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Abstract

H,0, CO,, CH,, CO, H, and O, are the most important species in crustal fluids. The composition of these C-O-H
fluids can be calculated if the pressure, temperature, carbon activity, and either the oxygen fugacity or the atomic H /O ratio
of the fluid is known. The calculation methods are discussed and calculation results are illustrated with isobaric T-X;, P-T,
and isobaric—isothermal ternary C—O-H diagrams. Fluid inclusion compositions, in particular, the Xco,/(Xco, + Xcn,)
ratio, can be used for C—O—H model calculations. However, care should be taken about possible post-entrapment changes,
which may have modified the chemical composition of the fluid inclusion. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Many metamorphic and igneous fluids can be
described by three components: carbon, oxygen and
hydrogen (the C—O—-H system). The principal fluid
species of geological interest in this system are:
H,O, CO,, CH,, CO, H, and O, (French, 1966;
Ohmoto and Kerrick, 1977; Holloway, 1987). French
(1966) and Ohmoto and Kerrick (1977) have demon-
strated that this system can be used to calculate the
composition of crustal fluids as a function of Py 4,
T, and either the oxygen fugacity (f5"?) or the H,/O
atomic ratio of the fluid. C—O—H model calculations
have been used by many authors for a variety of
geological subjects, such as fluid equilibria at low-
grade metamorphism (e.g., Holloway, 1984), gran-
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ulite genesis (e.g., Glassley, 1982; Lamb and Valley,
1985; Skippen and Marshall, 1991) and devolatilisa
tion reactions in graphitic rocks (Connolly and Ce-
sare, 1993; Connoally, 1995).

This paper reviews the method for C—O—H model
calculations. The results are shown in different dia-
grams and illustrate the influence of different vari-
ables (i.e. Pyq, T, f§™", atomic H/O ratio) on the
fluid speciation. The applications and limitations of
C—-O-H model calculations to fluid inclusion studies
will also be discussed.

2. Calculation method

2.1. Basic principles

The calculation method used follows the proce-
dure given by French (1966) and is based on the
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equilibrium constant-mass balance technique (French,
1966; Eugster and Skippen, 1967; Ohmoto and Ker-
rick, 1977, Holloway, 1987; Spear, 1993). The calcu-
lations are valid for a homogeneous, intergranular
fluid, which does not react with solid phases, except
for graphite, in the rock (e.g., Miyashiro, 1994). The
blocking temperature of the fluid—graphite equilib-
rium is estimated to be ~ 400°C (Ramboz et 4.,
1985). Therefore, C—O—H model calculations for
carbon-saturated fluids cannot be done at tempera
tures below 400°C.

The calculations have been described in detail by,
e.g., French (1966), Ohmoto and Kerrick (1977),
Holloway (1987), Labotka (1991) and Skippen and
Marshall (1991). At afixed Py 4 and T, the system
has seven unknowns: the fluid speciation (X, o,
Xeo,r Xerp Xu, and Xeo), f8U¢, and the carbon
act|V|ty (acarbon) “Four mdependent chemical equilib-
ria can be written (French, 1966; Ohmoto and Ker-
rick, 1977):

Co + 10, =Co, (1)
H,+30,=H,0 (2)
CH, + 20, = CO, + 2H,0 (3)
C+0,=CO, (4)

with the following equilibrium constants (K, _ ,):

. fool o) )
for(fo.)
K, = % (8

Auabon 1IN EQ. (8) is unity if graphite is present,
whereas it has a value between 0 and 1 if the fluid is
undersaturated in carbon. Py 4 Ccan be related to the
hydrostatic pressure gradient or the lithostatic pres-

sure gradient. The mass balance constraint yields
(ignoring X ):

Xi,0 T Xeo, T Xem, T Xeo + Xy, =1 (9)

The relation between the fugacity and the mole
fraction of species i is given by (e.g., Ferry and
Baumgartner, 1987; Anderson and Crerar, 1993;
Spear, 1993):

fi = Xi7i Pagia (10)

where y; denotes the fugacity coefficient of species
i. Eg. (10) is based on the assumption of ideal
mixing, which is a reasonable approximation for
supercritical, (i.e. T> 400°C) homogeneous fluids
(e.g., Labotka, 1991). Eq. (10) can be substituted
into Egs. (5)—(8) in order to express the equilibrium
constant as a function of the mole fractions of the
principal fluid species.

For a carbon-saturated C—O-H fluid, one addi-
tional constraint is needed to calculate the fugacities
of all fluid species. For example, "¢ can be
buffered by a mineral assemblage and the remaining
five fugacities can then be calculated (e.g., French,
1966; Ohmoto and Kerrick, 1977). Alternatively, one
can aso fix the atomic H/O ratio (French, 1966;
Ohmoto and Kerrick, 1977; Labotka, 1991; Connolly
and Cesare, 1993; Connolly, 1995) or the mole
fraction of carbon relative to hydrogen in the fluid
phase (Frost, 1979), and calculate all six fugacities.
Although these alternatives are used by many au-
thors (e.g., French, 1966; Ohmoto and Kerrick, 1977;
Frost, 1979; Holloway, 1984; Labotka, 1991; Con-
nolly and Cesare, 1993; Connally, 1995), it must be
emphasized that these are just possibilities. It is, for
example, also possible to fix 5" and f,, in order
to calculate the remaining four fugacities and Py 4
(Skippen and Marshall, 1991). Which additional con-
straint to use depends on the particular problem one
wants to solve and the geological data that is avail-
able. In this paper, the two most commonly used
methods will be discussed in more detail.

2.2. Externally buffered oxygen fugacity

fi'Y can be buffered by a mineral assemblage,
such ‘as Quartz—Fayalite—Magnetite (QFM), foud =
f&™ , according to the equilibrium:

3Fe,Si0, + O, = 2Fe,0, + 3SI0, (11)



J.-M. Huizenga / Lithos 55 (2001) 101114 103

where f&™ can be calculated from the Gibbs en-
ergy of the reaction (4, G ev) @ssuming unit activi-

ties for olivine and magne’ute (e.g., Anderson and
Crerar, 1993):

A GQFM RTIm‘QFM (12)
where R denotes the gas constant (8.314 J mol !
K~1). The calculations will then proceed as follows
(e.g., Ohmoto and Kerrick, 1977). X.o, can be
caculated from Eq. (8):

K4 fC?FM
)(CO2 = [—2

(13)
Yco, Phiuia

Cy

where the parameters within the square bracket
(labeled with C,) are constant at a fixed P,y and T.
Eq. (5) will give for Xq:

Yco,

X
1/2 CO,
Kl'Yco( fc?zFM ) LZ

Xy, and Xy, explicit equations can be derived
from Egs. (6) and (7), respectively:

Xeo =

(14)

YH,0

— | X (15)
1/2 H,O
QFM
KZYHZ( foz ) }Q

Hy

2 2
. Ycoz(YHzo) (Pfluid) ( )2
CH, = 2 co,\ "\H,0
K37’CH4( fonFM ) Ca

(16)

Substitution of Egs. (13)—(16) into Eq. (9) will give
a quadratic expression for:

2
CiCu(Xyy,0)” + CsXyy,0+ (C,+C,C,— 1) =0
(17)

where C,, C,, C; and C, are the expressions indi-
cated in Egs. (13)—(16), respectively. The positive
root of Eg. (17) will give the correct answer for
Xu,o- Subsequently, the molar volume of the fluid
can be calculated using the fluid composition, Py iq
and T from any equation of state that is appropriate

for fluid mixtures, such as the Redlich—Kwong equa-
tion of state (Redlich and Kwong, 1949), modified
by Holloway (1981).

2.3. Fixed atomic H / O ratio

The carbon content in a C—O-H fluid in equilib-
rium with graphite depends on Py 4 and T in order
to maintain carbon saturation (Connolly, 1995). Fluid
speciation at a constant atomic H/O ratio has the
advantage that it is independent of pressure and
temperature (Connolly, 1995). Using this approach,
al fugacities (including fJ*'®), can be solved from
Egs. (9), (13)-(16), and (18) which fixes the atomic
H/O ratio or X, which is defined as (Labotka,
1991; Connolly, 1995):

No

X 18
°" ng+n, (18)

where ny and n, are the number of moles of
oxygen and hydrogen in the fluid phase, respec-
tively, i.e.

No = Xy1,0 + 2Xco, + Xco +2Xo, (19)
Ny = 2Xyy,0 + 4Xey, + 2 Xy, (20)

A description of the calculation procedure for C—O—
H fluid speciation as a function of X, is given by
Connolly (1995).

2.4. Equilibrium constants

The equilibrium constants K,—-K, can be calcu-
lated using different thermodynamic data sets.
Ohmoto and Kerrick (1977) give Py,—T equations
for the equilibrium constants using thermodynamic
data from Holland (1965) and Huebner (1971) and
are easy to use in model calculations. The equilib-
rium constant can aso be derived from the Gibbs
energy of the reaction (e.g., Anderson and Crerar,
1993):

A,G° = —RTInK (21)
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where A,G° can be caculated from the formation
enthalpy, entropy and isobaric heat capacity of the
fluid species given by, e.g., Chase et al. (1985), Shi
and Saxena (1992) or Holland and Powell (1998).
Thermodynamic properties of graphite can be taken
from, e.g., Holland and Powell (1998). log,,K;_,
vaues calculated from different data sets (Ohmoto
and Kerrick, 1977; Shi and Saxena, 1992; Holland
and Powell, 1998) do not show significant differ-
ences (i.e. less than 5%o).

2.5. Fugacity coefficients

Eg. (10) shows that the fugacity coefficient for a
pure fluid (X; = 1) can be expressed as:

f

Yi= (22)

- Pfluid
where f; can be calculated from the following ex-
pression (e.g., Chatterjee, 1991; Anderson and Cr-
erar, 1993):

fpf.mdv( Puua. T)dP = RTINf( Pyuq.T) (23)
1

where V is the molar volume of the fluid phase. This
equation can be rewritten in many different ways,
depending on the form in which the equation of state
is written. For example, consider a viria type equa
tion of state (e.g., Ferry and Baumgartner, 1987;
Saxena and Fei, 1987a; Chatterjee, 1991):

PfI uidV
RT

7=

=1+ BPyq + CP{,gDPquig (24)

where Z is the compressibility factor, and B, C, and
D are functions of the temperature. For this equation
of state, the fugacity can be expressed as follows:

o Z
Inf(Pug.T) = [ —dP (25)
fluid

assuming that the standard state fugacity is 1 bar.
The expression for the fugacity coefficient will then
become (Shi and Saxena, 1992):

P Ui Z
Iny (PyiasT) =f1 ! dp_dp_ InPfig (26)
fluid

Detailed reviews of different equations of state and
calculation of fugacities and fugacity coefficients are
given by, e.g., Ferry and Baumgartner (1987), Chat-
terjee (1991), and Labotka (1991).

Ohmoato and Kerrick (1977) used an ideal mixing
model and calculated the fugacity coefficients of the
fluid species from thermodynamic data given by
Burnham et a. (1969), Burnham and Wall (unpub-
lished data), Shaw and Wones (1964), and Ryzhenko
and Volkov (1971). For non-ideal mixing, the fugac-
ity coefficient is a function of P4, T, and fluid
composition (e.g., Flowers and Helgeson, 1983).
Non-ideal mixing fugacity coefficients can be calcu-
lated from the Modified Redlich Kwong equation of
state (Holloway, 1977, 1981; Flowers and Helgeson,
1983) and should be used at temperatures close to
the immiscibility region of the agueous—carbonic
system (Connolly and Cesare, 1993). At tempera-
tures greater than 400°C, fluid mixing properties
have small deviations from ideality (Labotka, 1991;
Sterner and Bodnar, 1991).

2.6. Computer programs

Several computer programs are available to calcu-
late the C—O-H fluid speciation. ‘GEOFLUID’ is a
program written by Larsen (1993) and uses the same
thermodynamic data set as given by Ohmoto and
Kerrick (1977) for calculating equilibrium constants.
Ideal mixing fugacity coefficients are calculated from
Burnham et al. (1969), Burnham and Wall (unpub-
lished data), Shaw and Wones (1964), Ryzhenko and
Volkov (1971), Saxena and Fei (1987a), and Jacobs
and Kerrick (1981).

The PERPLEX program (Connolly, 1990, 1995)
includes the fluid speciation program ‘ COHSRK’ for
the C-O-H and the C-O-H-S system, using
(amongst others) X, or f§"¢ as input parameters.
The program gives many options to choose from.
Detailed information can be derived from the web
Siter http: / /eurasia.ethz.ch/ ~ jamie/perplex.html.

Belonoshko et al. (1992) have written the pro-
gram ‘SUPERFLUID’, which caculates the Gibbs
energy and fugacity coefficients for fluid species
within the C-O—-H-N-S-Ar system. The program
is based on thermodynamic properties and equations
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of state given by Saul and Wagner (1989), Jacobs
and Kerrick (1981), Belonoshko and Saxena
(1991a,b, 1992), and Shi and Saxena (1992).

2.7. Limitations and uncertainties of C—O—H mode
calculations

A number of factors limits the use of C—-O-H
model calculations. First, the presence of elec-
trolytes, such as NaCl, KCl, CaCl,, etc., will influ-
ence the fugacity coefficient of H,O (eg., Ara
novich and Newton, 1996) and it will aso raise the
solvus temperature of the aqueous—carbonic fluid
system (e.g., Bowers and Helgeson, 1983), implying
that one should rather apply a non-ideal mixing
model (e.g., Connolly and Cesare, 1993) using a
Modified Redlich—-Kwong type equation of state
(Holloway, 1977, 1981) that includes NaCl. Bakker
(1999) has recently published an equation of state for
the H,0-CO,—CH ,—N,—NaCl system, but unfortu-
nately, this equation of state is not valid for fluids
close to fluid—fluid unmixing conditions (Bakker,
1999).

Second, the fluid phase may not be in equilibrium
with graphite (Connolly and Cesare, 1993), or
graphite might have some degree of disorder, which
will change its thermodynamic properties and, there-
fore, the equilibrium constant K, (Ziegenbein and
Johannes, 1980). The degree of disorder of graphite
can be identified from Raman spectra (e.g., Burke,
1994; Wopenka and Pasteris, 1993).

Third, one should be careful with the interpreta-
tion of the calculation results as these might show
significant differences when different equations of
state are used for the calculation of fugacity coeffi-
cients. Furthermore, when fi"¢ is externally
buffered by a mineral assemblage such as QFM,
different thermodynamic datasets may give different
results for f&™. This will lead to different fluid
compositions as the C—-O-H system is sensitive for
small differencesin .

3. Calculation results

In this study, the equilibrium constants K,_, and
f& were calculated from the thermodynamic data

set after Holland and Powell (1998). Fugacity coeffi-
cients were calculated from the virial equations of
state after Saxena and Fei (1987a,b), assuming ideal
mixing. The calculations are valid for Py,q and T
greater than 1 kbar and 400°C, respectively. The
results are illustrated with P—T, isobaric X,—T, and
isobaric—isothermal ternary C—O—-H diagrams.

3.1. Externally buffered oxygen fugacity

Fig. 1 shows the temperature dependence of the
fluid at afixed Py 4 Of 3 kbar and fg':‘d buffered by
QFM and one log,, unit below QFM. At low tem-
peratures, the fluid is dominated by H,O-CH,,
where X, depends on fi"? i.e a the same
temperature, Xey, is greater if f”zu'd is one log,,
unit below f$™ (Fig. 1A,B). With increasing tem-
perature (i.e. increasing foUe; see Fig. 1), X,
decreases at the expense of CO, and H,0. Xy o
will reach its maximum value at a certain tempera—
ture and then decrease with increasing temperature
until the maximum stability temperature of graphite
is reached and the fluid becomes pure CO,, i.e. dll
graphite is oxidised to CO,. For a QFM buffered
fluid, the maximum stability temperature of graphite
is ~570°C at 3 kbar and log,,f{"" = log,, f&™
=~ —20.8 (Figs. 1A and 2). Carbon undersaturated
fluids (Fig. 1C, a0, = 0.1) do not contain signifi-
cant amounts of CH, and the fluid is dominated by
H,0. CO, is only present at relative high tempera-
tures.

Fig. 3 shows the fluid speciation in P-T dia-
grams, where f§"¢=f™ and fJU'! =3 The
diagrams |IIu51rate S|m|Iar to Fig. 1 an increase of
Xco, With increasing temperature at the expense of
CH, and H,O. It aso demonstrates the pressure
sensitivity of Xy,0 up to a certain temperature (i.e.
~ 500°C for f§""¢ =f3™; see Fig. 3A). Above that
temperature, X, o mainly depends on the tempera-
ture. The stability field of graphite is extended to
greater temperatures when more reducing buffers
(eg., f§"=f3™") are used (Figs. 1B and 3B). A
carbon underwturated fluid (Figs. 1C and 3C) is
dominated by H,O over a large temperature range.
CH, does not occur in significant amounts and CO,
will only become dominantly present at high temper-
atures.



106

-20

A [ 1—-20s
7 Ptae -
0.8 - Priuig = 3 kbar ‘/" B
X _| @carbon = 1 Lo° ! L
- I S s M 5
c 06 o ‘ o O L
- ,’ I~
o 0.4 - ',r L
o . --30
= 1.7 B
02 -
-
1_cH, C
T T T 35
400 500 570

Mole fraction (X;)

J.-M. Huizenga / Lithos 55 (2001) 101114

1.0

Pruig = 3 kbar
T @carbon = 1

0.8

-25

4
;-waoofmam

TTT T T T T T T T T T T T T T 11T

-35

Temperature (°C)

Pruig = 3 kbar 0%
acarbon = 0.1 ~0

e
wioOf °+B0]

—25

L I I

Temperature (°C)

Fig. 1. Compositional variation of a C—O-H fluid as a function of temperature (Pyiq =
f$™. Graphite becomes unstable (i.e. oxidizes to CO,) at T> ~ 570°C. (B) Carbon saturated fluid (8gypon = 1), 5" =

fﬂuld

(C) Carbon-undersaturated fluid (Bgarbon = 0.1, fHU = 8™,

3.2. Fixed atomic H / O ratio

Using X, as a variable can be illustrated with
isobaric—isothermal ternary C—O—H diagrams (Con-
nolly, 1995; Fig. 4). For example, carbon saturated
fluids with X, = 0.9 (Fig. 4A) occurs on the inter-
section of the X, = 0.9 line and the carbon satura-
tion surface (solid square in Fig. 4A), whereas car-
bon undersaturated fluids occur in the fluid field on
the X, = 0.9 line.

Low-temperature fluids (400°C; Fig. 4A) are bi-
nary mixtures of either H,0—-CH,, (low f§", X, <
1/3) or H,0-CO, (hlgh ff';'d Xo > 1/3) An
increase in temperature (at constant Xg) will in-
crease the mole fraction of the carbonic fluid species
(Fig. 4A-D) relative to H,0O. At high temperatures,
CO and H, become significant fluid species in a
carbon saturated fluid with X, approaching 1 or 0,
respectively (Fig. 4D). Non-ideal mixing of the fluid
species will shift the carbon saturation surface to the
H,0-CO, and H,0-CH, joins (Ferry and Baum-
gartner, 1987; Connolly and Cesare, 1993).

—-35

3 kbar). (A) Carbon saturated fluid (8, pon = s

fQFM -1
Pﬂuid = 3 kbar
-5 4
~10 4 Co, QFM
- fl
o -15 fo:ld
O 15
o
o -20 J
O -20.87 .
- graphite
-25 4 ; . .
- C=0O-=H fluid
-30 . :
-35 570 T T T T T T
400 600 800 1000

Temperature (°C)

Fig. 2. f§™ as a function of temperature (dashed line), and the
maximum f{Yd for a carbon saturated fluid (solid line) at a fluid
pressure of 3 kbar. The shaded area (dark and light) indicates the
stability field of graphite. The dark shaded area indicates the
stability field of a carbon saturated C—O-H fluid, of which
f5ud = 3. The figure shows that the maximum temperature at
Whlch aQFM buffered C—O—-H fluid can exist in equilibrium with
graphite is at ~ 570°C, for which logy, f§"® = logy, f&™ = ~
—20.8 (see also Fig. 1A).
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1
QFM
i Jo3

dcarbon = 1

|
fOZQFM

8 ] dcarbon = 0.1

Fluid pressure (kbar)

Temperature (°C)

Fig. 3. Pressure-temperature diagrams showing the isopleths for Xy, (dashed lines), X¢o,/(Xco, + Xcp,) (solid lines, 0.1, 0.3, 0.5, 0.7
and 0.9), and log,q fé';“d contours (thin solid lines). The thick solid line indicates the maximum pressure—temperature stability of the
C-O-H fluid. (A) 899 =™, @ ypon = 1. (B) f8U4 =ML @ yp0n = 1. (O) £8U4 = 18™M, @ e, = 0.1.

For dehydrating graphitic rocks, the metamorphic n, = 2). ‘Fig. 5A shows the isopleths of X, , and
fluid (H,0) can only react with graphite, and X, is, l0g, fg':'d contours in a P-T diagram, calculated
therefore, fixed at a value of 1/3 (H,0: ny=1, for a carbon saturated fluid at a constant X, of 1/3.
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;\ A B
Pfiuig = 3 kbar Pfiyig = 3 kbar
T = 400°C T = 500°C

co
co,
CH,
H2
(o] H
Y
r T T T T T T T T 1
0.9 0.7 0.5 0.3 0.1
<—Xo
C
Pruig = 3 kbar
T =800°C

Fig. 4. Ternary C—O—H diagrams at a pressure of 3 kbar and temperatures of (A) 400°C, (B) 500°C, (C) 800°C and (D) 1000°C showing the
fluid compositions as a function of Xg. fg';"d (open circles) is indicated in log,, intervals for carbon saturated fluids on the carbon
saturation surface (solid line). The black circles correspond to f§!'¢ = f$™ (T = 400°C, 500°C), and 4" = {32 (T = 800°C, 1000°C).
The shaded area represents the fluid + graphite field, the area below the carbon saturation surface are carbon-undersaturated fluids. Fluids
with X5 = 0.9 (A) occur on the solid line starting from the C apex. The solid square indicates a carbon saturated fluid with X5, = 0.9.
Carbon saturated fluids with X, close to 0 are CH, (£ H,)-rich, whereas fluids with X, close to 1 are CO, (4 CO)-rich. The H,0-C
tieline (dashed line) corresponds to fluids with X5 =1/3.

The figure illustrates that dehydration of a graphitic
rock should result in H,O-rich fluids, except for
high-T, low-P conditions. In such a fluid, Xco, and
Xcy, are related to each other according to Eq. (18)
(Connolly and Cesare, 1993). Substituting Egs. (19)
and (20) into Eq (18) gives:

Xu1,0 + 2Xco, + Xco +2Xo,
3Xy,0 + 2Xco, + Xoo + 2Xo, + 4Xepy, + 2 Xy,

-1/3 (27)
which, ignoring X, reduces to:
1 1
XCH4+ EXH2=x002+ Exco (28)

Eq. (28) demonstrates that the fluid consists of equal
amounts of CO, and CH ,, assuming that H, and CO
occur in negligible amounts (Connolly and Cesare,
1993). Dehydration in graphite poor rocks will lead
to almost pure aqueous fluids (Fig. 5B; a o = 0.1).

4. Application to fluid inclusion studies

Fluid inclusions can provide information on the
fluid speciation and density during the P-T evolu-
tion of a rock. Analysing the composition of the
carbonic fluid phase (including demonstrating the
presence of invisible graphite) by means of Raman
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Fig. 5. Pressure-temperature diagrams showing the isopleths for maximum Xu,o (thick solid lines) and log,, f8“"® contours (thin solid

lines) for a C-O—-H fluid, of which X, is fixed at 1,/3. The difference (log,, f5"" —

=0.1

Acarbon = 1, (B Bcarbon

microspectrometry has proven to be a useful and an
accurate technique in fluid inclusion studies (eg.,
Burke, 1994; Burke, this issue; Burke and Lusten-
houwer, 1987). However, an accurate (non-destruc-
tive) estimation of X, o in fluid inclusions is still a
problem (e.g., Boiron and Dubessy, 1994). There-
fore, the most reliable compositional variable that
can be derived from fluid inclusions is X6 /(Xco,
+ Xgp ). Van den Kerkhof et al. (1991), Frezzotti et
al. (1994) and Huizenga and Touret (1999) have
demonstrated that Xco /(Xco, + Xcy,) values ob-

log,, f&™) is indicated with the dashed lines. (A)

tained from fluid inclusions can successfully be used
to calculate P-T—f,, trends along which the fluid
composition evolved.

Fig. 3 shows that the composition of the carbonic
phase, Xco,/(Xco, + Xcpy,)» mainly depends on the
temperature, assuming that fiU¢ is buffered by a
mineral assemblage. However, “the strong influence
of f§'¢ on the position of the Xco,/(Xco, + Xcn,)
|sopleths in the P—T diagram makes the’ carbonic
composition not suitable to use as a geothermometer
unless f5"" is very well constrained. For example, a
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Cc

Ptiyig = 3 kbar

0.9 0.7 0.5 0.3 0.1
X
Fig. 6. Isobaric—isothermal C—O—H ternary diagram illustrating graphite precipitation during isobaric cooling (after Cesare, 1995). A
carbon-saturated fluid at 800°C and 3 kbar (point a in the diagram) with X, of ~ 0.3 becomes carbon-saturated during cooling and will
precipitate graphite according to reaction (29). The new fluid composition will be located on the 500°C carbon saturation surface (point b).

Xco,/(Xeo, + Xen,) value of 05 will give a tem- for fiUd=fgM1/2 at a fluid pressure of 3 kbar.
perature of ~ 410°C for fod = f3M, and ~ 470°C Therefore it is better to use the carbonic fluid com-

Prfuig = 3 kbar
T = 400°C

Fig. 7. Isobaric—isothermal C-O-H ternary diagram (Pyq = 3 kbar, T =500°C) demonstrating preferential H,O leakage and graphite
precipitation (after Bakker and Jansen, 1993). Point a represents a C—O-H fluid in equilibrium with graphite. H,O leakage will move the
fluid composition towards b into the shaded area. As a result, the fluid will re-equilibrate according to reaction (29), i.e. the fluid will move
away from the C apex (the fluid is depleted in carbon because graphite precipitates), until it reaches the carbon saturation surface (c). Initial
fluid inclusions with Xo > 1/3 will show an increase in Xco,/(Xco, + Xcu ), Whereas inclusions with X, < 1/3 will show a decrease in
Xco,/(Xeo, + Xen ) Xco,/(Xco, + Xcn,) remains the same for fluid inclusions with Xo = 1/3. Changes in molar volume and Py 4
durmg this process are |gnored
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position as an indicator of "', using independent
P-T estimations, rather than using it as an indicator
of the temperature at a fixed f5".

It must be emphasized that C O—H model calcu-
lations in fluid inclusion studies are only valid when
the fluid inclusion compositions reflects the compo-
sition of the fluid a the time of trapping. It has,
however, been pointed out by, e.g., Kreulen (1987),
Cesare (1995) and Ridley and Hagemann (1999) that
this assumption is certainly not aways true and
post-entrapment compositional changes in fluid in-
clusions are probably more the rule than the excep-
tion.

4.1. Closed system changes. graphite precipitation

Post-entrapment compositional changes in fluid
inclusions behaving as a closed system have been
discussed in detail by Dubessy (1984), Kreulen
(1987) and Cesare (1995). A fluid inclusion that
contains CO,, and significant amounts of CH,
(+H,0), will re-equilibrate and precipitate graphite
during cooling according to the heterogeneous reac-
tion (Fig. 6):

CO, + CH, = 2C_ e + 2H,0 (29)

graphite
where X, of the fluid does not change ( X, of both
reactants and productsis 1/3; Cesare, 1995). It must
be emphasized that reaction (29) requires a high
activation energy (Ziegenbein and Johannes, 1980),
which explains the (metastable) mixtures of CO, and
CH, observed in fluid inclusions at room tempera-
ture (Kreulen, 1987; Van den Kerkhof, 1988). If
reaction (29) runs to completion, it will either result
in graphite-bearing H,0-CO, (X&' < X&', i.e.
XJwid > 1 /3) or in graphlte-bearmg H ,0— CH fluid
inclusions (XG> X559, e X(')“'“‘”‘J < 1/3)

4.2. Open system changes: selective water |eakage

Preferential water from fluid inclusions has been
demonstrated experimentaly by, e.g., Bakker and
Jansen (1990) and can be either strain-induced

(Hollister, 1990; Bakker and Jansen, 1994; Cordier
et al., 1994) or initiated by a f,, o gradient, i.e. f, o
in the fluid inclusion is greater than f,, o in the
intergranular fluid (e.g., Hall and Sterner, 1993;
Sterner et al., 1995). Preferential water leakage from
a H,0-CO,-CH, inclusion may trigger reaction
(29) (Fig. 7) and if water leakage and reaction (29)
occur simultaneoudly, the fluid inclusion will move
adong the carbon saturation surface (Bakker and
Jansen, 1993). The fluid inclusion may then either
become more CO, rich (X&' < X5, i.e. X"
>1/3) or more CH,rich (XC'T|tIaJ >X'”'“a‘, i.e.
Xmltlal < 1/3)

4.3. Open system changes: hydrogen diffusion

Experimental studies (Morgan et al., 1993;
Mavrogenes and Bodnar, 1994), and study of fluid
inclusions in natura samples (Hall et al., 1991) have
shown that fluid inclusions may behave as open
systems with respect to hydrogen. The mobility of
hydrogen is driven by a difference in f,, of the
intergranular fluid and the fluid inside the inclusion
(cf. selective H,0 leakage) and the temperature (Hall
and Bodnar, 1990; Hall et al., 1991; Morgan et al.,
1993). Experiments by Morgan et al. (1993) carried
out a T = 720°C demonstrate that, depending on the
fluid density, the following reactions might occur in
CO, fluid inclusionsin quartz when hydrogen moves
into the inclusion:

CO, + 4H, — CH, + 2H,0 (30)

This reaction occurs in fluid inclusions with a den-
sity lower than ~ 0.75 g cm™ 3. For high-density
fluids, graphite and water will be formed according
to the reaction:

CO, + 2H, = Copite + 2H,0 (31)

graphite
Experiments by Morgan et a. (1993) show that
hydrogen diffusion out of an inclusion can trigger
the reaction:

CH, = Cyranite + 2H (32)

graphite
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and the generated hydrogen will react with CO,:

CO,+2H,—C +2H,0 (33)

graphite
Continuous hydrogen diffusion out of the inclusions
may thus either result in graphite-bearing H,0-CO,
inclusions (X&' < X&' in the initial fluid, i.e.
XJiid > 1 /3) or in graphite-bearing H,O inclusions
(XG> X in the initial fluid, i.e. X5"* <

1/3).

5. Conclusions

CO,-CH, + H,0 inclusions without graphite ei-
ther represent the origina fluid present during trap-
ping conditions, or the original fluid inclusion was
CO,-rich (+H,0) and has subsequently become
enriched in CH, due to H, diffusion into the inclu-
sion (i.e. reaction (30), for low-density fluids).

Graphite-bearing CO,—CH, &+ H,0O inclusions of
which the gas-phase is dominated either by CO, or
CH,, are most likely the result of reaction (29),
which has not run to completion. This reaction is
triggered by (1) cooling, or (2) selective H,O leak-
age, or (3) H, diffusion out of the inclusion, or by a
combination of these factors and will increase the
molar volume of the inclusions because of the low
molar volume of graphite (5.3 cm® mol ~*; Holland
and Powell, 1998) and, if applicable, the loss of
H,O0.

Graphite-bearing H,O inclusions (X, = 1/3) can
be produced by completion of reaction (29) for an
inclusion, of which X" =1 /3 (Fig. 7). Alterna-
tively, these inclusions can also be formed through
continuous hydrogen diffusion out of the inclusion
(XJd < 1 /3, reactions (31) and (33)), or continu-
ous hydrogen diffusion into high-density CO, fluid
inclusions (reactions (31)).

The intensity of post-entrapment changes may be
different for inclusions within trails and clusters and
depends, amongst others, on the composition and
structure of the host mineral (e.g., Morgan et a.,
1993; Ridley and Hagemann, 1999). Recognizing
these changes requires a detailed study of the inclu-
sions (e.g., Ridley and Hagemann, 1999) and is
essential before any model calculations can be done.
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Appendix A. Explanation of symbols used in the
text

Symbol Explanation

Acarbon Carbon activity

f; Fugacity of fluid speciesi

foud fo, of the fluid phase

™ fo, buffered by the mineral assemblage
QFM

fgM+  fo, onelog,, unit below f&™

Vi fugacity coefficient of speciesi

AG° Gibbs energy of the reaction

K Equilibrium constant

ny number of moles of hydrogen in the fluid
phase

No number of moles of oxygen in the fluid
phase

Prig fluid pressure
gas constant (8.314 Jmol ~* K1)

T temperature

Y molar volume

X Mole fraction of species i in a fluid
phase

X, nitial Initial mole fraction of species i in a

fluid inclusion
Xo atomic fraction of oxygen relative to
oxygen and hydrogen in a fluid phase

X initial atomic fraction of oxygen relative
to oxygen and hydrogen in a fluid inclu-
sion

Z Compressibility factor (Z= 1 for a per-
fect gas)
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