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ABSTRACT Fluid evolution pathsl in the COHN system can be calculated for metamorphic rocks if there are relevant

data regarding the mineral assemblages present, and regarding the oxidation and nitrodation states
throughout the entire P—T loop. The compositions of fluid inclusions observed in granulitic rocks from
Rogaland (south-west Norway) are compared with theoretical fluid compositions and molar volumes. The
fluid parameters are calculated using a P—T path based on mineral assemblages, which are represented by
rocks within the pigeonite-in isograd and by rocks near the orthopyroxene-in isograd surrounding an
intrusive anorthosite massif. The oxygen and nitrogen fugacities are assumed to be buffered by the
coexisting Fe—Ti oxides and Cr-carlsbergite, respectively. Many features of the natural fluid inclusions,
including (1) the occurrence of CO,—N,-rich graphite-absent fluid inclusions near peak M2 metamorphic
conditions (927° C and 400 MPa), (2) the non-existence of intermediate ternary CO,—CH,—N, composi-
tions and (3) the low-molar-volume CO,-rich fluid inclusions (36-42 cm® mol '), are reproduced in the
calculated fluid system. The observed CO,-CH,-rich inclusions with minor N, (5mol%) should also
include a large proportion of H,O according to the calculations. The absence of H,O from these natural
high-molar-volume CO,—CH,-rich inclusions and the occurrence of natural CH,—N,-rich inclusions are
both assumed to result from preferential leakage of H,O. This has been previously experimentally
demonstrated for H,O-CO,-rich fluid inclusions, and has also been theoretically predicted. Fluid-deficient
conditions may explain the relatively high molar volumes, but cannot be used to explain the occurrence of
CH,—N,-rich inclusions and the absence of H,O.
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INTRODUCTION

The evolution of fluids in metamorphic terranes can be
traced by accurate measurement of the composition and
density of fluid inclusions. The trapping sequence of
different generations of inclusions can be established from
their geometrical relationships. Each generation represents
distinct metamorphic fluids, which only mix locally at
intersections. The fluids are often composed of gas species
in the COHN system. Nitrogen has been frequently
analysed from rocks and minerals by mass spectrometry.
This method entails rock-crushing and mineral-cleaving
under a vacuum and is non-selective. The in situ
measurement of N, in fluid inclusions by non-destructive
methods was first described by Dhamelincourt et al.
(1979), Swanenberg (1980) and Guilhaumou et al. (1981)
using microthermometry and Raman spectroscopy. The
composition of metamorphic fluids in the COHN system
may of course be influenced by mineral assemblages
present in the host rock, and these in turn are dependent
on the conditions of metamorphism (Bastoul ef al., 1991;
Doria et al., 1991). Metamorphic P-T paths derived from
geothermometry and geobarometry of stable mineral
assemblages can be used to calculate the coexisting fluid

compositions. The results thus obtained can then be
compared with those from natural fluid inclusions. In order
to carry out these calculations, several fundamental
assumptions must be made. First, the fluid compositions
are defined by the P-T conditions and internal nitrogen-
and oxygen- or hydrogen-fugacity buffers. Second, carbon,
oxygen, hydrogen and nitrogen must remain available in
the rock at all P—T conditions. The presence of minerals
containing these elements, which take part in chemical
equilibria, allows their interchange with the fluid phase.

The original source of nitrogen in sedimentary rocks is
most often assumed to be organic matter (Arrhenius, 1950;
Stevenson, 1962). Stevenson (1962) postulated that most
nitrogen exists as ammonium ions held within mineral
lattices. In metamorphic and magmatic rocks ammonium
substitutes for potassium in biotite, muscovite, K-feldspar
and plagioclase (Stevenson, 1962; Hallam & Eugster,
1976; Honma & Itihara, 1981; Touret, 1982; Duit et al.,
1986; Bos et al., 1988). Dubessy & Ramboz (1986)
described the behaviour of N, fluids that originated from
the release of ammonium from minerals during diagenesis
and metamorphism.

In order to calculate fluid compositions within the

COHN system, we have developed a PASCAL computer
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program (Bakker & Jansen, 1991a; Bakker, 1992). Using
this program it is possible to calculate the P-T-V-X
relations of both pure gases and gas mixtures, from the
relevant equations of state, and data on molar volumes,
isochoric systems and solvi (Holloway & Reese, 1974;
Holloway, 1977; Flowers, 1979; Jacobs & Kerrick, 1981;
Kerrick & Jacobs, 1981; Saxena & Fei, 1987). Thermo-
dynamic data on gases and mineral buffers were taken
from several sources: Eugster & Skippen (1967), JANAF
(1971), Robie et al. (1978) and Berman (1988). Six
independent gas reactions (Eqs 1-6) are used to calculate
fugacities of the nine relevant gas species (O,, H,, N,,
H,0, CO,, CO, CH,, NH,, NO,), according to the
method described by French (1966):

€+ 0,200, (1)
C+10,=CO0, (@A)
C+2H,=CH,, 3)

H, +10,=H,0 (4)
5N, + 3H, = NH,, (5)
3N, + O, =NO,. (6)

The total pressure of the fluid is given by Dalton’s law:

Pou=2 (), ™

Yi

in which P, f; and v, are the total fluid pressure, fugacity
and fugacity coefficient of gas species i, respectively. The
total fluid pressure is assumed to be equal to the
lithostatic pressure, although this need not be the case
(Lamb & Valley, 1985; Skippen & Marshall, 1991). In
addition, two equations are needed to define all gas
fugacities at given P-T conditions. These two equations
are given by mineral buffers that define fugacities of two
distinct gas species.

OXIDATION AND NITRODATION
TRENDS IN ROCKS

Mineral assemblages in metamorphic rocks are capable of
buffering the concentration of volatile species in metamorphic
fluids (Greenwood, 1975). An inventory of fluids in various
metamorphic rocks by Rice & Ferry (1982) indicates that in
comparison with infiltration, buffering is, in general, a far more
important control on fluid composition. If infiltration of an
external fluid occurs, the local pore fluid composition may still be
controlled by the buffering capacity of the rock (Rice & Ferry,
1982) until the buffering reaction is exhausted.

The oxidation state of a rock may be described by buffer
reactions, whose components are not necessarily present in the
rock (Haggerty, 1976). For example, the top of the upper mantle
is as oxidized as the quartz—fayalite—-magnetite (QFM) buffer
(Saxena, 1989). The oxygen fugacity of the lower upper mantle is
closer to the WI buffer (Ulmer er al., 1987). Holloway (1981)
characterized a hypothetical metamorphic fluid without reference
to data on coexisting mineral assemblages. His oxygen fugacities
are expressed in terms of their position relative to the QFM
buffer. In general, the oxidation state of the lower and upper
crust, with relatively well-known phase relations, can be
established using a single reaction (Thompson, 1975; Thompson &
Thompson, 1976; Ferry, 1979; Ferry & Burt, 1982). Coexisting
Fe-Ti oxides (Eq. 8) have been used to estimate temperatures
from several igneous and high-grade metamorphic rocks

(Buddington & Lindsey, 1964; Spencer & Lindsey, 1981), using
the reaction

3Fe(Ti, Fe)O,;=2Fe,(Ti, Fe)O, + O,. (8)

The compositions of these phases at equilibrium are dependent
upon temperature and oxygen fugacity. Therefore, temperature
estimates can be used to indicate the oxidation state of these
rocks. Here, coexisting Fe—Ti oxides (Eq. 8) are used to calculate
the reference oxygen fugacities within the rocks. Lamb & Valley
(1985) and Valley et al. (1990) have also used coexisting Fe~Ti
oxides (Eq. 8) to calculate local oxygen fugacities in granulites.
They used several mineral buffers, assuming ideal stoichiometry,
to calculate H,O fugacity in pelites (Eqs 9 & 10) and amphibolites
(Eq. 11):

2KFe,(AlSi;)O,(OH), + O, =2KAISi;O4 + 2Fe;0,
+2H,0, (9)
KALSi,AlO4(OH,) + Si0, = ALSiO; + KAISi;O4 + H,0, (10)
Ca,Mg;SigO,,(OH), = 2CaMgSi, O, + 3MgSiO;
+Si0, + H,O. (11)

An oxygen buffer with higher capacity (Eq. 12) than from
coexisting Fe-Ti oxides (Eq. 8) can also be used to calculate
oxygen fugacities for charnockites at granulitic conditions (Hansen
et al., 1984):

6FeSiO, + 0, = 2Fe,0, + 6Si0,. (12)

Within the COHN system, an extra buffer is needed to define
the nitrogen fugacity. Hallam & Eugster (1976) estimated
equilibrium constants for reactions involving the ammonium
silicates tobelite and buddingtonites:

6NH,Si,AlO4(1H,0) = 2NH,ALSi,AlO ,(OH),
+ 128i0, + 4NH, + 3H,0, (13)
2NH,Si;AlOx(LH,0) = ALSiO; + 55i0, + 2NH, + 2H,0. (14)

However, the accuracy of their equilibrium constant estimates is
not good. Voncken et al. (1988) argued against the existence of
natural hydrous buddingtonite. They measured the unit-cell
parameters of synthetic anhydrous buddingtonite and found these
to be similar to the natural supposed hydrous samples. Hallam &
Eugster (1976) suggested that ammonium takes part in a cation
exchange reaction with muscovite:

K-muscovite + NH{ “¥ = NH,-muscovite + K*©9,  (15)

Bos (1990) estimated the distribution coefficient of NH;/K'
between phlogopite and a chloride vapour phase, analogous to
Eq. (15). Preliminary calculations using Eq. (14) indicate that
nitrogen is an important gas species in the fluids at high
temperatures.

Because of the incomplete and imprecise thermodynamic data,
we have used N,-rich natural fluid inclusions to select an
appropriate nitrogen buffer from which to calculate the
nitrodation trend. The nitrodation trend is displayed relative to
the Cr-carlsbergite buffer (Eq. 16), analogous to the method
described by Holloway (1981) for oxygen fugacities:

2Cr + N, =2CrN. (16)

ROGALAND (SOUTH-WEST NORWAY)

The method was tested against natural fluid inclusion data
from the metamorphic rocks of Rogaland, south-west
Norway (Fig. 1), which have been the subject of many
previous studies (Hermans et al., 1975; Sauter, 1983;
Jansen et al., 1985; Tobi et al., 1985; Maijer & Padget,
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compiex
Fig. 1. Isograd map of Rogaland, south-

west Norway (after Jansen et al., 1985). The
locations of rocks used by Swanenberg

(1980) and van den Kerkhof er al. (1991) for
fluid inclusion measurements are indicated

by A (Drangsdalen), B (Austrumdalsvatnet)
and C (Faurefjell metasediments).

The pigeonite-in, osumulite-in, hypersthene-in
and biotite-in isograds are indicated

with +Pig, +Osum, +Opx and +Biot,
respectively.
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1987; Bol, 1990). Three stages of Grenvillian metamorph-
ism (M1-M3) and a Caledonian stage (M4) have been
recognized (Table 1 & Fig. 2) within the migmatitic

Table 1. Mctamorphic grade, age and sctting of metamorphism recorded in
Rogaland, south-west Norway (after Hermans et al., 1975; Jansen et al.,
1985; Tobi et al., 1985).

Metamorphic grade Age (Ma) Setting
M1 Upper amphibolite to 1200 Regional metamorphism
granulite
M2 Granulite (high 7', 1050 Thermal overprint, induced by
intermediate P) intrusion of leuconoritic
phasc of lopolith
M3 Medium grade 970-870  Retrograde metamorphism
during slow, ncarly isobaric
cooling
M4 Prchnite—pumpellyite to 400 Caledonian orogeny,

greenschist overthrusting

complex enveloping the Egersund anorthositic complex
and the Bjerkreim—Sokndal lopolith (Duchesne et al.,
1985).

The precise relationships between the migmatic,
metamorphic and tectonic events in this area have not yet
been established, although several deformation phases
have been distinguished (Hermans et al., 1975; Huijsmans
et al., 1981). The earliest phase of isoclinal folding, D1, is
presumed to be coeval with migmatization during MI.
Basic intrusions, post-dating this migmatization, are
deformed by the main phases of deformation (D2-D3).
These deformation phases affected the basal parts of the
Bjerkreim—Sokndal lopolith (Fig. 1), which was intruded
during low-P granulite facies M2 metamorphism (Pasteels
et al., 1979; Wielens et al., 1981). Huijsmans er al. (1981)
have suggested that a long period of intense ductile
deformation (D2) was coeval with the high-7"metamorphic
(M2) events, with deformation behaviour becoming more
brittle (D3) at the intermediate temperatures of M3.
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Fig. 2. Estimated P-T conditions for cach of the metamorphic
events (after Bol, 1990) described in Table 1. The supposed uplift
path 1 (solid line) is used for the fluid calculations in rocks within
the pigeonite-in isograd with a maximum temperature of 1020° C.
Path 2 (dashed line) indicates a typical P-T development for
rocks near the orthopyroxene-in isograd with a maximum
temperature of 750° C during M2. Both paths are proposed to
have equal pressures during M2 at different peak temperatures.
Equal denudation rates result in a simultancous comparable
pressure development.

Jansen et al. (1985) successfully used several geothermo-
barometers in combination with isograd mapping
(pigeonite-in, osumulite-in, hypersthene-in and biotite-in
isograds, see Fig. 1) and age determinations to unravel the
polymetamorphic evolution of this area. Coexisting
magnetite—ulvospinel and hematite—ilmenite solid solu-
tions (Eq. 8) were applied as a geothermometer and
oxygen barometer for the M2 and M3 events (Duchesne,
1970). A best fit through the data (fig. 10 in Jansen et al.,
1985) within a T—f,, diagram coincides with the 60%
ulvospinel line, which is used to indicate the oxygen
fugacity of the rock at temperatures between 227 and
1227° C (Fig. 3). This is somewhat more reduced than the
OFM buffer, which is also shown in Fig. 3. Resetting of
this geothermometer at low P-T, as argued by Frost &
Chacko (1989), results in underestimates of the peak
metamorphic conditions, but does not, however, influence
our fluid calculations. The P-T paths (1 & 2 in Fig. 2),
which are used as a basis for calculation of fluid
compositions and molar volumes, are assumed to be
representative of these rocks by Bol (1990).

There are no available data concerning the natural N,
buffering in rocks of this area: a few ammonium analyses
reveal up to 55 ppm in metasedimentary biotite. The dot in
Fig. 3 indicates the nitrogen fugacity (1021 MPa) in pure
N, fluid inclusions at peak M2 conditions. The calculated
nitrogen fugacity from the Cr-carlsbergite buffer (Eq. 16)
is shifted 5.5 log,, units (CCN +5.5) to obtain the same
fugacity (Fig. 3).

A fluid inclusion study of the rocks in the Rogaland area
was undertaken by Swanenberg (1980), who used
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Fig. 3. Temperature—log,, (fugacity) diagram for calculated
nitrogen and oxygen fugacities (in MPa). The Cr-carlsbergite
buffer (CCN; dashed line) is shifted +5.5 log,, units (solid line) to
obtain the nitrogen fugacity of pure N, fluid inclusions at near
peak M2 conditions (closed circle). Coexisting Fe—Ti oxides
(Ups60-Mt40; solid line) defines the oxygen fugacity. The
quartz—fayalite—magnetite buffer (QFM; dashed line) indicates
the relatively reduced nature of the Ups60-Mt40 buffer.

microthermometry (Table 2) and gas chromatography
(Table 3) to obtain density and compositional data. His
measurements are recalculated to molar fractions and
molar volumes of single fluid inclusions. He optically
identified six types, of which only the carbonic, the biphase
H,0-CO,, the CH,-rich and the N,-rich fluid inclusions
are considered here. In general, aqueous fluid inclusions
have lower molar volumes than gaseous inclusions. Within
a zone of about 10km around the Bjerkreim-Sokndal
lopolith, the average H,O content in fluid inclusions seems
to be significantly lower (47 vol. %) than in the lower-grade
metamorphic areas (72vol.%) further from the contact.
Swanenberg (1980) believed that the carbonic fluid
inclusions represented the dominant fluid phase present
during peak granulite metamorphism (M2), but that
measurements of their densities only partly reflect this
condition. An N,-rich fluid must have been trapped in an
‘early secondary’ stage, following emplacement of the
carbonic fluids. Low-density carbonic fluid inclusions result
from partial decrepitation or fluid deficiency (Swanenberg,
1980; Bol, 1990) during peak M2 metamorphic conditions.
High-density carbonic and N, fluid inclusions (Table 2)
strongly suggest post-entrapment re-equilibration of
pre-existing fluid inclusions to high densities during
retrograde near-isobaric cooling. An early origin (M1) for
high-density CO,-rich fluids is considered unlikely, because
the host minerals may be expected to have recrystallized
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Table 2. Volume% H,O, compositions (mol%), densitics (g cm “?) and molar volume (cm” mol ') of four types of fluid inclusions, deduced from
microthermometrical data, identified by Swanenberg (1980). Density and molar volume is occasionally specified for several locations (Dr = Drangsdalen,
Fa = Faurcfjell metasediments indicated with A and B in Fig. 1 respectively). Based upon composition, the N,-rich, the CH,-rich and the CO,-H,0 are

divided into three, two and two groups, respectively.

Fluid Volume% H,O Non-aqueous phasc Molar volume Special remarks
inclusion (room — —
type temperature) Composition Density
Carbonic 0 CO, 52-100 Dr=0.89 Dr =49 Critical homogenization of CO, phase at —37°C,
N, 48-0 Fa=1.03-1.07 Fa=41-43 (additional N, up to 48 mol%).
range = (0.70-1.23 range = 36-63 In graphite-bearing rocks additional CH,.
N,-rich 0-80 (a) N, 10-96 Maximally 55 vol% solid CO, at —170° C in fi.s k.
CO, 90-4
(b) N, 96-100 (b) Dr>0.78 (b) Dr < 36"
CO, 4-0 range = 0.53-0.63 range = 44-52
(b) Dr < 207
range = 22-26
(c) N, 80-100
CH, 20-0
CH,-rich (a) 0-30 (a) CH, 100 (a) 0.03-0.04 (a) 400-533* Fluid inclusions (a) have well-developed negative crystal
(a) 54-56F shape.
(b)0 (b) CH, 100 (b) 0.20-0.25 (b) 64-80

(a) 0.6-0.69
(b) 0.6-0.9

CO,-H,0  (a) 60-90

(b) 0-90

(a) CO, 100
(b) CO, 100

(a) 19-26t
(b) 19-407

CO, gas phasc is occasionally contaminated with N,.

Fluid inclusions (b) in cluster-like configuration or in
trails have positive correlation between Ty of the CO,
phases and vol.% H,0, and originated from an
unmixed fluid.

* Molar volume with maximum amount of H,O.
 Molar volume with minimum amount of H,O.

during the extremely high temperatures of the M2 stage.
Mixing of a late-stage aqueous fluid with fluid from
decrepitated fluid inclusions resulted in cluster-like
arrangements of carbonic and H,O0-CO, or H,O-N, fluid
inclusions (Swanenberg, 1980).

Raman spectrometry on gaseous fluid inclusions from
the area (Table 3) were undertaken by van den Kerkhof et

al. (1991). This confirmed the presence of N, and CH, in
most quartz samples obtained from the metasediments
enveloping the Bjerkheim-Sokndal lopolith and from
Egersund anorthosite complex. Three compositional
groups of gaseous, non-aqueous fluid inclusions were
recognized: (1) CO,—N, mixtures with 0-3 mol% CH,, (2)
CO,-CH, mixtures with <10mol% N, and (3) N,—CH,

Table 3. Composition (mol%) and molar volume (V,, em” mol” l) of gascous fluid inclusions from three locations in Rogaland (A,
B and C in Fig. 1), for two analytical techniques: bulk gas chromatography without information on H,O (Swancnberg, 1980) and
Raman spectrometry on individual fluid inclusions that are larger than 10 gm in diameter (van den Kerkhof et al., 1991). Sample
numbers were used by van den Kerkhof er al. (1991) are indicated. Sample 191 is divided into H1 and H3 fluid inclusions.

A (Drangsdalen)
Amphibole leuconorite

C (Austrumdalsvatnet)
Graphite-bearing
granctiferous migmatite

B (Ashcim/Sngsvatnet)
Faurcfjell metascdiments

;(;zmlatogruphy CO, 45.8 28.6-83.3 1.0-8.7
CH, — 0.1-0.4 44.8-48.7
N, 54.2 16.4-71.4 42.60-54.6

Raman

spectrometry Sample 191 (H3 type) 191 (H1 type) 250 306 311
co, 89-94 0-1 58-100 0-62 1-32
CH, 0-3 1-2 — 29-100 7-92
N, 5-7 97-98 0-42 0-10 5-91
H,O + — = & : &
Graphite == — . + +
Vm 45-75 50-90 45-55 54-75 48-60
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mixtures with <10 mol% CO,. The first group (CO,-N,-
rich), with molar volumes of between 50 and 55 cm® mol !,
found in the Faurefjell metasediments (Table 3), are
assumed by van den Kerkhof et al. (1991) to be the first
generation. Several post-entrapment re-equilibration
mechanisms have been used to explain the composition
and molar volume changes. Diminution of the inclusion
volume and partial decrepitation during post-entrapment
isobaric cooling may explain higher (up to 90 cm® mol ')
and lower molar volumes (down to 45cm’®mol ') of the
CO,—N,-rich and CO, fluid inclusions (van den Kerkhof et
al., 1991). They propose late-stage H, diffusion into fluid
inclusions, demonstrated experimentally in quartz by Hall
et al. (1989), resulting in the formation of CH,. The CO,
then reacts with CH, to form the more stable graphite and
H,O phases. Thus, the composition and density of fluid
inclusions is controlled by H, diffusion through the crystal.
Therefore, a mineral assemblage buffering the H, fugacity
may well be controlling the fluid density and composition
in apparently isolated and closed fluid inclusions.

FLUID EVOLUTION CALCULATION
COH system

Calculations of fluid character are confined to the COH
system owing to the probably limited occurrence of
nitrogen in fluids, micas and feldspars. Rocks within the
pigeonite-in isograd surrounding the Bjerkreim—Sokndal
lopolith and the Egersund anorthosite complex (Fig. 1)
have suffered three metamorphic stages, M1, M2 and M3.
P-T path 1 (Fig. 2) is used to calculate fluid compositions
and molar volumes. Stable fluid compositions and graphite
boundaries shift for the differing conditions of M1, M2 and
M3, as illustrated in Fig. 4 at 865° C and 669 MPa, 1019° C
and 400 MPa, and 614° C and 323 MPa. At M1 conditions
(Fig. 4a), a CO,-rich fluid is in equilibrium with graphite,
which may precipitate from the fluid on to grain
boundaries or within cracks. At M2 conditions (Fig. 4b),
the activity of carbon in the fluid is <1, and graphite is
unstable. Any graphite accessible to the circulating
buffered fluid will react totally to form CO, and CO. At
M3 conditions (Fig. 4c), the fluid is rich in CH, and once
again in equilibrium with graphite.

The COH diagrams in Fig. 4 present fluid compositions
at fixed P—T conditions, and do not show the fluid
evolution. Furthermore, the exact composition of the fluid
cannot be deduced from these diagrams. The proposed
retrograde metamorphic P-T paths (Fig. 2) indicate a
continuous decrease in pressure with time. Therefore, we
have chosen a pressure versus fluid composition plot (Fig.
5) to present the fluid evolution. During M1 the fluid
varies in composition from a CO,-rich fluid at 669 MPa to
an H,O-rich fluid with minor and equal amounts of CO,
and CH, at the lower-pressure boundary of this
metamorphic stage (614 MPa). H,O remains the major
fluid component between M1 and M2, with a minor
amount of CH,. Increasing temperatures during M2 led
once again to a CO,-rich fluid. At peak metamorphic

Fig. 4. COH diagrams for (a) the M1, (b) M2 and (¢) M3
metamorphic events. The graphite boundary is indicated with a
curved solid line. Stable fluid compositions do not occur in the
shaded area. The small rectangles within the COH triangular
diagrams are enlarged to square diagrams, in which the vertical
axis is stretched to emphasize the position of the graphite
boundary with respect to the CO,—CH, tie-line. The closed circle
represents the calculated fluid compositions for each metamorphic
phase.

conditions during M2, between 427 and 359 MPa, graphite
is no longer stable (the carbon activity is <1). The fluid
composition is CO,-rich with minor amounts of CO (not
represented in Fig. 5), whereas the molar fractions of CH4
and H,O are zero. During M3 the fluid evolved from an
H,O-rich fluid with equal and minor amounts of CH, and
CO, at 345 MPa to a CH,-rich fluid at 266 MPa. Finally, at
M4 conditions, the fluid remains CH -rich.

COHN system

Calculations of fluid character were also undertaken for
the expanded COHN system. This system has been
described with regard to the Rogaland area by Swanenberg
(1980). He describes Ny-rich fluid inclusions post-dating
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Fig. 5. P-X; (molar fraction) diagram for
the gas species H,O (solid line), CH,
(stippled line) and CO, (dashed line). P-T
conditions of path 1 (Fig. 2) are used to
calculate the fluid composition.
Metamorphic events are expressed as M1

(614-700 MPa), M2 (361-402 MPa), M3
(266-345 MPa) and M4 (150-193 MPa).

the CO,-rich fluid inclusions at near-peak M2 conditions.
As mentioned above, the nitrogen fugacity is calculated at
5.5 log,, units (Fig. 3) above the Cr-carlsbergite buffer
(CCN + 5.5). Figure 6 is a diagram of pressure versus fluid
composition for the COHN system for the same
metamorphic P-T path (1 in Fig. 2) as used for the
COH calculations. Figure 6 also shows the fluid molar
volume and the temperature versus pressure. The molar
fractions of H,0O, CO, and CH, in equilibrium with
graphite do not significantly change in comparison with the
COH system in Fig. 5. Between the M1 and M2 events,
H,O remains the predominant gas species in the fluid. The
greatest concentrations of 64.1 and 59.8 mol% occur at
610.0 and 443.1 MPa respectively. The H,O-rich fluid has a
relatively low molar volume, between 32.5 and
37.1cm’mol '. CH, is the second most abundant gas
species, varying between 15.2 and 45.9 mol% along this

pressure trajectory. Sometime before the M2 event, CO,
becomes the most abundant gas species and the molar
volume increases drastically over a relatively short pressure
interval to 50.5cm’®mol '. If the CO, fraction were to
reach a maximum of 95.0mol% at 426.9 MPa, graphite
would become unstable. As pressure decreases, the CO,
fraction decreases and the N, fraction of the fluid
increases. At 400.0 MPa (peak M2 metamorphic condi-
tions) the fluid consists entirely of nitrogen, and has a
molar volume of 53.1cm’mol '. Towards the lower
pressure boundary of M2 at 378.6 MPa, CO, increases,
and it again reaches a maximum of 95.1mol% at
358.6 MPa with a peak molar volume of 54.0 cm*mol .
At lower pressures the fluid is again in equilibrium with
graphite. Between M2 and M3, H,O increases to a
maximum of 57.1 mol%, while the molar volume decreases
drastically to 41.4cm*mol '. During and after M3, CH,
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becomes the dominant gas species in the fluid, while the
molar volume increases continuously to 54.8 cm® mol™' at
150 MPa.

To summarize, the most important features established
from Fig. 6 are (1) the instability of graphite in fluids at
peak metamorphic conditions (M2); (2) the occurrence of
an H,O-rich fluid between M1 and M2; (3) the relatively
low molar volumes of these H,O-rich fluids; (4) the
absence of CH,—N, fluids; (5) an N,-rich fluid only coexists
with CO, during M2; and (6) a CH,-rich fluid develops
after M3.

In addition, the fluid evolution has been calculated for
rocks near the hypersthene-in isograd (path 2 in Fig. 2),
which have lower M2 temperatures than path 1 (Fig. 7).
Below 323 MPa and above 478 MPa, the fluid evolutions
for both paths are similar. The increase in temperature
between 323 and 478 MPa results in the fluid remaining
H,O-rich (48.8-57.7 mol%), which is then stable with
graphite at all conditions. In this path, CH, and CO, are
the second (19.5-44.5mol%) and third (4.0-18.0 mol%)
most abundant gas species, respectively (Fig. 7). Nitrogen
remains a minor component (0.1-2.1 mol%).

In order to illustrate

fluid inclusions (Swanenberg, 1980; van den Kerkhof et al.,
1991), the patterns shown in Figs 5 & 6 may be redrawn in

a CO,~CH,-N, diagram (Fig. 8). The open and closed
symbols represent fluid inclusions with and without
graphite, respectively. As previously mentioned, nitrogen
may not be available in the rock system. Therefore, fluid
between two
end-values of the nitrogen buffer, zero (Fig. 5) and
CCN +5.5 (Fig. 6). Fluid compositions representative of
the M1 and M3 events are shown by the shaded areas (Fig.
8), near the CO,—CH, tie-line. The relative amount of N,
in calculated CO,-CH,-rich fluids decreases towards the
CH, apex. CO,-N,-rich M2 fluids are restricted to the
tie-line between the pure phases and they do not contain
graphite. Figure 8 indicates that the fluids in the central
area and the CH,—N,-rich fluids do no correspond to any
calculated compositions. The calculated fluid composi-
tions, which are stable in the presence of graphite,
correspond to the most frequently observed graphite-

compositions are proposed to occur

the similarity between our
calculated fluid evolutions and those observed in natural

(150-193 MPa).

bearing fluid inclusions. The calculated molar volumes and
the compositional evolution are represented in Fig. 9. The
solid and open arrows in Fig. 9(a) indicate schematically
the fluid development during M1, and in the period
between M1 and M2, respectively. The solid arrow in Fig.
9(b) shows the compositional evolution of the fluid from
M2 to M3. Corresponding molar volumes along both solid
arrows are indicated. Although the fluids from M1 are
identical in composition to those occurring between M2
and M3, their molar volumes are different. Observed
molar volumes of natural fluid inclusions (Table 3) by
van den Kerkhof et al. (1991) are grouped with nearly
equal values in Fig. 9(c). Values at the CO,-N, tie-line
and along the CH, edge, enclosed in boxes, correspond to
calculated molar volumes.

CH,

Fig. 8. CO,-CH,-N, composition diagram for M2 (CO,~N,
tie-line) and M1, M3 (shaded areas) events. Calculated fluid
compositions along the CO,—N, tie-line (M2) are not in
equilibrium with graphite. All other calculated fluid compositions
(M1, M3) are stable in the presence of graphite. Data from van
den Kerkhof et al. (1991) are indicated with triangles (location A:
Drangsdalen and Mydland), squares (location B: Faurefjell
metasediments) and circles (location C: Austrumdalsvatnet).
Closed and open symbols represent inclusions with graphite and
without graphite, respectively.
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Fig. 9. CO,-~CH,-N, composition diagrams with projected molar volumes (cm® mol ). The calculated compositional evolution is
schematically indicated with: (a) M1-M2, solid arrow during cooling of M1 and an open arrow for prograde changes from M1 to M2; (b)
M2-M3, solid arrow for the post-M2 peak metamorphic episode towards M3 and M4—the shaded areas represent all possible
compositions during the indicated fluid evolution; (c) measured values by van den Kerkhof et al. (1991)—values that correspond to

calculated molar volumes are marked with rectangles.

DISCUSSION

The assumptions used in our calculations may lead to
artefacts. Some measured natural fluid inclusions (Tables 2
& 3) fall outside the calculated range of fluid compositions
and molar volumes (Figs 8 & 9c). Discrepancies are
evident for CH,—N,-rich natural fluid inclusions and in the
absence of H,O from CO,-CH,-rich natural fluid
inclusions with high molar volumes. Therefore, the
assumptions must be scrutinized to test their validity.

Periods of deformation are likely to cause brittle strain
in mineral grains, and cracking and crack-healing
processes are consequently highly active during these
periods. Therefore, we assume that crack healing occurs
continuously during the long period of intense deformation
(D2-D3), coeval with M2—-M3 metamorphism.

The possibility that fluid inclusions trapped before peak
metamorphic conditions of M2 are preserved must not be
excluded (Samson & Williams-Jones, 1991). The recogni-
tion of M1 metamorphic mineral assemblages suggests that
fluid inclusions formed during this metamorphic phase may
be preserved. Swanenberg (1980) recognized CO,-rich
fluid inclusions with very low molar volumes
(36 cm® mol ', Table 3). These must have formed from the
calculated low-molar-volume CO,-rich fluids of 35.6—
42.1 cm® mol ' during M1 (Figs 6 & 9a).

Wilmart et al. (1991) describe CO,—N, fluid inclusions
with minor amounts of CH, in the Bjerkreim-Sokndal
lopolith (Fig. 1), which corresponds with our calculated
compositions for the enveloping metasediments of
near-peak M2 temperatures. The calculated oxygen

Fig. 10. CO,-CH,-N, diagrams for fluid
compositions in equilibrium with graphite at
M1 conditions: (a) iso-fugacity lines (in
MPa) of oxygen (solid lines) and nitrogen
(dashed lines), with values in log,, units; (b)
H,O isopleths (mol%), illustrating that the
total amount of CO,, CH; and N, may be a
minor part of the fluid.

fugacity in the lopolith (Duchesne, 1970; Wilmart et al.,
1991) is approximately 1.5 log,, units higher than the
enveloping metasediments (Jansen et al., 1985). This fluid
in the lopolith would remain rich in CO,—N, during M3
according to our calculations. The absence of CH,-rich
fluid inclusions, which only occur at very low P-T
conditions after M3, may result from scarcity of cracking
and crack healing during this late stage of metamorphism
and deformation. Based upon the occurrence of graphite
in host minerals and in CO,-rich fluid inclusions, Wilmart
et al. (1991) concluded that the fluid system was closed
between peak metamorphic conditions and 250°C,
200-300 MPa. Our calculated fluids fall within this range
of conditions.

Iso-fugacities of oxygen and nitrogen are projected in a
CO,-CH,-N, diagram for M1 conditions (865°C and
669 MPa, Fig. 10a) to indicate the fluid composition at the
defined oxidation and nitrodation states. The oxygen
fugacity, calculated with coexisting Fe—Ti oxides (Eq. 8),
is 10~'** MPa, restricting the original fluid composition to
the CO, apex of the diagram. Changes in fluid composition
as a result of variation in oxygen and nitrogen fugacities
can be immediately deduced from Fig. 10(a). Highly
variable mineral assemblages on a millimetre scale indicate
local equilibrium domains for M2 assemblages, suggesting
a local oxygen fugacity control (Bol, 1990). Therefore, the
oxidation state of the rock may deviate from that of the
oxygen buffer used (Eq. 8). Recalculated fluid composi-
tions, using an oxygen buffer one log,, unit lower than the
previously mentioned buffer (Eq. 8), are shown in
Fig. 11(a). Fluids richer in CH, are only produced during
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Fig. 11. (a) Calculated fluid composition for a mineral buffer with
an O, fugacity one log,, unit lower than for coexisting Fe—Ti
oxides (Eq. 8). Compositions in equilibrium with graphite during
M2 (shaded area) in this case cover a larger part of the diagram
than in Fig. 8. Both M1 and M3 are restricted to the CH, corner
of the diagram. (b) Compositions and molar volumes (cm” mol ™)
for an arbitrarily chosen Pyq = 3} Pihostatic- The shaded area
covers all M3 compositions that are richer in CO, compared with
those in Fig. 8. M2 fluids that are not in equilibrium with graphite
are positioned at the CO,—N, tie-line.

M1 and M3, while intermediate ternary compositions,
which are not observed in natural fluid inclusions (Fig. 8),
occur during M2. The calculations do not suggest
CH,—N,-rich fluids, and therefore more reduced mineral
buffers cannot clarify the existence of CH,—N,-rich fluid
inclusions.

Dubessy et al. (1989) calculated fluids in the COHNS
system. They used V-X properties of fluid inclusions
measured at room conditions to estimate and to
characterize the fluid at high P—T. This method differs
from ours in which mineral equilibria are used to define
oxygen and nitrogen fugacities at high P-T. Their method
is only valid if the inclusions do not change in composition
and density as a result of external factors. Dubessy et al.
(1989) advocated the formation of N,-rich fluid from
NH; -bearing minerals. It was proposed that the hydrogen
derived from ammonium reacted to form CH,, which then
became the main carbon-bearing species. Therefore, the
simultaneous occurrence of N, and CH, in fluid inclusions
is assumed to be a stable fluid mixture. Our calculations
indicate that CH,—N,-rich fluids may only occur at
reducing conditions that are improbable (fo,< 10~ ' MPa
in Fig. 10a) based upon the calculated oxygen fugacities
from mineral assemblages in metasediments of Rogaland.

A trail of N,-rich fluid inclusions, formed at peak M2
conditions, may be intersected by new cracks at a later
stage, in the presence of a CH,-rich fluid. Crack healing
during this late stage would result in a new trail with
CH,-rich inclusions. Near the intersection, mixing of the
two fluids may occur, producing CH,—N, fluid inclusions.
Swanenberg (1980) described the presence of such mixed
H,0-CO, inclusions at intersections of trails of H,O- and
CO,-rich inclusions.

Fluid-deficient conditions have been proposed for
several granulitic terranes. Lamb & Valley (1985)
calculated a fluid pressure in the COH system of 100 MPa
for a lithostatic pressure of 700 MPa, using an O, and an
H,O buffer, and proposed vapour-absent metamorphism.
In order to model such circumstances here, fluid
compositions and molar volumes have been calculated for
an arbitrarily chosen fluid pressure of one-half the

lithostatic pressure (Fig. 11b). Surprisingly, the composi-
tions are identical to the originally calculated values (Fig.
8). M2 conditions remain on the CO,—N, tie-line, but the
upper boundary of M3 shifts towards the CO, apex and is
responsible for most CO,—CH,-rich fluid inclusions. The
high calculated molar volumes (Fig. 11b) correspond to
data from some observed natural fluid inclusions (Tables 2
& 3, Fig. 9¢). ‘

The enigmatic CO,—N,-rich graphite-absent fluid inclu-
sions from high-grade metasediments are thermodynami-
cally stable at high temperature according to our
calculations. The calculated graphite-absent compositions
during M2, which lie along the CO,-N, tie-line, are also
found in natural fluid inclusions (Fig. 8). Furthermore, the
calculated molar volumes, varying between 51.9 and
54.4cm’mol ™', correspond to the measured values in
natural fluid inclusions (Fig. 9¢). The absence of graphite
in fluid inclusions does not imply graphite was absent in
the rock during entrapment.

A disadvantage of CO,-~CH,-N, diagrams is that they
do not represent complete fluid compositions. These three
components may account for only a minor fraction of the
fluid. Water isopleths of 30, 40, 50, 55 and 60 mol% are
projected in Fig. 10(b) for M1 conditions, and demonstrate
that H,O is the major component for most fluids within the
diagram. The calculated H,O-rich fluid inclusions are
positioned between CO, and CH, with minor amounts of
N, (Fig. 8), coinciding with the gaseous CO,—CH -rich
metastable fluids in natural fluid inclusions (van den
Kerkhof et al., 1991). ‘

Swanenberg (1980) did not identify H,O-rich fluid
inclusions pre-dating CO,- and N,-rich fluid inclusions,
although H,O-rich fluids occur in our calculations between
M1 and M2 (Fig. 6). Such inclusions may have
re-equilibrated completely because the presence of H,O
facilitates solution—precipitation and cracking mechanisms.
Swanenberg (1980) assumed an H,O-rich fluid during the
M3 and M4 cycles following the CO,- and N,-rich fluid
phases; this is supported by our calculations.

H,O may be extracted from fluid inclusions after
entrapment. Hollister (1988, 1990) argued for preferential
leakage of H,O from natural H,0-CO,-rich fluid
inclusions, and Bakker & Jansen (1989, 1990, 1991b) have
experimentally demonstrated this process. The effect of
this process on the fluid composition in inclusions is clearly
illustrated in COHN diagrams (Fig. 12). Point x in Fig.
12(a) represents the hypothetical original composition of
an inclusion. Leakage of H,O is indicated by the line xy
(Fig. 12a). The composition is shifted towards y into the
shaded area, where only metastable fluids exist. Chemical
stability is then accomplished by precipitation of graphite,
indicated by the line yz in Fig. 12(a), resulting from the
reaction

CO, + CH,;— 2H,0 +2C. (17)

This reaction was experimentally established in fluid
inclusions by van den Kerkhof et al. (1991), the reaction
being activated by energy from the Raman laser beam.
Equilibrium is then reached for point z at the graphite
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Fig. 12. Two sections of the COHN quadrangle for M1
conditions: (a) part of the COH diagram; (b) part of the
C-N-H,O diagram. The pure gas species are indicated with small
triangles. The shaded areas in both diagrams represent metastable
fluid compositions, the stable compositions are limited by the
graphite boundary. The initial fluid composition x at the graphite
boundary is arbitrarily chosen. Due to preferential H,O leakage it
shifts towards a metastable fluid y. Composition y shifts to a stable
fluid z if graphite precipitates from the fluid (Eq. 17). If both
processes occur simultaneously, the fluid composition x in fact
moves along the graphite boundary to z.

boundary (Fig. 12a), which is richer in CH, at more
reduced conditions. If preferential H,O leakage and
graphite precipitation occur simultaneously, fluid composi-
tions will shift along the graphite boundary from x to z
towards more CH,-rich compositions. H,O leakage would
lead to inclusion compositions richer in CO, if the initial
composition x is positioned at the graphite boundary left of
the H,O—-carbon tie-line (large-dashed line in Fig. 12a).
Preferential H,O leakage from inclusions with a low N,
content is indicated in Fig. 12(b). As in Fig. 12(a), H,O
leakage is schematically illustrated with a composition
change from x to y into the shaded area of metastable fluid
compositions. Precipitation of graphite, towards a stable
fluid composition at the graphite boundary, is indicated by
the line yz (Fig. 12b). The fluid inclusions are relatively
enriched in N,. In the most extreme case, an inclusion with
63, 16, 16 and 2 mol% H,O, CO,, CH, and N, respectively
(at 612.7 MPa and 791° C in Fig. 6) may contain only N,

and solid graphite after leakage of all the H,O. CO, and

CO,
A

o

89.493 194.4 946

GH,

Fig. 13. CO,-CH,-N, composition diagram. The shaded area
indicates all calculated fluid compositions, as in Fig. 8. The arrows
show changes for stable fluids with small amounts of N, caused by
preferential H,O leakage and precipitation of graphite (Eq. 17).
Increased molar volumes (cm® mol ') are indicated with numbers.

CH, available in equal amounts may then react completely
to H,O and graphite.

CH,—N,-rich fluids may develop by preferential H,O
leakage. The arrows in Fig. 13 indicate the compositional
changes for CH,-rich inclusions in a CO,-~CH N, diagram
after preferential H,O leakage and precipitation of
graphite (trajectory xz in Fig. 12). CH, was found by van
den Kerkhof et al. (1991) to be the dominant fluid in
inclusions from migmatites (Table 3). Depending on the
initial composition and the amount of leakage, several
observed natural CH,—N,-rich fluid inclusions (Fig. 8)
might be representative of such compositional changes. If
no gas reactions occur in the fluid inclusions after H,O
leakage, a metastable gas assemblage may then remain
(trajectory xy in Fig. 12), corresponding to the observed
high molar volumes of natural CO,—CH,-rich  fluid
inclusions. Their position in the CO,-CH,-N, diagram
would not change. Graphite detected in natural fluid
inclusions that have molar ratios of CO,/CH,< 0.6 (van
den Kerkhof et al., 1991) may have precipitated after the
entrapment, implying preferential H,O leakage.

van den Kerkhof et al. (1991) proposed CH, to be the
fluid generation following the CO,-N,-rich fluids. They
assumed the post-entrapment formation of CH, in
CO,—N,-rich fluid inclusions by H, diffusion, but did not
exclude the possibility that CH, could be a product of
retrograde cooling. Our calculations suggest that this must
have been preceded by an H,O-rich fluid (Fig. 6). The
QFM buffer chosen by van den Kerkhof er al. (1991) to
calculate equal CO,/CH, ratios is too oxidizing and is
therefore not realistic for the metamorphic rocks of
Rogaland. Our calculations indicate the presence of a
CH,-rich fluid with minor amounts of H,O occurring at the
end of M3 and lower pressures for rocks within the
pigeonite-in isograd.

The fluid evolution of rocks between the pigeonite-in
and the orthopyroxene-in isograds (Fig. 1) is assumed to
vary between the calculated evolutions at high peak M2




368 R. ). BAKKER & J. B. H. JANSEN

temperatures (Fig. 6) and low peak M2 temperatures (Fig.
7). The CO,~N,-rich fluid inclusions from location B (Fig.
1 and Faurefjell metasediments in Table 3), near the
pigeonite-in isograd, correspond to the calculated fluid
composition and molar volume at peak M2 conditions
(Figs 6 & 9c). The composition of CO,~N,-rich fluid
inclusions from location A (Fig. 1 and Drangsdalen in
Table 3), near the pigeonite-in isograd, are similar to
calculated compositions (Fig. 6). However, several
measurements of molar volume of nearly pure N, and CO,
fluid inclusions are too high, indicating possible post-
entrapment re-equilibration through volume adjustments.
Fluid inclusions from location C (Fig. 1 and Austrum-
dalsvatnet in Table 3) are CH,—N,-rich and CH,—CO-rich.
Graphite is present, and H,O is occasionally absent in
these inclusions. These rocks are located further from the
intrusive complex, and nearer to the orthopyroxene-in
isograd (Fig. 1). Therefore, the natural fluid must
resemble the calculated fluid in Fig. 7, in which H,O is the
most abundant and CH, the second most abundant gas
species. The high molar fraction of H,O would cause fluid
inclusions easily to re-equilibrate by preferential leakage of
H,O, and by possible volume adjustments. A metastable
gas mixture remains that has more than 50 mol% CH,, or
this gas mixture reacts to more stable CH,—N,-rich
compositions, implying precipitation of graphite in the
fluid inclusions.

CONCLUSIONS

Information regarding mineral assemblages, timing of
metamorphic or magmatic events, deformation phases and
oxidation/nitrodation state in metamorphic rocks can be
used to calculate fluid evolutions with corresponding
compositions and molar volumes.

Although only scarce thermodynamic information is
available for natural N-bearing minerals, the Cr-
carlsbergite buffer (Eq. 16) can be successfully used to
indicate the N, fugacity of the rock, analogous to the
method for O, fugacity described by Holloway (1981).

Natural fluid inclusions recorded in rocks from Rogaland
(Swanenberg, 1980; van den Kerkhof et al., 1991)
correspond partly with calculated compositions and molar
volumes of fluids based on a P-T path, oxygen and
nitrogen buffer, as exemplified by (1) the absence of
graphite in CO,—N,-rich fluid inclusions, (2) the absence of
intermediate ternary CO,-CH,—N, compositions, (3)
high-density CO,-rich fluid inclusions (36-42 cm’ mol '),
(4) CO,~CH,-rich fluid inclusions with minor amounts of
N, (up to 5mol%) during M2-M3.

The existence of CH,—N,-rich fluid inclusions can be
explained by preferential H,O leakage (the remnant
unstable composition subsequently reacting to a stable
CH,~N,-rich fluid) or by mixing of intersecting trails of N»-
and CH,-rich fluid inclusions, not but by introducing more
reduced fluids into the system, nor by assuming
fluid-deficient conditions.

High-molar-volume CO,—CH,-rich fluid inclusions with
low molar fractions of H,O are unstable at M2-M3

conditions and must have resulted from preferential H,O
leakage.

Post-entrapment alteration, which is proposed by van
den Kerkhof et al. (1991) to explain their measured
gaseous fluids, must have affected mainly H,O-rich fluid
inclusions.
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