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Abstract. In the Rogaland granulites of Southern Nor- 
way, thin anhydrous pyroxene-bearing margins (5 10 
mm) are observed mainly in migmatitic banded gneisses at 
the contact between hornblende-rich metabasites and 
charnockites. According to field data, the development of 
these margins post-dates any deformation. Petrographic 
data show that they are zoned. Three different types have 
been recognized:- 
1. Metabasite/plagioclase + orthopyroxene/plagioclase 
+ clinopyroxene/gneiss 

2. Metabasite/plagioclase + orthopyroxene + clinopyr- 
oxene/plagioclase + clinopyroxene/gneiss 
3. Metabasite/plagioclase + orthopyroxene/gneiss 
The first zone corresponds to the reaction of amphibole 
and biotite of the metabasite into pyroxenes. The second 
zone, which is not present in the third type, developed 
essentially at the expense of gneiss and the Z1/Z2 bound- 
ary is likely to correspond to the original contact between 
metabasite and gneiss. When the anorthite content of 
plagioclase and the Fe no. of pyroxenes are strongly 
different between adjacent metabasite (An3s_4o for plagi- 
oclase; Fe no. [Fe/(Fe + Mg)], 0.51-0.52 for orthopyrox- 
ene) and gneiss (An22_26; Fe no., 0.58-0.59), the solid 
solution compositions evolve continuously through the 
margin from the value in the metabasite to that in the 
gneiss. On the other hand, a margin is also present when 
plagioclase and pyroxenes have similar compositions in 
the adjacent rocks implying that reactions can also take 
place in the absence of contrasted mineral compositions. 
The continuous change in solid solution composition as 
well as evidence of transport in both directions indicates 
diffusion rather than infiltration as the dominant metaso- 
matic mechanism. The small thickness of the margins is 
also more typical of a diffusion process. Isocon diagrams 
demonstrate that A1, Ti, and P are perfectly inert compo- 
nents and that no significant mass or volume change 
occurred during the margin development. Mass balance of 
this small-scale granulite formation has been estimated 
with reference to a perfectly inert component (Ti) and 
assuming that the metabasite bands were compositionally 
homogeneous. Most of the geochemical variation is mine- 
ralogically controlled. Relative to metabasite, Si and Na 

are increased due to pyroxenes crystallization and to 
compositional change of plagioclase when it occurs. Po- 
tassium decreases because of biotite disappearance. There 
is no significant variation in U content but Th is slightly 
decreased. Zirconium and Hf are not affected whereas Nb, 
Ta and Mn display the largest increase that requires the 
involvement of a larger volume of metabasite than that 
observed in the margin, The K/Rb ratio is increased. 
Fluorine is strongly depleted due to destabilization of 
amphibole and biotite. The rare-earth element content in 
margins is either similar to that of the metabasite or 
intermediate between that of gneiss and metabasite. This 
last feature is induced by the development of margins at 
the expense of both adjacent rock types. Saturation sur- 
faces in chemical potential space provide a graphical 
method for determination of the parameters controlling 
the diffusion process. In the simplified system CaO-MgO- 
SiO2-A1203-H20, these chemical potential diagrams 
show that evolution along a (I.t)H20 gradient cannot take 
into account the three different types of margins. A ~tH2 o 
gradient is thus not prerequisite to the margin develop- 
ment. On the other hand, the succession of zones observed 
in the different types of margins can be obtained in a gCaO- 
gMgO-gSiO2 diagram. This suggests that the ~tslo2 gradient 
existing between the two adjacent rocks controls the 
margin development in all cases. Moreover, the variable 
contrast of plagioclase composition between the adjacent 
rocks is responsible for the presence of one or two pyrox- 
enes in the first zone. The absence of the second clinopyr- 
oxene-bearing zone in the third type of margin is likely 
due to the scarcity of orthopyroxene in the gneiss. 

Introduction 

Thin centimeter-sized pyroxene-bearing margins occur- 
ring at the contact of amphibolites enclosed in acidic 
rocks have been observed in several granulite terranes. 
Ramberg (1948) had already reported them from granu- 
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lites of  West  Greenland .  They have been ment ioned  by 
Ka tz  (1969) in granuli tes  of Quebec.  Schrijver (1973) 
descr ibed them in the o r thopyroxene  doma in  su r round ing  
the M o r i n  anor thos i t e  (Grenvil le  Province)  and  suggested 
a b ime tasomat i c  origin. Moreover ,  Wate r s  (1988), in 
granuli tes  from N a m a q u a l a n d  (South Africa), cons idered 
them as induced by gradients  in an2 o dur ing  migmat iza-  
t ion and par t ia l  mel t ing of ad jacent  acidic rocks.  In 
Roga land  (Southern  Norway) ,  their occurrence has been 
repor ted  by Tobi  et al. (1985) in granul i te  facies rocks.  I t  
thus appears  that  these marg ins  are frequent in granul i te  
domains  and are related to  the p rob lem of granul i te  
format ion.  

Despi te  their  small  thickness (5-10 ram), these rocks 
can be used to make  a precise es t imate  of  mass transfer  
(major  and  trace elements including rare-ear th  elements) 
dur ing  the t rans i t ion  of  amphibo l i t e  into granul i te  facies. 
Indeed,  since amphibol i t es  can be assumed to have a 
homogeneous  chemistry, the composi t ion  of the start ing 
mater ia l  is known.  Moreover ,  a mode l  will be p roposed  in 
o rder  to de termine  whether  an aH20 gradient  is responsible  
for their  fo rma t ion  or  if d e h y d r a t i o n  is s imply the result  of 
the reaction.  

Regional setting 

The Rogaland Province, belonging to the Scandinavian extension of 
the Grenville Province, is essentially made up of high grade meta- 
morphic rocks, intruded by large anorthositic massifs (Duchesne 
and Michot 1987; Maijer 1987) (Fig. 1). Three main formations have 
been recognized in these gneisses (Falkum and Petersen 1980), in 
order of decreasing age these are: (1) migmatitic banded gneisses; (2) 
pink granitic gneisses; (3) augen granodioritic gneisses (Bingen 1989; 
Bingen et al. 1990). An important component of the banded gneisses 
is formed by layers of mafic rocks (amphibolite, biotite amphibolite, 
pyroxene amphibolite, hornblende norite) interleaved at decimetric 
to metric scale with acidic rocks (granitic or charnockitic). The 
amphibolite horizons are only locally thick enough to be mappable 
as individual bodies. 

The banded gneisses are intensely deformed and have been 
affected by several episodes of deformation and metamorphism. 
Hermans et al. (1975) and Jansen et al. (1985) have defined three 
metamorphic phases: M1, M2, and M3. The M1 stage occurs only as 
relics and has been dated to 1,200 Ma (Versteeve 1975; Wielens et al. 
1980; Priem and Verschure 1982). It corresponds to a regional 
metamorphism in amphibolite and/or granulite facies conditions 
(T = 800~ P = 6-7 kb). The M2 stage is directly linked to the 
emplacement of the intrusive masses and mainly corresponds to a 
thermal event (T = 750 900~ without penetrative deformation 
except in the vicinity of the main anorthosite intrusions (Egersund- 
Ogna: Duchesne and Maquil 1987; Ana-Sira: Wilmart and 
Duchesne 1987) where a synemplacement continuous deformation is 
observed. It can thus be considered as contact metamorphism in 
granulite facies conditions. An important temperature gradient is 
related to the M2 stage and several isograds have been defined with 
increasing grade towards the intrusions (Hermans et al. 1975): 
"hypersthene-in" line in leucocratic rocks; "osumilite-in" and "pig- 
eonite-in" isograds (Fig. 1). The "hornblende + quartz-out" isograd 
is not shown on Fig. 1 and is located between the hypersthene-in and 
osumilite-in ones. Pressure estimates for M2 stage are still debated: 
Maijer et al. (1981) and Jansen et al. (1985) consider that this 
metamorphism is of low pressure (3 4 kbar) on the basis of the 
osumilite occurrence in the contact aureole of the Bjerkreim-Sok- 
ndal lopolith. This interpretation has been questioned by Wilmart 
and Duchesne (1987) who argued that orthopyroxene-fayalite- 
quartz assemblages in the upper part of the Bjerkreim-Sokndal 
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Fig. 1. Schematic geological map of the South Rogaland province 
(after Hermans et al. 1975). Legend: 1, undifferentiated anorthosite 
massifs; 2, anorthosite, leuconorite, norite and monzonorite cumul- 
ates (lower part of the Bjerkreim-Sokndal lopolith); 3, mangerite and 
quartz mangerite (upper part of the Bjerkreim-Sokndal lopolith); 4, 
gneissic charnockitic intrusions; 5, monzonoritic complex (Apo- 
physis); 6, undifferentiated high grade metamorphic rocks. Isograd 
patterns (opx, orthopyroxene; osum osumilite; pig, pigeonite) after 
Hermans et al. (1975). Capital letters, A E, are for main sites of 
sampling 

topolith give a pressure of 6-7 kbar with the calibration of Bohlen 
and Boettcher (1981). There is a fair agreement however between the 
authors on the conditions of the M3 stage that corresponds to a 
clockwise retrograde evolution in the P-Tplane at about T = 600 ~ 
and P = 3 kbar. 

Four phases of folding have been distinguished but their correla- 
tion with the sequence of metamorphic events has proved difficult 
(Hermans et al. 1975). According to these authors, the first isoclinal 
folding is probably coeval with the main phase of migmatization 
(1,200 Ma). Subsequent folds with axes trending N or NW have been 
recognized. The granulite facies metamorphism linked to the empla- 
cement of anorthositic intrusive masses appears to post-date the 
folding. 

The pyroxene-bearing margins studied here and occurring at the 
contacts between basic and acidic rocks have been observed exclu- 
sively in the granulite facies domain along the eastern contact of the 
intrusive masses. According to Tobi et al. (1985), the margins were 
formed at the expense of the metabasite by a reaction similar to that 
at the hornblende + quartz-out isograd. In the presence of quartz, 
amphibole reacts into pyroxenes at a lower temperature than am- 
phibole alone. This explains why quartz-bearing amphibolites are 
widespread in the amphibolite facies domain outside the orthopyr- 
oxene-in isograd and are absent in the granulite domain. Pyroxene- 
bearing margins have never been observed at the contacts of quartz- 



free metabasites and granitic rocks in amphibolite facies rocks. On 
the other hand, within the hornblende + quartz-out line, these 
margins occur whenever amphibolites are in contact with acidic 
rocks, i.e. mainly in banded gneisses but also around basic inclusions 
in acidic intrusives (quartz mangerite from the upper part of the 
Bjerkreim-Sokndal lopolith, or from the Apophysis, Breimyrknuten 
charnockite; Duchesne et al. 1987). The main sites of sampling are 
displayed on Fig. 1 and described in Table 2. 

The occurrence of margins around basic inclusions in the Breim- 
yrknuten charnockite, whose emplacement is clearly post-tectonic 
(Duchesne et al. 1987) implies that margin development post-dates 
any deformation. When margins occur in folded metabasites, their 
thickness remains constant whatever the position in the structure 
(Fig. 2). This constant thickness also points to a post-tectonic 
development as gneiss and margin would probably have a similar 
competence during tectonic processes. 

The small thickness (5-10 mm) of the margins is constant from 
sample to sample. When a metabasic layer is interleaved with acidic 
rocks, identical margins occur on each side (see Table 1: sample 89- 
57(1) and 89-57(2) from Flikka). Locally, thin basic horizons have 
been completely transformed by the reaction and hornblende-bear- 
ing metabasites are no longer observable. 

Petrography of the margins and related rocks 

The margins observed in metamorphic and magmatic 
rocks are similar. Detailed petrographic study mainly 
focuses on samples collected in banded gneisses (Fig. 1: A, 
Flikka; B, Tjellesvik; C, Moi; D, Trolldalen). One 
occurrence in magmatic rocks (E, Ollestadfjelli in the 
Bjerkreim-Sokndal lopolith) is also reported. 

Metabasites essentially are made up of brown-green 
hornblende and plagioclase with minor amounts of clino- 
pyroxene, orthopyroxene and biotite. The proportions of 
these latter three minerals vary from sample to sample 
(Table 2). Apatite, oxides (ilmenite, magnetite) and zircon 
occur as accessory phases. K-feldspar is generally absent 
except in TjeUesvik (point B, Fig. 1) where it forms small 
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xenomorphic crystals around Fe-Ti oxides, plagioclase 
and biotite, suggesting a secondary origin. Metabasites 
display a granoblastic texture with foliation defined by 
hornblende. Thin sections made at different distances 
from the margin show that they are mineralogically 
homogeneous. 

The sharp contact between metabasite and margin 
corresponds to the complete disappearance of hornblende 
and biotite. The margins actually are made up of one or 
two adjacent zones. Three types of arrangements have 
been distinguished:- 

1. Type 1 metabastiel plag + opx Iplag + cpxlgneiss (Fig. 3) 

2. Type 2 metabasitel plag + opx + cpx [plag + cpxlgneiss 

3. Type 3 : metabasitel plag + opx tgneiss 

Proportions of pyroxenes (opx, orthopyroxene, cpx, clino- 
pyroxene) and plagioclase (plag) are increased in the first 
zone (Z1) relative to the original metabasite. Pyroxenes 
display parallel orientations to the reaction margin sug- 
gesting mimetic growth after hornblende (Franssen 1975). 
A minute amount  of biotite is present locally in zone Z 1. It 
occurs as small xenomorphic crystals surrounding the 
oxides, pointing to a secondary origin related to M3 
metamorphic stage (the biotite present in the original 
metabasite is larger and idiomorphic). 

The second zone (Z2), very thin (usual thickness of one 
mineral grain), is present between the first zone and the 
acidic gneiss. A peculiar feature of this zone is the cpx 
grain size which is considerably larger than in Zl  and 
similar to that of the gneiss (gneiss is not shown on Fig. 3). 
This evidence, together with the occurrence of quartz 
inclusions in some large cpx, suggests that an important 
part of Z2 formed at the expense of the gneiss, Note that 
these features are observed also in Ollestadfjelli where the 
basic rock is included in the Bjerkreim-Sokndal quartz 

Table 1. Description of the main sites of sampling (capital letters refer to location on Fig. 1) 

Locality Sample no. Description 

A Flikka (LK633708) " 89-57 (1) 
road El8 89-57(2) 

B Tjellesvik (LK583774) 
road from Moi to Elve 

89-58 

89-75A' 

C Moi (LK581814) 84-24 
road El8 

D Trolldalen (LK575627) 87-7 
87-5 

E Ollestadfjelli (LK446902) 
(Bjerkreim-Sokndal mas.) U10 

U9 

Banded gneisses: dm-thick layer of metabasite interleaved in charnock- 
itic gneiss, with reaction margins (1) and (2) at each contact of the 
metabasite with gneiss (first type margin) 

Identical, only one reaction margin has been sampled (first type 
margin) 

Banded gneisses: reaction margin between a thin basic layer (10 cm) 
and charnockitic gneiss (second type margin) 

Banded gneisses (third type margin) 

Banded gneisses at Torsvann 
Banded gneisses at point 333 m 
(second type margin) 

Reaction margin around a basic inclusion in the lopolith quartz 
mangerite (second type margin) 

Quartz mangerite containing the inclusion 

a NGU coordinates in zone 32V 
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Fig. 2. Reaction margin around folded metabasites in an intensely 
deformed banded gneiss. Note the constant thickness of the margin 
whatever the position along the flanks or around the hinges of the 
folds. 1, gneiss; 2, margin; 3, metabasite 

mangerite, thus showing that the enclosing rock was 
already crystallized when the margins developed. Some 
large zircons similar to those observed in the acidic rock 
also are found locally at the limit of the second zone thus 
confirming the already mentioned process. When thin 
basic layers have been completely transformed, the mar- 
gin displays a symmetrical pattern with a central Z1 zone 
interleaved in two Z2 zones at both contacts with the 
gneiss. 

The margins observed in Moi (Table 2) do not display 
a second zone with coarse clinopyroxene: they consist 
only of orthopyroxene and plagioclase with trace amounts 
of clinopyroxene, locally occurring as a thin film around 
orthopyroxene. 

Some of the samples (Flikka: 89-57, 89-58; Tjellesvik: 
89-75A'; Trolldalen: 87-5) have been studied for detailed 
relationships between the opaque minerals. Magnetite 
and ilmenite are always present. The proportion of oxides 
in the zones is similar to that observed in the metabasites, 
except in Flikka (Fig. 3) where it is somewhat increased. 
Ilmenite is present either as typical exsolution lamellae in 
magnetite (sandwich texture) or as individual grains in 
contact or not with magnetite. In Tjellesvik, hematite 
exsolutions (lamellae or patches) are abundant in ilmenite 
(Hematite content close to 20 mol%, following the visual 
estimation method of Duchesne 1970). Subsolidus reac- 
tions (Duchesne 1970) develop a margin of spinelliferous 
ilmenite and/or a zone in which the hematite exsolution 
content is decreased at the contact between ilmenite and 
magnetite grains. 

The acidic gneiss is made up of perthitic K-feldspar, 
antiperthitic plagioclase, quartz, small amounts of pyrox- 
enes (opx and cpx) and oxides (ilmenite and/or magnetite), 
and apatite and zircon as accessories. K-feldspar has 
distinctive characters in the different localities. At Flikka, 
the proportion and size of K-feldspar increased at the 
direct contact with the reaction border. In contrast, at 
Tjellesvik and Trolldalen, K-feldspar is less abundant and 
occurs only as a thin border surrounding quartz grains 
and sometimes between plagioclase and quartz. This pe- 

culiar habit, not observed at Flikka, could have been 
induced by a very small amount of partial melting during 
migmatization. Nevertheless, no coarse-grained, unfolia- 
ted and discordant patches have been observed in the 
gneiss adjacent to the margin suggesting that if partial 
melting occurred it was restricted to grain boundaries. At 
Moi, K-feldspar is only present as exsolutions in plagio- 
clase and pyroxenes are very scarce. Quartz displays two 
distinct habits: (1) it most frequently occurs as large 
ameboid crystals considerably larger than the feldspars or; 
(2) as scarce small rounded grains included in the feld- 
spars. Unzoned, antiperthitic plagioclase displays lobate 
contours when in contact with quartz. 

Mineral composition 

Plagioclase, clinopyroxene and orthopyroxene from six 
margins as well as amphibole and biotite from meta- 
basites were analyzed by microprobe (Table 3). Figure 
4A-D reports the variation of plagioclase and pyroxenes 
compositions from the metabasite through the gneiss for 
four samples. 

At Flikka (Fig. 4A, B: two margins of the same sample 
89-57), the anorthite content of plagioclase is notably 
different in metabasite (An37_ 4o) compared with adjacent 
gneiss (An24-27). Plagioclase grains are unzoned. The 
anorthite content in the margin decreases continuously 
from the composition observed in the metabasite towards 
that in the gneiss. Note that in Fig. 4A metabasite plagioc- 
lase, measured at 1 cm from the margin has an An4o 
composition whereas in Fig. 4B, at the immediate contact 
with the margin, it is An3s. This slight difference suggests 
that the compositional evolution of plagioclase occurs on 
a larger scale than the margin defined on the basis of 
mineralogical changes. 

Similarly, the Fe number of the opx increases pro- 
gressively from 0.51 in the metabasite towards the value 
observed in the gneiss (0.58). As cpx occurs only in the 
second zone of the reaction margin, no continuous com- 
position evolution can be observed for that mineral. Its Fe 
number is, however, intermediate between the values in 
metabasite and gneiss. Figure 4B suggests that composi- 
tional evolution of cpx is not restricted to the margin. 

At Trolldalen (Fig. 4C) and Tjellesvik (Fig. 4D), pla- 
gioclase and pyroxene compositions are similar in adja- 
cent gneiss and metabasite and no significant composi- 
tional variation is observed in the margins. 

These mineral data clearly demonstrate that contra- 
sted mineral compositions in metabasite and gneiss in- 
duce a progressive change in the solid solution composi- 
tion through the margins. It is however worth noting that 
in half of the samples, pyroxenes and plagioclase have the 
same composition in metabasite and gneiss implying that 
a contrasted mineral composition is not prerequisite to 
the margin development. 

In conclusion, any petrogenetic model concerning 
these zoned reaction margins must account for the follow- 
ing characteristics:- 
1. Zone Z1 corresponds to the dehydration of the meta- 
basite (hornblende and biotite react into pyroxenes); these 



Table 2. Petrographical composition of metabasites, margins, and adjacent acidic gneisses (~ symbol means scarce mineral) 

Locality Metabasite (Z0) Z1 Z2 Gneiss adjacent Z2 Gneiss 

Flikka Hornblende K-feldspar rich K-feldspar 
Opx Opx Opx Opx 
Cpx Cpx Cpx Cpx 
Plag (An4o) Plag Plag Plag Plag (An26) 
Biotite v Biotite Quartz Quartz 
Apatite Apatite Apatite Apatite Apatite 

Magnetite Magnetite Magnetite ~ Magnetite ~ Magnetite 
Ilmenite Ilmenite Ilmenite Ilmenite Ilmenite 
Zircon Zircon Zircon Zircon Zircon 

Tjellesvik Hornblende 
Plag (An31) Plag Plag Plag (An30 
Opx Opx Opx 
Cpx Cpx Cpx Cpx 
Hemoilmenite Hemoilmenite Hemoilmenite Hemoilmenite 
Magnetite Magnetite Magnetite Magnetite 

Biotite ~ Biotite Quartz 
K-feldspar ~ K-feldspar ~ K-feldspar K-feldspar 

Zircon Zircon Zircon Zircon 
Apatite Apatite Apatite Apatite 

Moi Hornblende Quartz 
Biotite ~ Biotite K-feldspar 

(antipecthite) 
Plag (An2o) 
Oxide 

Opx 
Cpx 

Apatite 
Zircon 
K-spar 
Plag (An3o } 
Cpx 
Opx 
Apatite 
Zircon 
Magnetite 
Ilmenite 
Quartz 
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Trolldalen 

Ollestadfjelli 

Plag (An4s) Plag 
Oxide Oxide 
Opx Opx 
Cpx ~ Cpx 
Apatite Apatite 
Zircon Zircon 
Hornblende 
Plag (An30) Plag Plag 
Cpx Cpx Cpx 
Opx Opx 
Apatite Apatite Apatite 
Zircon Zircon Zircon 
Magnetite Magnetite Magnetite 
Ilmenite llmenite llmenite 

Biotite ~ Biotite 
Hornblende 
Plag Plag Plag 
Cpx Cpx Cpx 
Opx Opx 

Biotite v Biotite 
Apatite Apatite Apatite 
Zircon Zircon Zircon 
Oxide Oxide Oxide 

Plag 
Cpx 
Opx 
K-feldspar 
Apatite 
Zircon 
Magnetite 
llmenite 
Quartz 

margins therefore correspond to a small-scale granulite 
formation; 
2. The margins are most frequently composed of two 
zones, the first one (Z1) containing either orthopyroxene 
only or both pyroxenes, and the second one (Z2), 
clinopyroxene. When only one zone occurs, it consists of 
opx. Plagioclase is always present; 
3. Zone Z1 develops at the expense of the metabasite 
whereas zone Z2 is formed at the expense of both Z1 and 
gneiss, which implies that growth of the margins occurs in 
both directions; 
4. The different zones are separated by sharp fronts and 
the number of phases is reduced compared to metabasite 
and gneiss; 
5. They show a small and constant thickness; 
6. When adjacent rocks show contrasting mineral com- 

positions, the compositions of the solid solutions evolve 
continuously from the value in the metabasite to that in 
the gneiss, with no abrupt change across Z1-Z2 front. 

Features 2 to 6 are typical of metasomatic rocks 
(Korzhinskii 1970; Joesten 1977; Fonteilles 1978) and 
feature 3, as well as the lack of abrupt change in solid 
solutions across Z1-Z2 front, is typical of diffusion meta- 
somatic rocks (Hofmann 1972). 

Mass transfer evaluation 

Introduction 

In early geochemical studies, it was deduced from direct comparison 
ofgranulites and their supposed amphibolite equivalents that granu- 
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1ram 

oxide cpx opx blot hbl 

Fig. 3. Reaction margin at the contact between metabasite and 
gneiss (not shown on the figure). The amphibolite (upper part of the 
sketch) is in sharp contact with zone Z1 made up of plagioclase, opx 
and opaques. Note zone Z2 (lower part of the sketch) is characterized 
by coarse-grained cpx as the only pyroxene. Note the grossly 
parallel orientation of opx with the contact between zones. Plagio- 
clase is in white. (sample 89-57(1), Flikka) 

lite terranes are depleted in some large-ion-lithophile elements 
(LILE), more precisely in K, Rb, U and Th with concomitant 
increase of the K/Rb and Th/U ratios (Lambert and Heier 1967; 
Heier and Thorensen 1971; Weaver and Tarney 1983). More recent 
papers have shown that this depletion is not systematic (Sighinolfi et 
al. 1981; Iyer et al. 1984; Barbey and Cuney 1982). A large data base 
has been used by Rudnick et al. (1985) to test the behavior of Rb, K, 
Th and U in granulites. According to these authors, U seems to 
decrease whereas Th could be constant. Moreover, the K/Rb ratio 
increases in the low K granulites but remains unchanged in the high 
K granulites. Following these authors, this variable behavior is 
induced by the relative stability of biotite and K-feldspar: in high K 
granulites, K-feldspar is the potassic phase and is stable in granulite 
facies conditions. In low K rocks, biotite is present and will react 
into K-feldspar in granulite conditions with a change in the K/Rb 
ratio. Most frequently, element mobilities have been estimated by 
simple comparison of the element content in granulite and amphi- 
bolite terranes with, in most cases, no reference to a fixed compon- 
ent. Moreover, estimates made on regional scale cannot account for 
heterogeneity in the protolith composition nor for volume variation 
(if any) during transformation and deformation. The zoned reaction 
margins studied in this paper are not representative of regional 
granulite facies but the protolith of each margin is known and is of 
constant composition : metabasites as well as their equivalent in the 
amphibolite facies domain (located more eastwards) are mineralogi- 
cally very homogeneous. Moreover, in the amphibolite facies no 

reaction or distinctive layer can be observed at the contact with the 
gneiss (hornblende is stable in the presence of quartz in the amphi- 
bolite facies conditions). 

Petrographic data have shown that part of zone Z2 was formed 
at the expense of the gneiss (see above): a mass transfer evaluation 
made with these margins thus strictly is not representative of 
granulite formation. This is especially true for some trace elements as 
scarce zircon in the gneiss has been observed in zone Z2. These 

Table 3. Selected electron-probe analyses of plagioclase, ortho- 
pyroxene, clinopyroxene [sample 89-57(2)] 

Plagioclases 

1 2 3 

SiO2 56.32 59.84 61.26 
A1203 27.12 25.01 23.73 
FeO 0.19 0.24 0.11 
CaO 8.64 6.64 4.73 
Na20 6.61 7.63 8.52 
K20 0.33 0.64 0.51 
Total 99.21 100.00 98.86 

8 Oxygens 
Si 2.551 2.674 2.749 
AI 1.448 1.317 1.255 
Fe 0.007 0.009 0.004 
Ca 0.419 0.318 0.228 
Na 0.580 0.662 0.741 
K 0.019 0.037 0.029 
Ab 57.0 65.1 74.3 
Or 1.9 3.6 2.9 
An 41.2 31.3 22.8 

Orthopyroxenes Clinopyroxenes 

4 5 6 7 8 

SiO2 50.62 49.84 49.11 50.40 50.50 
TiO 2 0.10 0.18 0.19 0.23 0.17 
A120 3 0.91 1.05 0.70 1.92 1.48 
FeO 30.60 31.36 34.58 13.67 14.52 
MnO 0.95 0.78 0.97 0.44 0.40 
MgO 16.43 16.23 13.49 12.05 10.73 
CaO 0.66 0.81 1.02 20.32 20.97 
NazO 0.04 0.00 0.00 0.41 0.50 
Total 100.31 100 .25  100.06 99.44 99.27 

6 Oxygens 
Si 1.964 1.945 1.955 1.932 1.950 
A1 IV 0.036 0.048 0.033 0.068 0.050 
AI VI 0.006 - 0.019 0.017 
Ti 0.003 0.005 0.006 0.007 0.005 
Fe 0.993 1.023 1.151 0.438 0.469 
Mg 0.950 0.944 0.800 0.688 0.617 
Mn 0.031 0.026 0.033 0.014 0.013 
Ca 0.028 0.034 0.043 0.834 0.867 
Na 0.003 0.000 0.000 0.030 0.037 
Fm 0.519 0.526 0.597 0.397 0.438 
Wo 1.4 1.7 2.1 42.2 44.1 
En 47.5 46.6 39.5 34.9 31.4 
Fs 51.2 51.8 58.4 22.9 25.4 

The number of the analysis refers to Fig. 4; analyses made at the 
CAMST (University of Louvain - J. Wautier, analyst) with a 
Camebax microprobe (wavelength dispersive spectrometer) 15 kV, 
20 nA, data reduced using a ZAF correction program from CAM- 
ECA 



209 

Table 3. (continued) Selected electron-probe analyses of biotite, 
and amphibole [-sample 89-57(2)] 

Amphiboles Biotites 

9 10 1l 12 

SiO2 41.21 40.98 36.55 36.98 
TiO 2 2.45 1.74 4.85 4.60 
At20 3 10.83 10.95 12.99 13.21 
FeO 16.01 16.56 16.09 16.28 
MnO 0.27 0.30 0.00 0.17 
MgO 10.63 10.75 13.66 13.55 
CaO 11.05 11.16 0.00 0.00 
Na20  228 2.34 0.01 0.08 
K20 1.74 1.74 9.93 9.44 
F 0.85 1.73 1.77 1.33 
C1 0.04 0.06 0.06 0.05 
H 20 1.54 1.13 3.06 3.29 
F = O - 0.36 - 0.73 - 0.75 - 0.56 
C1 = O - 0.01 - 0.01 - 0.01 - 0.01 
Total 98.53 98.70 98.21 98.40 

22 Oxygens 
Si 6.280 6.244 5.602 5.639 
AI IV 1.720 1.756 2.347 2.361 
AI VI 0.221 0.212 - 0.013 
Ti 0.284 0.201 0.559 0.527 
Fe 3 + 0.308 0.463 - - 
Fe 2 + 1.734 1.643 2.063 2.076 
Mn 0.036 0.037 0.000 0.022 
Mg 2.417 2.444 3.121 3.080 
Ca 1.804 1.822 0.000 0.001 
Na 0.677 0.696 0.003 0.023 
K 0.339 0.339 1.942 1.837 
OH 1.579 1.151 3.126 3.346 
F 0.412 0.834 0.858 0.640 
CI 0.009 0.015 0.016 0.014 

"Number  of oxygens on the basis of 13 cations except Ca, Na, K 

limitations will be considered before making any general conclusion 
on mass transfer. 

Sample  preparat ion  

Seven samples from the various localities have been selected for 
whole rock analysis (major and trace elements). In each case the 
metabasite and the reaction margin have been considered as well as 
the adjacent acidic gneiss. In rock 89-57 two margins [-89-57(1) and 
89-57(2)], on each side of a metabasite layer, have been sampled 
together with their respective adjacent gneisses. It must be pointed 
out that these latter have variable compositions and may show local 
heterogeneities which have justified the sampling of a K-feldspar- 
rich layer adjacent to margin 89-57(1). 

Each sample (usually of 1 dm 3 size) has been cut at right angles 
to the margin orientation in 1 cm thick slices. The sharp contrast in 
mineral compositions between the various rocks (metabasite, mar- 
gin and gneiss) has made it possible to cut homogeneous and 
representative samples (15-30 gin) of each rock type. A distinction 
within each margin between zones Z1 and Z2 has, however, not been 
possible. The analyses are reported in Table 4. The interpretation of 
the compositions in terms of provenance of the material or influence 
of migmatitic processes has been discussed by Wilmart et al. (1987) 
for similar metabasites and acidic gneisses. The present paper will 
focus on the chemical changes due to the granulite formation. 

M e t h o d s  o f  evaluation 

In most geochemical studies of granulite terranes, an element is 
considered mobile when its content decreases or increases in granu- 
lites compared to its content in its supposed amphibolite protolith. 
This mobility concept is distinct from that  proposed by Korzhinskii 
(1959) and Thompson (1970) in which an element is perfectly mobile 
when its chemical potential (g) is controlled by conditions external 
to the system and has thus the same status as P and Tin  determining 
the equilibrium paragenesis. The perfectly mobile components are 
opposed to the inert ones whose g are controlled at constant P and T 
by the paragenesis and the p of the perfectly mobile components. To 
fill the gap between these geochemical and thermodynamic concepts, 
Fonteilles (1978) has defined perfectly inert components as inert 
components whose contents, or better, ratios of contents have not 
been modified during transformation. Perfectly inert components 
are convenient for mass transfer evaluation because they provide a 
fixed reference to which the behavior of other elements can be 
compared. 

Gresens (1967) proposed a basic formula for analyzing changes 
in concentration and volume during metasomatic reactions: 

X,  = [fv(pb/p a) Cb, -- C~] 100 

in which a and b refer to the rock before and after transformation;fv, 
to the volume ratio Vb/V ~ and p is for the specific gravity. With this 
equation, composition-volume diagrams (X, versus arbitrary values 
ofs can be obtained for the different components and the perfectly 
inert ones are those which intersect at a common value off~ for 
X,  = 0. 

Grant  (1986) rearranged Gresens' equation into a linear relation- 
ship between the concentration of one component before and after 
alteration: 

M o 
c~ = Mb(C~ + 66) 

where a and b refer to the rock before and after transformation, 
M"/M b is the ratio of equivalent masses and C i is for the concentra- 
tion of component i, Components showing no relative gain or loss 
define an "isocon" (C~ = (M~/M ~) C~) whose slope gives the mass 
change (M"/M b) during transformation. This method provides an 
objective way of determining perfectly inert components. 

Isocon diagrams (Fig. 5) show that in all samples, the best-fit 
isocon is obtained with Ti, A1 and P. This means that either these 
elements are perfectly inert or that they have been changed in the 
same way (i.e, they are geochemically coupled). As these elements are 
included in different minerals (Ti is in biotite, amphibole and oxides; 
A1 is mainly in feldspar; P in apatite), the second hypothesis is very 
unlikely and we will consider them as perfectly inert. It is also worth 
noting that Fe and Mg are usually on the best-fit isocon or close to 
it. Isocon slopes range from 0.95 to 1.05 (except for sample UI0  
where it is 0.80), suggesting that no significant mass change occurred 
during the reactions. 

Volume changes can be assessed using best-fit and constant- 
volume isocons (C~ = p"/pb'C~; Grant  1986) if specific gravities are 
known. Constant volume is shown when both isocons have the same 
slope. Specific gravities of four samples have been measured using a 
Berman balance (89-58; 89-57(1); 89-57(2); 89-75A') (Table 5). Con- 
stant volume isocons are identical to best-fit isocons for samples 89- 
75A' and 89-57(2) and close to it for the two other samples (Fig. 5; 
Table 5) demonstrating that margin development occurred with no 
significant volume change. 

In Fig. 5, relative gains and losses of major elements are given by 
their displacement from the isocon. Nevertheless, gains and losses 
are best measured by comparing the concentration change of one 
component to its initial concentration (AC]C~). This can be done by 
assuming constant mass, constant volume or referring to one per- 
fectly inert component. The last method has been chosen because 
time-consuming measures of specific gravities are avoided and it 
takes into account variations due to concentration and dilution 
effects (this is not the case for the mass constant method). The 
component TiO 2 has been selected from among the perfectly inert 
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because its analytical precision is excellent. Errors on mass transfer 
calculations have been estimated following the principle of error 
propagation (Topping 1966). 

Major and trace elements 

Results are displayed in Table 6 and on Fig. 6 (major 
elements) and Fig. 7 (trace elements). The propagated 
errors are variable from element to element. They are 
relatively low for the major  elements except Na  which is 
not  precisely analyzed by XRF. Values for U, Nb  and Ta  
display impor t an t  errors due to their very low content  in 
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samples. Errors being considered, the following features 
can be pointed out:- 
1. Silica usually increases in the range of + 10% to 
+ 22% with one value reaching + 40%. There is only 

one exception in sample 89-75A' where this element re- 
mains  constant;  
2. Sodium is significantly enriched in all samples except 
89-75A'; 
3. Manganese  is strongly increased in all samples with 
gains from + 15% to + 73% and, interestingly, its con- 
tent is higher in margins than in both metabasite and 
gneiss; 

Table 4. Major (%) and trace (ppm) element composition of margin and corresponding gneiss and metabasites [for sample 89-57, the two 
margins (1) and (2) as well as the K-feldspar(KF)-rich gneiss adjacent to margin (1) are also presented]. Sample numbers refer to Table 1 

89-57 89-57(1) 8 9 - 5 7 ( 1 )  8 9 - 5 7 ( 1 )  8 9 - 5 7 ( 2 )  89-57(2) 89-58 89-58 89-58 
Metabasite Margin KF-rich Gneiss Margin Gneiss Metabasite Margin Gneiss 

gneiss 

SiO2 48.27 53.70 73.32 70.18 54.17 63.90 49.58 55.28 68.33 
TiO 2 1.22 1.13 0.45 0.70 1.12 1.00 1.18 1.13 0.75 
AlzO 3 15.65 14.99 13.29 13.33 14.92 15.57 15.30 14.84 13.47 
Fe203t 12.89 12.87 2.71 5.93 13.11 7.14 12.61 11.99 6.82 
MnO 0.19 0.30 0.05 0.08 0.31 0.10 0.20 0.27 0.10 
MgO 7.57 5.25 0.66 0.85 5.08 1.06 7.35 4.90 1.00 
CaO 9.99 7.50 2.56 2.83 7.17 3.65 9.68 7.76 3.26 
Na20 2.70 4.23 2.00 2.98 4.23 3.82 2.48 3.55 3.11 
K20 1.36 0.49 5.55 3.49 0.50 4.07 1.39 0.63 3.46 
P2Os 0.21 0.21 0.14 0.24 0.22 0.28 0.21 0.24 0.25 
Total 100.05 100.67 100.73 100.60 100.82 100.59 99.96 100.59 100.54 

U 0.23 < 0.14 0.25 0.46 0.18 0.60 0.40 0.33 0.35 
Th 0.82 0.38 0.48 0.43 0.51 1.04 0.80 0.56 0.48 
Th/U 3.6 1.9 0.9 2.8 1.7 2.0 1.7 1.4 
Zr 96 187 254 377 215 514 100 211 40 l 
Hf 2.7 5.0 8.5 11.9 6.2 15.4 2.7 6.7 12.4 
Zr/Hf 36 37 30 32 35 33 37 31 32 
Nb < 6 12 < 6 < 6 15 17 < 6 11 9 
Ta 0.26 0.74 0.34 0.27 1.05 1.16 0.36 0.81 0.37 
Nb/Ta 16 14 15 14 24 

Rb 55 14 137 90 12 98 67 20 87 
K/Rb 205 29l 336 322 346 345 172 262 330 
Sr 228 186 211 185 188 213 222 184 176 
Ba 153 116 1,192 796 116 906 198 143 714 
K/Ba 74 35 39 36 36 37 58 37 40 

V 244 165 < 25 < 25 152 38 232 162 < 25 
Cr 113 70 4 a 52 75 6 ~ 124 85 11 ~ 
Ni 100 51 < 25 < 25 56 30 92 53 < 25 
Zn 102 134 < 25 62 141 63 101 111 80 
Sc 34.7 25.4 4.7 6.5 31.0 11.4 33.3 30.7 14.5 

La 13.6 17.7 15.4 25.9 23.2 38.9 13.7 25.1 31.5 
Ce 34.9 35.0 27.8 50.4 47.7 81.0 35.2 58.6 68.7 
Nd 20.2 19.4 13.6 24.5 26.0 41.0 19.4 35.0 36.1 
Sm 5.03 4.74 3.16 5.00 6.48 8.67 4.89 8.50 7.97 
Eu 1.52 1.61 2.01 2.01 1.67 2.50 1.53 1.94 2.27 
Tb 0.94 0.79 0.39 0.59 1.16 1.29 0.89 1.44 1.29 
Yb 3.38 3.10 1.27 1.65 4.80 4.10 3.30 5.10 3.89 
Lu 0.52 0.46 0.18 0.23 0.72 0.57 0.52 0.75 0.58 
Y 33 39 7 16 48 41 31 53 40 
(La/Yb)N 1.8 0.8 20 10 0.5 5 1.8 0.6 4 
Eu/Eu* 0.88 1.01 2.02 1.29 0.76 0.88 0.91 0.68 0.86 
~REE 80 83 64 110 112 178 79 136 152 

Major elements and Zr, Rb, Sr, Ba, V, Cr, Ni, Zn, Nb and Y analysed by XRF (G. Bologne, ULG); U, Th, HI', Ta, Sc and REE by NAA [J. 
Hertogen, KUL, for samples 89-57(1) and (2), 89-58, 89-75A', 87-7, 87-5; J.L. Joron and E. Wilmart, CEA, Saclay, for samples U 10, U9, and 84- 
24] as well as elements marked". F was determined by PIGE (I. Roelandts, ULG) (Roelandts et al. 1987) 
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Table 4 (continued) 

89-75A' 89-75A' 89-75A' 87-7 87-7 87-7 87-5 87-5 87-5 
Metabasite Margin Gneiss Metabasite Margin Gneiss Metabasite Margin Gneiss 

SiO2 47.79 50.81 69.43 44.91 49.83 75.55 49.69 53.12 75.18 
TiO2 2,25 2.38 0.38 2.55 2.48 0,30 1.74 1,57 0.51 
AI20 3 14.14 14.65 15.75 15.02 15.68 t2.62 13.28 13.43 11.22 
F%Ost 14,46 14.87 3.16 17.28 16.46 2.50 14.92 14.48 4.64 
MnO 0.22 0.30 0.05 0.27 0.34 0.02 0.26 0.27 0.04 
MgO 6.73 5.83 1.13 7.60 6.26 0.19 6.86 5.57 0.43 
CaO 9.47 5.69 4.10 9.81 5.26 1.53 10.41 7.75 1.15 
Na20 2.99 3.60 3.65 1.83 3.84 2.80 3.44 4.58 2.28 
K20 1.09 0.81 1.53 1.79 0.21 4.69 0.69 0.47 4.84 
P2Os 0.39 0.39 0.t7 0.33 0.36 0.04 0.23 0.18 0.16 
Total 99.53 99.32 99.53 100.11 99.36 100.19 100.37 100.28 100.24 

U 0.27 0.43 < 0.15 < 0.15 0.20 0.41 0.75 0.49 1.60 
Th 0.62 0.42 0.11 0.48 0.32 0.38 1.19 0.65 18.40 
Th/U 2.3 1.0 1.6 0.9 1.6 1.3 11.5 
Zr 155 166 89 162 140 250 88 68 455 
Hf 4.5 4.7 2.8 4.0 4.0 8.1 2.9 2.3 15.7 
Zr/Hf 34 35 32 41 35 31 30 30 29 
Nb 6 7 < 6 3 12 2 4 25 2 
Ta 0.39 1.05 0.06 0.24 0.54 0.07 0.40 1.90 0.23 
Nb/Ta 15 7 13 22 29 10 13 9 

Rb 15 17 22 104 23 130 17 8 166 
K/Rb 603 396 577 143 76 300 337 488 242 
Sr 363 529 700 179 165 123 141 212 176 
Ba 234 294 624 165 161 976 95 178 1244 
K/Ba 39 23 20 90 11 40 60 22 32 

V 315 310 28 393 379 < 25 389 286 < 25 
Cr 133 132 < 10 a 111 128 39 178 161 < 25 
Ni 52 39 < 25 85 38 < 25 68 47 < 25 
Zn 113 140 33 150 159 33 124 173 42 
Sc 38.9 27.1 4.0 38.6 28.7 3.4 50.8 44.7 68.3 

La 18.4 15.4 12.1 9.9 15.9 13.8 12.3 12.6 68.3 
Ce 51.8 34.0 20.9 27.6 29.9 17.7 35.7 33.3 124.0 
Nd 35.1 18.8 8.3 21.3 15.9 6.8 24.1 25.8 46.2 
Sm 8.3 4.1 1.5 6.1 3.4 1.4 6.5 8.3 6.7 
Eu 2.43 1.33 1.14 2.!9 1.90 1.57 1.84 1.42 0.94 
Tb 1.34 0.55 0. t4 1.17 0.51 0. t4 1.27 1.89 0.48 
Yb 4.00 1.61 0.27 3.97 2.30 0.50 5.00 8.00 1.18 
Lu 0.61 0.25 0.05 0.56 0.38 0.08 0.75 1.21 0.20 
Y 47 19 < 6 37 21 4 58 89 4 
(La/Yb)N 3 6 30 2 5 18 2 1 70 
Eu/Eu* 0.60 0.74 2.26 0.64 0.97 2.62 0.46 0.24 0.41 
}~REE 122 76 44 73 70 42 87 93 248 
F 4,276 679 < 25 3758 428 184 

4. Alumin ium and Fe are almost constant;  small but  
significant gains of Fe are observed in samples U10 and 
89-57(2); 
5. A small decrease in Mg occurs for several samples and  
Ca is decreased in all samples, except in U10 where it is 
increased; 
6. Potass ium is depleted from - 25% down to - 89%, 
except in U10 where it is slightly increased, this feature 
probably  being due to incorpora t ion  in zone Z2 of this 
sample of K-feldspar from the gneiss (see the petrographic 
section); 
7. The behavior  of P is variable from sample to sample : it 
is slightly increased or decreased. 

The behavior  of trace elements is not  as consistent as 
that of major  elements (Fig. 7) :- 
1. U r a n i u m  displays no significant var iat ion whereas Th is 

significantly decreased in a few samples but  increased up 
to + 35% in U10; 
2. T a n t a l u m  displays a strong increase in all samples and 
so does N b  in most  samples: max imum values can at tain 4 
to 6 times the value in the metabasite (sample 87-5), as for 
M n  both elements are strongly enriched in margins rela- 
tive to metabasite and gneiss; 
3. Z i rconium and  Hf have a parallel behavior  (nearly 
constant  Zr /Hf  ratios - Table 4) and display a significant 
increase in only three cases. This increase is, however, 
correlated with a high Zr  content  in the adjacent gneiss 
and  is likely due to the incorpora t ion  of zircon from the 
gneiss (part of zone Z2 developed at the expense of the 
gneiss: see petrographic section). 
4. Rubid ium is unaffected in some samples but, more 
frequently, strongly decreased from - 4 8 %  down to 
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Table 4 (continued) 

U10 U10 U9 84-24 84-24 
Metabasite Margin Gneiss Metabas Margin 

sio2 46.53 52.81 62.51 45.52 48.90 
TiO2 2.94 2.38 0.82 2.66 2.59 
A120 3 12.43 11.76 14.98 15.06 15.76 
F%O3 t 18.18 17.04 9.22 16.33 15.48 
MnO 0.25 0.34 0.15 0.20 0,25 
MgO 5.74 4.33 0.94 7.12 6.66 
CaO 10.32 9.29 3.78 9.32 5.82 
Na20 2.78 3.95 3.35 2.46 3.90 
K20 0.71 0.64 3.78 1.64 0.70 
P205 0.73 0.63 0.26 0.64 0.61 
Total 99.00 101.68 99.79 100.95 99.62 

U 0.79 0.86 0.36 0.85 1.28 
Th 2.01 2.20 0.83 1.64 1.72 
Th/U 2.54 2.56 2.31 1.93 1.34 
Zr 306 268 424 a 192 208 
Hf 7.7 6.9 10.0 4.8 5.8 
Zr/Hf 40 39 42 40 36 
Nb 17 37 11 7 11 
Ta 0.88 2.18 0.62 0.44 0.90 
Nb/Ta 19 17 18 16 12 

Rb 11 10 62 ~ 117 17 
K/Rb 536 531 505 116 342 

Sr 228 246 230 ~ 279 279 
Ba 204 ~ 392 ~ 1517 ~ 403 291 
K/Ba 29 14 21 34 20 

V - 273 344 
Cr 158" 132" 29" 44 52 
Ni 31 ~ 15 ~ 2 ~ 78" 73 ~ 
Zn 339 ~ 405 ~ 246" 168 219 
Sc 48.7 45.4 22.2 35.3 35.0 

La 32.60 41.40 35.20 21.50 24.00 
Ce 74.20 94.90 81.40 52.40 53.00 
Nd 

Sm 11.90 16.60 11.70 8.10 7.90 
Eu 3.34 3.18 6.10 2.90 2.07 
Tb 2.04 2.76 1.74 1.36 1.19 
Yb 8.48 9.76 5.39 5.00 3.63 
Lu 

Y 90 l 17 58 65 58 
~REE 133 169 142 91 92 
(La/Yb) 
Eu/Eu* 0.83 0.57 1.60 1.06 0.80 
F 4501 792 6798 1824 

- 85%. Both Rb and K have similar behavior  but Rb is 
generally more depleted than K0 which induces an in- 
crease of K / R b  (Table 4); 
5. Both Sr and Ba display the highest increase in the same 
three samples but  their behaviors are not  necessarily 
parallel with that of Ca inasmuch as the strong gain of Ba 
and  Sr in sample 87-5 is associated with a depletion in Ca; 
6. Conten ts  of V, Cr and Sc are not  very much affected by 
the margin  development:  they mostly show slight losses; 
7. Nickel significantly decreases in most  cases down to 
about  50%, whereas Zn  is increased up to about  50%; 
8. F luor ine  is always strongly depleted. 
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Fig. 5. lsocon diagrams (Grant 1986: see text for explanation) for 
all metabasites (x-coordinate) and corresponding margins (y-co- 
ordinate). Data are plotted as weight percent of the oxides: compon- 
ent concentrations have been scaled in order to be shown in the 
range 0 to 40 wt% (0.5 SiO> 10 TiO2, 1.5 A1203, 2Fe203, 100 MnO, 
l MgO, 1.5 CaO, 10 Na20, 15 K20, 10 PzOs). This avoids 
neglecting variations in components with low concentrations (Grant 
19861. Solid lines are best-fit isocons and dotted lines, constant- 
volume isocons 

Table 5. Values of specific gravities (9) measured for 4 samples of 
metabasites and corresponding margins. The volume ratio, Vz/ 
Vmcta (Z, margin; meta, metabasite) deduced from best-fit isocons 
(Grant 19861 is also given 

Sample no. 8 9 - 5 7 ( 1 )  89-57(2) 89-58 89-75A' 

.q Margin a 3.10 310 3.04 2.82 
9 Metabasite 3.10 310 3.10 2.86 
gz/Vmela 1.05 1.00 t.06 0.96 

Average of 3 measures on a Berman balance 

Selected REE patterns of metabasites, margins  and 
gneisses are reported in Table  4 and  Fig. 8. Note  the 
peculiar REE dis t r ibut ion with a strong positive anomaly  
in some gneisses, a feature not  u n c o m m o n  in migmati t ic  
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Table 6. Mass transfer estimates using TiO~ as a fixed reference (see text). Gains and losses are expressed as percentages of the metabasite 
composition. The last column gives the average absolute error (lc~) 

89-57(1) 89-57(2) 89-58 89-75A' 84-24 87-7 U10 87-5 Error 

SiO2/TiO 2 20 22 16 1 10 14 40 19 1.4 
AI203/TiO 2 3 4 1 - 2 7 7 17 12 2.1 
F%O3t/TiOz 8 11 1 - 3 - 3 - 2 16 7 1.2 
MnO/TiO 2 66 73 41 26 25 27 56 15 2.1 
MgO/TiOz - 25 - I1 - 30 - 18 - 4 - 15 - 7 - 10 3.5 
CaO/TiO2 - 19 - 22 - 16 - 43 - 36 - 45 l l  - 17 0.9 
Na20/TiO z 69 71 50 14 64 115 75 47 8.6 
K20/TiO 2 - 61 - 60 - 53 - 29 - 57 - 89 13 - 25 2.9 
P2Os/TiO2 9 16 18 - 4 0 15 4 - 15 3.2 
U/TiO 2 > - 35 - 15 - 14 50 53 33 34 - 27 80 
Th/TiO 2 - 50 - 32 - 27 - 37 6 - 32 35 - 39 15 
Zr/TiO 2 110 144 120 1 11 1 8 - 14 8 
Hf/TiO2 103 154 158 - 1 24 3 10 - 12 13 
Nb/TiO 2 > 116 > 172 > 92 10 61 264 169 575 89 
Ta/TiO z 212 346 131 160 106 144 207 426 58 
Ba/TiO 2 - 18 17 - 25 19 - 26 0 137 108 10 
Rb/TiO2 - 73 - 76 - 69 7 - 85 - 77 12 - 48 5 
Sr/TiO 2 - 12 - 10 - 13 38 3 - 5 33 67 4 
V/TiO2 - 27 - 32 - 27 - 7 29 - 1 - 19 4 
Cr/TiO2 - 33 - 28 - 28 - 6 21 19 3 0 14 
Ni/TiO 2 - 45 - 39 - 40 - 29 - 3 - 54 - 39 - 23 12 
Zn/TiO 2 42 51 15 - 5 34 9 55 9 
Sc/TiO2 - 21 - 3 - 4 - 34 2 - 24 15 - 3 2 
EREE/TiO 2 3 52 79 - 41 3 - 1 57 17 4 
Eu/TiO2 14 19 32 - 48 - 27 - 11 17 15 4 
F/TiO2 - 72 - 84 - 78 - 87 3 

Caculation of the propagated error was done by considering the following values of the standard deviation for each element (in percent for 
major elements and ppm for traces). Elements measured by XRF (G. Bologne, personal communication): SiO2, 0.26; TiO z, 0.01; Al~O3, 0.16; 
Fe203, 0.04; MnO, 0.002; MgO, 0.16; CaO, 0.04; Na20, 0.l 1; K20, 0.03; PzOs, 0.006; Ba, 10; Co, 4; Cr, 10; Nb, 1.4; Ni, 6; Rb, 3.5; Sr, 5.5; V, 7; Y, 
4; Zn, 6.5; Zr, 6.2. Elements measured by NAA (J. Hertogen, personal communication) : Hf, 0.22; Ta, 0.06; U, 0.16; Th, 0.10; Sc, 0.58; ZREE, 2.2; 
Eu, 0.05 

g ran i t i c  ma te r i a l  (Barbey  et al. 1989). T h e  R E E  d is t r ibu-  
t ions s h o w  tha t  t r a n s f o r m a t i o n  of  m e t a b a s i t e  in to  m a r g i n  
does  no t  induce  i m p o r t a n t  m o d i f i c a t i o n s  of  R E E .  The  
g loba l  R E E  c o n t e n t  ( R E E  in Fig. 7) is u n m o d i f i e d  [84-24, 
89-57(1), 87-7],  s l ight ly inc reased  [89-58, U10,  89-57(2), 
87-5] o r  s l ight ly  dec reased  (89-75A').  T h e  L a / Y b  and  
E u / E u *  ra t ios  (not  represen ted)  do  n o t  s h o w  la rge  n o r  
sys temat ic  var ia t ions .  F i g u r e  8 i l lus t ra tes  a m o s t  f r equen t  
s i tua t ion:  w h e n  the R E E  c o n t e n t  is modi f ied ,  its va lue  in 
the  m a r g i n  is i n t e r m e d i a t e  b e t w e e n  tha t  of  m e t a b a s i t e  and  
gneiss,  sugges t ing  a mixing.  This  hypo thes i s  is s u p p o r t e d  
by the  o b s e r v a t i o n  tha t  pa r t  of  Z2  (this conce rns  especia l ly  
z i rcon)  is f o r m e d  at the  expense  o f  the  gneiss. M o r e o v e r ,  in 
a Z r  versus  R E E  d i a g r a m  (Fig. 9), m a r g i n s  of  samples  89- 
57(1), 89-57(2), 89-58 and  89-75A'  h a v e  Z r  and  R E E  
c o n t e n t s  i n t e r m e d i a t e  b e t w e e n  those  o f  the i r  r espec t ive  
m e t a b a s i t e  and  gneiss  whereas  in ma rg in s  87-7 and  87-5, 
the R E E  and  Z r  con t en t s  is a l m o s t  u n m o d i f i e d  c o m p a r e d  
to tha t  of  the  me tabas i t e ,  sugges t ing  tha t  in these cases the  
gneiss i m m e d i a t e l y  ad jacen t  to the m e t a b a s i t e  does  no t  
c o n t a i n  m u c h  z i r con  or  apat i te .  Sl ight  va r i a t i ons  of  R E E  
have  a lso  been  m e n t i o n e d  in the  t r ans i t i on  f rom a m p h i -  
bo l i te  to g ranu l i t e  facies (Allen et al. 1985; C o n d i e  a n d  
Al len  1984; W e a v e r  and  T a r n e y  1983) bu t  m o r e  i m p o r t a n t  
changes  of  R E E  have  been  r e p o r t e d  by Stfihle et al. (1987) 
d u r i n g  c h a r n o c k i t i z a t i o n  in K a b b a l d u r g a  Q u a r r y  (South  
India)  where  z i r con  and  apa t i t e  a re  p rogress ive ly  

dissolved.  

Comments 

The  b e h a v i o r  of  m a j o r  e l emen t s  easi ly can  be co r r e l a t ed  
wi th  the  m i n e r a l o g i c a l  changes  i nduced  by the  m e t a s o -  
ma t i c  process.  T h e  decrease  in C a O  is l ikely due  to the 
d i s a p p e a r a n c e  of  h o r n b l e n d e  and,  w h e n  it occurs,  to the  
dec rease  in a n o r t h i t e  c o n t e n t  of  p lagioclase .  The  dep l e t i on  
in M g  s imi lar ly  can  be exp la ined  by the increase  in 
p y r o x e n e  Fe  numbers .  The  r e p l a c e m e n t  of  h o r n b l e n d e  (ca. 
4 0 %  SiO2: T a b l e  3) by o r t h o p y r o x e n e  (ca. 5 0 %  SiO2) and,  
to a m i n o r  extent ,  the  dec reas ing  a n o r t h i t e  c o n t e n t  in 
p lag ioc lase  can,  toge ther ,  a c c o u n t  for the increase  in S iO 2. 
T h e  d i s a p p e a r a n c e  of  b io t i t e  is r e spons ib le  for K deple-  
t ion.  O n  the o t h e r  hand,  the  perfec t ly  iner t  s ta tus  of  A120 3 
is l ikely to be i nduced  by the s tabi l i ty  of  p lag ioc lase  in the  
who le  process.  T h e  X u ,  and  M n O  c o n t e n t  of  p y r o x e n e s  
(cpx and  opx) be ing  a l m o s t  c o n s t a n t  w h e n  pass ing  f r o m  
the  m e t a b a s i t e  to the gneiss, the large  increase  in M n  is 
l ikely due  to the  increase  in p y r o x e n e  p r o p o r t i o n  a n d / o r  
to a h ighe r  M n  c o n t e n t  in i lmeni te .  T h e  source  of  this M n  
is p r o b a b l y  the m e t a b a s i t e  i tself  bu t  a th i cke r  v o l u m e  than  
the  m a r g i n  has  been  i n v o l v e d  to yield the  necessa ry  Mn:  
mine ra l  d a t a  h a v e  a l r eady  s h o w n  tha t  the  diffusion p ro -  
cess affect ing Fe  and  M g  in p y r o x e n e s  was p r o b a b l y  
effective b e y o n d  the  m a r g i n  l imits  (see Fig. 4B). 

B o t h  N b  and  Ta  d i sp lay  the  same  fea ture  as M n  bu t  in 
this case me t abas i t e  and  gneiss  have  a s imi la r  c o n t e n t  of  
these e lements .  Mine ra l s  ab le  to i n c o r p o r a t e  these  ele- 
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Fig. 6. Mass transfer evaluation for major elements with TiO 2 as a 
fixed component. Gains and losses are expressed as percentages 
relative to the protolith (metabasite). Error bars (average 2c~) calcu- 
lated following the principle of error propagation (see Table 6) 

ments in the margins are essentially ilmenite (Gottfried et 
al. 1968; Crecraft et al. 1981) and secondary biotite (Four- 
cade and All6gre 1981). Here again the source of Nb and 
Ta involves a larger part of probably both metabasite and 
gneiss than the volume of the margins. 

The slight changes observed in V, Cr, Ni, and Zn can 
be explained by the stability of magnetite in the margins. 
The increase in Sr and Ba in UI0 is probably due to the 
incorporation of K-feldspar from the gneiss. The same 
feature is observed in 87-5. 

Disappearance of primary biotite in the reaction mar- 
gin can account for Rb depletion, as formerly proposed by 
Rudnick et al. (1985) for low K granulites. According to 
microprobe data, the F-bearing phases are hornblende 
and biotite as well as apatite and the strong decrease of 
this element is due to the reaction of hydrated phases. In 
the margin, the remaining F is located in apatite 
(Roelandts et al. 1987). The strong depletion of F, H20, 
and K20 as well as Rb from metabasite to zone Z1 is not 
balanced by reactions consuming these elements at the 
Z1/Z2 front or the Z2/gneiss front (no F-, H20- or K20- 
bearing phases are stable in the margins). This observa- 
tion is not in agreement with Fisher's model (1973 - see 
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Fig. 7. Mass transfer evaluation for trace elements with TiO2 as a 
fixed component. All errors are expressed as lcy (see Table 6). Same 
symbols as in Fig. 6. Symbol with an a r r o w  indicates a minimum 
value 

"Origin of the margins" below) in which the growth of one 
diffusion zone is accomplished by an exchange cycle in 
which components evolved by reactions at one contact of 
a zone are consumed by reaction at the opposite contact 
(Joesten 1977, 1991 see "Origin of the margins" below). 
It also implies that these components have been trans- 
ported out of the system defined by the margins. To 
corroborate this conclusion, it is worth noting that a K- 
feldspar rich zone has been observed in the gneiss immedi- 
ately adjacent to the margin of sample 89-57 (see petro- 
graphic section). On the other hand, H20 could have 
induced a very small amount of partial melting in the 
adjacent gneiss as already suggested by petrographic data. 
Late biotite crystallized around oxides present in the 
margins during the M3 phase (retrograde metamorphism), 
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Fig. 8. Selected REE patterns of metabasite and corresponding 
margins and gneisses in two samples 89-57 and 89-75A'. Data are 
normalized with the values of Laul and Gosselin (1989). For each 
sample: n ,  metabasite; *, margin; A, gneiss. For sample 89-57: B, 
metabasite; . ,  margin (2); A, gneiss adjacent to the margin (2); o, 
margin (1); A, gneiss adjacent to margin (1); V, K-feldspar-rich 
gneiss immediately adjacent to margin (1). Note that REE patterns 
of gneisses are variable 

sugges t ing  tha t  H 2 0  and  K 2 0  were  still ava i l ab le  in the  
rock  at  tha t  t ime, 

Origin of the margins 

Introduction 

In the mineral composition section, we have already shown that the 
zoned reaction margins were formed through a diffusion process. 
This observation implies that in the P-T conditions prevailing in 
this part of the granulite facies, the mineral assemblages of meta- 
basite and gneiss are incompatible. The main goal of this section is to 
determine which chemical gradients control the diffusion process. 

Korzhinskii's theoretical work (Korzhinskii 1970) on metaso- 
matic zoning is based on two extreme types of metasomatism: 
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Fig. 9. Zr (ppm) versus ~2REE (ppm) for metabasites and corres- 
ponding margins and gneisses. [], 87-5; o, 87-7; + ,  84-24; A, U10; 
. ,  89-75A'; x,  8 9 - 5 8 ; . ,  89-57 (2); I ,  89-57 (1) 

diffusion and infiltration. In a diffusion process, the driving forces 
are the gradients in chemical potentials of some components be- 
tween two contrasted rock types and elements are transported in the 
pore fluid�9 Due to the progressive evolution of chemical potentials, a 
succession of reactions occurs at different fronts (developing a 
typical metasomatic column) and solid solutions display a continu- 
ous chemical variation�9 In an infiltration process, different reactions 
also occur at different fronts and develop a metasomatic column due 
to reaction of the fluid with the rock. Depending on the shape of the 
curve in which concentration of component i in the fluid is a function 
of concentration ofi in the solid (Hofmann 1972), solid solutions can 
display sharp differences at the interface between two zones. Diffu- 
sion and infiltration essentially differ due to the existence in diffusion 
metasomatism of a chemical equilibrium across each side of a sharp 
front, whereas in infiltration metasomatism there is disequilibrium 
across the front. In natural processes both types can theoretically 
combine and the predominance of one of them depends on the rock 
permeability, the existence of fluid pressure gradients and the flow 
rate of the percolating fluid relative to diffusion rates. Nevertheless, 
when infiltration occurs it generally dominates and the effects of 
diffusion are overprinted. 

Diffusion processes have been described in many metamorphic 
environments: for example, replacement of one mineral by another 
(Johnson and Carlson 1990), or development of reaction zones 
between chemically incompatible beds (Vidale 1969; Thompson 
1975; Brady 1977), this latter process being similar to the formation 
of the reaction margins discussed in this paper. 

Fisher and Eliott (1974) showed that, in most metamorphic 
diffusion processes, the local equilibrium hypothesis (Thompson 
1959) is verified and the process can be approximated by steady- 
state diffusion (Fisher 1973): zones grow by reactions at their 
contacts and the stoichiometry of these reactions is fixed by the 
relative diffusion fluxes within the zone. These fluxes take steady- 
state values that balance the rates of production and consumption of 
each component within the zone. Based on the local equilibrium 
hypothesis and the steady-state diffusion process, Joesten (1977) 
developed a model in which the different zone sequences that are 
stable in a steady-state process can be predicted. Moreover, the 
sequence of mineral zones, stable for a given choice of the relative 
values of the phenomenological coefficients for diffusion, can be 
obtained. 

The approach followed in this paper is the graphical method 
proposed by Korzhinskii (1959) and Burt (1974) in which the 
satmation surface in chemical potential space allows the identifica- 
tion of the chemical potential gradients which are responsible for the 
observed succession of zones. 
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Several characteristics of the margins can be explained by the 
diffusion process:- 
1. When an element becomes perfectly mobile, its g is externally 
controlled and consequently, as the system gets one more degree of 
freedom, Korzhinskii's phase rule predicts that the number of phases 
is reduced by one. This takes into account the reduction of phase 
number in the margin compared to metabasite and gneiss; 
2. Equations modeling the diffusion process (Korzhinskii 1970; 
Fonteilles 1978) show that the propagation speed of one front is 
inversely proportional to the distance it has moved and to the square 
root of time. Consequently, the speed decreases slowly with time and 
rapidly in space. It becomes negligible over a relatively small 
distance and the diffusion stops. This accounts for the small thick- 
ness of the diffusion reaction zones. On the other hand, the thickness 
is constant from samples to samples because similar reactions are 
involved. 

Chemical potential diagrams in the system 
CaO-MgO-SiO 2-AI 20 3-H 20 

The system CaO-MgO-SiO2-AI203-H20. The major 
elements needed to describe the observed mineral as- 
semblages are: SiO2, A1203, MnO, FeO, MgO, CaO, 
Na20, K20, TiO2, P/O s, H20. Using the status of com- 
ponents defined by Korzhinskii (1959), this system can be 
simplified in order to represent phase equilibria in chem- 
ical potential diagrams. Isocon diagrams (Fig. 5) have 
already shown that A1203, TiO 2, and P2Os are perfectly 
inert components. As TiO2 and PzOs are present as major 
components only in ilmenite and apatite, respectively, 
they can be considered indifferent or accessory. The Mn 
occurs as a trace component replacing Fe and/or Mg in 
pyroxenes and does not induce the appearance of a new 
phase. When metabasites contain biotite, this mineral 
completely disappears in the margins (biotite mentioned 
in Table 2 belongs to M3 metamorphic phase) where no 
potassic phase is stable. This suggests that K20 is a 
perfectly mobile component. Moreover, as margins are 
identical when metabasite contains biotite or is devoid of 
it, this component will not be considered in the system. 
The FeO is isomorphous with MgO and these two com- 
ponents will then be combined. The occurrence of margins 
both when there is a change and when there is not in the 
Mg no. [Mg/(Mg + Fe)] of pyroxenes supports this as- 
sumption. Moreover, isocon diagrams (Fig. 5) suggest that 
FeO and MgO are likely to be inert. 

As already noted in the regional setting section, in the 
conditions of the granulite facies prevailing in the area, the 
hornblende + quartz assemblage reacts into pyroxenes at 
a lower temperature than the hornblende alone (the same 
holds for biotite). The reaction occurring at the meta- 
basite/Z1 front is obviously similar but since quartz is not 
present in the metabasite, SiO 2 is supplied by diffusion: 
gs~o2 progressively must decrease through the margins 
from gneiss to metabasite since free quartz is present in the 
former (asio~ = 1) and absent in the later (as~o2 < 1). As 
lasio~ is fixed in any point of the margin by the diffusion 
process and the gsio2 gradient is obviously controlling the 
occurrence of the margins, SiO  2 will be considered a 
perfectly mobile component. In Fig. 6 and in isocon 
diagrams (Fig. 5), Na20 displays the strongest increase 
among major elements and we will then assume that this 
component is also perfectly mobile. 

The status of H20 is ambiguous. If margins develop in 
fluid present conditions (metamorphic fluid dominated by 
the system H-C-O), H20 is an excess component. On the 
other hand, if the process occurs in fluid absent conditions 
(Thompson 1983), HzO is most likely a perfectly mobile 
component. The occurrence of ftuid present or fluid absent 
conditions is part of the debate concerning the reduced 
water activity prevailing during granulite formation. 
Nevertheless, in the P-T conditions of Rogaland, most 
rocks are likely to have low permeabilities and porosities 
suggesting that the metamorphic fluid (if present) is inter- 
nally buffered with the possible existence of aH2o gradients 
(Waters 1988). Consequently, a perfectly mobile status will 
be considered for H20. 

The initial system is then simplified to SiO2-A120 3- 
MgO-CaO-Na20-H20 in which CaO and Na20 cannot 
be treated together as CaO is present in cpx with no solid 
solution of Na20. Nevertheless, the solid solution of 
plagioclase will not be taken into account explicitly in the 
chemical potential diagrams but its influence on margin 
mineralogy will be discussed. This approximation is sup- 
ported by the occurrence of margins even when there is no 
contrast in plagioclase composition between adjacent 
rocks. Following the above assumptions, the system is 
then reduced to: CaO-MgO-A1203-SiO2-H20 with plagi- 
oclase, quartz, orthopyroxene, clinopyroxene and horn- 
blende. 
The chemical potential diagrams. Three-dimensional 
chemical potential diagrams have been constructed using 
the crystallographic projection proposed by Grant (1977). 
Projection has been done from plagioclase as this mineral 
is stable in margins, gneiss and metabasite (Grant 1976). 

Two diagrams have been considered in the simplified 
chemical system (CaO-MgO-SiO2-AI203-H20) (Fig. 
10A, B). In Fig. 10A with the gH~O-gMgO-gS~O2 axes, the 
representative point of metabasite (M) is located at the 
intersection of the opx-cpx-hornblende saturation sur- 
faces. The other end member of the diffusion column 
(gneiss) which should be located at the intersection of the 
opx-cpx-quartz saturation surfaces, cannot be shown. 
This diagram thus is not appropriate to represent the 
succession of zones observed in the margins. Nevertheless, 
it shows that the destabilization of hornblende could 
respond to a decrease of I.tH2 o. However, the gH2o gradient 
which is likely to exist between metabasite and gneiss 
(Powell 1983) does not seem to have controlled the margin 
development as the different successions of zones cannot 
be obtained on this diagram. 

On the other hand, in a gsio2-gc,o-P-~go diagram (Fig. 
10B), the representative points of metabasite and gneiss 
can be shown and the succession of zones occurring in the 
three different types of margins (numbers 1,2,3 on Fig. 
10B) are obtained along an increase of gsio2 from meta- 
basite to gneiss. This implies that the gsio2 gradient is the 
main factor controlling the margin development. More- 
over, in the first and third types of margin, when a value of 
lasso2 is chosen, there is still one more degree of freedom, 
the value of gcao or g~go, i.e., one of these elements is 
perfectly mobile and the other one inert. The isocon dia- 
grams suggest that MgO is likely to be the inert one. On 
the other hand, in the second type of margins, when the 
value of ~tslo2 is chosen, gMgo and gCaO are also defined, i.e., 
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Fig. 10. Chemical potential diagrams in the system CaO-SiO2- 
AI203-H20-MgO (Grant 1977) : A, B Projection has been done 
from plagioclase which is stable everywhere (Grant 1976). H, horn- 
blende; Opx, orthopyroxene; Cpx, clinopyroxene; M, metabasite; G, 
gneiss. B The paths 1,2,3 display the succession of zones observed in 
the three types of margins (see text) 

both gc,o and gMgo are controlled by the paragenesis and 
the two components are inert. This is in agreement with 
Korzhinskii's phase rule which predicts that the max- 
imum number of phases equals the number of inert com- 
ponents. As zone Zl  of the second type of margins differs 
from that of the first and third types by the presence of 
cpx, the number of inert components must be increased by 
one unit (CaO). This 3D diagram suggests then that the 
behavior of CaO controls the variability of margin 
mineralogy. This different behavior of CaO is correlated 
with the composition of plagioclase. When plagioclase has 
a contrasted composition between adjacent rocks and the 
solid solution composition evolves continuously from the 
composition observed in the metabasite to that observed 
in the gneiss (Fig. 4A: first type of margin), CaO is 
perfectly mobile and cpx is unstable in zone Z1. When 
there is no difference in plagioclase composition between 
metabasite and gneiss (Fig. 4C: second type of margin), 
CaO is inert and cpx is stable in Zl. 

The instability of cpx in zone Zl  of the first type of 
margin can be explained by reaction of this mineral with 
the A1203 evolved when plagioclase becomes more albitic. 
The following reactions can be written: 

Anorthite + 1/2Na20 + SiO 2 = 1/2A1203 + albite + CaO (1) 

Cpx + 1/2A1203 = 1/2anorthite + opx + 1/2CaO (2) 

with S iO/and  Na20  supplied by diffusion from the gneiss 
as shown by mass balance. As A120 3 is a perfectly inert 
component, the A120 a produced by reaction (1) is con- 
summed by reaction (2). 

Petrographic data have shown that Z2 grew at the 
expense of both gneiss and Zl  and the reaction is likely to 
be 

Opx + CaO + SiO 2 = cpx (3) 

In the third type of margin, no zone Z2 is observed: cpx 
occurs only as thin rims around some opx grains sugges- 
ting reaction (3). In the gneiss, pyroxenes are very scarce 
and K-feldspar occurs only as antiperthites in the plagioc- 
lase. One reactant of reaction (3) is thus missing inhibiting 
the development of zone Z2. This suggests that cpx is 
more efficiently produced from the gneiss than from Z1 
(the asio2 is higher in the gneiss). This explains the observa- 
tion that the cpx grain size in Z2 is similar to that of the 
gneiss and considerably larger than that of the metabasite 
and implies in turn that the Z1/Z2 boundary could corres- 
pond to the original interface between metabasite and 
gneiss. 

In Ollestadfjelli, petrographic data have shown that 
the margins developed when the intrusion was" already 
crystallized, though the temperature at the liquidus stage 
was probably sufficiently high to induce the reaction. This 
feature could be due to the absence of a gradient in asio2 
between the inclusion and the surrounding magma and its 
subsequent appearance in the solid stage when quartz 
(asio2 = 1) has crystallized. 

Conclusions 

The three different types of anhydrous pyroxene-bearing 
margins occurring at the contact between silica under- 
saturated metabasites and charnockitic gneisses in the 
granulite facies of Rogaland post-date any deformation 
and were formed through a diffusion process induced by 
the lasio2 gradient existing between the adjacent rocks. 
Dehydration of the metabasite results from reaction be- 
tween the diffusing SiO2 and hornblende to form pyrox- 
enes: this suggests that a gH2o gradient is not prerequisite. 
As shown by chemical potential diagrams, the 
presence/absence of plagioclase with contrasting composi- 
tion in adjacent rocks, which is correlated to the variable 
status of CaO (perfectly mobile or inert), determines the 
occurrence or non occurrence of cpx in Zl. Petrographic 
data and metasomatic reactions also suggest that the 
Z1/Z2 boundary corresponds to the original metabasite/ 
gneiss interface. Moreover, the model proposed for the 
origin of these margins demonstrates that granulite facies 
parageneses can be obtained without the involvement of a 
partial melting process or all2 o gradients. 
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In  this small-scale granuli te  formation,  element mobil-  
ities are control led by metasomatic  reactions; relative to 
metabasite,  no significant LILE deplet ion is observed, 
except for K and  Rb due to the destabil izat ion of biotite in 
the margins. Concent ra t ions  of Nb, Ta  and  M n  display 
the strongest increase. As no hydrous  and potassic phases 
are stable in the margins,  F, H 2 0 ,  K, and  Rb produced by 
reactions of amphibole  and biotite to form pyroxenes 
have been t ransported out of the system defined by the 
margins. This H 2 0  does not  seem to have induced import-  
ant  partial  melt ing in the adjacent  gneiss as no  coarse- 
grained, unfoliated parts have been observed in these 
gneisses. Nevertheless, the crystallization of late biotite 
a round  oxides dur ing  the M3 retrograde metamorphic  
phase suggests that  H 2 0  and K 2 0  were still available in 
the system at that time. 
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