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Abstract

C and H contents and C, H and O isotopic compositions have been measured in sixteen samples of the Ana-Sira
massif-type anorthosite (Rogaland, Southwest Norway) and in 30 surrounding rocks, including the metamorphic
envelope and magmatic intrusions relateg to the anorthosite emplacement.

Oxygen isotopic compositions of the Ana-Sira anorthositic massif (810 = 6.1 + 0.3%0) and the Tellnes orebody
(880 = 5.2 + 0.2%o0) are consistent with a pure mantle origin and show no evidence for exchange with hydrothermal
fluids. The associated rocks (norites to charnockites) have 60 values (5.2 + 0.9%0) similar to uncontaminated
mantle-derived magmas.

The H,O content of the rocks (magmatic or metamorphic) is lower than 0.54%, suggesting the preservation of
original granulite facies conditions during cooling and uplift.

Due to their cumulate origin, the anorthosites are very poor in carbon (bulk C < 50 ppm), the volatiles having
been concentrated in the residual melt. Higher carbon concentrations (up to 1484 ppm) are found in the associated
intrusions. Anorthosites and gneisses close to the contacts (less than 500 m) with later intrusions show an increase in
their carbon content (up to 700 ppm C), and this carbon is mainly in the form of interstitial carbonate.

The carbon distribution observed at the contact between later intrusions and anorthosites as well as gneisses
indicates that some CO, has fluxed from the later magmas over a distance of a few hundred metres. This suggests
only minimal lateral propagation of the fluids by diffusion or infiltration. Tentative carbon budgets suggest that most
of the volatiles were transferred upwards into the overlying continental crust.

1. Introduction bate. Some authors [1-3, and references therein]

suggest that granulite metamorphism is due to
CO, streaming, while Lamb and Valley [4] invoke
recrystallization of originally dry rocks. Frost and
Frost [5] developed a model which emphasised

The origin and role of CO, in granulite facies
metamorphism has been the subject of much de-
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the role of basaltic melts intruded into the crust.
Such melits would be capable of assimilating H,O
from the lower crust and would also be the source
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of CO,. This concept has been recently illus-
trated by several authors [6-8].

Although the origin of massif-type anorthosites
is still unclear, most workers [9-11] agree with a
two-stage formation: crystallisation at or near the
mantle—crust boundary followed by emplacement
at a shallower level. The envelope of the
anorthosites is usually metamorphosed in the
granulite facies. In Rogaland, a large-scale aure-
ole of granulite facies metamorphism has been
induced by the emplacement of anorthosites and
related rocks [12,13].

We investigate here the role of these magmas
as a source of CO, in the granulite metamor-
phism in the Rogaland Province by using stable
isotopes to constrain the fluid phase degassed by
mantle-derived magmas intruded at the mantle~
crust boundary, in an approach similar to that
developed for tholeiitic magmas by Javoy et al.
[14] and Gerlach and Taylor [15].

Carbon, oxygen and hydrogen isotopic compo-
sitions have been measured in whole-rock
anorthosites and plagiocjase phenocrysts from
several localities of the Ana-Sira massif and in
whole rocks from the surrounding intrusions and
gneisses. Oxygen isotopic compositions have been
determined to assess the importance of crustal
contamination in the various magmatic units and
to study possible exchange between rocks and
fluids. The pattern of carbon contents in the
anorthosites and surrounding rocks has been es-
tablished in order to trace the importance of
C-rich fluid migration.

2. Geological setting

The Ana-Sira massif (AS) is one of the three
large anorthosite bodies constituting the Roga-
land Igneous Province. Petrographically, the
anorthosite is monotonous and comprises granu-
lated, equal-sized (1-3 cm), homogeneous plagio-
clase (An,,_s,). Locally, it contains aggregates of
Al-rich orthopyroxene and plagioclase megacrysts.
The samples were collected using the geological
map of Krause and Pedall [16]. The only C-rich
species which can be recognised are rare carbon-

ate microcrysts located in plagioclase cracks and
intergrains. CO,-rich fluid inclusions and graphite
crystals have never been found, although petro-
graphic observations cannot exclude the occur-
rence of submicroscopic graphite particles. An
altered sample, whitish in colour and somewhat
saussuritized, has also been studied (sample 8,
see below).

The AS massif is quite similar to the
Egersund-Ogna (EGOG) massif studied by Mi-
chot [17] and Maquil and Duchesne [18]. The
latter proposed a two-stage petrogenesis: crys-
tallisation around 12-15 kbar and a final em-
placement as a crystal mush in granulite facies
P-T conditions (around 6-8 kbar, [19]). The iso-
topic data on the EGOG massif (Jg, =0.703-
0.705; eng= +3.7 to +4.6) suggest an origin in
the depleted upper mantle [20].

The AS massif intruded a series of gneisses of
supracrustal origin [21]. The AS anorthosite has
been intruded by the layered Bjerkreim~Sokndal
(BKSK) intrusion, which comprises cumulates and
melts of the whole anorthosite—charnockite (=
hypersthene granite) suite [22, and references
therein], and mangerites (= hypersthene mon-
zonites) and jotunites (= hypersthene diorites),
forming the so-called Apophysis. The latter mas-
sif intruded between the AS massif and its enve-
lope of metamorphic gneisses. The AS massif is
cross-cut by an ilmenite norite lens (the Tellnes
orebody) extending into a jotunitic to charnockitic
dyke called the Tellnes dyke [16). The orebody
has been interpreted as a cumulate probably
formed in a liquid related to the AS anorthosite
[23]. On the other hand, the parental magma of
the Tellnes dyke has an initial strontium isotope
ratio of 0.7069, pointing to the assimilation of
crustal components [23].

The entire Rogaland Igneous Province was
emplaced in a relatively short time, between 929
+ 2 Ma for the EGOG intrusion and 920 + 2 Ma
for the Tellnes orebody (U-Pb zircon ages, [24]).
The anorthosites and associated rocks are thus
cogenetic.

Contrary to that known in the Adirondack
Mountains, no later metamorphic overprinting
has ever been recognised in Rogaland. This char-
acteristic, initially deduced from field and petro-
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graphic arguments, has been confirmed recently anorthosite emplacement [24]. Both the emplace-
by U-Pb studies: the last tectonic event occurred ment of the anorthosites (and related rocks) in
around 1000 Ma, which is ca. 70 Ma before the the granulite facies conditions and the absence of
Table 1

Carbon and oxygen isotopic data for the Ana-Sira anorthosites, the surrounding intrusions and the metamorphic gneisses. Data
corrected for blank and adsorption values. WR = whole rock

Sample Rock type Bulk C Bulk §13C Carhonate Carbonate Carbonate WR 5180
(ppm) (%) (ppm C) S13C (%0) 3180 (%0) (%0)

ANA-SIRA MASSIF

1/91.31 plagioclase megacryst 20 61102
2/91.30 anorthosite 29 6.0
3/91.29 anorthosite <10 59101
4/91.28 anorthosite 113 -10.0+0.8 87 214 14.0 6.7+0.1
5/91.27 anorthosite <10 59
6/91.26 plagioclase megacryst 19 6.2
7/91.20 anorthosite <10 5.7
8/91.22 anorthosite <10 6.410.1
9/91.17 plagioclase megacryst 43 204108 77101 -74104 134113 61104
10JCD66.131 plagioclase megacryst 294 -14.0 72 -52 94 59102
11/JCD66.132 plagioclase megacryst 444 -54 183 -4.1 8.9 59+0.1
12/91.6 plagioclase megacryst 104 -49 59 -12 9.9 6.5
13/91.8 anorthosite 790 4.8 718 -4.2 10.5 6.1+ 0.0
14/91.24 anorthosite 161 -5.6 156 -4.5 15.0 5.9
15/91.1 anorthosite 100 -6.1 96 -59 12.0 58+0.0
16/91.23 anorthosite 103 -11.8 77 -6.2 15.6 6.4+ 0.1
TELLNES OREBODY
17/66.262 ilmenite norite 894 145 4.1£0.0 603 2.6 13.0 51+0.1
18/66.263 ilmenite norite 395 -4.0 437 -3.0 12.5 54102
19/64.145 ilmenite norite 582 54 288 -35 17.5 51+£02(3)
20/91.5 fine-grained norite 1026 -4.0 1069 -4.3 19.5 4.9
21/T21 leuconorite 410 -6.2 251 -5.6 11.9 6.010.1
22/91.10 late carbonates -5.0 78
23/91.10 late quartz 10.6£0.1
TELLNES DYKE
24/72.52 jotunite 980 -85 410 -53 11 5.0+0.1
25/78.28 mangerite 1484 <13 841 -49 94 5310.1
26/78.32 charnockite 440 21.5 40 -0.6 14.8 65103
27/84.9 charnockite 564 -10.5 376 -1.0 94 6.0+0.2
BJERKREIM-SOKNDAL LOPOLITH
28/JCD64.23 troctolite 335 <10 267 -28 16.6 58+0.1
29/I1CD66.102 apatite norite 1080 -5.3 470 -34 16.8 5.010.1
30/1CD30.23.1 apatite norite 1211 -4.6 937 -34 11.1 5.6
31/JCD80.14.7B  mafic-rich norite 176 -19.2 <10 4201
32/ICD80.14.6C  mangerite 22212 272102 <10 6.0
33/JCD80.14.6B  mafic-rich norite 75 -18.0 <10 33105
T mangerite 336 -15.9 159 -2.6 12.6 5.5

2
APOPHYSIS *
35/JCD81.12.8.1  fine-grained jotunite 1088 -4.1 436 -34 12.2 49402
36/JCD81.12.8.2  porphyritic mangerite 364 -38 437 -1.8 13.5 4.5
METAMORPHIC ENVELOPE
37/81.27.1D granitic gneiss <20 4 -6.1 20.7 9.0
38/ICD72.18 qiz mangeritic gneiss 225 -12.0 107 -44 1.5 43
39/81.12.16 qtz monzonoritic augen gneiss 81 -5.7 71 -6.7 15.6 5.6
40/73.50B alaskite 1077 -18.6 350 -5.0 74 8.7
41/73.50A noritic gneiss 598 -4.5 203 -4.3 10.2 6.5
42/81.12.11 noritic gneiss 501 -5.5 363 -3.7 12.0 57402
43/81.16.1 noritic gneiss 202 224 24 9.2 12.6 20+0.1
44/81.12.1A kinzigitic gneiss 62+3 -13.51 0.0 5 8.2
45/81.15.1 granitic gneiss 178 £ 83 -151£0.1 49 -9.0 15.8 8.2
ANATECTIC GRANITE

46/81.24 chamockite 487 -16 222 -3.1 7.0 41101
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later metamorphic overprinting are essential ar-
guments in the present study.
3. Analytical methods

Bulk carbon contents were obtained by react-
ing 0.5 g of powder with CuO in sealed quartz

tubes at 1000°C for 12 h. Experiments performed
on 0.5 g of powdered carbon-free synthetic glass
gave carbon contents of 40 +6 ppm at —25+
0.5%0, 10+ 3 ppm being from the procedure
blank value and the remaining 30 + 5 ppm being
due to adsorption. For hydrogen, 0.5 g of whole-
rock powder, outgassed overnight at 200°C, was
heated at 1200 4 100°C until complete extraction

Fig. 1. Location of samples in the Ana-Sira massif and surrounding rockss. Four samples are located off the map (28 at LK338919,
29 at 1.K359924, 43 at LK595606 and 45 at LK605618; see sample numbers in Table 1). The figures in parentheses are the bulk
carbon contents (ppm) of the anorthosite samples. I = Massif-type anorthosites and leuconorites: AS = Ana-Sira massif, G =
Garsaknat massif. 2 = Ilmenite norites and jotunites to quartz mangerites of the Tellnes orebody and dyke; 3 = mangerites and
quartz mangerites of the Bjerkreim-Sokndal intrusion; 4 = layered norites of the Bjerkreim-Sokndal (BKSK) intrusion; 5 =
jotunites and mangerites of the Eia—Rekefjord (ER) and the Apophysis ( 4); 6 = gneisses from the envelope [after 16].
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of the wvolatiles occurred. Apart from the
anorthosites, all the samples melted. The result-
ing water was reduced to H, by uranium metal at
800°C, in readiness for isotopic analysis. The car-
bonates were decomposed with H,PO, at 100°C
for 1 h and their 8'®0 values were corrected
using the fractionation factor of Rosenbaum and
Sheppard [25]. Oxygen isotopes from whole rocks
and minerals were extracted following the meth-
ods of Clayton and Mayeda [26] using BrFs. Two
step-heating combustion experiments were per-
formed following the experimental conditions de-
scribed in Wilmart et al. [27]. All the results are
expressed in the conventional § units (relative to
PDB for carbon and SMOW for oxygen and
hydrogen).

4. Results
4.1. The Ana-Sira massif

All samples of anorthosite and plagioclase
megacryst, whatever their position in the massif,
show a restricted range of variation of 880 (be-
tween 5.7 and 6.7%o (samples 1 to 16, Table 1),
with an average value of 6.1 + 0.3%0).

Fig. 1 shows that, except for sample 4, all
anorthosites and plagioclase megacrysts taken far
(> 500 m) from the contacts with the surrounding
massifs and the contacts with the Tellnes orebody
and dyke (samples 1 to 9) show a low bulk carbon
content (< 50 ppm, Table 1). Due to the low C
contents, the isotopic composition was only deter-
mined for plagioclase megacryst 9 (43 ppm CO),
where 6°C is ~20.4%o.

The water contents and isotopic compositions
of some of the anorthosites and plagioclase
megacrysts are reported in Table 2. Except for
sample 8, which is slightly weathered and shows a
larger water content (0.69%) with 8D =
—53.6%o, all the samples have a restricted water
content of between (.12 and 0.36% H,O, with
8D values ranging from —62.6 to —74.9%0¢. No
variation in water content and 8D was observed
with position in the massif.

Anorthosites and plagioclase megacrysts col-
lected close to the Tellnes orebody/ dyke (sam-
ples 10 to 14, Table 1 and Fig. 1) and the Apoph-

Table 2 .
Hydrogen isotopic data for the Ana-Sira anorthosites and the
surrounding rocks. WR = whole rock

Sample Rock type Bulk H;0 Bulk D

(%) (%)

ANA-SIRA MASSIF

1/91.31 plagioclase megacryst 0.12 -69.6

3/91.29 anorthosite 0.36 -62.6

8/91.22 anorthosite 0.69 -53.6

10/ICD66.132  plagioclase megacryst 0.29 -74.9

12/91.8 anorthosite 0.34 -65.0

TELLNES OREBODY

17/66.262 ilmenite norite 0.25 -76.6

21/121 leuconorite 0.53 -66.9

TELLNES DYKE

24/72.52 jotunite 023+0.02 -81.8%1.0

25/78.28 mangerite 0.29 -87.8

BJERKREIM-SOKNDAL LOPOLITH

28/ICD64.23 troctolite 0.26 -62.1

34T mangerite 0.26 -90.1

APOPHYSIS

35/ICD81.12.8.1 fine-grained jotunite 0.17 -73.1

METAMORPHIC ENVELOPE

39/81.12.16 qtz monzonoritic gneiss 0.43 -69.0

43/81.16.1 noritic gneiss 0.54 -69.2

ANATECTIC GRANITE

46/81.24 charnockite 0.17 -715.4

ACTUAL METEORITIC WATER -35.2

ysis (samples 15 and 16) are richer in bulk carbon
than samples collected away from the contacts.
Their bulk carbon contents are as high as 790
ppm C. The bulk carbon isotopic compositions
show large variations, from &82C= —14.0 to
—4.8%0. These isotopic values are not correlated
with rock or megacryst bulk carbon contents, but
become less negative with an increasing propor-
tion of carbonates (from 25 to 96% of the bulk
carbon content, Table 1). The mean §C and
880 values of the carbonate extracted by acid
attack are —5.6 + 1.3%o and 12.1 + 0.9%0 (Table
1) respectively. The weighted mean bulk 8§°C
value is —7.2%c if we consider all AS samples
and - 6.8%o0 if we only take the border samples.
These values are close to the mean 8°C of the
carbonates (—5.6 + 1.3%0) and show that this
C-rich species is predominant.

A step-heating combustion experiment per-
formed on a plagioclase megacryst (sample 10,
Table 3 and Fig. 2a) shows that ~ 50% of the
bulk carbon (124 ppm) is derived from the de-
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Table 3
Carbon concentrations (ppm by weight) and 8'*C values ob-
tained by step-heating combustion of samples 10 and 18

Sample # 10
2.001 g, powder
T(°C) C (ppm) 513C (%)
500 65+1 -259+0.1
800 without O3 124+ 1 -8.710.1
1000 29.6+0.3 -22.7+0.1
1200 13410.1 -13.7+ .3
1350 5.8+0.05 -13.2104
1500 201003 -12812.0
Sample # 18
2.511 g, powder
T (°C) C (ppm) S13C (%o)
500 114+ 1 -9.5+0.1
800 43114 4.110.1
1000 429104 -5.610.2
1200 21.7+£0.2 -6.9+£0.3
1400 6.21£0.1 -16.5+0.5
1600 0.3 0,02 -10.8+10.4
500 0
400 15
£ 10
& 300 E
= 15 &
s 3)
£ 200 J
- o
8 —1 20
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Fig. 2. Carbon step-heating patterns for (a) plagioclase
megacryst from the border of the AS massif (sample 10) and
(b) ilmenite norite from the Tellnes orebody (sample 18).
® = 313C values; histogram = C contents.

composition of carbonates (between 500 and
800°C, in the absence of O,). The remaining
carbon is extracted in oxidising conditions: 27%
of bulk carbon (65 ppm) at 7 < 500°C and 21%
(51 ppm) at T > 800°C (Fig. 2a). The highest
isotopic value (—8.7%o0) is measured in carbon
extracted between 500 and 800°C. This Iatter
value, approaching the 6°C value obtained by
acid attack of carbonates (—5.2%o0), also suggests
that about half the carbon is in the form of
carbonates. As discussed by Wilmart et al. [27],
the isotopically light carbon (8'*C = —25.9%¢)
released at lower temperatures may correspond
to desorbed atmospheric CO, and ‘condensed’
carbon, oxidised from complex carbonaceous
films. Some submicroscopic graphite particles in-
timately bound within the plagioclase frame-
work could be released at high temperatures
(> 1000°C) because it is more difficult to oxidise
them. These rare carbon-rich species would have
a 8"C value close —13%o. The isotopically light
carbon extracted between 800 and 1000°C is
probably due to the tail contributed by the ‘con-
densed’ carbon still extracted at these tempera-
tures.

4.2. The Tellnes orebody

The 880 values of three ilmenite norites are
very restricted (5.2 + 0.2%¢), whereas the values
arc slightly more dispersed (8'*O =49 and
6.0%e¢) in rocks from a small apophysis of the
orebody (sample 20) and in the leuconoritic bor-
der facies (sample 21). Carbonate 80O values
vary from 12.5 to 17.5%¢ (Table 1).

The Tellnes orebody contains up to 1026 ppm
C with bulk 8'3C values varying between —6.2
and —4.1%o. These values are quite similar to
those measured in carbonates from the orebody
(81°C = —3.0 + 0.3%o in the ore (ilmenite norite)
and 8C= —4.3 to —5.6%c in the leuconoritic
border facies and in late quartz calcite veinlets).
This suggests that the carbon present in the ore-
body is essentially in the form of carbonate. The
small contribution of possible graphite particles
to the carbon content of sample 18 is illustrated
in Fig. 2b (Table 3): 70% of the bulk carbon (431
ppm) is carbonate with a 6"°C value of —4.1%o,
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quite similar to the carbon extracted by acid
attack (437 ppm at —3.0%o). If graphite particles
are present in the ore, they represent less than
5% of the bulk carbon (28 ppm).

4.3. The Tellnes dyke

The whole-rock §'®0 values range from 5.0%o
in the jotunite (sample#24) to 6.3 + 0.3%o0 in the
charnockites (samples 26 and 27).

Rocks from the Tellnes dyke are relatively rich
in carbon compared to anorthosites. They contain
440-1484 ppm bulk carbon with variable 8'°C
(=73 to —21.5%¢). An important part of the
bulk carbon (> 42%) is in the form of carbonates
with a mean 83C= —5.7 + 0.8%¢ (if we disre-
gard slightly altered sample 26).

4.4. The BKSK lopolith and the Apophysis

Samples 28 to 30 represent troctolitic and
noritic cumulates from the lower part of the
massif and belong to megacyclic unit IV [28],
whereas samples 31 to 33 come from the transi-
tion zone towards the more acidic rocks of the
upper part of the massif, where mangerite (sam-
ple 34) is found. Samples 31 and 33 are ultra-
mafic ferrous olivine clinopyroxene Ti-magnetite
ilmenite cumulates interleaved with mangeritic
cumulates (sample 32) [29]. In the Apophysis,
samples 35 and 36 are typical melts in commin-
gling relationships.

The whole-rock 8'®O values vary between 3.3
and 5.8%c¢ with a mean value of 5.0 + 0.9%p,
significantly lower than values observed in
anorthosites.

Whatever their origin (cumulate or liquid), all
rocks are richer in carbon than anorthosites, hav-
ing bulk C contents of 75-1211 ppm (as opposed
to less than 50 ppm in anorthosites collected far
from the contacts with later intrusions) and §*C
values between —19.2 and —3.8%0, depending
on the carbon-rich species present. Wilmart and
Pineau [30] have shown that carbon is present in
charnockites in the form of carbonates (5§3C
values ranging from —6.0 to —1.8%s0), graphite
(8"3C value of —17.5 + 1.0%0), CO, in fluid in-
clusions (63C = —4.4 + 2.0%0), and in complex

carbonaceous molecules (called ‘condensed’ car-
bon, with a §°C value < —23%o).

Magmatic rocks from the Tellnes orebody and
dyke, from the BKSK lopolith and from the
Apophysis usually contain less than 0.30% H,O
with 8D values ranging from —62.1 to —90.1%o,
with the exception of one sample, which repre-
sents the border facies of the Telines orebody
(sample 21) made up of a biotite leuconorite, with
0.53% and a similar 8§D value (—66.9%0).

4.5. The metamorphic envelope and the anatectic
granite

The carbon contents and C and O isotopic
compositions of the surrounding metamorphic
gneisses are heterogeneous. The gneisses have
whole-rock 8830 values varying from 2.0 to 9.0%o
(Table 1, [31]). Bulk carbon contents range from
< 20 to 1077 ppm C with, the 6"*C value varying
from —4.5 to —22.4%o.

Unlike the other units described, the carbon-
ates represent between 8 and 88% of the bulk
carbon (although generally less than 50%). The
813C and 680 values vary from —9.2 to —3.7%o0
and from 7.4 to 20.7%o, respectively. This sug-
gests a larger contribution of graphite and/or
‘condensed’ carbon to the bulk carbon, explaining
the low bulk 6C value observed.

The two gneisses (39 and 43) are slightly richer
in water (0.43 and 0.54% H,O, Table 2) than the
intrusive rocks. Interestingly, the Breimyrknutan
charnockite (sample 46), which resulted from the
partial melting of crustal gneisses [32], is very
poor in water (0.17%), suggesting that the deep
crust of Rogaland was almost dry when anatexis
occurred. These rocks have the 6D values usual
for metamorphic rocks (between —69.0 and
—75.4%0).

5. Discussion
5.1. Oxygen isotopes
The 6'%0 values measured in the various rocks

from the metamorphic envelope vary greatly (by
up to 4%0) between gneisses of the same petro-
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graphical type (samples 41 to 43) and between
gneisses with similar SiO, contents (samples 38,
39 and 44). The scattered 8'30 distribution in the
surrounding rocks is thus considered to be an
original feature.

In contrast, the 80O wvalues measured in
anorthosites from the AS massif (Table 1) are
very homogeneous, the sixteen anorthosite sam-
ples having an average §'%0 value of 6.1 + 0.3%eo.
The range of variation is more restricted in the
plagioclase megacrysts (o = 0.1%¢) than in
anorthositic whole rocks (o = 0.3%o0), possibly due
to the presence of interstitial mafic minerals in
the medium-grained anorthosites. These values
seem randomly distributed in the massif (Table 1
and Fig. 1). No systematically higher §'0 values
are observed near the margins, although some
SiO,-rich gneisses show 8'%0 values up to 9%eo.
The %0 values of the AS anorthosites fall in the
range 5.8-7.6%0 defined by Taylor [33] for “nor-
mal unmetamorphosed massif-type anorthosites”.
Our results are consistent with a mantle origin
for the Rogaland anorthosites as proposed by
Demaiffe and Javoy [31] on the basis of oxygen
and strontium isotopic evidence. The narrow
range of 8'30 values observed throughout the AS
massif precludes any significant assimilation of
country rocks, whose 6%0 values are quite vari-
able (between 2.0 and 9.0%¢), or of anatectic
material such as the Breimyrknutan charnockite
(4.1%0).

The limited 880 range of the anorthositic
rocks may be explained by the small oxygen iso-
topic fractionation between a basaltic melt and
cumulative minerals (titanomagnetite, pyroxene,
olivine and plagioclase) at high temperature. Py-
roxenes, olivine and Ti-magnetite are slightly de-
pleted in 'O, and the plagioclase 680 value is,
depending on which study one takes, considered
to be similar or slightly higher than the value of
the melt (A <0.5%¢ at magmatic temperatures
[e.g., 34]). Consequently, the §'8O value of the
parental magma of the anorthosites is expected to
be between 5.5 and 6.0%c. Calculation of the
8'%0 values of norites and leuconorites from the
Tellnes orebody based on their mineralogy and
modal composition, together with the mineral
oxygen fractionation factors, perfectly fits the

measured 8'80 whole-rock values if we assume a
parental magma at 5.5%c. This assumed initial
880 value is also similar to the isotopic composi-
tion of the parental magma of anorthosites and
will support a comagmatic origin for the AS
anorthosite and the orebody as previously pro-
posed by Wilmart et al. [23].

Similarly, oxygen isotopic variations observed
within the Tellnes dyke can be explained by frac-
tional crystallisation from a jotunitic melt giving
rise to mangeritic and finally to charnockitic melts
[26].

In addition, the variations in the 6O values
obtained in the various cumulate rocks from the
BKSK lopolith essentially reflect the modal pro-
portion of feldspars, Fe-Ti oxides, olivine and
pyroxenes. For example, the lowest 60 values
were measured in mafic cumulates (samples 31
and 33) while the highest one was obtained in the
mesoperthite-bearing cumulate rocks (e.g., sam-
ple 32).

5.2 Carbon concentration and §3C values

The low carbon contents (< 50 ppm C) of the
anorthosites collected more than 500 m from the
massif borders could indicate either that the
anorthositic crystal mush was C-poor when em-
placed in the metamorphic envelope or that it
lost most of its original C during or after cooling.
However, the heterogeneity in carbon and oxygen
contents and in the isotopic compositions in the
various gneisses of the envelope, together with
the absence of metamorphic overprinting in the
Rogaland Igneous Province, does not favour the
latter hypothesis. Indeed, the cumulate nature of
the anorthosites is a strong argument for an origi-
nally low carbon content, most of the carbon
having been concentrated in the residual melt or
degassed from the magma into the overlying crust
(Fig. 5).

Fig. 1 shows the distribution of the bulk car-
bon content in all the anorthosite samples and in
the neighbouring units. A significant increase in
carbon content (up to 790 ppm) is observed in all
anorthosites and plagioclase megacrysts occurring
in the vicinity of the neighbouring igneous and
metamorphic rocks. This increase in carbon con-
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tent corresponds to the appearance of interstitial
carbonates. Both observations suggest that the
carbon-poor anorthosites have been infiltrated by
carbon-rich fluids, either exsolved from later in-
truded magmas or coming from the metamorphic
envelope. The results of step-heating experiments
performed on a relatively C-rich plagioclase
megacryst (sample 10, see section 4.1) indicate
that the carbon extracted from the crystals is
mainly in the form of carbonate, with a small
proportion of reduced carbon released at low
temperature. Such reduced carbon may corre-
spond to complex carbonaceous molecules con-
densed along cracks and grain boundaries at de-
creasing temperature and oxygen fugacity [35,36]
and to some graphite microcrysts. Previous stud-
ies [37,38] have shown that the carbon isotopic
fractionation which takes place during the for-
mation of such complex molecules (by Fischer
Tropsch reactions) is large; this prohibits the use
of such phases to characterise the carbon isotopic
signature of the C-rich fluid.

The limited extent (a few hundreds metres) of
infiltration from neighbouring rocks into the
anorthosite may imply that the amount of fluid
was small and that infiltration occurs mainly in a
closed system. By assuming closed system condi-
tions, we can approach the isotopic composition
of the infiltrating fluid by integrating all the car-
bonic phases observed in the infiltrated samples
(average of 285 ppm C with a weighted mean
value of —6.8%0) and subtracting from this the
mean carbon content of unaffected anorthosites
(30 ppm at ca. —20.0%o0) estimated from uncon-
taminated samples. The estimated 8'*C value of
the infiltrating fluid is close to —5.3%o0. Another
interpretation would be that huge amounts of
carbon passed through the rocks but left no trace,
due either to (i) there being no phase available in
which carbon could be fixed at high temperatures
or (ii) to there being no hydrous phases that
could break down to record the passage of carbon
dioxide by dehydration halos. In this second in-
terpretation, the carbon measured in anorthosites
would record residual CO, left after the fluid
flow has ceased. Assuming that carbonate precip-
itation occurred in isotopic equilibrium with CO,
at a temperature around 700°C and using Bot-

tinga [39] fractionation factors, the fluid §3C
value would be around —2.5%0, which is quite
different from our estimate. Moreover, the rea-
son why some residual fluid would be trapped
only in anorthosites located at the borders of the
massif is not accounted for in the second model.
On the other hand, the carbon isotopic composi-
tion calculated for the fluid phase in the first
model is typical of an upper mantle C source
such as estimated from CO,-rich vesicle basalts
(=7 to —3.6%e in popping rocks [40]), and from
diamonds (— 7 to —2%e [41]).

Late carbonates have been observed through-
out the Marcy Anorthosite Massif {Adirondack
Mountains, New York) and have been related to
late hydrothermal fluids that have altered the
anorthosite massif after the igneous events and
the granulite facies metamorphism [42]. In the
AS massif however, no metamorphism occurred
after the igneous events, and the fact that carbon-
ate distribution appears limited to a few hundred
metres from the margin of the massif suggests
that the carbonate precipitation was related to
the intrusion of neighbouring units.

The Tellnes orebody is suggested to have been
a major source of C-rich fluids which allowed
carbonate precipitation in the anorthosite. Iron-
rich magmas are known to dissolve large amounts
of carbon [43]. This is also confirmed by the high
bulk C contents measured in the Tellnes orebody
(395-1026 ppm) and in the anorthosites collected
in its vicinity (up to 790 ppm). The Tellnes dyke
also appears to affect the anorthosite (e.g., sam-
ple 14 taken at the contact with the dyke yields a
bulk C content of 161 ppm).

The BKSK lopolith contains variable amounts
of carbon, and the carbonate shows high §C
values. The western contact of the AS massif with
the BKSK lopolith has been little studied. Sample
9 collected 1 km from the contact shows no
carbon enrichment and thus could indicate the
limit of fluid infiltration. One anorthosite sample
(4) collected 2.7 km from the contact with the
BKSK lopolith contains relatively high amounts
of carbon (113 ppm C). Since such C contents
and the carbonate 8'*C values (—7.4%0) are
quite similar to those measured in samples which
have been influenced by the neighbouring intru-
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sions, the simplest explanation could be the pres-
ence of a hidden dyke or pod a few metres from
the actual level of exposure or the existence of a
fluid flow channel.

As already mentioned, the eastern limit of the
AS massif, which corresponds to the contact with
the Apophysis, also shows an increase in the
carbonate content (Fig. 1 and Table 1). Because
the Apophysis intruded between the anorthosite
massif and its metamorphic envelope, the source
of the fluid fluxing into the anorthosite massif is
somewhat ambiguous—it may come from the
Apophysis and / or from the crustal metamorphic
envelope.

While carbon in contaminated anorthosites is
mainly in the form of carbonate, reduced car-
bonaceous species are usually predominant in
rocks from the crustal metamorphic envelope,
suggesting that the gneisses have preserved some
‘original’ carbon characteristics. The differences
between the §°C values of the carbonates and
those of the calculated ‘graphite’ of samples 38,
40, 42, 43 and 45 vary widely, from 20.1 to 6.5%oc.
Such large differences, which are associated with
carbonate 8'®0 values typical of intermediate

temperature precipitation (see below), show that
there is no isotopic equilibrium between the car-
bonates and graphite, The lack of equilibrium
may accord with the idea that some of the car-
bonate was added by the neighbouring intrusions.
Indeed, the granitic gneisses (e.g., sample 45),
which constitute a major rock type in the meta-
morphic envelope and which were collected far
from the contact with the Apophysis, are very
poor in carbonate. It is thus suggested that (i) the
carbon influx evident in the border anorthosites
is associated with the intrusion of the Apophysis
and (ii) that the later intrusion had also enriched
the metamorphic envelope in carbon.

The relationship between the bulk carbon con-
tent and the associated 8'’C values is shown in
Fig. 3. A carbonate field is delimited by the
carbonate-rich samples. The contaminated AS
anorthosites plot along the calculated mixing
curves between an uncontaminated end member
(estimates at 43 ppm C and —20.4%¢) and vari-
ous amounts of carbonates (100 and 1000 ppm C
at —4%o) precipitated from a magmatic carbon-
rich fluid. A similar interpretation can be applied
to samples from the metamorphic envelope which
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Fig. 3. Bulk carbon contents and isotopic compositions in rocks from Rogaland. The carbon contents and isotopic compositions of
the anorthosites and metamorphic rocks fall along mixing lines between two different carbon species, a light isotopic carbon
component (43 ppm C at —20.4%o for anorthosites and 150 ppm C at —22.4%c for metamorphic rocks) and carbonates (10-1000
ppm C for anorthosites (curves a and $) and 700 ppm C for metamorphic rocks (curve ¢) at —4.0%ec). The carbonates were
precipitated from a magmatic fluid associated with late intrusions (Tellnes orebody, BKSK and the Apophysis, and Tellnes dyke).
Carbon in the late intrusions is clearly concentrated in the carbonates.
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plot along a curve starting with a higher initial
carbon content (estimated at 150 ppm of isotopi-
cally light graphite (—23%0) mixed with carbon-
ates derived from the intruding magmas).

The bulk carbon contents of the later intru-
sions (Tellnes orebody and dyke, BKSK, and the
Apophysis) generally show isotopic signatures
close to the magmatic carbonate end member
defined above. The five samples poorest in C
(three cumulates from the BKSK lopolith (31, 33
and 34) and the two samples of the Tellnes dyke
richer in SiO, (26 and 27)) show significantly
lower 6'3C values. The carbon distribution in the
Tellnes dyke is similar to the major and trace
element variation in the rocks which were ex-
plained by a fractional crystallisation process.

The proportions of the carbonaceous phases
formed at the expense of the fluid phase
(carbonate and condensed carbon) vary from
place to place. The trends observed in Fig. 3 may
be also due to the mixing of these two carbon-rich
species. However, it must be kept in mind that
isotopic fractionation may also affect the fluid
phase during carbonate precipitation.

5.3. Carbonate isotopic signature

The carbonate §'%0 values range from 8.9 to
15.6%0 in the AS massif, from 7.8 to 19.5%0 in
the other magmatic units and from 7.4 to 20.7%o0
in the metamorphic envelope. The unaltered
character of the rocks is demonstrated by the
restricted range of whole-rock 880 values (Table
1), although it is possible that some late isotopic
exchange between carbonates and traces of water
occurred at the grain boundaries. This water is
considered to be either water exsolved from the
magmas, concomitantly with CO,, or meteoric
water. Calibrations obtained on the feldspar wa-
-ter system [44,45], on the H,O calcite system [39]
and on the calcite anorthite water-free system
[46] provide limits for oxygen isotopic equilibrium
between calcite and anorthite. In the AS massif,
carbonates with 8'®0 values lower than 10%c¢
crystallised or re-equilibrated at temperatures
higher than 500°C and no anorthosite samples
suffered re-equilibration below 250°C. Such limits
seem to be valid for most carbonates present in

other units, meteoric alteration having to be in-
voked to explain the higher §'%O values (> 16%o)
measured in only 20% of the rocks studied.

All the carbonate 8'3C values fall in the range
accepted for fluid and carbonate associated with
mantle-derived magmas (~4 to —8%o, [e.g.,
47,48]). However, the data reported in Table 1
show that carbonates from the carbon-rich intru-
sions (the BKSK lopolith, the Apophysis and the
Tellnes orebody) are often richer in Be (s C =
—3.5+4 1.0%0) than the carbonates introduced
into the AS massif and the metamorphic enve-
lope by the previous intrusions (carbonate §'°C
= —7 to —4%o0; average —5.8 + 1.8%0). For ex-
ample, anorthositic sample 16, collected less than
1 km from the Apophysis jotunite and mangerite
(samples 35 and 36), has a carbonate 8"C value
of —6.2%o0, against —3.4 and —1.8%o¢ in the
Apophysis samples. The higher 6'*C values may
be explained by the formation of carbonaceous
molecules (‘condensed’ carbon) in equilibrium
with the fluid from which the carbonates precipi-
tate. On the other hand, the lowering of carbon-
ate 8'3C values can result from diffusion effects
and/or from isotopic fractionation during car-
bonate precipitation at decreasing temperatures.
A carbon isotopic fractionation of 7.8%c¢ mea-
sured between carbonates (8'3C = —5.2%0) and
graphite (—13.0%o0, see section 4.1) in the con-
taminated anorthosite (sample 10) indicates that
these two carbonic phases re-equilibrated down
to 450°C [49].

An equilibration temperature of 95°C was cal-
culated from the 880 values of calcite and quartz
in a late calcite—quartz veinlet cross-cutting the
Tellnes orebody and the anorthosite. This indi-
cates that a carbon-rich fluid continued to perco-
late along fractures after solidification of the
rocks.

5.4. Hydrogen concentration and 8D values

The low water content (0.12-0.54%, Table 2)
found within all the units confirms the good
preservation of the granulite facies conditions
during cooling and uplift. In most samples the
8D values (—81.8 to —62.6%0) are in the field
defined for magmatic rocks [47]. The relation-
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ships between H,O contents, §D and whole-rock
8'%0 values are shown in Fig. 4. A weak negative
correlation between 8D and water content, possi-
bly resulting from the magmatic evolution of the
system [50], is observed in Fig. 4a. Sample 8
(Table 1) was collected from a fracture zone in
order to characterise the alteration processes due

to the circulation of meteoric water. An increase
in water content (0.69%) and 8D value
(—53.6%0) is observed but the small change in
the 8'%0O value (6.4%¢, Fig. 4b) implies that the
fluid—rock interaction occurred at relatively high
temperatures with hydrothermal fluids buffered
completely by anorthosite (low water / rock ratio).
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Fig. 4. (a) Whole-rock (WR) 6D vs.
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H,O0 and (b) whole-rock 8D vs. !0 for all rock units. Also shown are the fields for magmatic
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Because of the relatively restricted range of
6D values and the good preservation of the
whole-rock %O values, we propose that the
water corresponds mainly to magmatic ‘water’
fixed as hydroxyl radicals in silicates under the
P-T conditions of crystallisation, as has been
demonstrated for diopside [51].

3.5. Implications for CO, transfer

The role of mantle-derived magmas as a source
of heat and CO, inducing the granulitization of
the lower continental crust has been discussed by
several authors [e.g., 5,52]. In estimating the im-
portance of CO, associated with the anorthositic
magmatism in Rogaland, we propose the follow-
ing:

An anorthosite parental magma, just saturated
in carbonate ions, was stored at the base of a
thickened crust (12 or 15 kbar, estimated on the
basis of the Al content of orthopyroxene
megacrysts [53]). The amount of volatiles dis-
solved in the magma before any crystallisation
would have been about 3000 ppm C [54] (Fig. 5)
for a tholeiitic composition. (Note that although
the volatile content may have been higher if the
magma was richer in alkalis [55] or iron [43], this
has little effect on the proposed scenario.) During
crystallisation in the magma chamber, the volatiles
were concentrated in the residual liquid and the
fluid reached a supersaturation factor of 2, which
is sufficient for the nucleation of CO, bubbles
[56]. The CO, bubbles were partially incorpo-
rated in anatectic melts derived from the melting
of the lower crust (charnockitic and /or jotunitic
[57]) that were emplaced soon after the emplace-
ment of the anorthosite diapirs (the BKSK
lopolith, the Apophysis and the Tellnes dyke).
Because these magmas were of intermediate
composition (and thus had a lower carbon satura-
tion level than the anorthosite parental magma)
and represent less than 30 vol% of the anorthosite
massif, they would have been saturated in CO,
comprising a free fluid phase. Consequently, these
later intrusions released CO, into the surround-
ing rocks (anorthosites and gneisses). The extent
of infiltration of CO,rich fluids (into the AS
anorthosite and the metamorphic envelope) was
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Fig. 5. Scenario of the anorthosite formation and emplace-
ment [after 9,11,18,58] and implications for CO, transfer. (1)
A basaltic magma containing 3000 ppm C ponds at the base of
the crust. (2) Extensive crystallisation produces ultramafic
cumulates and a floating suspension of plagioclase. The resid-
ual liquid, supersaturated in CO,, releases CO, bubbles which
stream into the lower crust. The lower crust starts anatectic
melting. (3) Due to gravitational instabilities in the plagioclase
mush, several diapirs of anorthosite detach from the roof of
the magma chamber. Crustal melts rise together with the
diapirs and incorporate part of the CO,. (4) The intrusions
stop at their final level of emplacement. Some of the CO,
produced by the crystallisation of the crustal melts is reintro-
duced into the anorthosites and the metamorphic envelope.
The ultramafic cumulates become indistinguishable from the
rest of the mantle.
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previously observed to be restricted, and thus we
propose that carbon-rich fluids were introduced
at higher levels in the crust along channels.

6. Conclusions

(1) The AS anorthositic massif has a restricted
range of 80 values of 6.1 + 0.3%0. The
anorthosites (and the supposedly comagmatic
Tellnes orebody) may have formed by the crystal
fractionation of a mantle-derived magma with an
initial 8'®0 value of 5.5%o.

(2) The low water content of the anorthosites
and surrounding rocks (< 0.54% H,O) confirms
the good preservation of the granulite facies con-
ditions (hydrous minerals are rare). Some of the
water present in the intrusive rocks may repre-
sent hydroxyl radicals within the framework of
the silicate minerals.

(3) The cumulative origin of the anorthosites
explains the low carbon content (<50 ppm C)
that is observed in the samples collected far from
the contacts with the other magmatic units.

(4) It is suggested that fluids are an important
component of magmatic activity in the lower crust.
They are released by the fractional crystallisation
of magmas derived within the mantle or deep
within the continental crust.

(5) The fluid phase produced migrated along
grain boundaries and into the surrounding rocks,
precipitating interstitial carbonate and (probably
in a later stage) some more complex carbona-
ceous molecules, although the isotopic signature
of the carbon-rich fluid is better reflected by the
carbonate phase.

(6) In the granulitic Rogaland Igneous Province
carbonic fluids were produced during the late-
stage emplacement of intrusions into the
anorthosite massif, a cumulate, poor in carbon,
which was emplaced as a crystal mush. The distri-
bution of C suggests strongly that the influx of
CO, from the later intrusions was restricted to a
distance of about 500 m within the anorthositic
massif. The rocks of the metamorphic envelope in
the vicinity of the intrusions underwent a similar
CO, enrichment.

(7) It is suggested that fluid movements in the
lower crust are not pervasive but controlled
mainly by fractures.

(8) This work does not contradict the hypothe-
sis that the granulite facies of Rogaland is the
consequence of contact metamorphism around
the intrusives, but rather questions the role of
CO, streaming as a controlling factor.
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