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Abstract Phase equilibria in the system CaO–MgO–
SiO2–CO2–H2O–NaCl are calculated to illustrate phase
relations in metacarbonates over a wide-range of P–T–
X[H2O–CO2–NaCl] conditions. Calculations are per-
formed using the equation of state of Duan et al.
(Geochim Cosmochim Acta 59:2869–2882, 1995) for
H2O–CO2–NaCl fluids and the internally consistent data
set of Gottschalk (Eur J Mineral 9:175–223, 1997) for
thermodynamic properties of solids. Results are pre-
sented in isothermal-isobarical plots showing stable
mineral assemblages as a function of fluid composition.
It is shown that in contact-metamorphic P–T regimes the
presence of very small concentrations of NaCl in the
fluid causes almost all decarbonation reactions to pro-
ceed within the two fluid solvus of the H2O–CO2–NaCl
system.

Substantial flow of magma-derived fluids into mar-
bles has been documented for many contact aureoles by
shifts in stable isotope geochemistry of the host rocks
and by the progress of volatile-producing mineral reac-
tions controlled by fluid compositions. Time-integrated
fluid fluxes have been estimated by combining fluid
advection/dispersion models with the spatial arrange-
ment of mineral reactions and isotopic resetting. All
existing models assume that minerals react in the pres-
ence of a single phase H2O–CO2 fluid and do not allow
for the effect that fluid immiscibility has on the flow
patterns.

It is shown that fluids emanating from calc-alkaline
melts that crystallize at shallow depths are brines. Their
salinity may vary depending mainly on pressure and
fraction of crystallized melt. Infiltration-driven decar-
bonation reactions in the host rocks inevitably proceed

at the boundaries of the two fluid solvus where the
produced CO2 is immiscible and may separate from the
brine as a low salinity, low density H2O–CO2 fluid. Most
parameters of fluid–rock interaction in contact aureoles
that are derived from progress of mineral reactions and
stable isotope resetting are probably incorrect because
fluid phase separation is disregarded.

Introduction

Many fluid inclusion studies in contact and regional
metamorphic calcareous rocks have revealed that H2O–
CO2 immiscibility occurred in the presence of dissolved
salts (Sisson et al. 1981; Mercolli 1982; Trommsdorff
et al. 1985; Williams-Jones and Ferreira 1989; Heinrich
1993; Jamtveit and Andersen 1993; Heinrich and Got-
tschalk 1994, 1995; Fernandez-Caliani et al. 1996).
Based on the experimental work of Gehrig (1980),
Bowers and Helgeson (1983a, b) developed a modified
Redlich–Kwong (MRK) equation of state (EOS) for
H2O–CO2–NaCl fluids that allowed for equilibrium
calculations of mineral reactions in metamorphic rocks
in this fluid ternary. With that, Trommsdorff and
Skippen (1986) and Skippen and Trommsdorff (1986)
have derived fluid evolution paths for H2O–CO2–NaCl
fluids during reaction progress in metamorphosed im-
pure limestones. They showed that the development of
prograde mineral reactions is intensely affected if CO2-
loss by boiling occurs.

A major shortcoming of the MRK–EOS of Bowers
and Helgeson (1983a) is that it is unable to accurately
predict fugacities of fluid components near the solvus
boundaries and at moderate and high salinites.
Therefore, phase diagrams presented by Trommsdorff
and Skippen (1986) that combine dehydration/decar-
bonation reactions with thermodynamic properties of
immiscible fluids in the H2O–CO2–NaCl ternary are
semi-quantitative. An EOS more convenient for rigor-
ous thermodynamic modelling of H2O–CO2–NaCl flu-
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ids was introduced by Duan et al. (1995). It can be
applied to a temperature range of 300–1,000�C, pres-
sures up to 600 MPa, and calculates activities of fluid
components for compositions of up to 30 wt% NaCl
(relative to H2O–NaCl) in good agreement with
experimental results, and for fluids of up to 50% NaCl
with somewhat less accuracy. Furthermore, it predicts
halite solubility in CO2-poor brines within the error of
the experimental data and with less precision in NaCl-
poor H2O–CO2 fluids. In the first part of this study,
quantitative phase relations in the system CaO–MgO–
SiO2–CO2–H2O–NaCl are calculated by combining the
EOS of Duan et al. (1995) with thermodynamic
properties of solids from the internally consistent data
set of Gottschalk (1997) using Gibbs free energy
minimization methods. Following Trommsdorff and
Skippen’s (1986) delineation, phase relations and
mineral reactions are presented in a series of isobarical-
isothermal sections through the H2O–CO2–NaCl ter-
nary in the T-range from 350 to 900�C in steps of 50�C
at various pressures. We will show that, under the low
pressure regime of contact metamorphism, very small
amounts of NaCl in the fluid systems are sufficient for
most decarbonation reactions to proceed within the
two fluids immiscibility field of the H2O–CO2–NaCl
system.

It has been shown for many contact aureoles that
fluid infiltration controls the mineralogical and stable
isotope composition of rocks during metamorphism (e.g.
Heinrich 1993; Ferry 1995, 1996; Heinrich and Gotts-
chalk 1995; Ferry and Rumble 1997; Holness 1997;
Holness and Fallick 1997; Povoden et al. 2002). This is
particularly true for contact metamorphic metacarbon-
ates where significant shifts in oxygen isotope ratios
indicate substantial flow of magma-derived fluids into
the host rocks. The progress of volatile-producing min-
eral reactions has been interpreted in terms of time-
integrated fluid fluxes by combining fluid advection/
dispersion models with the spatial arrangement of min-
eral reactions and isotopic resetting (e.g. Labotka et al.
1988; Nabelek et al. 1992; Jamtveit et al. 1992a, b;
Bowman et al. 1994; Gerdes et al. 1995; Dipple and
Ferry 1996; Cartwright and Buick 1996; Cartwright
1997; Cook et al. 1997; Ferry et al. 1998). Summarizing
field data of many contact aureoles, Ferry and Gerdes
(1998), Baumgartner and Valley (2001) and Ferry et al.
(2002) offered global reviews on stable isotope transport
and direction of contact metamorphic fluid flow in
metacarbonate host rocks worldwide.

However, all presented models generally assume that
the magma-derived infiltrating fluid is pure water and
that decarbonation/dehydration reactions occurred in
the presence of a single phase H2O–CO2 fluid. Adapting
arguments of Cline and Bodnar (1991), Webster (1997)
and Webster et al. (1999), we show in the second part of
the study that fluids expelled by magmas at shallow
intrusion levels are brines. It is most likely that all
contact-metamorphic decarbonation reactions triggered
by them occur within the two fluid solvus. This is, with

very few exceptions, not recognized. Since existing
models do not allow for the effect that fluid immiscibility
has on flow patterns, fluid flow in contact-metamorphic
carbonates is probably not adequately described and, in
principle, not understood. We argue that existing field
data of mineral reaction distributions and oxygen
alterations in contact aureoles should be reinterpreted in
terms of fluid immiscibility and speculate on inconsis-
tencies between field data and existing models, which
arise because fluid separation is ignored.

Phase relations in the system H2O–CO2–NaCl

Semi-quantitative phase relations in the system H2O–
CO2–NaCl have been presented by Trommsdorff and
Skippen (1986) and Skippen and Trommsdorff (1986),
using a series of isothermal-isobaric sections through the
ternary system at various P–T conditions. The main
features of the phase topology, now calculated with the
EOS of Duan et al. (1995), are shown in Fig. 1. Six
isothermal-isobaric sections of the ternary are placed
onto a P–T projection ranging up to 1,000�C and
600 MPa, along with phase relations of the respective
binaries H2O–CO2, H2O–NaCl, CO2–NaCl, and the
melting curve of halite. The essential points are sum-
marised as follows:

1. The critical curve of the H2O–CO2 binary, indicated
as L + V = supercritical fluid (SCF), lies always
below 350�C except at conditions close to the critical
point of pure water (Tc). At T >Tc, a binary H2O–
CO2 mixture is always homogeneous within the given
pressure range.

2. The topology of the CO2–NaCl binary is controlled
by the melting curve of halite (Hl) at high T (Hl
= L). The critical curve is not well known but it is
clear that NaClliquid and CO2 are extremely immis-
cible, even at very high temperatures. Fluids of the
CO2–NaCl binary are likely two-phase for any geo-
logical process in the crust. At T below the melting
curve of halite, a field of halite-liquid equilibrium
occupies the NaCl-rich part of the CO2–NaCl binary
(II and V in Fig. 1). Below 800�C, halite coexists with
almost pure CO2 because of the very low solubility of
halite in CO2 vapour (I and IV).

3. In the H2O–NaCl binary, halite coexists with a single-
phase brine at pressures above the critical curve
(indicated as L + V = SCF). At lower pressure, a
V + L field appears (IV in Fig. 1). At very low
pressures, a V + Hl field exists which is bound by the
V + Hl = L curve. Above the halite melting curve,
at high pressure a single brine exists (III), and at low
pressure NaCl-rich brine coexists with NaCl-poor
vapour (VI).

4. In the H2O–CO2–NaCl ternary, phase relations of
type I and IV are characteristic for the major part of
the P–T space. The peculiar property of these topol-
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ogies is that large fields of V + L and V + L + HL
equilibria occur. In the water-rich part, NaCl-rich,
CO2-poor brine coexists with NaCl-poor vapour,
which is richer in CO2. The V + L + HL field
shrinks with increasing temperature in favour of the
V + L field because of increasing solubility of NaCl
in the brine.

5. The extension of the V + L field is strongly depen-
dent on pressure, particularly near the H2O apex. It is
widely open at low pressure (IV and V) and shrinks in
favour of the one phase field as pressure increases
(I, II, and III).

6. Our calculated V – L tie lines in isothermal-isobaric
sections I and IV are significantly steeper than those
estimated by Trommsdorff and Skippen (1986). This
is because a large V + HL field exists at low and
medium T, where the XCO2

of vapour coexisting with
halite-saturated brine cannot exceed 0.6 at most
conditions.

7. At most metamorphic conditions, a three component
H2O–CO2–NaCl system consists of at least two
phases. This is particularly true for low-pressure
contact-metamorphism where very small amounts
of NaCl are sufficient to create a solvus between brine
and H2O–CO2-bearing vapour, which is nearly
NaCl-free.

Phase relations in the system
CaO–MgO–SiO2–H2O–CO2–NaCl

Phase relations in the system CaO–MgO–SiO2–H2O–
CO2–NaCl have been calculated for three different bulk
compositions A, B, and C in the CMS subsystem
(Fig. 2). A is quartz-rich and stands for calc-silicate
marble, B and C are dolomite-rich representing dolo-
mite-calcite marbles with different quartz/carbonate-ra-
tios. Twenty-four solid phases were taken into account
(Fig. 2). Thermodynamic properties of minerals, H2O
and CO2 are from Gottschalk’s (1997) internally con-
sistent data set, that of halite and halite melt from the
Glushko (1976–1982) database (Table 1). Fugacities of
fluid components in the H2O–CO2–NaCl ternary are
calculated using the EOS of Duan et al. (1995). Calcu-
lations are based on a Gibbs free energy minimization
program available upon request from one of the au-
thors. Computation allows input of pure phases and/or
non-ideal solid solutions. Some calculations were per-
formed using properties for pure calcite and dolomite as
well as for pressure–temperature dependent calcite–
dolomite solid solutions (Gottschalk and Metz 1992).
Comparison of the results shows very small differences
for the P–T dependence of mineral stabilities, which lie

Fig. 1 Pressure–temperature
plot of the H2O–CO2–NaCl
ternary, modified after
Trommsdorff and Skippen
(1986). Components are given
in mol%. Binary curves and
isothermal-isobarical sections
through the ternary are
calculated with the EOS of
Duan et al. (1995). Data for
halite and NaClliquid are from
the Glushko (1976–1982)
database. Thin broken lines
within the two-phase fields
indicate calculated
compositions of coexisting
liquid and vapour
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within the accuracy range for fugacities of fluid com-
ponents given by the EOS of Duan et al. (1995). To keep
computation simple and fast, properties of pure calcite
and dolomite were used.

The results are illustrated using a series of isobaric-
isothermal sections of the system H2O–CO2–NaCl
indicating the stability regions of isothermal-isobarically
divariant three solid assemblages (Fig. 3). In the one
fluid field these are separated by univariant reaction
curves (black lines in Fig. 3). Reaction curves are iso-
thermal-isobarically invariant (dotted lines) where a
second fluid phase or halite additionally appears. Iso-
thermal-isobaric invariant points in the one fluid field,
where two reactions intersect, do not become visible in
these sections because they lie outside the applied plot-
ting range in steps of 50�C, but are present in between at
distinct P–T–X conditions. A detailed discussion of the
stability fields of mineral assemblages and respective
reaction curves relative to the fluid solvus in P–T–X
space is presented elsewhere, and the consequences for
metamorphic reaction progress is illustrated by means of
two important decarbonation reactions below. Here, we
briefly consider some general features, particularly the
differences between contact and regional metamorphic
conditions.

Figure 3a shows mineral assemblages of siliceous
limestone A in the presence of NaCl from 350 to 900�C
in steps of 50�C for 50 and 200 MPa, respectively. For
both pressures, the well-known sequence of the pro-
grade index minerals talc, tremolite, diopside, wollas-
tonite, monticellite, and akermanite develops with

increasing temperature. Because they are formed by
decarbonation reactions, including hydration and
dehydration for reactions involving talc and tremolite,
they first appear at the water-rich side of the ternary
diagrams. As temperature increases, reaction curves are
generally shifted towards the CO2 apex eventually
intersecting the two fluid solvus and, in some cases,
arriving again in a one fluid field where the fluid phase
is CO2-rich, almost NaCl-free, and coexists with halite.
This behaviour is seen, for example, in sections at 450
and 500�C, 200 MPa (Fig. 3a). At 450�C, two assem-
blages appear, Qtz + Cal + Dol and Qtz + Tr
+ Cal, which are separated by the reaction Dol
+ Qtz + H2O , Tr + Cal + CO2 (black line).
This reaction curve lies in the one fluid field, very close
to the solvus boundary. A few degrees above, the
reaction shifts into the solvus, where two immiscible
fluids are produced. At 500�C, the reaction curve has
already moved into the vapour + halite field (dotted
line) where a single CO2-rich, NaCl-free fluid along
with halite is present. At the water-rich side, two new
assemblages appear in the one-fluid field, Qtz + Di
+ Cal and Wo + Di + Cal, due to the reactions
Cal + Qtz + Tr , Di + CO2 + H2O, and Cal
+ Qtz , Wo + CO2, respectively, the latter evolv-
ing in a comparable way from 500�C up to 700�C
(Fig. 3a, right column). Similarly, the evolution of
mineral assemblages for bulk compositions B and C is
shown in Fig. 3b, c. For composition B, the sequence
with increasing temperature at the water-rich side of
the ternary is talc, tremolite, antigorite, diopside, for-
sterite, monticellite, akermanite, tilleyite, spurrite,
merwinite, and periclase. For composition C it is talc,
tremolite, antigorite, forsterite, brucite, periclase,
monticellite and merwinite. Figure 3d shows isother-
mal-isobaric sections for bulk compositions A and C at
ten P–T conditions that represent a schematic regional
metamorphic P–T path. Prograde metamorphism with
increasing pressure and temperature is traced from
50 MPa, 350�C to 500 MPa, 500�C (five sections from
below), followed by increasing temperature from 550 to
650�C at 500 MPa (next three sections) and two sec-
tions showing retrograde conditions at 300 MPa, 550�C
and 100 MPa, 400�C (above).

The diagrams highlight the relative positions of
mineral assemblages and reaction curves with respect to
the two-fluid solvus, the two fluid + halite, and the
vapour + halite stability field. At 50 MPa and above
450�C, minute amounts of NaCl in the fluid system lead
most reactions into the two fluid solvus or in the va-
pour + halite field. As pressure increases at identical
temperatures (see respective diagrams at 200 MPa),
mineral stability fields and reaction curves shift towards
the H2O apex, whereas the solvus shrinks in the opposite
direction. It is obvious that the position of a particular
reaction relative to the two fluid solvus may be very
sensitive to small pressure and temperature variations.
Most reactions along the prograde stages of a typical
regional metamorphic P–T path occur within the water-

Fig. 2 Composition triangle for the system CaO–MgO–SiO2–
H2O–CO2–NaCl projected from H2O, CO2 and NaCl showing
positions of minerals considered for stability calculations. Formu-
lae and abbreviations as in Table 1. A, B, and C denote the three
different bulk compositions used in calculations of stable phase
assemblages by Gibbs free energy minimization methods
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rich part of the one fluid field, irrespective of salinity.
Thus, fluid immiscibility probably plays a minor role
during regional metamorphism. At the low pressure,

high temperature regime of contact metamorphism,
however, fluid immiscibility has a tremendous effect on
the reaction history of metacarbonates.

Fig. 3a–d Isobaric isothermal
sections of the system H2O–
CO2–NaCl showing the stability
regions for mineral assemblages
in siliceous dolomites and
limestones at various
temperatures at 50 and 200 MPa
for bulk compositions A (a), B
(b) and C (c), and at various P–T
for bulk compositions A and C
(d). Data and abbreviations are
from Table 1. Grey fluid phase
relations. In the one fluid phase
field, isobaric isothermal
divariant three solid assemblages
are separated by univariant
reaction curves (solid black
lines); within the solvus the two
reaction points (connected by
dotted tie lines) are isothermal-
isobarically invariant. A
degenerated Tlc + Cal two-
phase field (b, below) exists
because bulk composition B lies
on the Tlc–Cal tie-line. Invariant
points in the one fluid field,
where two reactions intersect, do
not appear in these sections but
are present at distinct P–T–X
conditions
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Fig. 3a–d (Contd.)
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Fig. 3a–d (Contd.)
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Salinity of fluids exsolved by aluminosilicate melts
at shallow levels

The most important volatiles in magmas are water and
chlorine. Though chlorine is generally far less abundant
than water in melts, it exerts a strong influence on
late magmatic and hydrothermal processes. Magmatic

crystallization increases volatile abundances in residual
melts, finally driving them towards volatile phase satu-
ration. This induces second boiling, that is crystalliza-
tion-induced exsolution-degassing resulting from
increasing volatile fugacities within residual fractions of
silicate melt. The crystallization of water- and chloride-
free phases enriches the residual fractions of silicate melt

Fig. 3a–d (Contd.)

139



until the volatile solubility limits are exceeded and
vapour, liquid, or supercritical fluid exsolve. If infil-
trating into country rocks, the progress of volatile-pro-
ducing mineral reactions and the shifts in stable isotope
geochemistry is controlled by the compositions of these
fluids.

The role of chlorine in magmatic degassing has been
addressed by a large number of studies including
experimental work (e.g. Shinohara et al. 1989; Shino-
hara 1994; Williams et al. 1995; Webster 1997; Webster
et al. 1999; Webster and DeVivo 2002), melt and fluid
inclusion studies (e.g. Lowenstern 1994, 1995; Webster
et al. 1999; Webster and Rebbert 2001; Webster 2002)
and numerical modelling (e.g. Cline and Bodnar 1991;
and references above). These and many other studies
show that exsolution of magmatic volatile phases is a
complex process controlled mainly by pressure, tem-
perature, and composition of aluminosilicate melts,
which in turn dictate their water and chlorine solubility
limits. The composition of exsolved fluids is a function
of the partitioning behaviour of components between
silicate melt and fluid, and compositions change with
time as distillation proceeds. A detailed review is beyond
the scope of this paper and we briefly concentrate on
aspects concerning the evolution of magmatic volatile
phases and the fate of chlorine during degassing.

Data from the literature on chlorine contents of pre-
eruptive silicate melt inclusions from a variety of igneous
rocks have been collected by Webster (1997, 2002) and
Webster et al. (1999). The vast majority of rhyolitic,
dacitic and andesitic melts have chlorine contents
ranging between 0.1 and 0.45 wt% with an average at
about 0.25 wt%. Chlorine contents in basaltic melt
inclusions ranges from 0.05 to 0.75 wt%, and strongly
alkaline melt inclusions have between 0.9 and 1.2 wt%
Cl. Compositions of coexisting fluid inclusions from
numerous igneous systems imply that these melts ex-
solved brines (sometimes also termed hydrosaline liquids
or hydrous chloride melts). Brine may form by subcrit-
ical phase separation of exsolved fluid to vapour and
brine, or may exsolve directly from magma (e.g. Webster
2002). The likelihood that a single alkali chloride bear-
ing volatile phase unmixes to form vapour and hydrous
chloride melt increases with decreasing pressure or
increasing temperature (Webster and DeVivo 2002).
This is immediately seen using a P–T–XNaCl-plot, which
roughly approximates compositions of coexisting va-
pour and brine in complex natural systems (Fig. 4; data
from Bodnar et al. 1985).

The degassing process of a typical calc-alkaline melt
has been modelled by Cline and Bodnar (1991) using
experimentally determined fluid-melt partition coeffi-
cients for water and chlorine of Shinohara et al. (1984,
1989), taking also into account biotite crystallization
that removes a small amount of water during crystalli-
zation. The model melt has 2.5 wt% water and a Cl/
H2O-ratio of 0.1 at 700�C. At 200 MPa and upon 60%
of crystallization, the melt attains water saturation at
6 wt% H2O, and a single phase brine exsolves that has a

salinity of about 53 wt% NaCl (Fig. 5). This is because
chlorine at 200 MPa partitions strongly into fluid and
because it occurs beyond the brine-vapour immiscibility
field (Fig. 4). The remaining melt is strongly depleted in
chlorine and successively exsolved aliquots contain
lower chlorine concentrations. Webster and Rebbert
(1999) observed this trend in a suite of melt and fluid
inclusions from Ascension Island granite xenoliths. In
their rocks, the first exsolved brine (at 0% crystalliza-
tion) had 41 wt% Cl, corresponding to 67 wt% NaCl
if calculated on a NaCl-equivalent basis. After 50%
subsequent crystallization the brine was calculated to
contain 28 wt% Cl, and after 99.99% crystallization
14 wt% Cl, highlighting that the exsolved single-phase
fluid during the major degassing stage is always a brine.
At 50 MPa and 100 MPa, the model melt of Cline and
Bodnar (1991) attains saturation at about 2.7 and
4 wt% water, corresponding to 8 and 39% crystalliza-
tion, respectively (Fig. 5). Because fluid-melt partition
coefficients for chlorine are much smaller, the initial bulk
fluid has a salinity of only 1 wt% NaCl at MPa, and
7 wt% NaCl at 100 MPa. At both conditions, the fluid
immediately separates into low-density vapour and
brine. At 50 MPa, the vapour has 0.2 wt% NaCl, the
brine 70 wt% NaCl, and the initial vapour/brine ratio
by mass is about 75 (Fig. 4). At 100 MPa, the vapour
has 2.2 wt% NaCl, the brine 50 wt% NaCl, and the
initial vapour/brine ratio by mass is about 9. Thus,
aqueous fluid is incapable of removing much chlorine

Fig. 4 Plot of NaCl concentration vs. pressure for coexisting brine
plus vapour at magmatic conditions of 700, 800, and 900�C. Solvi
shrink with increasing pressure and expand with increasing
temperature. Data from Bodnar et al. (1985)
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from the melt at the initial degassing stage. As crystal-
lization proceeds, more chlorine is partitioned into the
exsolving fluids. Because vapour and brine coexist along
a tie-line in P–T–X space and are isobarically and iso-
thermally univariant, increasing bulk chlorine concen-
trations result simply in increasing brine/vapour ratios
at their respective compositions (Figs. 4 and 5; see also
Shinohara et al. 1989; Williams et al. 1995; Webster
1997; Webster et al. 1999). Brine/vapour ratios dra-
matically shift towards the end of the process so that at
100 MPa after about 95% crystallization vapour is ab-
sent and a single brine with 50 wt% NaCl is expelled.

It can be shown that this exemplary degassing model
is generally valid. It holds, in principle, for different
magma compositions, water-chlorine ratios of the melts,
varying P–T conditions and also if additional volatiles
such as fluorine are present (cf. above). Given the fact
that calc-alkaline melts contain chlorine in concentra-
tions between 0.1 and 0.45 wt% and alkaline melts even
more, exsolution of pure water is impossible. While the
composition of emanating fluids into contact-metamor-
phic rocks may vary during the complex degassing his-
tory of an intrusion, it is certainly true that they are not
pure water but brines of variable salinity at almost all
stages. Even vapour is considerably saline if exsolved at
low pressure near the respective critical points of the
water–salt system. If vapour with very low salinity is
formed far from the critical point it has very low density,

and only small amounts of water are transported far into
calcareous country rocks. On the other hand, one can
reasonably assume that at low pressure two immiscible
fluids, brine and vapour, are already present at the inlet
of host rocks, i.e. before any decarbonation occurred.
If so, they would move along separate pathways
(Yardley and Bottrell 1988). Initial two-fluid flow influx
may well account for the irregular stable isotope and
mineral reaction patterns in near-contact rocks observed
in many low-pressure aureoles (cf. above). To our
knowledge, this effect has not been considered so far.

Apatite is a common accessory mineral in contact
metamorphic marbles and metaargillites and the use of
its halogen concentrations to make estimates of aqueous
fluid compositions in igneous and metamorphic envi-
ronments is well established (for reviews see Piccoli and
Candela 2002; Spear and Pyle 2002). It has been argued
that peak metamorphic fluids at the wollastonite isograd
of Mt. Morrison Pendant contact metamorphic rocks
(Ferry et al. 2001) and in the periclase zone of the
Monzoni aureole (Ferry et al. 2002) probably did not
contain significant dissolved salts because most apatites
contain no detectable chlorine, with some exceptions of
apatites with 2–4 mol% chlorapatite component at
Monzoni. This argument is, however, inconclusive as
long as fluorine and hydroxyl concentrations are not
determined. In fluid-dominated systems, the halogen
concentrations in apatite are controlled by the activity
ratios aHCl=aH2O and aHF=aH2O in the fluid, as well as
temperature and pressure. Fluorine is partitioned into
apatite much more strongly than is chlorine (e.g. Spear
and Pyle 2002, their Fig. 28). Consequently, the vast
majority of apatites from felsic to intermediate igneous
rocks, metamorphic rocks, and particularly hydrother-
mal systems are fluorapatites with very low chlorine
contents, and many of them are virtually chlorine-free
(Piccoli and Candela 2002, their Fig. 5; Spear and Pyle
2002, their Fig. 1). High availability of fluorine prevents
incorporation of chlorine into apatite. This has been
demonstrated for apatite-fluid exchange in contact-
metamorphic aquifers from the Bufa del Diente aureole,
NE-Mexico. At about 600�C and 100 MPa, brines of
magmatic origin having salinities of 67 to 73 wt%
(NaCl + KCl)eq and aHF=aH2O of about 0.01 crystal-
lized fluorapatite with FAp0.96CAp0.01HAp0.03, i.e. with
chlorine concentrations in the range of 0.1 wt% (Hein-
rich 1994). Thus, very low Cl contents of apatite do not
necessarily imply coexistence of low salinity fluids.
Moreover, estimations of fluid salinities via halogen
concentrations in OH-bearing minerals are problematic
when fluids are two-phase at low pressure and high
temperature. Hydrolysis occurs within the solvus of the
simple H2O–NaCl system due to the reaction
H2O + NaCl , HCl + NaOH. HCl is strongly
fractionated into vapour so that at 50 MPa and 600�C,
the quench pH of vapour is about four, and that of brine
about ten (Shmulovich et al. 1995; see also Bischoff et al.
1996; Shmulovich et al. 2002). If boiling occurs at given
P–T conditions, the brine becomes even more basic. Its

Fig. 5 Salinity of exsolved fluid vs. fraction of crystallized calc-
alkaline parent melt with 2.5 wt% water and an initial Cl/H2O
ratio of 0.1 at 700�C and various pressures. Squares indicate
salinity of first fluids when saturation of the melt is attained. At 50
and 100 MPa, first fluids separate into high-salinity brine and low-
density vapour. At 200 MPa, the first fluid is single-phase brine.
Solid lines denote salinities of evolving fluids as melt crystallization
proceeds. At 50 and 100 MPa, increasing bulk salinities indicate
increasing brine-vapour ratios with ongoing crystallization. Dia-
gram is adapted from Cline and Bodnar (1991), which in turn is
based on experimental data of Shinohara et al. (1984, 1989)
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salinity continuously increases but its HCl fugacity de-
creases. As a result, chemically active acidic vapours and
alkaline brines are produced, as the two fluids are sep-
arated and no longer able to interact with each other. It
is clear that in such systems the relation between salinity
and HCl fugacity is not straightforward and inferring
salinities from halogen concentrations in minerals might
be misleading, aside from the fluorine argument. Finally,
there is direct evidence that high salinity brines infil-
trated the inner Monzoni contact-metamorphic aureole.
Very small fluid inclusions (up to 5 lm in diameter) with
a large halite daughter crystal were trapped in vesuvi-
anite hosts from melitite-bearing calcsilicates (Fig. 6).
Volume estimations indicate salinities of about 50 wt%
NaCl.

Effects of fluid separation on mineral reactions

A simple example of reaction-induced fluid segregation
at isothermal and isobaric conditions

In a series of seminal papers, Trommsdorff and Skippen
(1986, 1987) and Skippen and Trommsdorff (1986) ex-
plored the principles of fluid evolution paths generated
by decarbonation/dehydration reactions that occur
within the solvus of the H2O–CO2–salt system. Most
relevant is decarbonation, and we illustrate that by
examining the reaction diopside + calcite , akerma-
nite + CO2 triggered through brine infiltration into
calcsilicate-bearing marble at the Bufa del Diente aure-
ole, NE Mexico. A small-scale infiltration profile is se-
lected because it reflects the simplest case of fluid-
triggered reaction progress at isothermal and isobaric
conditions.

The characteristics of the BD aureole has been de-
scribed by Heinrich (1993), Heinrich and Gottschalk
(1994, 1995) and we focus on a location at the Cañada
Piletas quarry south-east of the intrusion where the
contact between alkali syenite and marble is perfectly
exposed. Estimated P–T conditions close to the contact
were 680±20�C and about 120 MPa (Heinrich and
Gottschalk 1994). There is mineralogical and isotopic
evidence that thick-bedded impure marbles were imper-
vious to magmatic fluids. Aside from a narrow 7–12 m
wide zone directly adjacent to the contact, the fluid
evolution in marble was internally buffered. Because
infiltration was absent, typical ‘‘wollastonite-zone’’
assemblages consisting of calcite + diopside + wollas-
tonite + alkalifeldspar + titanite developed that
coexisted with a single H2O–CO2–fluid. In contrast,
subhorizontal calcareous argillite bands acted as contact-
metamorphic aquifers. They were completely decarbon-
ated up to at least 180 m from the contact, resulting
in melilite + wollastonite + phlogopite + vesuvianite
+ perovskite—bearing assemblages. Fluid inclusions
trapped in melilite and vesuviante are very rare and too
small ( £ 2 lm) for reliable measurements.

The evolution of the reaction diopside + cal-
cite , akermanite + CO2 from the metaargillite-mar-
ble boundary into overlying marble is traced at sample
point BB6, about 30 m from the contact (Fig. 7). The
profile illustrates progressive replacement of previously
formed prograde clinopyroxene (Fig. 7f) by melilite
along a distance of 10 cm towards the aquifer
(Fig. 7c–e). Large fluid inclusions, both high salinity
brines with (NaCl + KCl)eq � 65 wt%, Na/Na
+ K � 0.5 as well as CO2-bearing vapour-rich inclu-
sions, are abundant in cores of calcite (Fig. 7b). Further
into the marble, clinopyroxene is intact and fluid inclu-
sions are absent. Clinopyroxene is nearly pure diopside
with very low Na and small Al2O3 contents, melilite
compositions range from Ak50Sm50 to Ak70Sm30 and are
free of gehlenite component (Heinrich and Gottschalk
1994). The reaction textures along with the presence of
inclusions with conjugate fluids, and sodamelilite com-
ponent in melilite indicate that the reaction was con-
trolled by brine infiltration from aquifer into marble,
fluid immiscibility and subsequent fluid segregation at

Fig. 6 Small fluid inclusion (6 lm in diameter) in vesuvianite host
from the Eastern part of the Monzoni aureole, containing halite
(bright crystal with an edge length of about 3 lm). The sample is a
calc-silicate fels from the contact north of the ‘‘Lago delle Selle’’
(Masch and Huckenholz 1993), with melilite + grandite + wol-
lastonite + vesuvianite as major phases

Fig. 7a–f Evolution of the reaction diopside + calcite , akerma-
nite + CO2 along a 10 cm wide profile from metaargillite layer
into overlying marble from the Bufa del Diente aureole, quarry
south-east of the intrusion. a Metargillite and wollastonite bands in
marbles. Note large vesuvianite idioblasts within the metargillite
band. Sample points in marble refer to thin section denotations b–f.
b Fluid inclusions in calcite crystals at point b showing high salinity
brines with NaCl and KCl daughter crystals coexisting with H2O–
CO2-rich inclusions. c Interstitial melilite within calcite matrix at
point c. There are no diopside remnants here. d Diopside (yellow-
brownish) at point d, almost completely replaced by melilite. e Thin
rims of melilite around diopside at point e. f Intact diopsides at
point f. Here and further into overlying marble, melilite is absent as
are fluid inclusions. For compositional details see Heinrich and
Gottschalk (1994)

c
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constant P–T-conditions, and that infiltration occurred
not earlier than at peak temperatures. The process is
recorded along a scale of 10 cm.

The progress of the reaction depends on the position
of the fluid solvus boundary relative to the reaction
curve, which is very sensitive to small variations in
pressure and temperature (Fig. 8). Three isothermal
isobaric sections are calculated for 660, 680, and 700�C
at 120 MPa, aDi=1, aAk=0.5, and the simplified

H2O–CO2–NaCl fluid system. The KCl component of
the fluid is neglected implying that the fluid solvus of the
natural system is probably somewhat more expanded
than shown in Fig. 8. Nevertheless, the crucial point of
fluid immiscibility is nicely illustrated. If CO2-free brine
infiltrated the marble at 660�C, the reaction would have
occurred within the one-fluid field, independent of
salinity (Fig. 8a). The reaction progress would have been
very small, particularly at initial brine salinities of
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>10 mol% NaCl, and the reaction would have stopped
when the brine had dissolved about 1 mol% of the
generated CO2. Only minute amounts of melilite would
have been produced. If the infiltrating brine were already
CO2-saturated at about 3–5 mol% CO2 (corresponding
to 10–60 mol% NaCl) no reaction would have taken
place. In this case, the conventionally used fluid–rock
buffer system would sufficiently describe the infiltration-
driven decarbonation process. At 680�C, there is a very
small field where the reaction curve intersects the solvus.
Fluid immiscibility may occur for infiltrating brines
having NaCl concentrations between 4 and 14 mol%
(Fig. 8b). The assemblage Cc + Di + Mel (Fig. 7e)
cannot coexist with brine having salinities of
>14 mol%, however. Given maximum salinities of
about 65 wt% detected in fluid inclusions, it is most
likely that the reaction occurred at 700�C, provided that
pressure is correctly estimated at 120 MPa (Fig. 8c). At
these conditions, any NaCl–H2O fluid at the inlet is just
single-phase, irrespective of salinity (Fig. 4). As the
reaction started, minute amounts of produced CO2

drove the fluid into the solvus. Water-rich CO2-bearing
fluid exsolved and the salinity of the brine increased with
proceeding reaction along the profile (arrows in Fig. 8c).
The reaction terminated when the brine arrived at
30 mol% NaCl corresponding to 58 wt% NaCl, broadly
in line with the observed salinity of fluid inclusions.
Having attained their respective equilibrium composi-
tions (circles in Fig. 8c) both fluids could move without
inducing further reaction, as long as no pressure or
temperature gradients existed. The brine did not reach
salt saturation because the gap between the reaction
curve and the solvus boundary increases towards the
NaCl apex. This revises earlier interpretations of Hein-
rich and Gottschalk (1994) who, due to the lack of an
appropriate EOS for immiscible fluids, speculated that
the brine reached salt saturation and that, with ongoing
reaction, all of the H2O were transferred to the CO2-
bearing fluid phase. A striking point is that large fluid
inclusions are only abundant along the 10 cm wide
reaction profile. Obviously, significant entrapment oc-
curred only where the two conjugate fluids were actually
produced by boiling.

This simple small-scale example illustrates a com-
mon process in the inner portions of contact meta-
morphic aureoles: decarbonation induced by brine
infiltration, fluid immiscibility and fluid segregation.
Sharp mineral zone boundaries occurring on a centi-
metre-scale and often interpreted as isograds probably
result from this process. Progress of calc-silicate reac-
tions driven by reactive fluids and resulting fluid flows
are delicately dependent on each particular reaction in
P–T space relative to the solvus of the H2O–CO2–salt
system, which in turn drastically expands with
increasing temperature and decreasing pressure. It is
clear that examination of this process on an aureole-
scale, where large temperature gradients exist and
pressure gradients are temporarily built up, becomes a
very difficult task.

Fluid immiscibility across an aureole-scale temperature
gradient and the significance of wollastonite isograds

In their overviews of prograde metamorphic fluid flow
through carbonate rocks in selected aureoles, Baum-
gartner and Valley (2001) and Ferry et al. (2002) alto-
gether cited five locations where pressure during
infiltration-driven metamorphism was in the range of
50 MPa. Phase relations from Fig. 3 show that at 450�C
and above, traces of salt in the fluid are sufficient for all
reactions to proceed within the two fluid solvus. Coming
up to higher pressures, the solvus shrinks. Specific

Fig. 8a–c Isobaric isothermal sections of the system H2O–CO2–
NaCl at 120 MPa and 660�C (a), 680�C (b) and 700�C (c) with the
position of the reaction Cc + Di = Ak + CO2 calculated for
aAk=0.5 (Gottschalk and Heinrich 1994). Components are given in
mol%. Dashed line connects two coexisting fluids stable with
Cc + Di + Ak. At 700�C, circles indicate the intersections of the
reaction curve with the two-fluid solvus. The brine has about
58 wt% NaCl, the vapour 6 wt% NaCl at XCO2

¼ 0:06: Arrows
indicate the compositional evolution of the two fluids along which
melilite formation may have occurred (see text)
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decarbonation reactions may then proceed in the inner
aureole within and in outer portions outside the solvus.
This is illustrated using the simple model reaction cal-

cite + quartz , wollastonite + CO2 at 150 MPa
(Fig. 9). Phase relations show that at 500 and 550�C the
reaction occurs always with a one-phase water-rich fluid,
irrespective of salinity. The reaction curve cuts the sol-
vus at 560�C at moderate salinities. Towards higher
temperatures, the reaction proceeds within the solvus.
Above 640�C it occurs again with a single phase fluid
which now is CO2-rich and NaCl-free, and in presence of
halite instead of brine.

Many field studies have shown that the spatial dis-
tribution of wollastonite produced by Cal + Qtz
, Wo + CO2 records the geometry of infiltration-
driven fluid flow in rocks with quartz and calcite as main
constituents (e.g. Heinrich 1993; Ferry et al. 2001;
Nabelek 2002). Characteristically, sharp reaction fronts
developed, separating the upstream part, where decar-
bonation has gone to completion, from the downstream
part, where no reaction occurred. These reaction fronts
are conventionally recognized as infiltration isograds (cf.
above). If one follows our arguments that magmatic
fluid is rather brine than pure water some important
implications result. One is that there is a distinct tem-
perature window during which reaction induced fluid
immiscibility may occur, comprising about 560–640�C
for Cal + Qtz , Wo + CO2 at 150 MPa (Fig. 9).
During brine infiltration the prograde reaction initially
proceeds in the presence of one fluid and changes to two-
fluid behaviour above 560�C. As fluid flow advances
further into the aureole, reaction induced fluid immis-
cibility and segregation may take place down to a point
where the peak temperature is about 560�C. Beyond
that, down-temperature fluid flow triggering the reaction
would again change from immiscibility to miscibility.
Similarly, infiltration of late retrograde fluids would
shift the system back to fluid miscibility along the whole
aureole during cooling.

Infiltration-driven wollastonite isograds have been
mapped in calcite-bearing contact-metamorphic sand-
stones from the Mt. Morrison pendant, California
(Ferry et al. 2001) and in calc-silicate layers and
interfaces between calc-silicate and carbonate layers
from the Notch Peak aureole, Utah (e.g. Nabelek and
Labotka 1993; Nabelek 2002; Cui et al. 2003). Intru-
sions are granitoids and pressure was estimated close to
150 MPa in both cases. Peak temperature at the wol-
lastonite isograd was 560�C at Mt. Morrison based on
mineral equilibria (Ferry et al. 2001), and somewhat
below 550�C at Notch Peak based on heat flow esti-

Fig. 9 Isobaric isothermal sections of the system H2O–CO2–NaCl
at 150 MPa and 500, 550, 600, and 650�C for composition A
denoting the position of the reaction Cal + Qz , Wo + CO2.
Components are given in mol%. At 500 and 550�C, Cal + Qz
+ Wo always coexist with one fluid, and at very high salinities,
together with single fluid + halite. At 600�C, Cal + Qz + Wo
may coexist with brine (about 60 wt% NaCl) plus H2O + CO2-
fluid (XCO2=0.38), or only with brine having more than 60 wt%
NaCl. At 650�C, Cal + Qz + Wo coexist with an H2O–CO2-
fluid of XCO2

¼ 0:78 plus halite, and brine is not stable with this
assemblage

b
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mates (Nabelek and Labotka 1993; Nabelek 2002).
Infiltration of brine was not considered, but was most
likely following our arguments from above. If so, it is
striking that the position of the wollastonite isograd in
both aureoles coincides with that temperature where
reaction-induced fluid segregation caused by brine in-
flux would halt. This is also seen at the Bufa del Diente
aureole, NE-Mexico, where brine infiltration and fluid
immiscibility has been demonstrated. In carbonate-
hosted metachert aquifers the wollastonite isograd ap-
pears at 470±10�C (Heinrich 1993; Heinrich et al.
1995). Pressure was estimated at 70±20 MPa based on
compositions and densities of fluid inclusions (Heinrich
and Gottschalk 1995), and the Cal + Qtz , Wo
+ CO2 reaction curve coincides with the solvus
boundary of the H2O–CO2–NaCl system at these con-
ditions. We would argue that this coincidence is not
accidental. This would mean that the position of infil-
tration-driven wollastonite isograds, i.e. the outer
bounds of the main down-temperature flow, were
determined by the P–T–X conditions up to which fluid
immiscibility occurred. In fact, wollastonite isograds
have been interpreted as representing the boundaries
between a high aqueous fluid-flux region on its higher-
grade side and up-temperature, low fluid flux on its
lower-grade side (e.g. Nabelek 2002; Cui et al. 2003)
with different geometries of the flow system observed in
the inner and outer portions of an aureole (Ferry et al.
2001; Cui et al. 2003). Fluid immiscibility in the inner
portions would easily explain the different flow regimes.
Conventional interpretation says that preferential flow
of (homogeneous) aqueous fluids within wollastonite
zones is promoted by volume loss of the solids and
increased pore pressure due to CO2 production (cf.
above). Permeability is transiently increased (e.g. Buick
and Cartwright 2002; see also Milsch et al. 2003) and
buoyancy forces are believed to drive fluid flow upward
and down-temperature near intrusion wall-rock con-
tacts (e.g. Nabelek 2002). An important point is that
with advancing down-temperature reactive flow the
produced CO2 must be removed from the reaction sites
in order to maintain the reaction. This process, how-
ever, is difficult to interpret if infiltration of pure water
and a homogeneous H2O–CO2 fluid is assumed. Several
possibilities have been suggested, such as diffusional
transport in a stagnant fluid away from the reaction
front (Labotka et al. 1988), diffusion of water against
the back flow created by decarbonation and CO2 pro-
duction at the front (Balashov and Yardley 1998),
strong local fluid expulsion at the front followed by
dilution of CO2-rich fluids by further infiltration of
magmatic water, or by dilution with CO2-poor sedi-
mentary fluid, which may be present beyond the reac-
tion front in the cooler portions of an aureole (Cui
et al. 2003). In contrast, reaction-induced fluid immis-
cibility and segregation, ‘‘boiling’’, provides a simple
and effective mechanism for removal of exsolved low-
density, salt-poor H2O–CO2 vapour away from the
front. Yardley and Bottrell (1988) pointed out that,

where two immiscible fluids coexist, whichever is being
produced by reaction will tend to move out of the rock
and leave the other behind, and that solid–fluid reac-
tions are strongly enhanced in the presence of immis-
cible and segregating fluids. That the main fluid flow
was confined to portions of the three aureoles where
reaction-induced immiscibility may have occurred, may
result from this behaviour. One may thus speculate that
the entire patterns of magmatic fluid flow into aureoles
were ultimately controlled by reaction-induced fluid
immiscibility and fluid segregation. This is apart from
pre-metamorphic structural controls such as bedding,
lithologic contacts, and faults.

A remark on the interpretation of oxygen isotope
patterns

Models based on treatment of continuum mechanics in
porous media that combine homogeneous fluid flow
with mineral reactions and oxygen isotopic exchange
have attempted to show that the spatial disposal of
such fronts as well as the geometry of the isotopic front
itself can be used to determine, or to speculate on,
important parameters of fluid–rock interaction during
contact metamorphism (for a summary see Baumgart-
ner and Valley 2001). These include: composition and
sources of fluids, migration pathways and direction of
fluid flow, time-integrated fluxes, fluid transport
mechanisms in terms of advection/diffusion/dispersion,
validity and degree of local mineralogical and isotopic
equilibrium, isotope exchange kinetics, and time-spans
of fluid–rock interaction. If one accepts our arguments
that during infiltration-controlled reaction progress an
additional fluid phase appears, the scenario becomes
much more complex than previously thought. A two-
fluid flow regime is established in the inner part of the
aureole. Fluids could move separately, nevertheless,
their footprints recorded in the rocks at different times
may overlap in space. With regard to oxygen isotopes,
the emergence of a second fluid would affect their
distribution behaviour. Little is known about mineral–
fluid fractionation factors for high salinity fluids, and
nothing about fractionations between brine and salt-
poor, low-density H2O–CO2 vapour. There are some
hints from experiments performed in the pure H2O–
NaCl system up to 600�C and 50 MPa (Shmulovich
et al. 1999). 18O/16O(L–V) equilibrium fractionation is a
linear function of salinity and is about 2& at all tem-
peratures near salt saturation. Simple boiling in the
H2O–NaCl system produces isotopically light vapour
and heavier brine. Simple decarbonation such as Cal
+ Qtz , Wo + CO2 produces CO2 enriched in 18O.
The system becomes substantially complex and one
may expect that salt-poor vapours with varying H2O/
CO2 ratios in equilibrium with brine + solids would
develop a wide range in 18O/16O isotope ratios as brine
changes salinity and oxygen isotopic composition along
its pathway.
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Conclusions

Having presented the arguments for magmatic fluids
being saline and for infiltration-driven decarbonation
reactions occurring within the H2O–CO2–NaCl fluid
solvus at contact-metamorphic conditions we are forced
towards an uncomfortable conclusion: Time-integrated
fluid fluxes estimated by combining fluid advection/dis-
persion models with the spatial arrangement of mineral
reactions and isotopic resetting that have been presented
by many authors for numerous aureoles (e.g. Ferry and
Gerdes 1998; Baumgartner and Valley 2001; Ferry et al.
2002; and references therein) may be spurious because
fluid immiscibility is disregarded. In calcareous rocks,
fluid segregation inevitably takes place at low pressures
of contact-metamorphism within the inner, hotter parts
of aureoles. Immiscible fluids will move separately, thus
imposing different stable isotope patterns on minerals
along their pathways. The process is, among many
others, mainly controlled by the salinity of the infil-
trating brine, which may drastically vary during the
devolatilization history of the magma, and by the rela-
tive locations of mineral reactions and the H2O–CO2–
salt solvus in P–T–X space, which are highly sensitive to
very small pressure and temperature variations. If so, the
history of two-phase fluid flow might be completely
different in each particular aureole. Global reviews on
reactive fluid flow coupled with progress of calc-silicate
reactions and stable isotope shifts in contact aureoles are
certainly valuable. However, a closer look at mineral
assemblages, stable isotope profiles and fluid inclusions,
on both a large and small scale, would help in identi-
fying complex fluid flux behaviour and provide insight
into what really happened with these fascinating rocks.
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