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Abstract Experiments to determine the distribution of
H,0O and CO, between synthetic peraluminous granitic
melt and natural Fe-Mg cordierite have been conducted
at 5 kbar and 900 °C under fluid-saturated conditions.
Up to seven charges, saturated with a range of H,O—
CO, fluid compositions, were run simultaneously. The
H,0O and CO, contents of the cordierites and the H,O
contents of the melts were determined using secondary
ion mass spectrometry. As the CO, content of the fluid
increases, the H>O content of both the cordierite and the
melt decrease in a similar manner to fluid-undersatu-
rated experiments in the H,O only system. The cordie-
rite H,O contents in the experiments range from 0.5 to
1.7 wt% H,0O. The distribution coefficients (Dw=wt%
H,0™/wt% H,OCO™ ety are in the range 3.5-5.9
and agree with the model of Harley and Carrington for
5 kbar and 900 °C. The CO, content of the cordierite
increases from 0 to 1 wt% CO, in the most CO»-rich
experiment as the cordierite and melt H,O contents de-
crease. Our H,O-CO, cordierite data allow us to model
and predict the maximum CO, content in cordierite to
be 0.16 £0.01 molecules per formula unit (i.e. 1.16 wt%
CO,) at 5 kbar and 900 °C. This value, and the channel
CO; contents of cordierite in equilibrium with H,O-CO,
fluids at high XCO,, are significantly lower than pre-
dicted using previous models. On the basis of these
experiments cordierites that are saturated in H,O + CO,
and have channel XCO;,>0.25 require aCO, of over
0.75.
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Introduction

It is widely recognised that fluids and melts play im-
portant roles in the formation and evolution of mineral
assemblages during and following high-grade meta-
morphism in the deep crust. The formation of granulites,
migmatites and granites in high-grade terranes may re-
flect the relative significance of fluid infiltration (e.g.
Newton et al. 1980; Santosh et al. 1990; Schmulovich
and Graham 1996) compared with melt-present but
fluid-absent conditions during metamorphism (Waters
and Whales 1984; Barbey et al. 1990; Stevens and
Clemens 1993; Watt and Harley 1993) and, as a conse-
quence, it is essential to constrain and elucidate the fluid
regime of high-grade metamorphism using a range of
complementary approaches.

In order to discriminate fluid-present from fluid-de-
ficient (and often melt-present) conditions, mineral
monitors of fluid conditions are required that can
complement the isotopic, reaction-progress and mineral
equilibria approaches commonly employed to evaluate
the extents of fluid interaction and activities of fluid
species. Cordierite, (Mg, Fe),Al4Si50,5.(nH,0, mCO,),
is potentially a powerful mineral monitor as it incor-
porates both H,O and CO, within its channel structure
and hence can constrain H,O and CO, contents in any
coexisting fluid or melt (Goldman et al. 1977, Armbr-
uster and Bloss 1980, 1982; Johannes and Schreyer 1981;
Kurepin 1984; Schreyer 1985; Vry et al. 1990). In fluid-
present metamorphic environments the absolute abun-
dance and XCO, [=CO,/(CO,+H,0)] of channel
volatiles in cordierite depends on pressure, temperature
and XCO, in the coexisting fluid (Johannes and Schreyer
1981; Armbruster and Bloss 1982). However, in envi-
ronments where a free volatile phase is not present but
temperatures are high (>750-800 °C; e.g. Vielzeuf and
Holloway 1988), the absolute abundance of these
channel volatiles may instead depend upon partitioning
of H,O and CO, between the cordierite and melt (Harley
1994; Stevens et al. 1995; Carrington and Harley 1996).
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Characterisation of the channel volatiles in cordierite
formed under known P-T conditions therefore has the
potential to discriminate between fluid-present, fluid-
absent and melt-present conditions and allow estimation
of fluid activities in metamorphism.

The objective of the present experimental study is to
determine how the H,O and CO, contents of cordierite
vary with the volatile composition of the coexisting
fluids and/or melts at 5 kbar and 900 °C. The results
define the hitherto poorly-constrained cordierite volatile
saturation surface (Johannes and Schreyer 1981; Kure-
pin 1984; Vry et al. 1990) and demonstrate that the
previous modelling of volatile saturation data requires
major modification. The saturation data obtained enable
cordierite to be used as a monitor of the water contents
of the melts that were present during crustal anatexis, as
an indicator of the H,O-CO, compositions of fluids that
interacted with rocks during their metamorphism, and
as a sensor of fluid activities.

Existing data on H,0-CO, contents
of cordierite and melts

Volatile contents in cordierite

The maximum volatile contents of cordierite coexisting
with pure H,O have been experimentally calibrated and
modelled over the P-T range 1-9 kbar 500-1,000 °C by
Harley and Carrington (2001) based on their experi-
ments on Fe-Mg cordierite at 800—1,000 °C and previ-
ous experiments on Mg-, Fe- and Fe-Mg cordierite at
lower-T (Mirwald and Schreyer 1977; Mirwald et al.
1979; Boberski and Schreyer 1990; Mukhopadhyay and
Holdaway 1994; Carey 1995; Skippen and Gunter 1996).
Maximum H»>O channel occupancies fit a one-site model
(Harley and Carrington 2001) that is compatible with
the internally-consistent data set of Holland and Powell
(1998).

The situation for the H,O-CO, system is far more
uncertain. Experimental data by Johannes and Schreyer
(1981) and Armbruster and Bloss (1982) define maxi-
mum volatile contents (i.e. the saturation surface of
Mg-cordierite in the presence of H,O-CO, and CO,
respectively) that are mutually inconsistent. Johannes
and Schreyer (1981) found that CO, contents at 5 kbar
and 600 °C differed significantly between different
synthetic starting materials, possibly dependent upon
the presence of alkali cations in the channels (Johannes
and Schreyer 1981; Schreyer 1985). Their cordierite A,
an alkali-free synthetic cordierite, showed a trend of
increasing CO, content that was scattered at higher
CO,/CO, + H,O0 ratios. Johannes and Schreyer (1981)
also presented the results for another synthetic cordie-
rite (B) that showed considerably lower CO, contents
for a specified fluid composition, but with a much less
scattered trend. The CO, content in the H,O-free sys-
tem determined by Armbruster and Bloss (1982) at
equivalent pressures was very high even by comparison

with the trend from cordierite A of Johannes and
Schreyer (1981).

The effects of P, T and XCO, on cordierite volatile
contents have been modelled (Vry et al. 1990) to pro-
duce saturation surfaces which are the basis for com-
parison of analytical data on natural cordierites with
predictions from experiments. This saturation surface
modelling is, however, simplistic and largely based on
the cordierite A volatile content data obtained by Jo-
hannes and Schreyer (1981) coupled with the CO,-sys-
tem result of Armbruster and Bloss (1982). Kurepin
(1984) modelled the saturation surfaces of H,O-CO,
fluids in cordierite at polybaric and polythermal con-
ditions assuming a one-site model with a fit to the H,O
solubility data from the water-only system (Mirwald
et al. 1979) and a model of H,O-CO, behaviour in
cordierite that approximates the cordierite A data of
Johannes and Schreyer (1981). Cordierite B fitted this
model at lower pressures and higher water contents at
600 °C but otherwise the CO, contents were signifi-
cantly lower than those predicted by the Kurepin
(1984) model. The fit of both the cordierite A and B
data also appear to deteriorate at the temperature ex-
tremes, but nevertheless the Kurepin (1984) model has
been used extensively in later applications and is ap-
plied in the internally-consistent data set approach of
Holland and Powell (1998) despite its shortcomings.

Further attempts at defining the saturation contents
of CO, in cordierite in the H,O-free system have been
largely unsuccessful, and moreover have failed to du-
plicate the early result of Armbruster and Bloss (1982).
Le Breton and Schreyer (1993) could not equilibrate
natural and synthetic cordierites with CO, fluid in their
experiments carried out at 8-12 kbar and 600-800 °C in
piston cylinder (solid media) apparatus. These workers
found that CO, contents varied with experimental run
duration, and in particular documented oscillations in
CO, with time. There is no completely satisfactory
explanation of this behaviour.

In this study we adopted a three-phase experimental
design to minimise problems of volatile equilibration in
cordierite. Each experiment contains cordierite, melt and
a coexisting H,O-CO, fluid phase. H,O is strongly in-
corporated into the melt and cordierite and the fluid
XCO, can be varied to high values at specified P-T
conditions. The presence of melt with cordierite provides
limits on post-run volatile adjustments in cordierite as
melt—cordierite contacts become ‘locked’ at the quench
temperature of the melt. Moreover, both cordierite and
melt can be used as monitors of the H,O activity of the
experiment (Harley and Carrington 2001) and hence the
approach to equilibrium.

Volatiles in felsic and peraluminous melts
The maximum solubilities of H,O in eutectic melts

within various simplified granitic systems are now well-
defined from several studies (e.g. Holtz et al. 1992; Holtz



and Johannes 1994; Papale 1997). The maximum
solubility of CO; in rhyolitic melts, although low at mid-
crustal pressures (<4,000 ppm) is strongly pressure-
sensitive (Fogel and Rutherford 1990; Blank and
Brooker 1994; Holloway and Blank 1994). In contrast to
the large database now available for H,O, the combined
solubilities of H,O and CO, in felsic melts in a mixed
volatile system are poorly known at pressures greater
than 2 kbar, even though such pressure conditions (2—
8 kbar) are highly relevant to the generation and segre-
gation of many crustally-derived magmas. The present
study also explores the variation in the H,O content of a
granitic melt with differing fluid compositions at 5 kbar
and 900 °C. The variation in melt CO, contents were too
small to detect with appropriate levels of precision using
secondary ion mass spectrometry, but the small quantity
of CO, (probably < 1,000 ppm) can be demonstrated to
have negligible effect on the behaviour of H,O in the
melt.

Experimental design

The presence of a melt along with cordierite and fluid
has three advantages compared with simple experiments
that attempt to equilibrate cordierite with only a mixed
H,0-CO, fluid phase:

1. The melt provides a reservoir for H,O that effectively
‘quenches in’ at high temperatures (>650-750° C)
and hence causes the experiment to ‘lock-in’ soon
after power is cut off. This limits the opportunity for
low-temperature Crd—fluid exchange, which could
modify the cordierite H,O—CO, contents from those
of the run conditions, to progress at intact cordierite—
melt contacts. There are very few fluid bubbles pre-
sent at Crd-melt contacts in these experiments, so
that a large fluid reservoir is not available to
exchange with the cordierite once the melt has
solidified.

2. The approach to equilibrium can be judged, at
least for H,O contents, by comparing measured
distribution coefficients (Dw=wt% H,0""“"?/wt%
H,Oordieriie)y wwith those predicted from the models
of Harley and Carrington (2001) in the H,O-only
system, governed by equilibria (1) and (4) below.

3. aH,O (and from this, aCO») can be calculated from
both cordierite and melt, albeit with differing uncer-
tainty limits depending on the homogeneity of the run
products. Hence, in experiments where the cordierite
H,O data are subject to high relative analytical er-
rors, the melt H,O data can provide more precise
aH>O estimates for defining the relations between
ClCOz and XCO2(Crd)~

Experimental charges comprised cordierite (Crd),
granitic melt (L) and an H,O-CO, fluid (V). In this
system the following equilibrium relationships describe
the uptake of H>O and CO, in cordierite:
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A—Crd+H,0=H - Crd (1)
and
A—Crd+CO, = C—Crd (2)

which are linked by the exchange relationship:
H — Crd + CO, = C — Crd + H,0 (3)

where A-Crd is volatile-free cordierite, H-Crd is hydrous
cordierite (Crd.H,O, with H>,O up to a maximum of one
molecule per formula unit of cordierite) and C-Crd is
Crd.CO,, with CO, up to a maximum of one molecule
per formula unit.

Furthermore, exchange equilibria for H,O and CO,
apply between the cordierite and granitic melt:

A—Crd+H —melt=H — Crd + 4 — melt 4)
and
A—Crd+ C—melt=C— Crd + 4 — melt (5)

As demonstrated in previous studies in the H,O-only
subsystem, the Fe-Mg composition of cordierite does
not have a measurable effect on the molecules per for-
mula unit of volatile incorporated in the phase at a given
P-T and aH,O (Boberski and Schreyer 1990; Carrington
and Harley 1996; Harley and Carrington 2001). A nat-
ural cordierite, BB3a, with Xy, =0.66 (Table 1) was
used once it had been crushed and sieved to 125-250 um.
This cordierite had been evacuated of all volatiles prior
to the experiment by prolonged step-heating in a high
vacuum at temperatures of up to 1,200 °C. In this
evacuation procedure the cordierite is held for 1 h at
each 100 °C temperature step below 1,200 °C, for 2 h at
1,200 °C, and heated for a minimum of 12 h in total. The
vast proportion of CO, is liberated from the cordierite
channels only at temperatures over 800 °C, and often at
above 1,000 °C. The granitic melt was introduced into
the experiments in the form of a K,O-Na,O-FeO-
MgO-Al,05-Si0, system gel (Xye=0.25, Table 1) and
chosen to be close to Fe/Mg equilibrium with the cor-
dierite (Carrington and Harley 1995). Different fluid
compositions were generated in different charges by
adding carefully measured quantities of distilled H,O
(using a microsyringe), silver oxalate (Ag,C,0,4 decom-
poses to release 29.0 wt% CO,) and oxalic acid
[(COOH),.2H,0 decomposes to release 69.8 wt% CO,
and 28.6 wt% H,0O]. Table 2 gives the proportions of
starting materials in each run. The experiments were
performed at 5 kbar and 900 °C in an internally heated
gas apparatus that has pressure and temperature un-
certainties of £0.2 kbar and +5 °C, respectively (Car-
rington and Harley 1995). Up to seven charges with
differing fluid compositions could be run in one opera-
tion for between 137 and 524 h. Tantalum chips were
placed outside the capsules to moderate the fo, and
prevent loss of hydrogen from the capsule fluids. At the
end of the experiment the charges were weighed, pierced
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Table 1 Experimental starting
materials and SIMS standards:

mean electron microprobe Sio Bfg?z
analyses (n=6). Melt data has All (2) 33402
been normalised to ease FeZO 3 8'61
comparison MgO 5o
K,0 0.03
Na,O 0.05
H,0?*
CO,
Total 98.42
Xnmg 0.64
Melt gel
SiO; 73.57
ALO; 15.05
FeO 1.82
MgO 0.40
K,0 4.79
NaO 4.37
H,0¢
Total 100.00

Starting materials

Standards
81-90 AMNH
47.70 48.70
32.72 33.16
6.19 2.58
9.74 12.24
0.11 0.39
0.01 0.01
0.80 1.54
1.3° 0.7¢
97.29 98.63
0.74 0.89
Glass standards
74.46 75.78 76.43
16.46 15.89 15.94
0.70 0.59 0.72
0.15 0.13 0.14
3.36 2.66 1.94
4.26 4.35 4.24
2.1 39 5.6
100.00 100.00 100.00
0.28 0.28 0.25

“By hydrogen extraction and manometry (A. Fallick)
By coulometric titration (V. Schenk)
“By stepped-heating mass spectrometry (D. Mattey)

°Karl-Fisher titration (F. Holtz)

Table 2 Starting materials, run durations and SIMS analyses of the H,O and CO, contents of cordierites and melts for all experiments
used in this study. SIMS errors given in brackets are 1o values propagated from variations in the analysis populations (n=_8-10). No data

= not included in charge

Starting materials

Experimental results

H,O Oxalic acid  Silver oxalate  Cordierite Melt gel Time  Cordierite Cordierite ~ Melt

(2 (& (8 (8 (8 (h) wt% H,O  wt% CO,  wt% H,O
C13-1 () 2.84 - 2.51 3.02 7.08 137 2.03 (0.09)  0.26 (0.05) 8.57 (0.37)
Cl13-2 () 2.21 - 4.16 2.48 7.15 137 1.73 (0.08)  0.29 (0.01) 8.23 (0.82)
Cl13-3 () 1.52 - 5.06 2.25 6.93 137 1.59 (0.07)  0.44 (0.04) 6.97 (0.54)
Cl13-4 (-) - 3.94 3.89 2.83 7.11 144 1.33 (0.07)  0.64 (0.07) 5.49 (0.28)
Cl13-5 (-) - 2.03 5.13 3.01 7.86 144 1.09 (0.07)  0.80 (0.06) 3.86 (0.28)
C19-4 (-) 0.30 - 2.44 2.78 6.48 238 0.57 (0.03)  1.01 (0.14)  Crystallised
C19-3b (-) 0.33 - 2.18 2.66 6.61 524 0.64 (0.08)  1.03 (0.17)  Crystallised
C20-1 () 0.45 - 2.08 2.56 5.61 173 1.37 (0.14)  0.53 (0.05) 6.03 (0.68)
C13-1 (+) 2.84 - 2.51 3.02 7.08 137 1.55(0.07)  0.26 (0.05) 8.57 (0.37)
C13-5 (+) - 2.03 5.13 3.01 7.86 144 0.92 (0.04)  0.80 (0.06) 3.86 (0.28)
MPI13B (+)* 1.28 - - 2.56 6.56 311 1.70 (0.05)  0.00 (0.00) 10.02 (0.42)
H,0 model® 1.76 0.00 10.20

“Data from Harley and Carrington (2001)

and reweighed to check for capsule integrity during the
experiment. They were then vacuum impregnated with
epoxy resin, mounted and polished until a section
through the cordierite grains and melt was observed.

Characterisation and analysis of run products

Initially, the polished charges were examined optically
for the presence of fluid inclusions in the melt. Fluid-
saturated experiments contain a free fluid during the
experiment that may be trapped as bubbles in the melt
on quenching. Cordierite and melt were the only run
products in most cases, but at low H,O contents

(<2.2 wt% H,0O) the melts partially or completely
crystallised to quartz and feldspar, as is expected from
their near-eutectic compositions. In the two most H,O-
rich experiments cordierite showed minor resorption
producing fine grains of spinel located at cordierite—melt
contacts.

The H,O and CO, contents of the experimental cor-
dierite and melt were analysed using secondary ion mass
spectrometry (SIMS). All other oxides were measured
with a wavelength-dispersive electron microprobe
(EMP) in Edinburgh and compared with data from the
energy-dispersive scanning electron microscope (SEM)
using a cold stage in Manchester. The analytical condi-
tions used for EMP were the same as those detailed in



Carrington and Harley (1996) and Harley and Car-
rington (2001). Calibration curves were obtained in each
SIMS session by analysis of melts and cordierites of
appropriate compositions, but differing volatile contents
that had been independently determined (Table 1) The
three melt standards contained 2.1, 3.9 and 5.6 wt%
H,O (provided by Dr F.R. Holtz). Melts with higher
H,O contents (up to 10 wt%, the approximate satura-
tion content at 5 kbar and 900 °C) were synthesised, but
were unstable over long time periods at room pressure
and temperature. The two cordierite standards con-
tained 1.56 (AMNH) and 0.86 (81/90) wt% H,O and
0.66 (AMNH) and 1.30 (81/90) wt% CO,, respectively.
All melt analyses and a subset of the cordierite analyses
were obtained using an O™ primary beam (8 nA, 10 kV)
and by measuring positive secondary ions (H", **Si) at
an energy offset of 75 V. Cordierites were also analysed
using negative secondary ions (H™, '2C and ®Si) at an
energy offset of 60 V. The sputtered pit in the sample is
roughly 25 pm in diameter in the positive mode and
35 um in the negative mode. Each analysis involves a 3-
min burn-in time followed by 30 cycles of 5-s counts for
each isotope. The mean of the isotope ratios of the last
10 cycles was taken as the final result, thereby avoiding
surface contamination. Analyses were expressed as iso-
topic ratios of H™ /*%Si (positive mode) or H /*®Si and
12C/?%Si (negative mode) and then converted to wt%
H,0 or CO, by comparison with the calibration lines
from the standards from the same analytical session.
Standard errors on analytical populations for individual
standard melt and cordierite grains with positive sec-
ondary ions were typically £0.8 and +£0.2 wt% H-O,
respectively, yielding calibration curves with 2 sigma
uncertainties of 0.15 and 0.06 wt% H>O for melt and
cordierite H,O contents of 3 and 1 wt% H,O, respec-
tively. Equivalent standard errors on analytical popu-
lations for individual standard cordierite grains
measured with negative secondary ions were £ 0.16 wt%
H,O and +0.08 wt% CO,. Calibration curves for neg-
ative secondary ions thus had 2 sigma uncertainties of
0.12 wt% H»O and 0.06 wt% CO, for 1 wt% H-O and
1 wt% CO; in the cordierite. respectively.

Difficulties were encountered in measuring the low
CO, contents (<1,000 ppm) in melt standards and
hence also in the experimental granitic melts, which
appear to contain less than 1,000 ppm CO,, that form in
equilibrium with cordierite of moderate CO, content
(<1 wt%) and are significantly lower than the maximum
CO, contents (~2,600 ppm) in rhyolite glass at 900 °C
(Holloway and Blank 1994). The glass standards were
mounted in indium metal to minimise the carbon
background resulting from any epoxy resin. Despite this,
the measured '2C/*®Si ratios for glasses synthesised
nominally without CO, were indistinguishable from
those measured for a glass characterised by FTIR
spectroscopy (Bristol) to have 300 ppm CO,. To further
reduce the presumed high carbon background, a 50-nA
primary beam was rastered over 50 pm and the counts
measured through a 10-pm aperture, but the sum of the
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counts from background carbon and from any CO, in
the ‘blank’ glasses was still at least 300 ppm. In view of
these problems we concentrated on obtaining H,O an-
alyses on the melts (positive mode) and H,O—-CO, on the
cordierites (negative mode CO,; positive and negative
mode for H>O).

Experimental results
Phase chemistry
Melts

The melt composition was chosen to be in Fe/Mg equi-
librium with the cordierite and close to the eutectic
minimum melt composition (Carrington and Harley
1996). The oxide contents of the final experimental
glasses were analysed using the electron microprobe. The
lack of a cold stage on the electron microprobe caused
significant volatilisation of the sodium. These 5 kbar,
900 °C samples were all mounted in indium and could not
be thinned for analysis on the analytical SEM cold stage
in Manchester. However, the data could be corrected for
sodium loss by comparison with both EMP and SEM
data from similar experiments at other pressure—tem-
perature conditions. These comparisons indicate that the
glasses did not change significantly from the minimum
melt composition in any of the experiments and were in
close agreement with the data for the water-undersatu-
rated system of Harley and Carrington (2001). Thus the
presence of CO, in the system, and hence in the melt, does
not appear to change the melt compositions significantly.
This is important in respect of controversy regarding the
stabilisation of lamprophyric melt compositions in felsic
systems, as proposed by Petersen and Newton (1990) and
disputed by Clemens (1993) and others. Our results re-
confirm the conclusions of Clemens (1993) that CO, does
not enhance melting and certainly does not shift melt
compositions to high-K, low-Si compositions.

Cordierites

Product cordierite compositions demonstrate the same
effects as that seen in the H,O experiments of Harley and
Carrington (2001). Occasionally some cordierites showed
minor near-rim shifts in Xy, usually to slightly higher
Xwmg as indicated by back scattered electron brightness
changes. Apart from these rims, systematic analyses of
cordierite compositions are very consistent. Only potas-
sium varies, by less than 0.2 wt% K,O. The potassium
content increases with temperature and decreases with
water content, as reported in Thompson et al. (2001).

Fluids

All experiments contained a free fluid phase during the
run, as shown by capsules emitting gas when pierced and
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by weight loss. Polished surfaces showed sections
through bubbles in the melt phase. These fluids were not
analysed after the experiments. The initial proportions
in Table 2 can be used to calculate the initial fluid
composition and estimate the final fluid compositions by
mass balance. However, such estimates may involve
several sources of error and hence are less reliable for
activity calculations than the methods we use below.
Potentially important sources of error include inaccu-
racies in capsule manufacture, small changes in the
proportions of the phases during the experiments (e.g.
because of reaction) and cumulative uncertainties on the
measured volatile contents of the phases. The unquan-
tified CO, contents of the experimental melts have a
negligible effect on the mass balance calculations; a
maximum CO, content of 2,600 ppm (Holloway and
Blank 1994) would only change our fluid XCO, esti-
mates by less than 0.2%. Our mass balance calculations
(not tabulated) are generally consistent with the esti-
mates of fluid XCO, produced using the approach
adopted here (see later section). However, as they show
significantly greater scatter in estimated XCO, they are
not used in further calculations.

Time study — approach to equilibrium

In the H,O experiments at 5 kbar and 900 °C of
Harley and Carrington (2001) sandwich-type charges
showed that the values of D, [=wt% H,O"“"/wt%
H,OCordierite)] of initially evacuated cordierite at one
end and fully saturated cordierite at the other ap-
proached each other with 24 h. The presence of CO,
may affect the diffusion of volatiles in the cordierite
and hence a time study was conducted to evaluate the
approach to equilibrium in CO,-rich compositions.
Four charges were made with similar bulk initial pro-
portions of 2.94+0.3 wt% H,O, 6.5£0.4 wt% CO,,
25.6+ 1.5 wt% evacuated cordierite and 64.9+1.8 wt%
gel. These four charges were then run for different
durations. The final compositions of these experiments
are shown in Table 3. After 119 h, the volatile com-
positions of the cordierites agree within error implying
that equilibrium of the cordierite volatile composition
has been achieved. Equilibrium conditions are thus
likely to have occurred in all further experiments that
were run for 137422 h.

Water contents of melts and cordierites

The results of SIMS analyses of the run products of all
the H,O-CO, data are listed in Table 2. Figure 1 is a
plot of wt% of volatiles (H,O or CQO,) in the cordierite
against the wt% of H,O in the melt from the same ex-
periment. The H,O contents in both the cordierite and
melt decrease from their maximum values (1.78 and
10.20 wt% H,O respectively in the pure water system) as
the CO, in the cordierite increases.

The H,O in the cordierites in two of the run products
(C13-1 and C13-5) were measured with both positive
(Fig. 1, open squares) and negative (Fig. 1, closed
squares) secondary ions but all others were measured in
negative mode alone. In our larger data set of cordierite—
melt experiments, run over a range of P-T conditions,
we have made 22 positive/negative comparisons. Of
these 17 showed very close agreement between the values
in both modes. However, two showed a slightly higher
value in positives and two, C13-1 and C13-5 reported
here, had significantly lower values in positives than
negatives. C13-1, the most hydrous of the H,O-CO,
experiments, has a large difference between the cordierite
water content measured in positive and negative mode.
C13-5 shows that the difference is small at lower water
contents. SIMS analyses of natural cordierites have also
been compared in positives and negatives and no such
sizeable discrepancies have been found. The reason for
these occasional differences is not apparent, but in the
light of all other experiments the values measured in
positives appear more consistent and thus these are
preferred in those cases where +/— discrepancies were

Table 3 Results of a time study to determine how long it takes to
reach constant volatile content in cordierite with a CO»-rich fluid.
Starting materials are given in Tables 1 and 2

Run Duration  Cordierite Cordierite XCO, in Crd
(h) (wt% H,0)  (wt% CO,)  Channels
cl19-1 24 0.84 (0.08) 0.88 (0.11) 0.30 (0.05)
cl19-2 119 0.54 (0.03) 1.21 (0.16) 0.48 (0.08)
cl9-4 238 0.57 (0.03) 1.01 (0.14) 0.42 (0.07)
cl9-3b 524 0.64 (0.08) 1.03 (0.17) 0.40 (0.08)
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Fig. 1 A graph showing the volatile contents in the cordierite at
5 kbar, 900 °C as a function of the water content of the melt.
Squares H,O contents; triangles CO, contents; closed symbols H,O
measured in negative mode; open symbols H,O contents measured
in positive mode. The thick line is the trend of H,O content
(including errors) taken from Harley and Carrington (2001) for
undersaturation in the water-only system. This trend reaches
saturation at 1.76 and 10.20 wt% H,O for cordierite and melt,
respectively



found. The anomalous values in negatives may be a
problem associated with that particular analysis session
and thus all the other cordierite H,O values for C13 may
be slightly high.

The decrease in H,O content of the cordierite with
decreasing melt water content (Fig. 1) in these CO,-
bearing fluid-saturated experiments closely follows the
behaviour of H,O-undersaturated cordierites observed
by Carrington and Harley (1996). Only C13-1 measured
in negatives has an anomalously high value. The points
measured in negatives all lie within error but on the high
side of the trend shown by the water-only data whereas
those in positive mode lie on the low side. Overall, the
H,0-CO, trend brackets and is indistinguishable within
error from the H,O-undersaturated trend defined by
Harley and Carrington (2001), which is shown as a
broad curve on Fig. 1.

The distribution coefficient [Dy, = wt% H,0""") jwt%
H,Oorderitl] of H,O between melt and cordierite is
plotted in Fig. 2. The broad curve in Fig. 2 is taken from
the model of the water-only system of Harley and Car-
rington (2001) for 5 kbar and 900 °C. The Dy, values for
the positive data and all negative data except the
anomalous C13-1 (in negative mode) lie within error of
this modelled trend. Therefore, the incorporation of CO,
into cordierite and melt has no additional effect on D,,
compared with the simple effect of reduction in aH,O.
For a melt of specified H,O content D,, is the same
whether the coexisting cordierite contains CO, or not.

Relation of CO, to water in cordierite

Figure 1 also shows the variation in the CO, content of
the cordierite. The data all lie on a curve antithetic to the
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Fig. 2 The relation between the distribution coefficient Dy, =[wt%
H,0™ i, H,0COr i) and the water content of the melt.
Closed symbols Measured in negatives; open symbols measured in
positives. The thick line shows the model (including errors) of Dy,
variation with undersaturation in the water-only system (Harley
and Carrington 2001) for 5 kbar and 900 °C. This modelled curve
terminates at 10.20 wt% H,O in the melt when H,O saturation is
achieved
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curve shown by the variation of the water content in the
cordierite. The CO, contents range from zero in the
hydrous cordierite to 0.8 wt% in the most CO»-rich ex-
periment of Fig. 2 where the melt is 3.86 wt% H,O. It is
possible to get higher cordierite CO, contents, of over
1 wt% CO,, in experiments C19-4 and C19-3b, but at
these conditions the water content of the melt drops
below its minimum value [approximately 2 wt% H;0,
Johannes and Holtz (1996) and Carrington and Harley
(1996)] and crystallises. The curve of Fig. 2 extrapolates
to the CO,-only end at a maximum value of CO, in
cordierite of 1.16 wt% CO», a value derived by modelling
of the data in terms of fluid activities (see below).
Under these H,O-free conditions melt is not stable
at 900 °C.

Modelling of activity functions of CO, in cordierite
at 5 kbar and 900 °C

Key aims of this study were to constrain the uptake of
CO, in cordierite as a function of aCQO, in the system
and hence define the maximum CO, content attainable
in cordierite at 5 kbar and 900 °C. The latter could not
be done directly as our experiments only contained
mixed H,O—CO, fluids; experiments with pure CO,
fluids would have not produced melt at this pressure and
temperature. The approach to be used, therefore, is to
calculate the maximum cordierite CO, content from the
experimental data using independently-constrained cal-
ibrations of the ¢—X relations for H,O in cordierite and
melt. This can be accomplished via extrapolation of
these a—X relations to the condition where aH,O=0
(aCO,=1). From calculated values of aH,O for exper-
imental cordierite-melt pairs at fluid-saturation, aCO,
can be determined by solving the equation of state for
H,O0-CO, fluid mixing at the P-T of interest, consistent
with the Gibbs—Duhem relation. With aCO, calculated
from the phase water contents in this way, the variation
of CO, in cordierite with «CO, can be assessed through
the adoption of an appropriate volatile incorporation
model for cordierite.

Calculation of ¢H>O and aCO, from melt
and cordierite H,O data

Following Harley and Carrington (2001), the relation-
ship between aH»O and the solubility of H>O in relevant
granitic melts at a specified P-T condition is closely
approximated by the ‘Burnham-type’ model (Burnham
and Nekvasil 1986):

aH,0 = ky(Xy,)?  for Xy, < 0.5 and

aH,0 = 0.25k[exp((6.52 — (2667/T)).Xy)] for Xy > 0.5

where X, is the mole fraction of water in a melt calcu-
lated with 8-oxygens per formula unit and k,, is a P-T
dependent coefficient. In this case k,, is extracted from
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the H,O-system cordierite-melt experiments of Harley
and Carrington (2001), rather than calculated from the
k,, model expressions of Burnham (1994), as the former
were conducted under equivalent P-T conditions and in
an analogous compositional system. At 5 kbar and
900 °C, the melt H,O contents at fluid saturation,
measured and modelled in Harley and Carrington (2001:
10.2 wt% H»0), define k,, to be 2.42.

The maximum H,O-contents of cordierite coexisting
with pure H,O have now been successfully determined at
3-7 kbar to 1,000 °C. Harley and Carrington (2001)
modelled the cordierite saturation hydration data
(Mirwald et al. 1979; Boberski and Schreyer 1990;
Mukhopadhyay and Holdaway 1994; Carey 1995;
Carrington and Harley 1996; Skippen and Gunter 1996;
Harley and Carrington, 2001) together with their
undersaturation data. This modelling demonstrates that
the relation between aH,O and the H,O content of
cordierite, governed by equilibrium (1), can be expressed
as

aH,0 = z,,.[n/(1 — n)] (7)

where 7 is the number of molecules of H,O per formula
unit of cordierite, and z,, is a P-T dependent coefficient.
At 5 kbar and 900 °C, the H,O saturation value of n,
defined by Harley and Carrington (2001), is 0.6 mole-
cules per formula unit, such that z,, is 0.6667.

Using these values of k,, and z,, and the ¢-X relations
for melt and cordierite respectively, we can produce
pairs of calculated ¢H,O values for each Crd-melt ex-
periment conducted at 5 kbar and 900 °C. Furthermore,
aCO, in the fluid-saturated two-component H,O-CO,
system is not independent of «H»O, but rather a function
of it. Hence, the aH,O pairs can be converted to pairs of
aCO, values pertaining to each experiment, through
solution of the Gibbs—Duhem relation and taking non-
ideal, P-T dependent fluid-mixing properties into ac-
count. In this study we have adopted the asymmetric
regular solution approximation to the modified Redlich—
Kwong equation of state for H,O-CO, mixing as
formulated by Holland and Powell (1990).

Maximum CO, content of cordierite

Defining m as the number of molecules of CO, per
formula unit in cordierite, and using a one molecule per
formula unit one-site model, consistent with the hydra-
tion model (7) referred to above

aCO; = z.[m/(1 — m)] (8)

where z. is a P-T sensitive coefficient that is the CO,-
system analogue of z,,. However, unlike the H,O-system,
z. cannot be calculated directly from data available at
unit aCO,.

In our experiments m/(1-m) is evaluated from the
measured cordierite CO, data. Hence a plot of m/(1-m)
versus aCQO,, calculated as described above from the
cordierite or melt H,O contents, demonstrates a good

linear fit consistent with the predicted relationship be-
tween cordierite CO, contents and the CO, activity
(Fig. 3). The best-fit line through the data can be ex-
trapolated to aCO,=1 (aH,O=0) in order to evaluate
M., the saturation number of CO, molecules in cor-
dierite in the H,O-free subsystem. At 5 kbar, 900 °C and
aCO,=1, my, is found to be 0.16 £0.01 molecules of
CO, per formula unit of cordierite.

Intermediate H,O-CO, compositions

Once the maximum CO, content of cordierite at 5 kbar
and 900 °C has been established as shown above a value
for z. can be determined at aCO,=1 from

Z(:(P,T) = (1 - msat)/msat (9)

Thus, z.p, 1 at 5 kbar and 900 °C is calculated as 5.25,
whereas z,p 1) evaluated previously for this P-T is
0.667. Using these data and the relations (7) and (8), the
expressions:

aH,0 0.667.[n/(1 — n)]
aCO, 5.25.im/(1 — m)]

can be applied to calculate the channel volatile contents
(n, m) of cordierite at intermediate fluid compositions
(i.e. for compatible aH,O-aCO, pairs -consistent
with the non-ideal fluid mixing model). The results of
this calculation, shown by the lines in Fig. 4, agree
well with the original raw data expressed in terms of m
and n.

Comparison with previous experimental work

There are no other complete data sets from previous
work at 5 kbar and 900 °C. Johannes and Schreyer
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Fig. 3 A plot of the activity function of cordierite as m/(1-m)
versus the activity of CO; calculated from the ¢H,O data. The line
is the best fit line through the points and its value at aCO,=1
allows us to estimate my,, in the H,O-absent case
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(1981) ran one experiment at 5 kbar and 900 °C, but
otherwise the closest full set is their data at 5 kbar and
800 °C on their cordierite B starting material. We have
taken these data and estimated the aCO, values from
the aH,O for their experiments using the methods we
applied to our data (described above). The parameter
z,, 1s again derived from the saturation data in the
CO,-free system (Harley and Carrington, 2001). The
aCO; calculated from the cordierite H,O content data
in Johannes and Schreyer (1981) are plotted against
their m/(1-m) for both P-T conditions in Fig. 5. For
comparison our best-fit line from Fig. 4 at 5 kbar and
900 °C is also shown on the plot. The equivalent line
for 5 kbar and 800 °C should be at slightly higher m/
(1-m) values as there is a slight decrease in the CO,-
content of cordierite with increasing temperature (Jo-
hannes and Schreyer 1981 Fig. 5). At the higher CO,
end of the graph Johannes and Schreyer’s data points
at 5 kbar and 800 °C agree more closely with our
predictions. However, at intermediate CO, activities
their data are significantly CO,-poor compared with
our predicted values. Their data including the 5 kbar
900 °C point do lie on a fairly linear trend, but one
with a large negative intercept at aCO,=0. The scat-
tered 5 kbar, 800 °C data of Johannes and Schreyer is
difficult to explain, but may suggest poor attainment of
equilibrium, perhaps reflecting slow filling of cordierite
channels with CO, compared with run duration, or
variable re-equilibration on cooling and quenching.
The results of our NKFMASH-CO, study do not ac-
count for chemical variations in any other components
in the cordierite channels. This may partly explain the
discrepancies found in relation to previous works.
Nevertheless, plots such as Fig. 5 demonstrate that the
H,0 and CO, data reported from the previous exper-
iments are often internally inconsistent and should be
treated with caution.
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The equivalent line for 5 kbar and 800 °C should lie at slightly
higher m/(1-m) values

Comparison with previous models and applications
for fluid saturation in cordierite

Kurepin (1984) produced a model for the P-T depen-
dence of CO, uptake in cordierite based at least in part
on the Johannes and Schreyer (1981) data set. This
model implies a double-link between aCO, and m +n, as
the formulation for CO,—cordierite/volatile-free-cordie-
rite is given as m/(1-m—n). However, even with this in-
terdependence between m and n, the Kurepin (1984)
model does not fit the data for either cordierite A or B of
Johannes and Schreyer (1981) particularly well.

A comparison of our model with that of Kurepin
(1984) at 5 kbar and 900 °C is shown in terms of mol-
ecules of CO, (m) versus molecules of H,O (n) per for-
mula unit in Fig. 6. The predicted volatile contents differ
significantly at both the high-CO, and high-H,O ends, in
part because of the different end member saturation
values used. In the H,O system, n from Harley and
Carrington (2001) is greater than the fit to Mirwald et al.
(1979) used by Kurepin (1984). In contrast, m extrapo-
lated from our 5-kbar, 900 °C data in H,O—CO, (this
work) is less than that modelled by Kurepin (1984) from
the Johannes and Schreyer (1981) cordierite A data. The
overall curvature of the saturation surface is greater in
our model, with the Kurepin (1984) model yielding an
almost linear relation of m to n that does not fit our
measured m-n relationship (Fig. 6) nor the data of Jo-
hannes and Schreyer (1981) in detail. When considered
in detail it is apparent that the formulation used by
Kurepin (1984) is incorrect as it implicitly involves a
coupling between m and n, and hence «CO, and ¢H,O.
This coupling does not exist if a free fluid phase is absent
(i.e. in fluid absent conditions) or indeed if the H,O-CO,
fluid phase is diluted by other components that may or
may not enter cordierite (e.g. N, Ar, dissolved species).
The formulation used by Kurepin (1984) over-defines



116

0-30 Ll Ll 1 1 1
/-\0 25 N ~\\‘\ T
d \\4—\2//‘@ T~
O &%, T
= 020} Vs, b -
8 \\\O “@f
Q Y&/ A
Lo015F ¥ < .
5 Our Mode| ~ ..
o R . . ]
50 10 . .
Eoos5} ]

5 kbar, 900°C N
0-00 1 1 1 1 \\ 1
0.0 0.1 0.2 0.3 0.4 0.5 0.6

n (molecules of H,0)

Fig. 6 A comparison of the co-variance of H,O and CO, at fluid
saturation for the models of Kurepin (1984), Vry et al. (1990) and
the one proposed here

the system and hence is not appropriate for fluid activity
calculations using cordierite H,O-CO, contents.

The problems inherent in the Kurepin (1984) for-
mulation are well illustrated by consideration of hypo-
thetical fluid-undersaturated cordierites formed at 5 kbar
and 900 °C with n=0.3. Using our formulation [r/(1-n)],
aH»0 is 0.29 and independent of the amount of CO, in
the cordierite, which could vary in the range
0 £ m<0.13 before fluid saturation is reached (Fig. 6).
In contrast, in the Kurepin (1984) model, aH,O in-
creases as CO, is added to the cordierite, from 0.29 at
m=0 to 0.323 at m=0.08, the saturation m value ob-
tained for n=0.3 if the Kurepin (1984) (1-m—n) de-
nominator is used. This correlation between aH,O and
aCO, contravenes the phase rule as it implies that cor-
dierites with two distinct values of n would define the
same aH,O at fixed P-T simply if their CO, contents
were different. In short, the assumption of closure be-
tween anhydrous-cordierite, H,O—cordierite and CO»—
cordierite inherent in the Kurepin (1984) model does not
apply because cordierite can be volatile-undersaturated,
as demonstrated conclusively by Carrington and Harley
(1996). At saturation, the exchange reaction (3) ensures
that as «CO, and m rise then «H,O and n decrease for
any specified P-T condition.

Vry et al. (1990) have also modelled the saturation
H,O-CO, contents of cordierite by combining selected
experimental constraints including the H,O-system data
of Mirwald and Schreyer (1977) and Armbruster and
Bloss (1980), the cordierite A H,O-CO, results of Jo-
hannes and Schreyer (1981), and the CO,-system cor-
dierite results of Armbruster and Bloss (1982). The Vry
et al. (1990) model uses the simplification that the per-
centage decreases in channel occupancy with XCO,
(Crd) as modelled at 5 kbar and 600 °C are also appli-
cable at all high-grade P-T conditions. This implicitly
assumes that the isopleths of n (H,O) and m (CO,) in
cordierite have both equal slopes and relative spacings in

P-T space, which unfortunately is not the case. Figure 6
shows a comparison of our model with that of Vry et al.
(1990) at 5 kbar and 900 °C in terms of molecules of CO,
(m) versus molecules of H,O (n) per formula unit. In this
comparison we have used our value of n=0.6 for the end
point in the H,O-system for Vry et al.’s model. Vry et al.
compared models with different H,O-system isopleths
taken from a number of sources as illustrated on their
Fig. 10. At 5 kbar, 900 °C these isopleths give approxi-
mate values of n of 0.42 (Helgeson et al. 1978 ), 0.55
(Mirwald et al. 1979) and 0.66 (Mirwald and Schreyer
1977; Armbruster and Bloss 1980). Vry et al.’s model
and our model diverge progressively as XCO, (Crd)
increases and # is reduced. The value of m extrapolated
from our 5 kbar, 900 °C data in H,O-CO, (0.16) is
significantly less than that obtained using the approach
of Vry et al. (1990: 0.28 molecules per formula unit.),
which itself is even higher than that calculated using
Kurepin (1984).

The net effect of the above comparisons is that, at
5 kbar and 900 °C, the saturation CO, content and
H,O0-CO, contents of cordierite with high channel
XCO, are lower than previously thought. This impacts
upon the arguments put forward by Vry et al. (1990) to
explain the apparently low total volatile contents, for
specified P-T conditions of equilibration, of many of the
cordierites reported in their study. Vry et al. (1990)
considered that loss of volatiles during uplift and cooling
was typical of most cordierites as their model suggested
large volatile deficiencies for various cordierites from a
range of environments. Such volatile leakage is no
longer required to explain the volatile compositions of
many of the COj-richer cordierites tabulated by Vry
et al. (1990), although several examples of CO,-poor
cordierites are still volatile-deficient and hence imply
some degree of volatile loss and/or equilibration under
volatile-deficient conditions (Harley and Carrington,
2001). Whilst volatile leakage can explain the low
channel volatile contents measured in some cordierites,
it is clearly necessary to evaluate this for individual cases
using the spatial resolution provided by SIMS to test for
intra- and intergrain variability and zoning in H,O and
CO,. Natural cordierite volatile content data can only be
explicitly compared with the experimental cordierite
data if the shifts of the modelled saturation curves, de-
picted in Figs. 4 and 6, with pressure and temperature,
are taken into account (Harley et al. 2001).

A further key implication of the new experimental
results is that our model predicts that fluid-saturated
cordierites with channel XCO,>0.25 imply aCO, of
> (.7 whereas the Kurepin (1984) and Vry et al. (1990)
models yield lower aCO,, in the range 0.4-0.45 for the
same channel XCO, (Fig. 7). A good example of this
effect is provided by cordierite that coexists with calcite
in a ‘reaction rock’ from Finmark, Norway, which
preserves channel XCO, of 0.75 and is inferred to have
been formed in equilibrium with a near-pure CO, fluid
(Armbruster et al. 1982). If the aCO,~XCO, relations
depicted on Fig. 7 are essentially independent of pres-
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sure and temperature, the aCO, for the Armbruster et al.
rock is calculated as 0.96 using our calibration compared
with 0.88 using the ¢—X relations of Kurepin and Vry
et al.

Conclusions

The experimental data obtained here at 5 kbar and
900 °C demonstrate that the uptake of CO, by cordierite
has a negligible effect on the distribution of H,O be-
tween cordierite and coexisting melt (D,,) described by
Harley and Carrington (2001). Incorporation of CO,
into cordierite can be modelled simply by using a one-
site formulation with aCO, being proportional to m/(1-
m), where m is the number of molecules of CO, per
formula unit of cordierite, and does not follow the
coupled H,O-CO, model developed by Kurepin (1984)
and subsequently applied by other workers. Most im-
portantly, our self-consistent results show that the
maximum CO, content of cordierite (i.e. at aCO,=1) is
significantly less than previously modelled for the ex-
perimental conditions. As a consequence, volatile-satu-
ration in CO,-bearing cordierites may be more common
than previously inferred, and the aCO, of fluids associ-
ated with the equilibration of such cordierites may be
greater than previously calculated for measured cordie-
rite channel compositions.

The production of similar cordierite H,O-CO, data
for a variety of experimental conditions will ultimately
allow the saturation CO, contents of cordierite to be
modelled and evaluated over the range of P-T condi-
tions of crustal metamorphism, and hence provide both
aH,O and aCO, estimates from cordierites such as
those considered here. Such polybaric—polythermal ex-
perimental data will be described and modelled in a
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further paper that builds upon the analysis presented
herein.
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