitutes precise constraints that must be satisfied
by the petrogenetic models. The following examples
illustrate the use of the Sr-Ca and Ba-K relationships.

2.1. Megacrysts and partition coefficients

Large-size plagioclase phenocrysts (10—100 c¢cm)
which occur in the Hidra, Helleren, Ana-Sira and the

central part of the Egersund-Ogna massifs show com-
positions very similar to each other (Table 1). Values
reported by R. Zeino-Mahmalat (personal communi-

cation, 1975) on Ana-Sira phenocrysts are very little

scattered and not significantly different from our val-
ues.

This consistency permits to calculate partition
coefficients D of elements between plagioclase and
magma (Dpjag = Cplag/Cliquid  C being the concentra-
tion of the element). One can indeed postulate that,
in view of their homogeneity, the phenocrysts have
crystallized in equilibrium with a parental magmatic
liquid. This liquid has been recognized in the border
rock (chilled margin) of the Hidra body [33] in
which the REE distribution does not show an Eu
anomaly (see below). Values of Dy,),, determined by
this method (Table 2) are in close agreement with
values reported in the literature for similar anorthite
contents of the plagioclase (e.g. [42—44]), except for
K (and Rb, see below) where our values are signifi-
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Fig. 3. Plot of Ba vs. K in plagioclase. Symbols and data sources as in Fig. 2,

TABLE 1

Average contents and standard deviations in andesine plagioclase

Number of Ca (%) St (ppm) K (%) Ba (ppm)
samples
Megacrysts -
Intermassif average 15 6.72 + 0.28 933+ 32 0.53+0.1 173 £ 32
Ana-Sira body * 17 6.40 + 0.32 899 + 42 0.61 £ 0.06 250+ 45
Matrix plagioclases
Ana-Sira body * 107 6.44 + 0.48 901 = 40 0.56 + 0.08 288 + 44

* From R. Zeino-Mahmalat (personal communication, 1975).



TABLE 2

Partition coefficients and standard deviations for andesine
plagioclase(Angy)

Sr Ca K Ba

23+£0.2 1.48 + 0.04 0.47 + 0.05 0.39 + 0.07

Note: The values are obtained through dividing the contents
of the megacrysts (see Table 1) by the average contents of
the corresponding elements in jotunitic liquids of the chilled
margins of the Hidra body ([33], and new data).

cantly higher. We shall see below that high values for
D;(Iag and D‘;lbag are confirmed by the quantitative
modelling. Introduced into equations of fractional
crystallization, they permit calculation of internally
consistent models to justify the observed K-Rb rela-
tions. These high values could either reflect a pres-
sure effect, as suggested by Griffin et al. [37] or the
influence of the bulk composition of the liquid.

2.2. Modelling of the Bjerkrem-Sogndal lopolith

The evolution of Sr and Ca contents in the Bjer-
krem-Sogndal plagioclases can be explained by a frac-
tional crystallization process. A qualitative model
has been developed earlier [39]. Determination of
partition coefficients now allows a quantitative
approach. Details will be published elsewhere; only
the more important points are presented here.

Concentration C of an element in a magma of ini-
tial concentration Cp which fractionates according to
the Rayleigh logarithmic model can be expressed by
the following equation:

C=CofP™! (D

in which f'is the fraction of residual liquid, D is the
bulk partition coefficient. If y; is the fraction (by
weight) of the rock composed of mineral i and D; the
partition coefficient of the element in mineral i, then:

D= E uiDy
]

In a bi-logarithmic diagram in which concentra-
tions C4 and Cp of two elements A and B are
plotted, the evolution of C4 and Cg in the liquid (or
in the solid) can be represented by a straight line with
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a slope (D% — 1)/(D® — 1), provided D* and D® do
not vary (see also Treuil and Joron [45]).

The Sr-Ca diagram for Bjerkrem-Sogndal (Fig. 2)
can be split into three trends which correspond to
successive steps in the crystallization of the anortho-
sitic-noritic phase. Each trend can roughly be approxi-
mated by a straight line, which permits to think that
the differentiation mechanism is controlled by the
Rayleigh model. Changes in slope are due to change
in the nature and proportions of camulate minerals
(discontinuous cryptic layering of Wager and Brown
[46]).

Starting from the highest Ca content, the follow-
ing succession is inferred: (1) a trend with a positive
slope, which corresponds to the crystallization of
anorthosites and leuconorites in which the assem-
blage is plagioclase (Ansg.43) + orthopyroxene +
oxides; (2) a trend with a negative slope, which corre-
sponds to the crystallization of the norites; the
change in the slope is due to the appearance of clino-
pyroxene and apatite as additional cumulate minerals;
plagioclase is Angz.3; ; and (3) a second trend with a
positive slope, which characterizes the plagioclase of
rocks transitional towards acidic rocks which contain
mesoperthitic feldspars, lower in Sr and Ca contents
(not plotted in Fig. 2); the change of slope is now due
to the appearance of K-feldspar.

The parameters of the model which best fit the
three trends are the following: (1) at the end of the
first trend, f'= 0.47 and the average cumulate is made
of 74% plagioclase + 16% orthopyroxene + 10%
oxides; and (2) at the end of the second trend, f=
0.21 and the average noritic cumulate is 45% plagio-
clase + 22% orthopyroxene + 9% clinopyroxene + 4%
apatite + 20% oxides.

Values of the parameters are obtained by iterative
method of optimalization starting from measured val-
ues of D;, determination of distribution coefficients
of elements between cumulus minerals and deter-
mination of average modal (or normative) composi-
tion of the rocks. It is necessary to allow Dls,fag to
increase with the decrease in the An content of the
plagioclase, a variation which is well known from the
work of Philpotts and Schnetzler {42].

2.3. The Egersund-Ogna body

Plagioclases of the meta-leuconorites (and, locally,
meta-troctolites) which constitute the inner border of
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the massif are labradoritic and impoverished in Sr, K
and Ba. A continuous variation exists between these
plagioclases and the andesinic Sr-rich plagioclases of
the central part (Fig. 2). The occurrence of basic plag-
ioclases in the border rocks would support the hy-
pothesis of a crystallization process beginning at the
periphery of the massif and spreading toward the cen-
tre. Inward cooling of the magmatic chamber is, how-
ever, unable to explain the following points:

(1) The increase of Sr during crystallization im-
plies a value of the bulk coefficient I less than
unity. In the Bjerkrem-Sogndal lopolith this condi-
tion is realized in the norites by precipitation of
apatite and clinopyroxene. In the Egersund-Ogna
massif, on the contrary, these two minerals do not
belong to the mineral association. The latter is
approximately 80% plagioclase + 20% orthopyroxene
in the border rocks and, consequently, a DST less than
unity can only be realized ingfug is also less than
unity. Dg{ag decreases with the An content of the
plagioclase [42] but values smaller than 1 are not
reported in the literature for labradoritic plagioclase.
Moreover, the increase of Sr is also apparent for a
variation of the An content in the interval Ansg to
Angg; but the Dg{ag value found in the Bjerkrem-
Sogndal lopolith for this range of composition is higher
than 2.

(2) Preliminary REE determinations [47] show
that plagioclases from the border are roughly 2 times
richer than those from the central part, which would
indicate (see below) an outward fractionation.

(3) In the anorthositic suite, fractional crystalliza-
‘tion leads to an enrichment in the proportion of the
mafic minerals, a trend opposite to the observed one.

It can thus be concluded that an inward fractional
crystallization model does not satisfy the geochemical
constraints. More complex processes which could
have acted in conjunction with fractional crystalliza-
tion must be tested. Among others, the following
factors must be considered: the influence of the
metamorphic recrystallization of the border rocks,
the possibility of interaction with the surrounding
gneisses (see section 6), the possibility of a high-
pressure stage of crystallization as suggested by plag-
ioclase exsolutions in “‘giant” orthopyroxenes [27]
and the influence of these high pressures on the com-
position of the liquidus plagioclase. An origin by ana-
texis of leuconoritic gneisses [31] should also be

tested as well as the hypothesis of crystallization of
clinopyroxene and/or apatite together with plagio-
clase and orthopyroxene (in such a way that D> be
<1 and DREE > 1) the former minerals being segre-
gated and remaining at depth. The similarities
between the Sr-Ca trends in the Egersund-Ogna body
and in the Nain complex (Fig. 2) as well as the iden-
tical nature of the mafic mineral (olivine and/or
orthopyroxene) which coexist with the plagioclase
are worth being emphasized and must also be con-
sidered.

From a more general point of view, deciphering
the Egersund-Ogna genetic mechanism thus appears
essential to understand the relationships between the
two major types of massif anorthosites, the andesine
anorthosite and the labradorite anorthosite.

2.4. Granulation of plagioclase

Granulation of plagioclase is a frequent phenome-
non in massif anorthosites. It results from the defor-
mation of the mineral when the rock is incompletely
(protoclasis) or completely solidified (cataclasis). No
significant difference (except for Ti, see section 5)
is recognizable between major and trace elements
in phenocrysts and matrix plagioclases (see Fig. 2).
Data on Ana-Sira plagioclases also confirm this ob-
servation ([40]; Table 1).

It thus appears that deformation and subsequent
recrystallization can occur without modifying the Sr,
Ca, Ba and K geochemistry of the plagioclase. If the
granulation is protoclastic, this implies that the par-
tition coefficients between solid and liquid are little
influenced by temperature variations or, should the
case arise, by pressure differences.

2.5. Conclusions

The Sr, Ba, Ca and K contents in plagioclase prove
to be interesting tools to study petrogenetic mech-
anisms. It permits to test the hypothesis of the con-
sanguinity by fractional crystallization of anortho-
sites, leuconorites and norites. It shows a great uni-
formity in the composition of andesine phenocrysts
and no significant difference between phenocrysts
and granulated minerals. It stresses the peculiarities of
the relationship between labradorite and andesine
anorthosites and assesses the constraints with which



a petrogenetic model, still to be defined, must com-
ply. It shows the existence of a large interval of trace
element variations. This interval is wider than that
which can be explained in Bjerkrem-Sogndal by dif-
ferentiation of a single magmatic liquid. It can thus
be concluded that several magmas of different com-
positions are likely to play a role in the petrogenesis
of massif anorthosites.

3. Potassium and rubidium

Data available in the literature are plotted in Fig.
4 in which is also presented the “main trend’’ defined
by Shaw {48} for magmatic rocks. The first study on
the K/Rb ratio in the anorthositic suite is due to Rey-
nolds et al. [50], who have demonstrated the progres-
sive variation of K and Rb contents from anorthosites
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to acidic rocks. These authors, however, failed to
decide between a mixing process or magmatic differ-
entiation to explain the observed trend; they inter-
preted the high K/Rb values in anorthosites as indi-
cating a mantle or a deep crustal origin without notic-
ing, as Murthy and Griffin [36] did, that this ratio is
essentially controlled by plagioclase; they also
showed that K/Rb ratios in acidic rocks are higher
than the crustal average. This peculiarity was later
confirmed by Green et al. [49] who considered these
rocks as residual product of partial fusion of the
crust. They thus considered a genetic relationship
between mangerite and anorthosite as unlikely. Data
on the Nain complex are given by Gill and Murthy
[35]. Griffin et al. [37] give values for the Labrieville
body and some other occurrences with which they
define an intermassif trend which is opposite to that
previously obtained by Murthy and Griffin [36].
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10

W]

1 10 wo Rb(ppm)

Fig. 4. Plot of K vs. Rb in rocks and plagioclases from the anorthositic suite. Data for plagioclases from the following sources: North
Minnesota, Iceland and Labrieville from Griffin et al. [37]; Nain from Gill and Murthy [35]. Data for whole rocks: Lofoten from
Green et al. [49], (an) = anorthosite; (mang) = mangerite; Marcy from Reynolds et al. [50]; jotunite (v), mangerite (©) and gneiss
() of Snowy Mountain, Adirondacks, from Reynolds et al. [50]. The main trend of Shaw [48] (MT) describes the K-Rb fractiona-

tion in average magmatic rocks.
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Fig. 5. Plot of K vs. Rb in Rogaland rocks and plagioclases. ® = surrounding acidic gneiss; © = farsundite; © = mangerites and quartz
mangerites; ¥ = jotunitic rocks; 2 = anorthositic and leuconoritic rocks; ® = plagioclases from Bjerkrem-Sogndal, Egersund-Ogna
(centre), Hidra and Helleren; + = plagioclases from Egersund-Ogna border; * = average phenocryst and matrix plagioclases from
Ana-Sira (R. Zeino-Mahmalat, personal communication, 1975). MT = main trend of Shaw [48]. 100, 1000 and 10000 = curves of

constant K/Rb ratio.

3.1. Rogaland data

Available data for the Rogaland are presented in
Fig. 5 in which data from Griffin et al. [37] on rocks
of this province and from Zeino-Mahmalat [40] on
the Ana-Sira massif are also included.

The range of variation of the Rb content is par-
ticularly wide: less than 1 ppm in plagioclase from
the Egersund-Ogna border to 0.1% in Hidra pegma-
tite. Variations of the K/Rb ratio are also important:
more than 8000 in some Bjerkrem-Sogndal plagio-
clases, less than 100 in acidic rocks. The characteristics
already mentioned in previous work are found here:
high K/RD ratios in anorthosite and progressive
decrease of the ratio in the different terms of the
series (jotunite, mangerite and quartz mangerite).

On the scale of the massifs, two peculiar trends
can be clearly defined: (1) in the Hidra body (Fig. 7)
the points fall into a linear trend, nearly parallel to
Shaw’s main trend; and (2) in the Bjerkrem-Sogndal
lopolith (Fig. 6) the points representing the manger-

ites and quartz mangerites plot on a linear trend
which cross-cuts Shaw’s main trend; moreover it is to
be noted that this trend is prolonged by points rep-
resenting gneisses and granites of the envelope, which
have low K/Rb ratios.

Existence of linear trends in bi-logarithmic dia-
grams permits to identify fractional crystallization as
the controlling mechanism for the Hidra and Bjer-
krem-Sogndal bodies.

In Bjerkrem-Sogndal (Fig. 6), the parameters
defined in modelling the Sr-Ca and Ba-K behaviours,
the values of Df}l';g and D&Y (Table 3) have been
introduced into the Rayleigh equation. It follows
the position and slope of the broken line representing
the evolution of the liquids (Fig. 6).

In Hidra (Fig. 7), the proportions and the modes
of the different rock types as well as the composi-
tion of the liquid of the chilled margin are taken into
account in the modelling, which also leads to a satis-
fying representation of the liquid evolution and of
cumulates in equilibrium with the liquids. In these
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Fig. 6. Plot of K vs. Rb in the Bjerkrem-Sogndal lopolith. e = plagioclases; © = acidic rocks; * = calculated magmatic liquids; = =
calculated cumulate plagioclases in equilibrium with the liquids at stages of fractionation 0, 1 and 2.

Evolution of the liquids represented by the broken line passing through the black stars. Modal proportions in the average cumulates
formed in the successive stages of crystallization are indicated on the figure.
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Fig. 7. Plot of K vs. Rb in the Hidra body. Symbols and indications as in Figs. 5 and 6.
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TABLE 3

Partition coefficients adopted for K and Rb

DK V DRb
Plagioclase
Ansg 0.40 0.12
Angg 0.35 0.17
An20 0.29 0.25
K-feldspar (Or) 2.4 0.8

Note: Dlglag is taken from Table 2 and modified in function
of the anorthite variation so as to give the model which

best fits the data. D&gg has also been adapted in a similar
way, starting from a rough approximation of its value

(0.15 + 0.06), obtained from a few measurements of Rb on
megacrysts and rocks of chilled margins. Dgr and D&‘.’ are
taken from Dupuy and Allégre [43], the former being
slightly modified.

two models it is necessary to allow for a slight varia-
tion of the partition coefficients with the An con-
tent of the plagioclase (Table 3).

3.2. Conclusions

Modelling of K and Rb in the two massifs, when
considered within the whole data of the province,
leads to the following conclusions:

(1) Potassium and Rb contents of parental liquids
drawn from modelling (Bjerkrem-Sogndal) or con-
firmed by it (Hidra) are typical of jotunitic liquids.

(2) The K/Rb ratios in these parental liquids are,
however, not identical: values of 480 and 790 are
found in Hidra and in Bjerkrem-Sogndal, respectively.
Still higher values are found in other jotunitic rocks
(Fig. 5) occurring for instance in the Eia-Rekefjord
intrusion where values of 1700 have been reported
[33]. These high K/Rb values cannot be explained
by fractional crystallization of a unique liquid. It is
indeed obvious that the stope (DX — 1)/(DR? — 1)
will never be higher than 1 because DX > DRY,
whatever the mineralogy of the cumulate might be.
It can thus be assessed that the variations of K/Rb
ratios are due to the process of magma formation
and therefore the constraints must refer to this level;

(3) The overall trends of the K/Rb relationships
(Figs. 4 and 5) in anorthosites, norites and jotunites
can be simply explained by fractional crystallization

of liquids of variable K/Rb ratio. Acidic rocks can
also be explained by the same process. However, as
granitic gneisses of the envelope also plot on the
same trend, one cannot reject the possibility of a mix-
ing process by assimilation or hybridization between
the late-stage liquids and the gneisses and modelling
does not solve the petrogenetic dilemma.

(4) As in the case of Sr, Ca, Ba and K, the wide
variation of Rb between the different massifs would
indicate parental liquids of variable Rb contents.

4. Rare earth elements

From the study of an anorthosite and quartz man-
gerite, Philpotts et al. [51] have demonstrated the
cumulate character of the former and the similarity
between the latter and a composite sample of North
American shale, especially with respect to the absence
of an Eu anomaly. They concluded that the two rocks
belong to different series and that an assimilation pro-
cess explains the distribution in the quartz mangerite.

Mangerites from the Lofoten Islands [49] show a
positive Eu anomaly which would result from feld-
spar accumulation or be produced by fusion involving
feldspar of the residue of a previous anatexis, as the
high K/Rb ratios would also indicate. Moreover,
Green et al. [49] are unable to decide between an
intermediate (dioritic) and a basic nature of the
parental magma, or between different processes of
formation of the dioritic magma.

Griffin et al. [37} have analyzed plagioclases from
different massifs and, using available partition coef-
ficients, determined the compositions of parental
liquids in equilibrium with them (Fig. 9). For a
decreasing An content of the plagioclase they
established a gross increase in the REE content and in
the fractionation of REE, beginning with a distribu-
tion similar to ocean tholeiite.

4.1. Rogaland data

Rare earth elements are at present being studied in
Rogaland rocks and minerals, Preliminary results have
been published [33] and complementary data have
been obtained since, mainly from Bjerkrem-Sogn-
dal and Hidra. Only a first tentative interpretation is
given here, detailed data will be presented elsewhere.



4.1.1. Bjerkrem-Sogndal and Hidra bodies

The REE contents have been determined by neu-
tron activation analysis {47] on pairs of plagioclases
and apatites separated from several rocks taken at
three different levels in the zone where apatite occurs
as a cumulate mineral [52]. Average values obtained
for each level are plotted in Fig. 8. The proportion of
residual liquid (i.e. factor f in equation 1) in equilib-
rium with each pair of minerals can be estimated
from the Sr-Ca modelling. Association 1 in Fig. 8 cor-
responds to the first appearance of apatite + clinopy-
roxene and thus coincides with the beginning of the
negative slope trend (see Fig. 2),1i.e.f=047;associa-
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Fig. 8. Chondrite-normalized REE patterns in coexisting pairs
of apatite and plagioclase at three different levels of the
Bjerkrem-Sogndal massif. Parental liquid (0) and successive
liquids (1, 2, 3) calculated by quantitative modelling (see
text).
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tion 3 approximately corresponds to the end of the
noritic phase,i.e.f=0.21.In between these two
levels the REE enrichment is of a factor 2.20.

Assuming that the REE (except Eu) behave in
fractional crystallization like hygromagmatophile
elements, that is with a partition coefficient neg-
ligible relatively to 1 [45], Rayleigh’s equation can
be written:

C/Co=1[f

It follows that, between 1 and 3, the concentration
ratio in the liquid or in the solids which are in equilib-
rium with it is C3 /C; = f1/f5. The fi /f5 ratio value is
2.24. The excellent agreement between this value and
the enrichment factor in apatites shows that the hy-
pothesis of a hygromagmatophile behaviour of the
REE is valid.

This REE characteristic permits to fix an upper
limit to the value of the partition coefficient in apa-
tite, Dypat. It demands a bulk partition coefficient
not higher than 0.2 {45]. As D = Z,;u;D; and the apa-
tite content (1) in the noritic phase is 4%, D5, must
be equal to or less than 5. Provisional values equal to
half the values calculated for the Skaergaard by Paster
et al. [53] are chosen. As Dypat/Dp1yg is constant,
these values lead to D values very similar to those
adopted by these authors for the plagioclase and the
other minerals.

It also results from the hygromagmatophile char-
acter that the REE distribution in successive liquids
is not modified by fractional crystallization. The La/
Yb ratio in liquids and cumulate minerals thus
remains constant.

Given the partition coefficients of the apatite it
is possible to calculate the REE contents in liquids at
stages 1 and 3 and, starting from one of these liquids,
to determine the distribution in the parental liquid
(Fig. 9). Note that in the calculation of the parental
liquid, the hypothesis of a hygromagmatophile behav-
iour for the REE is quite plausible. Indeed, the miner-
als which crystallize between the beginning of the dif-
ferentiation and the appearance of the apatite,
namely plagioclase, orthopyroxene and oxides, have
very low D;.

Europium cannot be considered as hygromagma-
tophile in plagioclase-rich rocks because its partition
coefficient in plagioclase is too high. It can be easily
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Fig. 9. Chondrite-normalized REE patterns in different
parental liquids. Bk-Sg = Bjerkrem-Sogndal lopolith; H =
Hidra body; E-R1, E-R2 = Eia-Rekefjord intrusion [33].
Iceland, N. Minn, and Massifs = liquids calculated by Griffin

et al. [37] for Iceland and North Minnesota anorthositic
inclusions and Norvegian massif anorthosites, respectively.

demonstrated that if the parental magma has no Eu
anomaly, the Eu anomalies observed in liquids 1 and
3, for values of fequal to 0.47 and 0.21 respectively,
can be explained by a value of Dgl‘;g varying during
crystallization from 0.26 to 0.64. The increase is
parallel to that of D3, Eu?* and Sr having similar
behaviour. The increase in the Eu®* proportion is
simultaneous with a decrease in the fugacity of oxy-
gen, which has been demonstrated in the course of
crystallization of the massif [29]. The Eu**/Eu ratio
in the magma can be calculated using the method
suggested by Philpotts [54] and Jensen [55]: it varies
from 80% at the beginning to 60% at the stage 3,
ratios which, according to Jensen [55], fall well
within terrestrial values.

The REE behaviour in the anorthositic-noritic
phase of the Bjerkrem-Sogndal lopolith can thus be
described by the same model as the one constructed
for Sr, Ca, Ba, K and Rb.

As for the acidic rocks of the massif, the origin

of which will be dealt with below, it must already be
noted that some quartz mangerites, which are vol-
umetrically important in the upper part of the lopo-
lith, have REE contents, a La/Yb ratio and an Eu
anomaly very similar to those of liquid 3, at the end
of the noritic phase. Direct derivation of these rocks
by fractional crystallization is thus plausible.

In the Hidra body, REE * evolution can also be
described assuming the REE are hygromagmatophile.
The parental magma represented by rocks of the
chilled margin with no Eu anomaly [33] gives rise,
for a f value of 0.30, to the acidic material of the
dykes which inject the leuconorite. This inference is
in good agreement with the K and Rb model. The Eu
anomaly in the dykes implies a D,E,}’ag = 0.7, which
would indicate a lower f, value in Hidra than in
Bjerkrem-Sogndal.

Parental liquids of Bjerkrem-Sogndal and Hidra
are represented in Fig. 9 together with presumed par-
ental liquids of jotunitic character which were identified
in rocks of the Eia-Rekefjord intrusion [33]. They
grossly show parallel trends, but with variable con-
tents from massif to massif. The Bjerkrem-Sogndal
and Hidra magmas are rather comparable to those
schematically calculated by Griffin et al. [37] for
the parental liquid of massif-type anorthosites.

4.1.2. Acidic rocks

The REE contents in Bjerkrem-Sogndal quartz
mangeritic rocks vary within a range of values rep-
resented in Fig. 10. The Lyngdal hornblende-grano-
diorite, the Farsund charnockite and the Hidra dykes
also fall within the same interval.

The Bjerkrem-Sogndal quartz mangerites show a
negative Eu anomaly and can thus be considered as
residual liquids left by crystallization of plagioclase-
rich cumulates (anorthositic-noritic phase). The REE
contents, however, vary in the opposite way from the
differentiation index of the rocks [58] . It can thus be
inferred that the genetic process cannot be described
by the fractionation mechanism used for the lower
part of the massif. The hypothesis of a mixing by
assimilation or hybridization with material from the
envelope is to be considered since it appears plausible
for K and Rb and for the Sr isotopic compositions

* REE determination by instrumental neutron activation
analysis (J. Hertogen, personal communication, 1975).
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Fig. 10. Chondrite-normalized REE patterns in acidic rocks.
Bk-Sg (vertically hatched) = range of quartz mangerites, LG
(diagonally hatched) = range of Lyngdal hornblende-grano-
diorite; FC = Farsund charnockite; PS = average of 36 Pre-
cambrian shales [56], G = Rogaland surrounding gneiss

(L. Franssen, personal communication, 1975); Rapakivi
(between the two dashed lines) = Finnish Rapakivi granites
[57].

(see below). The REE in gneisses of the metamorphic
envelope are still little known; a single analysis is
available (L. Franssen, personal communication,
1975) (Fig. 10). If, however, the average value ob-
tained on Precambrian sediments [56] (Fig. 10) can
be considered as representative of the material con-
taminating the Bjerkrem-Sogndal late-stage liquids,
the mixing hypothesis is plausible for the REE also.
The range of REE contents in quartz mangerites is
situated between the distribution at the end of the
anorthositic-noritic phase and the distribution for the
average Precambrian sediments.

The Lyngdal hornblende-granodiorite displays a
negative Eu anomaly. On the other hand, the Farsund
charnockite shows no Eu anomaly. These features are
in good agreement with the inference drawn from the
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878r/86Sr initial ratios (see below) of an origin by
differentiation for the former and by anatexis of
gneisses of sedimentary origin for the latter [4,59].

The Finnish Rapakivi granites [S7] occupy a range
of compositions close to the Rogaland acidic rocks
(Fig. 10). It must, however, be noted that they pre-
sent a stronger Eu anomaly and a higher La/Yb ratio.
The present data do not rule out a possible genetic
relationship with anorthosites.

4.2. Conclusions

Rare earth element study in Rogaland permits to
identify jotunitic liquids as parental magmas, in good
agreement with inferences from field relationships
and from other trace element data.

It appears that the parental magmas of the differ-
ent bodies have different REE contents with almost
similar La/Y®b ratios.

Acidic rocks usually show negative Eu anomalies
and could thus represent residual liquids left after the
crystallization of the anorthosite-norite series. It is,
however, necessary, in some cases, also to invoke a
contamination process by a material relatively less
rich in REE, to explain the absolute contents and the
variations with differentiation.

From a methodological point of view the hygro-
magmatophile behaviour of the REE appears to be
verified to a good approximation, which allows a
simple quantitative modelling.

5. Transition elements

The geochemistry of transition elements usefully
complements that of the REE because they are con-
centrated in mafic solid phases and become impov-
erished in residual liquids.

Allégre et al. [60] have used for the Sc-Zn series
a diagram similar to the Coryell and Masuda one for
the REE. In this diagram, most of the terrestrial rocks
appear impoverished in comparison with chondrites
and show a typical W-shaped trend; the troughs corre-
spond to Cr and Ni, relatively, depleted with respect
to their neighbours. During differentiation by frac-
tional crystallization from basic magmas, the absolute
abundances decrease and the troughs become deeper.
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5.1. Rogaland data

The transition element contents of rocks repre-
sentative of jotunitic liquids show only a slight disper-
sion for the five samples studied (Fig. 11). There
appears a sharp peak for Ti which reflects the char-
acteristic increase of that element in the anorthositic
series.

Except for Ti, these jotunites are comparable to
andesites and high-alumina basalts [61,62] : the Ni
and Cr contents are low (<50 ppm and <30 ppm
respectively), the Ni/Co ratio is lower than unity and
the V/Ni ratio close to 10.

Transition element contents in minerals can also
be used as petrogenetic tracers.

Anorthositic plagioclases are characterized by the
presence of numerous inclusions of Fe-Ti oxides;
TiO, contents as high as 0.2% have been measured
in phenocrysts. These elements tend to be expelled
during deformation and recrystallization of the plag-
ioclase; this has been well known for a long time (e.g.
[63]) and is easily visible under the microscope. The
chemical analysis is not reliable due to the difficulty
of separating plagioclase completely devoid of pri-
mary Fe-Ti oxides. R. Zeino-Mahmalat (personal
communication, 1975) gives interesting data related
to this problem for the plagioclases of the Ana-Sira
massif: a significant difference between primary crys-
tals and products of their recrystallization appears
only for Ti (Table 4). When the plagioclase of the ma-
trix is protoclastic, one may imagine that the Ti
expelled from the mineral is able to concentrate in
interstitial magmatic liquids and crystallize eventually
as primary ilmenite and/or Ti-magnetite. But, when
the recrystallization is due to cataclasis (meta-anor-
thosite), as the rocks do not necessarily include
oxides in their matrix, the system seems open for Ti;
some authors (e.g. [64]) think that Ti ores could be
locally formed by metasomatic concentration. How-
ever, these kinds of ores are still to be discovered.
The high Fe and Ti contents in the phenocrysts are
related to the abnormally high contents of these
elements in parental jotunitic liquids [33].

The transition elements in Fe-Ti oxides are
interesting tracers for magmatic differentiation as was
demonstrated in Bjerkrem-Sogndal [29] . The ranges
of concentrations are reported in Table 5. The Ni, Co,
Cr and V contents generally decrease with differentia-
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Fig. 11. Chondrite-normalized concentration ranges of the
transition elements (Sc to Cu) for five jotunitic liquids. The
heavy curve indicates the average andesite composition [61].

tion whereas Zn increases. Major elements and Mn
also show large variations in both minerals but they
are mainly controlled by late-stage (deuteric) read-
justment phenomena and are not very useful as dif-
ferentiation tracers.

The study of these elements in Rogaland Ti ore-
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Trace element contents (ppm) and standard deviations in plagioclases from the Ana-Sira massif (from R. Zeino-Mahmalat, personal

communication, 1975)

Number of Ti Fe Mn Zn
samples
Andesine phenocrysts 17 500 2967 + 448 25+ 6 23+ 10
Matrix plagioclase 103 303+ 133 2665 + 650 28 + 15 22+ 15

TABLE 5

Trace element contents (ppm) in Fe-Ti oxide minerals in the Bjerkrem-Sogndal massif [29]

Ni Co Cr \" Zn
Ilmenite 900 to <30 250 to <30 1500 to <30 1100 to <10 —
Magnetite 1200 to <30 370 to <30 4400 to 100 370 to 1800

2200 to <30

bodies has made it possible to correlate these ores
with different stages of the general process of frac-
tional crystallization of anorthositic massifs [65].
From an economic point of view, it is interesting to
note that ores formed in advanced stages of differ-
entiation are generally very poor in trace elements,
especially Cr which is particularly poisonous for the
industrial use of the ores.

6. Strontium isotopic composition

The study of the Sr isotopic initial ratio (37 St/
86Sr)o can throw an interesting light on the anortho-
site problem, particularly as criterion of a comag-
matic origin for the different terms of the anortho-
sitic series.

6.1. Previous work

The main conclusions from the literature can be
summarized in three points:

(1) The ®7Sr/36Sr values are generally low (0.703—
0.706) and point to a mantle or deep crustal origin
[66—70].

(2) Sometimes, two distinct groups of values are
found in the same massif (Morin anorthosite) [68] or
a progressive increase of the 87 Sr/® $Sr ratio is appar-

ent in a suite of differentiated rocks (Laramie anor-
thosite) [71].

(3) For the acidic rocks associated with anortho-
sites, the 87Sr/3¢Sr initial ratio cannot give a definite
answer on the relationship between the two rock
types. Moreover, the situation seems variable from
area to area.

6.2. Rogaland data

Strontium isotope measurements have been ob-
tained on a VARIAN TH 5 mass spectrometer. Values
are normalized to a 86Sr/®® Sy ratio of 0.1194. Ten
determinations of the Eimer-Amend standard yield an
average value of 0.70807 + 0.00014 (20).

More than fifty measurements on Rogaland rocks
are plotted in Fig. 12 in relation to the order of suc-
cession of different intrusions.

The values can be distributed in three groups:

(1) The first group includes the lowest initial ratios
of the province (0.7030—-0.7045) corresponding to
the oldest intrusions, namely the Egersund-Ogna
body and the Lakssvelefjeld norite, emplaced during
the first tectonic phase, which has deformed the
Egersund-Ogna body [24].

(2) The second group comprehends all the anor-
thositic massifs emplaced after the first tectonic
phase; the (37Sr/86Sr), ratio shows small variations
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Fig. 12. Variation of the Sr isotopic composition as a function of time (arbitrary units) in Rogaland. The order of succession of the
intrusions is deduced from field relationships and from available geochronological data [59,69,72]. For the Rb-poor rocks (anortho-
site, norite and jotunite), the initial ratio is calculated from the measured ratio by taking into account the in situ decay of 87Rb and
assuming an age of 1000 m.y. For the acidic rocks, the initial ratio is deduced from Rb-Sr whole-rock isochrons ([ 73], D. Demaiffe,
unpublished data, 1976). Range of values in each unit indicated by vertical bars; ® = average value; (n) = number of values; (*-p) =
initial ratio from isochron of p points.

within this group, from 0.7050 to 0.7065, except an tingacross the Hidra anorthosite have initial ratio of
abnormally high value (0.7080) for a quartz jotunite 0.7085, intermediate between those of group 2 and 3
in the Eia-Rekefjord intrusion. The Lyngdal horn- We will discuss this value later.

blende-granodiorite has a low initial ratio (0.7054) (3) The third group includes all the acidic char-
[73] comparable to that of the anorthosites of this nockitic rocks (mangerite, quartz mangerite and Far-

group. The charnockitic dykes and the pegmatites cut- sund charnockite) with high ratios >0.710).



6.3. Interpretation and discussion

6.3.1. Anorthosites, norites and jotunites (groups

1and 2)

For these rocks, the relatively low values of the
initial ratios suggest a source region in the upper
mantle. A deep crustal origin can equally be sur-
mised because of the low values obtained for pyrox-
ene granulite terranes [74—76].

Each massif is isotopically homogeneous except
for the Egersund-Ogna body whose central anortho-
site has a mean ratio of 0.7035 while the gneissic
leuconoritic border shows evident signs of granula-
tion-recrystallization and is characterized by a signif-
icantly higher ratio (0.7045). A similar increase of the
initial ratio in granulated products has already been
observed in the Morin anorthositic body [68]. In the
Egersund-Ogna border rocks, the values of the Rb/Sr
ratio (<0.05) are, however, much too low to explain
the observed increase by an isotopic rehomogeniza-
tion during the granulation, even if we suppose a
period as long as 1 b.y. between initial crystallization
and recrystallization. Another possibility must be
invoked. The increase in the 37Sr/2¢Sr ratio in the
border rocks could be due to a uniform contamina-
tion of the whole body by a radiogenic Sr-enriched
material. The rocks with the lowest Sr concentra-
tion (i.e. the border rocks) will look most severely
contaminated isotopically. It should however be
noted that the plagioclases of these border rocks are
very poor in K, Rb, Ba in contrast to those of the
centre, which is not in favour of a contamination
process.

On the scale of the province, the intermassif varia-
tions of the initial ratios (the increase from 0.7035
to 0.7065) can theoretically be explained either by
crustal contamination or by melting of a chemically
heterogeneous mantle. A process of progressive crus-
tal contamination was first invoked by Michot and
Pasteels [69] and by Pasteels et al. [72] who saw on
the scale of the province as well as of the Egersund-
Ogna and Bjerkrem-Sogndal massifs, a progressive
increase with time of the initial ratio. However, here
again the geochemical characteristics of some rocks
are not easily reconcilable with a process of impor-
tant crustal contamination, namely the Eia-Reke-
fjord jotunites and associated dykes (average value:
0.7065) can have very low contents in Rb, Th, U.
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Moreover, the progressive enrichment is not confirmed
by the newly available data for the last intrusions.
Values lower than those reported for previous intru-
sions have indeed been obtained (Hidra: 0.7054;
Garsaknatt: 0.7055; Lyngdal hornblende-granodior-
ite: 0.7054).

The intermassif variations must thus be explained
by other models. Magmas could have been generated
by a disequilibrium melting process [77] or, more
probably, considering the Sr diffusion velocities at
mantle temperature [78], the magmas could result
from partial melting of a mineralogically heterogene-
ous material on a bigger scale [79]. It is thus plausible
that the upper mantle underlying the Rogaland com-
plex has been heterogeneous through time and space
and has generated by partial melting isotopically dif-
ferent magmas.

6.3.2. Acidic rocks

The Lyngdal hornblende-granodiorite has a low
initial ratio (0.7054) comparable to those of the
anorthosites and it shows a negative Eu anomaly
(Eu/Eu * = 0.80): these features suggest a genetic
relation between the anorthosites and the granodior-
ite, this latter rock corresponding to a late-differentia-
tion liquid. For the other acidic rocks (mangerite and
quartz mangerite; Farsund charnockite), the Rb-Sr
whole-rock age is lower than the U-Pb zircon age [59,
69] and corresponds probably to the closure of the
Rb-Sr whole-rock system *. If so, the initial ratio
deduced from the isochron is higher than the true
initial ratio of crystallization time. This ratio can be
calculated for the Bjerkrem-Sogndal lopolith because
we can estimate the average Rb/Sr ratio of the acidic
rocks and the time interval during which the Rb/Sr
system was open, namely, 70 m.y. The value obtained
(0.7085) is closer but still higher than the values mea-
sured for the anorthosites. Thus the hypothesis of a
crustal contamination of the Bjerkrem-Sogndal acidic
rocks by supracrustal material (surrounding gneisses)
must be put forward. The Farsund charnockite keeps
a high initial ratio (0.7128) even after correction for
the open system (0.7010) and it shows no Eu anom-
aly. This rock should thus correspond to an anatec-

* For the mangerites and quartz mangerites, the hypothesis
of a mixing line should be rejected on the basis of the
petrographic similarity of the samples.
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tic melt without any relation with anorthosites. The
dykes cutting through the Hidra anorthosite have geo-
chemical characteristics (large negative Eu anomaly,
for example) comparable to those of the quartz man-
gerites: their initial ratio deduced from an isochron is
0.7085, higher than the initial ratio of the anorthosite
(0.7054). The U-Pb age of these dykes being un-
known, it is not possible to correct the initial ratio
taking into account a possible late closing of the Rb-
Sr system.

6.4. Conclusions

Anorthosites, norites and jotunites have low 87Sr/
868y initial ratios suggesting an upper mantle or deep
crustal origin. Also the O isotopic composition (see
section 7) seems in favour of a mantle origin.

Although a crustal contamination process cannot
be definitely rejected on account of the geological
environment, it seems that the observed intermassif
variations (from 0.7035 to 0.7065) are representative
of the source region itself (and not of an hybridiza-
tion process) and correspond to chemical heterogene-
ities in the source rather than to disequilibrium melt-
ing.

In the acidic rocks, one may distinguish on the
basis of the Sr isotopic composition and of the REE
geochemistry, late-stage liquids of anorthositic dif-
ferentiation, pure anatectic melts and contaminated
residual liquids.

7. Oxygen isotopic composition

The O isotopic composition has been determined
on whole-rock anorthosites, norites, jotunites and
charnockites [80].

For the anorthosites, norites and jotunites, the
&80 values are in the range 5.2--6.6%o which is very
close to the “‘magmatic anorthosite range’’ defined by
Taylor [81]. These values ar¢ characteristic of un-
altered mantle material (basalts, gabbros, andesites,
etc.). A mantle origin for the anorthosites is thus
compatible with considerations based on both Sr and
O isotopic compositions.

For the acidic rocks, the range of 880 values
(6.0—7.5%) is slightly higher than for the anortho-
sites and agairi comparable to Taylor’s data [81].

They are consistent with the hypothesis of a comag-
matic relation between charnockites and anorthosites,
although a small-scale contamination by supracrustal
rocks of higher § 80 cannot entirely be ruled out.
The O isotopes in acidic rocks fail to show the varia-
tions observed in the Sr isotopic compositions. It
seems therefore that the §'80 values alone cannot
give a definite answer as to the origin of the acidic
rocks, especially those emplaced or generated in high-
grade metamorphic terrains. Indeed there exists a
kind of isotopic convergence in the O isotopic com-
position between rocks of mantle origin and rocks of
deep crustal source [82,83].

8. General conclusions

The general conclusions that can be drawn from
the trace element geochemistry and from the isotopic
composition bear on the parental magma, the differ-
entiation process of the anorthosites and the origin of
the acidic rocks.

8.1. Evidence in favour of parental magmas of differ-
ent compositions

Three pieces of evidence point to different com-
positions:

(1) The trace elements Sr, Ba and Rb and the major
elements Ca and K show variations of great amplitude
in plagioclases and rocks. If it is accepted that the dis-
tribution of these elements is mainly controlled by
phenomena in which equilibrium between solid and
liquid has been reached, it is difficult to explain the
range of observed concentrations solely by variation
in the distribution coefficients or by fractional crys-
tallization. It is therefore necessary to call upon a
variation in the initial content of trace and major ele-
ments in the parental liquids. Two types of composi-
tion can account for the extension of the variation:
the first one, of basic composition (poor in K, Rb,
Ba, Sr and rich in Ca) could give rise to labradorite
anorthosites; the second one, of intermediate type
(richer in K, Rb, Ba, Sr and poor in Ca), could yield
andesine anorthosites. The genetic relationship
between these two magma types is still to be estab-
lished. In Rogaland, the occurrence in the same mas-
sif (Egersund-Ogna) of rocks with andesine plagio-



clase and rocks with labradorite plagioclase cannot
be explained by a simple fractional crystallization.

(2) The more basic overall character, compared to
other massifs, of Egersund-Ogna (deduced from the
nature of the average plagioclase) and of the Lakss-
velefjeld intrusion, is to be put together with the fact
that the Sr isotopic initial ratios have the lowest val-
ues in the province. A relationship between alkalinity
of the magma and initial ratio, as in the case of vol-
canic rocks [84], could also exist for the anortho-
sites. Moreover, if we remember that these geochem-
ical and isotopic features characterize the *“‘basic”
bodies which are the oldest and that their solidification
is separated from the emplacement of the other mas-
sifs by an episode of pervasive regional deformation
(first tectonic phase of Michot [24]), it is possible to
link the variation in time with a major modification
in the tectonic evolution of the area.

(3) The parental magmas in equilibrium with lab-
radorite anorthosites (e.g. Iceland, Fig. 9) show a
lower La/YDb ratio than those observed or calculated
for the liquids of the andesine-type anorthosites (Bjer-
krem-Sogndal, Hidra, Fia-Rekefjord). Such a differ-
ence cannot be explained by fractional crystallization
at low pressure because, in this process, the hygro-
magmatophile character of the REE does not change
their distribution, i.e. the La/Yb ratio. On the con-
trary, garnet segregation at depth or partial melting
of assemblages of different mineralogical composi-
tions, with or without garnet, could explain the im-
portant variations of the La/Yb ratio in the liquids.
More data on the REE concentrations in parental
liquids of other labradoritic massifs are needed.

8.2. Evidence in favour of a jotunitic parental magma

There exists in Rogaland some geochemical evi-
dence in favour of parental liquids of jotunitic com-
position among the various compositions possible
for the parental liquids.

(1) The chilled border facies of the Hidra and
Garsaknatt anorthosites show no Eu anomaly and
have a jotunitic composition.

(2) The quantitative modelling of the Bjerkrem-
Sogndal differentiation process leads to an initial
liquid which shows a jotunitic character on the basis
of the K content and REE distribution. Moreover,
there is no Eu anomaly in the parental liquid for an
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Eu®* proportion relative to total Eu falling within
terrestrial values.

(3) In plagioclase phenocrysts, the high Fe and Ti
contents are compatible with the high Ti (~4% TiO,)
and Fe (14—15% Fe0,;) concentrations in the jotun-
ites; the small dispersion of their trace and major
element compositions in the different andesine-type
massifs suggests a common nature for the liquids in
equilibrium with them.

8.3. The anorthosite-norite series and the acidic rocks

Trace element geochemistry shows that fractional
crystallization can explain the succession of rocks
from anorthosites to norites. However, this process
alone is unable to explain the link between andesine-
type and labradorite-type anorthosites.

Direct derivation of acidic rocks by fractional crys-
tallization is also possible. According to the propor-
tions of the different lithological terms, deduced
from the Bjerkrem-Sogndal modelling, the acidic
rocks constitute about 20% in volume compared to
55% for the anorthosites and leuconorites and 25%
for the norites. The hypothesis of an origin by melt-
ing of a residue of a previous crustal anatexis [49],
put forward to justify the high K/Rb ratios, is not
necessary. High values can simply be derived from
fractional crystallization. In some cases, however,
contamination phenomena by assimilation or hybridi-
zation of surrounding gneisses may also occur, as
shown by the Sr isotopes, and superimpose their
effects on those of fractional crystallization. The vol-
ume of the acidic rocks cogenetically associated with
the anorthosite is therefore increased. It is not pos-
sible to determine the respective importance of these
two mechanisms through K and Rb geochemistry.
The REE and Sr isotopes will constitute useful tracers
when more precise data on the composition of deep
gneisses are available.

8.4. Characteristics of the jotunitic magma

The major and trace element geochemistry [33] of
the jotunitic magma is characterized by high Ti and P
abundances, low Si, high Fe/Mg and K,0/8i0, ratios.
It belongs to the subalkaline series; the transition
elements (V/Ni and Ni/Co ratios) indicate calc-alka-
line affinities. The jotunitic magma shows from mas-
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sif to massif variable REE contents and K/Rb ratios.
The La/Yb ratio is but slightly variable. An upper
mantle or deep crustal origin is indicated by the

low 878r/3¢Sr initial ratio and is consistent with the
180/1¢Q ratios.

Each of these characteristics constitutes important
constraints to assess the physico-chemical conditions
of magma genesis. The problem of the petrogenesis
of jotunitic liquids is, however, difficult to approach
owing to the small number of available data. How-
ever, it can be stated that andesites are the volcanic
liquids whose geochemical characteristics are closest
to those of jotunites. The latter can indeed be grossly
defined as an ilmenite-rich, low-Si andesite. Thus, it is
by modifying the models built up for the andesites
and adapting them for the proper characteristics of
the jotunites that further research must proceed. The
role of kaersutite in the distribution of some trace
elements has already been envisaged [33] as well as,
following Kushiro [85], that of Ti and P on the pres-
sure conditions of genesis [4]. The problem of
anorthosite should thus be but a corollary to a larger
one, namely the calc-alkaline magmatism.
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