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Sodium and potassium in cordierite — a potential thermometer for melts?
PAULINE THOMPSON*, SIMON L. HARLEY and DAMIAN P. CARRINGTON**

Department of Geology and Geophysics, University of Edinburgh, Kings Buildings, West Mains Road,
Edinburgh EH9 3JW, U.K.
** Online News Editor, New Scientist, 151 Wardour St., London W1F 8WE, U.K.
* corresponding author: e-mail: Pauline. Thompson @glg.ed.ac.uk

Abstract: K,O and Na,O contents of a low-Be-Li cordierite coexisting with a granitic melt, characterised by a near constant Na/K
ratio of 1.39 (in atomic proportions), have been determined as a function of P, T, aH,O and aCO, in the range 3-7 kbar and 800-
1000 °C. aH,0 and aCO, were calculated for individual experiments using measured H,O contents of cordierite and melt, and CO,
contents of cordierite. Na in the cordierite does not vary with P, T aH,O or aCO, within this experimental range. The Na,O content
is within analytical error of the value 0.120 wt% Na,O in all these experiments and thus does not support previous experimental
results that showed more variable Na contents. K in cordierite increases (from 0.03 to 0.18 wt% K,O) with increasing T and
decreasing aH,O (H,O content in cordierite and melt) but is not influenced by aCO,.

The measured variations in K/Na in cordierite (in atoms per formula unit) are systematic with T and aH,O. The following
expression describing the temperature dependence of cordierite-melt K, Na exchange for a melt with a fixed alkali composition of
4.79 wt% K,0 and 4.37 wt% Na,O can therefore be derived
T =-10890 (* 3400) /[1n (% —9.539 (£ 2.850) + 1.303 (£ 0.427)VaH,0],
where T is in degrees Kelvin. This can be used, with due caution, as a relative or absolute thermometer for approximating the
temperature (e.g. absolute uncertainty of +45 °C at the centre of the experimental range studied) at which cordierite and granitic melt
last equilibrated. The effect of variations in the melt composition from that used in our experiments may add to the uncertainty in any
absolute temperature estimates. However, by comparison with experimentally determined minimum melt compositions, the
thermometer is applicable to any melt formed at a water activity of less than 0.5 over the entire pressure range of cordierite-melt
stability (1-8 kbar). At higher water activities approaching unity the equation above is only applicable at low pressures. Application
of this thermometer requires the availability of high-quality analytical data for H,O, K and Na in low-Li and -Be cordierite, and its
precision is limited at lower temperatures by the difficulties in measuring the low K,O contents expected in cordierites formed with

granitic melts.
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Introduction

Among the alkalis, Na, K and Li are minor components of
natural cordierites that have often been attributed particular
significance because they are sited at or around the “nodes”
between the cages along the channels in the room tempera-
ture cordierite structure (e.g. Kolesov & Geiger, 2000; Arm-
bruster, 1986; Schreyer et al., 1979; Kim et al., 1984; Wolfs-
dorff & Schreyer, 1992). They may potentially influence the
kinetics and magnitude of volatile uptake (Johannes &
Schreyer, 1981). Sodium has commonly been found to oc-
cur in natural cordierites, usually in the range of 0-0.5 wt%
Na,O but occasionally up to 1.25 wt% Na,O (Schreyer et
al., 1979). In contrast, the potassium content is often very
low and commonly ignored either because it lies beneath de-
tection levels or because it is presumed to be a contamina-
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tion problem from pinitisation. However, Schreyer et al.
(1990) discovered that potassic cordierites were characteris-
tic minerals in high-temperature, low-pressure environ-
ments of the sanidinite facies. Their samples from Blaue
Kuppe contained up to 1.71 wt% K,O. Furthermore, Flood
& Shaw (1975) and Clemens & Wall (1984) described cor-
dierites from magmatic environments with 0.08-0.1 wt%
K,O. Most other published cordierites analyses contain neg-
ligible quantities of less than 0.03 wt% K,O.

Cordierite sodium contents from experiments have been
observed to decrease with temperature and have been used
to develop a preliminary geothermometer (Mirwald, 1986)
for rocks that also contain a sodic plagioclase. The sodium
contents reported by Mirwald (1986) ranged from approxi-
mately 0.08 atoms per formula unit (a.p.f.u) (equivalent to
0.40 wt% Na,0) at 650 °C to 0.02 a.p.f.u at 850 °C. This
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Na-in-cordierite thermometer was found to give reason-
able (i.e. geologically sensible) results when tested by Kalt
et al. (1998) for contact metamorphosed rocks from the is-
land of Kos. Subsequent experimental data (Knop & Mir-
wald, 2000) confirmed that the sodium content in magne-
sian cordierite is inversely related to temperature but also
decreases significantly if CO, is present in the experi-
ments. They observed that the cordierite Na content signif-
icantly increased above the albite-cordierite eutectic tem-
perature (680 °C) but still decreased with increasing tem-
perature over the range 700-850 °C in the presence of a
partial melt.

We have conducted two suites of experiments on a natu-
ral cordierite at 3-7 kbar and 800-1000 °C and at a variety of
fluid compositions. One suite of experiments contained on-
ly H,O as a volatile species and ranged from fluid-saturated
to -undersaturated with H,O activities down to 0.12. The
other suite was all fluid-saturated with an H,0-CO, fluid
that caused the H,O activity to vary between 1 and 0.16. The
aim these two sets of experiments was primarily to establish
activity models for H,O and CO, and the relationship be-
tween fluids, melts and cordierites at conditions appropriate
to granulite metamorphism. These activity models have
been reported in Carrington & Harley (1996), Harley & Car-
rington (2001), Thompson et al. (2001) and Thompson &
Harley (in prep.). Our two suites of experiments thus pro-
vide a large dataset with known volatile contents, pressure
and temperature conditions that we can use to compare with
the previous studies of cordierite Na contents and provide
new data on variations in K.

Experimental and analytical techniques

Experiments were performed at 3-7 kbar and 800-1000 °C
in an internally heated gas apparatus that has pressure and
temperature uncertainties of +0.2 kbar and +5 °C respec-
tively (Carrington & Harley, 1995). The experimental
charges each initially contained an evacuated, natural, or-
thorhombic cordierite BB3a (grain size 125-250 pm diame-
ter), a gel of granitic melt composition and a variable com-
position and proportion of fluid. The cordierite had been
evacuated of all volatiles prior to the experiment by pro-
longed step-heating in a high vacuum at temperatures of up
to 1200 °C (Thompson et al., 2001). The compositions of
the evacuated cordierite, BB3a, and melt starting materials
are given in Table 1. The cordierite was from restitic veins in
the migmatitic Brattstrand Bluffs granulites of Prydz Bay,
Antarctica (Fitzsimons, 1996). This cordierite, BB3a, con-
tains negligible Li (16 ppm) and low Be (30-100 ppm) as
measured by secondary ion mass spectroscopy (SIMS).
This Be content is similar to the Be-free cordierites of
Schreyer et al. (1979). The H,0 and CO, contents of this
cordierite, once evacuated, were lower than the detection
limits of SIMS (H,0O < 0.16 wt%, CO, <0.08 wt%). The ra-
tio of cordierite to melt was always approximately 5:14,
both before and after the experiment. Occasional minor al-
teration of the cordierite occurred to form spinel but on such
a small scale that it would not affect the proportions of vola-
tile and alkali bearing phases.

Table 1. Compositions of the evacuated cordierite and melt gel start-
ing materials.

BB3a Melt gel
SiO, 48.12 73.57
Al O, 33.02 15.05
FeO 8.61 1.82
MgO 8.57 0.40
K,O 0.03 4.79
Na,O 0.05 4.37
Total 98.42 100.00
Xnig 0.64 0.28

Note: Melt data has been normalised

The final volatile contents of cordierite and melt in the
experiments were obtained by the introduction of varied
quantities of H,O in the H,O-only system, or a range of flu-
id compositions in the H,0-CO, fluid-saturated experi-
ments. The fluid-saturated experiments are indicated in Ta-
ble 2 and full details of experimental charges and runs are
given in Harley and Carrington (2001) for the H,O-only
experiments and Thompson et al. (2001), Thompson &
Harley (in prep.) for the H,0-CO, experiments. All experi-
ments were run for between 137 and 524 hours. Time stud-
ies in both the H,0O-only system (Harley & Carrington,
2001) and the H,0-CO, system (Thompson et al., 2001)
have shown that these run durations are sufficient to reach
equilibrium in the other channel components, H,O and
CO,. Equilibrium in the channel alkalis is harder to estab-
lish due to the difficulties in measuring alkalis in the melt
phase. Although we have conducted experiments of differ-
ent duration, keeping all other variables constant is diffi-
cult and thus we cannot prove that these alkali contents are
equilibrium values. Nevertheless, the consistency in re-
sults between H,0-only and H,0-CO, experiments, to-
gether with the overall coherency in the trends defined by
the Na,O and K,O contents when plotted against the other
experimental variables, give us confidence that the alkali
contents approach equilibrium.

SIMS was used to determine the H,O and CO, contents
of the cordierites. All other oxides were measured with a
wavelength-dispersive electron microprobe (EMP) in Edin-
burgh at 20 kV and a low beam current of 10 nA. Care was
taken to avoid volatilisation of the sodium in particular by
minimising the dwell time on each spot prior to each analy-
sis and by analysing the sodium and potassium first. A ras-
tered beam of 10 um diameter was also used to minimise vo-
latilisation although there was no noticeable difference be-
tween a rastered beam and a spot when analysing cordier-
ites. The detection limits were approximately 0.03 wt% for
Na,O and 0.04 for K,O. The melts were analysed by wave-
length-dispersive electron microprobe (EMP) complement-
ed by energy-dispersive scanning electron microscopy
(SEM) using a cold stage (Manchester). The melts showed
very little change in composition throughout the duration of
the experiment (Thompson & Harley, in prep.). For full de-
tails of all experimental techniques and analytical condi-
tions see Carrington & Harley (1996), Harley & Carrington
(2001) and Thompson et al. (2001).
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Table 2. Compositions of cordierites. H,O and CO, analyses are obtained from SIMS and Na,O, K,O and Xy, from the electron microprobe.
Standard deviations are given on populations of 8-10 analyses for the SIMS data, 8-15 analyses for the electron probe data for the H,0-CO,
experiments and 4-8 analyses for the H,O experiments. For an approximate conversion to atoms or molecules per formula unit for this cordi-
erite compositionthe weight percentagesmust be multiplied by 0.338 for H,0, 0.138 for CO,, 0.20 for Na and 0.133 for K. * = fluid-saturated
experiments.

29-3*
29-5%
29-4%*
34-3%
42-7*

900 1.26 0.15 0.294 0.049 1.01 0.06 0.638 0.002 0.151 0.011 0.084 0.003
900 0.92 0.01 0.178 0.002 1.46 0.15 0.635 0.002 0.124 0.006 0.108 0.010
900 1.07 0.06 0.225 0.018 1.35 0.05 0.624 0.004 0.132 0.017 0.105 0.006
1000 1.56 0.12 0909 0.096 0.53 0.03 0.651 0.015 0.094 0.011 0.102 0.007
1000 0.49 0.02 0.298 0.020 0.34 0.01 0.638 0.012 0.096 0.056 0.178 0.009

P T wt% o] aH,0 o wt% c Xe c wt% c wt% c

(kbar) (°C) H,O CO, i Na,O K,0
Starting material
BB3a 0.00 0.00 0.64 0.05 0.03
H,O experiments
MP11b 5 900 1.69 0.06 0.888 0.045 0.00 0.627 0.001 0.141 0.031 0.060 0.016
MP8 5 900 1.49 0.08 0.676 0.051 0.00 0.633 0.002 0.130 0.006 0.067 0.010
MP13b* 5 900 1.70 0.05 0.900 0.037 0.00 0.639 0.006 0.125 0.010 0.044 0.012
MP2 5 900 0.45 0.02 0.120 0.008 0.00 0.627 0.002 0.090 0.008 0.138 0.021
MP3 5 900 0.56 0.05 0.156 0.020 0.00 0.632 0.003 0.088 0.023 0.111 0.004
MP5 5 900 0.77 0.05 0.234 0.022 0.00 0.630 0.004 0.120 0.004 0.120 0.003
MP6 5 900 1.30 0.05 0.522 0.028 0.00 0.641 0.014 0.151 0.011 0.109 0.035
MP7 5 900 1.54 0.05 0.723  0.033 0.00 0.627 0.005 0.126 0.006 0.069 0.017
C4-1 5 900 1.11 0.03 0.400 0.015 0.00 0.634 0.002 0.089 0.033 0.076 0.008
C4-A 5 900 1.29 0.03 0.515 0.017 0.00 0.634 0.051 0.119 0.048 0.065 0.042
C4-B 5 900 1.38 0.06 0.583 0.036 0.00 0.629 0.000 0.111 0.000 0.073 0.000
C4-C 5 900 0.85 0.05 0.269 0.022 0.00 0.632 0.001 0.112 0.001 0.107 0.001
DG4 5 900 1.28 0.07 0.508 0.039 0.00 0.626  0.001 0.120 0.001 0.120 0.001
Co-1%* 5 800 1.79 0.07 0.824 0.046 0.00 0.634 0.011 0.116 0.019 0.022 0.018
C6-3 5 800 1.11 0.03 0.323 0.012 0.00 0.625 0.001 0.139 0.002 0.056 0.027
C6-5 5 800 1.54 0.05 0.584 0.027 0.00 0.629 0.008 0.140 0.030 0.035 0.010
C6-6 5 800 1.21 0.05 0.373 0.022 0.00 0.624 0.004 0.128 0.028 0.045 0.014
C7-2 5 800 1.63 0.09 0.660 0.052 0.00 0.639 0.009 0.142 0.040 0.047 0.001
C5-3 5 1000 0.88 0.04 0.346 0.022 0.00 0.636  0.015 0.091 0.012 0.128 0.032
C5-4 5 1000 0.36 0.01 0.113  0.004 0.00 0.628 0.007 0.104 0.012 0.170 0.028
Cl1-1%* 3 800 1.44 0.03 1.027 0.030 0.00 0.629 0.004 0.142 0.029 0.039 0.015
C8-1 3 900 1.11 0.06 0.812 0.062 0.00 0.627 0.005 0.109 0.006 0.084 0.005
C8-2 3 900 0.85 0.05 0.545 0.045 0.00 0.626 0.005 0.138 0.008 0.061 0.014
C8-4 3 900 1.17 0.05 0.885 0.053 0.00 0.652 0.020 0.141 0.039 0.060 0.041
C8-5 3 900 0.71 0.04 0427 0.034 0.00 0.628 0.002 0.139 0.000 0.107 0.035
Cl14-2 7 900 1.91 0.14 0.726  0.075 0.00 0.628 0.003 0.093 0.014 0.086 0.010
H,0-CO, experiments
13-1%* 5 900 1.69 0.07 0.888 0.049 0.26 0.05 0.641 0.023 0.132 0.071 0.073  0.007
13-5% 5 900 0.89 0.04 0.285 0.018 0.80 0.06 0.639 0.003 0.125 0.031 0.120 0.007
13-4* 5 900 1.33 0.07 0.546 0.039 0.64 0.07 0.627 0.005 0.123 0.017 0.089 0.008
13-2% 5 900 1.73 0.08 0936 0.061 0.29 0.01 0.635 0.003 0.128 0.006 0.053 0.011
13-3* 5 900 1.59 0.07 0.772 0.048 0.44 0.04 0.636  0.003 0.131 0.012 0.068 0.007
27-2% 3 900 1.18 0.07 0.897 0.080 0.22 0.04 0.634 0.003 0.109 0.009 0.084 0.007
27-5% 3 900 0.77 0.05 0478 0.047 0.35 0.04 0.634 0.002 0.101 0.013 0.115 0.007
27-3* 3 900 1.25 0.10 0990 0.109 0.25 0.04 0.634 0.002 0.092 0.019 0.079 0.008
27-4* 3 900 0.85 0.06 0.544 0.053 0.33 0.06 0.636 0.005 0.109 0.010 0.103 0.003
20-3* 5 900 1.29 0.12  0.513 0.070 0.63 0.07 0.635 0.006 0.111 0.019 0.106 0.006
19-4* 5 900 0.57 0.03 0.158 0.010 1.01 0.14 0.631 0.003 0.075 0.010 0.125 0.006
33-1%* 5 800 1.65 0.13 0.674 0.072 0.18 0.03 0.635 0.003 0.162 0.017 0.049 0.005
33-5% 5 800 1.24 0.08 0.389 0.035 0.86 0.05 0.635 0.003 0.130 0.011 0.059 0.008
29-2%* 7 900 1.77 0.19 0.593 0.092 0.78 0.13 0.634 0.006 0.127 0.016 0.053 0.005
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Fig. 1. Variation of weight percentagesof Na,O and K, O in cordierites with pressure, temperature and weight percentages of H,O and CO,.
(a) and (b) show data from 5 kbar, 900 °C experiments, (c), (d), (¢) and (f) are from all pressuresand temperatures studied. For ease of reading
the Na,O and K,O values have been plotted on the same scales but displaced from one another with Na,O relating to the y-axis scales on the
leftand K, O to the y-axis scales on theright of each diagram. For key to symbols see insetin (b). The dashedline in (e) is the variation of Na,O
with temperature observed by Knop & Mirwald in the presence of albite and at aH,0 = 1 (pers. comm., 2000). Lines labelled Na,O and K,O
are best-fitlines through our data.

Analytical results

The elements that make up the framework of the cordierite
did not change significantly in most experiments. Analyses
of the mean cordierite channel occupancy for each experi-

ment are shown in Table 2 where, at room temperature, H,O
and CO, are likely to be held within the “channel” cages and

Na in the “channel” necks (e.g. Schreyer, 1985). At room
temperature K is located just above and below the six-fold
rings in synthetic K-substituted hexagonal cordierite (Kim
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et al., 1984). However, Aines & Rossman (1984) showed
that, although H,O is ordered at room temperature and pres-
sure, at high temperatures its position and orientation are
more disordered. This loss of order may also be mirrored by
the alkalis at high temperatures.

Fig. 1 shows six graphs of the Na,O and K,O variation in
cordierite BB3a with H,O content, CO, content, pressure
and temperature. For clarity the results from 5 kbar and
900 °C are shown separately. Table 1 and the first row of Ta-
ble 2 give the initial composition of the cordierite starting
material that contained 0.05 wt% Na,O (370 ppm Na) and
0.03 wt% K,0 (250 ppm K) measured on the electron probe.
Sodium measured with SIMS was found to give an identical
value, within error, of 440 ppm (0.06 wt% Na,O). Almost all
the post-run compositions have an increased Na and K con-
tent supplied by the Na- and K-rich granitic melt. On these
six graphs both the H,0O-only and the H,0-CO, experiments
have been plotted. There is no appreciable difference be-
tween the two sets of data.

Variation in cordierite Na and K contents

We measured compositional profiles across cordierite
grains to examine whether Na,O or K,O changed in close
proximity to the melt and found very little systematic varia-
tion across any given grain. In a few experiments at higher
pressure and more water-rich conditions, cordierite displays
more magnesian rims (X, of up to 0.75, not included in Ta-
ble 2) up to 10 um wide (Harley & Carrington, 2001). De-
spite this evidence for Fe and Mg disequilibrium, Na and K
do not appear to increase in close proximity to the melts.
The data we present here in Fig. 1a to f for the H,0-CO, data
are mean values taken from throughout these cordierites. In
the H,0-CO, experiments occasional cordierite analyses
were high in alkalis, but no systematic zoning was observ-
able. Care was taken not to collect analyses from ‘free’ sur-
faces of cordierite that were not enclosed by melt, in order to
limit the possibility of any influence of quench-related flu-
id-cordierite exchange on the alkali contents measured.

In the water-rich experiments of the H,O-only system
cordierite is observed to resorb or react along the boundaries
and cracks in the cordierite grains to form minor amounts of
spinel and a melt that contains a larger proportion of Na and
K. This is considered to reflect localised incongruent melt-
ing of the cordierite (Harley & Carrington, 2001). It can be
difficult to identify the edge of the cordierite-melt interface
in these cases, even using back scattered electron imaging.
Hence, in these water-rich experiments rastered cordierite
rim analyses may be partly contaminated by melt, leading to
higher measured values for Na,O and K,O. Analyses within
15 um of the boundaries were therefore omitted when calcu-
lating the mean cordierite compositions in the H,O-only ex-
periments.

Sodium contents

Na,O varies little within the errors of measurement. There
may be a very slight increase in Na,O with H,O content, as

seen in the 5 kbar, 900 °C data (Fig. 1a). An apparent in-
verse variation of Na,O with CO, content at 5 kbar, 900 °C
(Fig. 1b) relies strongly on the most CO,-rich point and is
not supported by the data as a whole (Fig. 1d). Na,O appears
to decrease very slightly with T (Fig. le), by approximately
1.8 x 10* wt% Na,O/ °C (= 3.5 x 107 apfu/ °C) but this ef-
fect is very small and may not be real. There is no apparent
variation with pressure (Fig. 1f). Such simplified two-di-
mensional plots may mask any covariation between these
variables. If there was a slight negative dependence of Na,O
on temperature one might expect it to show a small positive
correlation with water content, as water content in cordierite
is inversely related to temperature (Harley & Carrington,
2001). However, diagrammatic evaluation of these vari-
ables did not demonstrate any such relationship. Thus we
analysed the data by stepwise regression using the pro-
gramme Minitab 12 (see reference list for source), with an
appropriate F-statistic for the inclusion or exclusion of a
variable set at 4.0. This statistical approach demonstrated
that there were no significant predictors for wt% Na,O
amongst all of the variables tested (P, T, wt% H,0, wt%
CO,, wt% Si0,, wt% Al,O5, wt% FeO, wt% MgO). A slight
negative correlation with wt% K,O was calculated by this
procedure but any correlations with temperature or water
content were not significant, confirming the results of the
simple diagrammatic approach.

Potassium contents

K,O generally varies more than Na,O across the range of
experimental conditions. K,O decreases with increasing
H,O content of the cordierite in both the 5 kbar, 900 °C ex-
periments (Fig. la) and the data from all P-T conditions
studied (Fig. 1c). As temperature increases K,O in cordier-
ite increases by approximately 4.5 x 104 wt% K,0/ °C (=
6.0 x 10 a.p.f.u/ °C), some -2.5 times the Na,O effect in
wt% terms (or -1.7x in a.p.f.u. terms). Stepwise regression
(Minitab 12, see reference list for source) on all the raw data
(i.e. P, T, wt% H,0, wt% CO,, wt% SiO,, wt% Al,O;, wt%
FeO, wt% MgO, wt% Na,O) confirms that the wt% K,O is
significantly dependent on both the temperature and wt%
H,0. Stepwise regression also demonstrates that CO, and
pressure have little impact on wt% K,O, as can also be seen
from the plots of Figures 1b, 1d and 1f.

Thermometer

From the results described above a provisional thermometer
can be devised for cordierites that have been in contact with
granitic melts of a similar composition to the one we have
studied here. This thermometer can either be constructed us-
ing an empirical fit to the raw data, or transformed so that
the coefficients obtained have some thermodynamic signifi-
cance. Although the variations in K and Na are not of equiv-
alent magnitude, to a first approximation they may be de-
scribed by an alkali exchange reaction between the melt and
the cordierite,

Na-crd + K-melt = K-crd + Na-melt. (D)
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The exchange may be more complex than this, in that it
may involve a number of structural sites and other cations.
The data presented here do not warrant the development of
amore complex model, as can be shown by consideration of
the analytical errors. The total cations per cordierite formula
unit is consistently higher than 11 in these experiments. This
excess is explicable by the alkalis lying in channel sites and
not in the framework of the cordierite, in agreement with
previous interpretations (e.g. Schreyer, 1985). Accordingly,
we have examined our data for the coupled substitution Al +
alkali = O + Si, following the methods of Schreyer ef al.
(1990) and Wolfsdorff & Schreyer (1992). If the substitu-
tion mechanism is Al + alkali — [+ Si, we would expect
our most alkali-rich samples to exhibit a 0.05 a.p.f.u in-
crease in Al (from 4 a.p.f.u.) and decrease in Si (from 5
a.p.f.u.) relative to alkali-free cordierite. However, the max-
imum difference in Al or Si between our most alkali-rich
and alkali-poor cordierites expected from the observed vari-
ations in alkalis should only be 0.02 a.p.f.u. (e.g. 4.03 to
4.05 a.p.f.u. inthe case of Al). Errors in the measurement ac-
curacy of Si and Al make such small differences indistin-
guishable with the analytical data obtained here. This does
not negate the possibility of the substitution mechanism pro-
posed by Schreyer et al. (1990) controlling the alkali con-
tents of our cordierites, but likewise does not allow us to de-
fine the substitution with any degree of confidence.

The equilibrium constant for reaction (1) will be related
to the activities of each phase by

acrd a melt
— K KFMAS
Keq - erd melt (2)
aNa ANaFMAS

The potassium and sodium components of the melt exhibit
some non-ideal mixing in the presence of water. This is
highlighted by the difference in water solubilities in albite
and orthoclase melts of 11.6 and 10.4 wt% H,O respectively
at S kbar and 1100 °C (Behrens, 1995). Currently there is lit-
tle evidence of any significant non-ideal mixing in the cordi-
erite channel sites and so as a first approximation we have
assumed ideal behaviour with an activity coefficient of uni-
ty. Thus the equilibrium constant may be expressed as

crd melt melt
K — XK ’YKFMASXKFMAS
o = Xcrd melt Xmelt (3)
Na ¥ NaFMAS > NaFMAS

where X and ¥y are the mole fractions and activity coeffi-
cients respectively for each component. Expansion and sim-
plification of (3) leads to the relation

~ E crd E melt Yix mclt
el )G

where K and Na are the number of atoms per formula unit.
Since in these experiments there is a large reservoir of Na
and K in the melt and the cordierite only takes a very small
proportion of Na and K into its structure the Na/K ratio for
the melt should remain close to constant with an initial value
for these experiments of (Na/K)™e! = 1.39 (calculated from
Carrington & Harley, 1996). Our best measurements of al-
kalis in these melts indicate that they do indeed change very

little during the experiment with the (Na/K)™e! ratio lying
between 1.61 and 1.39 (Thompson & Harley, in prep.).
Hence equation (4) becomes

K crd ¥ melt
Keq=1.39 — £
o) ®

Taking the natural log of equation (5) gives

crd melt
InKe = ln(;?) +1n1.39—ln[YKJ 6)

a YNa

We have thus separated InK,, into ideal and non-ideal
terms. The ideal term is easily calculated for each of our data
points but the non-ideal term cannot be evaluated. It is, how-
ever, useful to consider what form the non-ideal term may
take so that we may devise a thermometer including param-
eters that more closely approximate expected thermody-
namic functions.

If we assume a ternary symmetric regular solution model
for the mixing between Na, K and H,O in the melt (e.g.
Wood & Fraser, 1977) the activity coefficients can be ex-
pressed as

RT Iy = (X3 ) Wit + (X3 ) Wity

11,0
+ chlleclL [Wmclt + Wmclt _ Wmcll ] (7)
Na “MH,0

KNa KH,O NaH,0

and
RT Iy = (X Wik + (Xis F Witk

melt~7 melt [ melt melt melt ]
+ XK XHZO WKNa + WNaHZO - WKHlo

®)

where X terms are again mole fractions of components and
the W terms are interaction parameters between the differ-
ent components in the melt. These interaction parameters
are dependent upon temperature but their values are poorly
known (Holland & Powell, 1998) or unknown.

A more useful expression in line with equation (6) can be
derived from

melt
RT h{“) =RT Iny?*" —RT lny ", 9)
’Y Na

By substituting equations (7) and (8) into (9) we obtain

melt )2( melt melt ) melt ( melt melt )Wmell
+ (XH20 Wiio — Waan,o ) + KoK —Xg KNa

melt melt melt melt melt melt melt melt
+XH20 (XI\'a +Xi )WKHZO_XHZ() (XNa + XK )HNaHZ()'

Rearranging equation (10) gives

melt
RT h{—“’ | = w e - X s + x )
’YNu

melt

Tk _ et mel(l melt (7 melt melt mell( melt melt )

RT ln[Y 7(XNU +XK WKNa (XNu _XK )+Xuzo WMIZO _Wmu:o ]
Na

melt ¥ ( melt meh) melt ( melt melt )Wmcll
+ (XHZ())‘ WKHL() - WKNa + XHE() X.\'a - XK KNa
_ ~xrmelt melt melt melt mele melt
- ano (WKT—I:O - WKNa IXK + XNa + XHEO]

melt ( melt melt Yy mele melt melt
+ WK\Ia (XNa -Xx IXK + X\Ia +ano ]

an

As [Xmelt 4+ Xmelt + XTel] = 1 we can simplify this expres-
sion to
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’YNa

Although we do not know the three interaction parame-
ters in this equation or their temperature dependence we do
know that the mole fractions of Na and K are fairly constant
and of similar magnitude. In the starting material the differ-
ence between the mole fractions of Na and K in the melt
(Xmelt 4+ Xmel is only 0.04, so that the compositional func-
tion in the second term in equation (12) is much smaller than
the mole fraction of water term i.e.

melt melt melt melt melt melt
XHZO (WKHZ() _WKNa ) > WKNa (XNa _XK )

melt
RT 1(7—] =X (Wiilo — Wt J+ Wt (X3 - X). (12)

>> 0.04Wrt

KNa -

This implies that RT In(yy/yx,)™" is approximately equal to
Xmell (Wiek - — Wilt ] The macroscopic H,O solubility in
relevant granitic melts is approximated by the Burnham
model (Burnham & Nekvasil, 1986), so that

1,0

k

W

Xith = =2, (13)
where the proportionality term k,, can be evaluated at the P-
T condition of the experiments using the approach of Harley
& Carrington (2001). The value of k,, ranges from 3.65 at 3
kbar, 800 °C to 2.07 at 7 kbar, 1000 °C. Combining (13)
with the approximated version of (12), it follows that
RT In(yi/vYn,) " is approximately proportional to VaH,O.

If we consider the standard thermodynamic formulation
(e.g. Spear, 1993)
_nk., = AH(P.T) _AS(P.T)

RT R

from (6) and (12) we can write the relationship

erd melt

_AH®.T) + AS(P.T) =In LS +1n1.39—In| T
RT R Na Yna

15

0.04

crd Wmeh _Wmelt H O
:ln[Kj o1 30 Viio ~ Wi) VT, 1+ 008 gyt

(14)

Na RT k, RT
We can resolve this expression into the form of a plane y=A
+Bx+Cz

K crd B
In—| =A+—=—+C,aH,0,
H[Na] T an, (16)

where

A

_AS®T) a0
R o

_AHPT) 0.04

B= R R KNa »

2

RT k

w

(16) is the equation of a plane with axes In(K/Na)", 1/T and
aH,0, where K and Na are in atoms per formula unit and T

melt melt
C= (WKH o WKNa )

is in Kelvin. The value of In(K/Na)*™ in atoms per formula
unit can be simply calculated for any cordierite as equiva-
lent to In(wt% K,O/wt% Na,0)° + In(62/94).

In order to fit a plane through our data we need to calcu-
late the water activity from the water content of the cordier-
ite. This has been done using the model of Harley & Car-
rington (2001) for water incorporation in cordierite and the
values are shown in Table 2. When fitting the plane we could
have taken the temperature term out of the C coefficient.
However, from our data we can not distinguish a difference
in the slope of the activity term at each different temperature
and thus for simplicity and to retain independent axes we
have fitted the equation as shown above. Thus the equiva-
lent coefficient for a VaH,0O term would be simply our C
values divided by the mean temperature (1173 K) of our ex-
periments.

Planar regression is a complex problem as there are errors
in all three parameters for each point. We used a York fitting
programme (Ludwig, 1992) that is commonly used in geo-
chronology. The programme follows the method of York
(1967, 1969) which permits least squares regression in three
dimensions with error bars in the x, y and z directions. Thus
a plane was fitted to give values of the coefficients A, B and
C, their standard deviations and the correlations between A,
B and C (Table 3).

The parameters A and B can be converted into approxi-
mate values for entropy (AS) and enthalpy (AH) of the ex-
change reaction (1) at the average T of the experiments
(900 °C). This yields AS =~ 82 JK-'mol, and AH -~ 90.5
kJmol! to ~ 89.5 kJmol! depending upon the magnitude
of the melt interaction parameter, Wyy, (0 = Wy, <22
kJmol-!, given that there is no unmixing of the melt into K-
and Na-rich compositions at T <1300 K). Thus, the enthal-
py of exchange of K for Na in cordierite is strongly endo-
thermic, and the entropy change for this exchange is of a
similar magnitude (but less than) the entropies associated
with the liberation of H,O or CO, from cordierite (Harley et
al., 2001).

To use this as a geothermometer, equation (16) is rewrit-
ten as

crd
T:B/[IH(KJ ac aﬁzo}.
Na

Unlike a standard regression that only allows for y-residu-
als, the York fitting programme (Ludwig, 1992) does give
equivalent coefficients for an identical plane whichever ax-
es are chosen as the input. Thus rearranging the equation
and propagating the errors in a standard manner is reason-
able in order to obtain the statistical error in the fit of the
plane (see Appendix). Fig. 2a shows a projection of our data

an

Table 3. Coefficients, 16 errors and correlation coefficients for the
terms of equation(14) when K and Na are givenin atoms per formula
unit and T in Kelvin.

Coefficient Value 1o error Correlation Value
coefficient
A 9.539 2.850 Pap -0.9952
B -10890 3400 Psc -0.2060
-1.303 0.427 Pac 0.1121
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Fig. 2.a) A plotof cordierite In(K/Na) against 10*/T data used for fitting the plane (equation 16), projected along the plane to aH,0 = 0.5. The
solid line is our modelled plane and the dashed lines are the propagated 10 errors in the fit of the plane at a water activity of 0.5.b) An equiva-
lent projection along the fitted plane to show the dependence of In(K/Na) with aH,0.
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Fig. 3. The predicted temperature for each of the original data points
has been calculated using equation (18) and plotted against the true
temperature of the experiment (Nominal T). The predicted T for any
nominal T is given by the solid line. The two dot-dash lines are the
1o envelope in the fit of the original plane i.e. the precision of the
thermometerat aH,O = 0.5. The dashed lines are an approximate 16
envelope for the accuracy of the thermometer (see text for discus-
sion). When an absolute temperature is required the larger errors
mustbe used but for a temperaturedifferencethe precision (plane fit-
ting error) is sufficient.

1000 1100

along the plane onto the In(K/Na)< vs 1/T plane at aH,0 =
0.5 with the best fit line and the error envelope at 10 of the
fitted line. Fig. 2b shows the complementary projection
along the plane onto the In(K/Na)*® vs VaH,O plane at
900 °C.

Thus from (17) the provisional thermometer is

T= —10890(13400)/{]11[£ ]— 9.539(+2.850)
Na
(18)
+1.3O3(iO.427),/aH20}

where K and Na are in atoms per formula unit of cordierite
and T is in Kelvin. This thermometer is only strictly valid
for a melt with a (Na/K)™!' = 1.39. The accuracy but not the
precision of the thermometer will decrease as the alkali ratio
of the melt deviates from this value. The effect of the varia-
tion in melt composition is discussed in the section on limi-
tations of this thermometer below.

Fig. 3 shows the predicted temperature for each of our
original data points calculated from equation (18). The solid
line is the predicted temperature for any nominal tempera-
ture in the experimental range. The dot-dash line drawn in
this figure shows the 67.5% (i.e. 10) confidence envelope in
fitting the line at a water activity of 0.5. It is effectively the
precision of the calibration of the thermometer (Hodges &
McKenna, 1987) and is unrealistically small when com-
pared with the spread of the original data. This confidence
envelope cannot be used as a prediction error, i.e. it does not
give the accuracy of the thermometer. Errors in the predict-
ed temperature based upon this regression equation will be
significantly larger. The York fitting programme does not
permit predicted errors to be determined from a previous
calibration such as we need to do here. Hodges and McKen-
na (1987) describe a method of calculating realistic error in
the accuracy of a thermometer by using a Monte Carlo ap-
proach for fitting a line in two dimensions. For three dimen-
sions the problem becomes significantly more difficult. As
a first and minimum approximation we have drawn in the
dashed lines that include approximately 67% of the original
data points (Fig. 3) and are thus 16 uncertainties. Thus, for
a water activity of 0.5, a predicted temperature of 900 °C
has a 1 6 error of approximately +45 °C that is 5 times larger
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than the error in fitting the plane (£9 °C 10) at these condi-
tions. The prediction errors may appear large in comparison
to the experimental range studied, however, this uncertainty
compares favourably with other geothermometers [e.g.
+50 °C for garnet-biotite Fe-Mg exchange (Ferry & Spear,
1978); £40 °C for garnet-orthopyroxene Fe-Mg exchange
(Harley, 1984)]. When using this thermometer additional er-
rors will result from any inhomogeneity in the cordierites
analysed. However, when calculating temperature differ-
ences between cordierites for the same melt composition,
these problems in determining the accuracy of the thermom-
eter are not important and the more easily determined errors
in the precision (see appendix) are all that is required.

Limitations of the thermometer

For the effectiveness of the provisional thermometer to be
maximised there must be a granitic melt of close to a eutec-
tic composition with a (Na/K)™! ratio of 1.39 in equilibrium
with the cordierite. The proportion of melt must be large
enough for the exchange of Na and K with the cordierite to
not significantly affect the composition of the melt. We have
not measured the effect of changing the melt composition in
these experiments. However, we can estimate the range of
compositions to which we can apply this thermometer by
substituting different melt compositions into the equation
and examining the deviation in the predicted temperature.
The greatest contribution to the deviation in temperature is
derived from the In(Na/K)™" term (=1n1.39) in parameter A
of equation (16) but there is a small effect from the (X"l —
Xmelt) term (= 0.04) of the B parameter. If we take our previ-
ous assumption that the interaction parameter Wy, must be
less than 22 kJmol! (given the lack of unmixing in the melt
at T = 1300K) we can show that the thermometer is accurate
within 20 °C if the melt composition is approximately 1.65
SIn(Na/K)™et <1.19 and 0.015 <(Xmelt— Xmelt)  <0.085.
This defines a zone on a ternary Qz-Ab-Or plot that is
roughly parallel to a line radial from the Qz apex. If we com-
pare this to the range of experimentally determined eutectic
minimum melt compositions illustrated in Figure 2.20 of Jo-
hannes & Holtz (1996) it is apparent that this range includes
all minimum melt compositions at aH,0 <0.5 for all pres-
sures between 1 and 8 kbar. At higher water activities the eu-
tectic melt compositions determined at higher pressures
(e.g. over 2 kbar) will result in a larger temperature devia-
tion. Given the limitations in the available experimental da-
ta and constraints on the value of the Wy, interaction pa-
rameter, it is not possible to extend the thermometer present-
ed above to these high pressure-high aH,O conditions. At
higher temperatures the thermometer may be applicable un-
til cordierite melts, but it must be recognised that at such
high temperatures there will also be more scope for varia-
tion in the composition of the melt and thus a greater likeli-
hood of the thermometer giving inaccurate results.
Application of the thermometer to natural rocks is further
complicated by the general inability to confidently estimate
the composition of the last melt in equilibrium with cordier-
ite from whole-rock chemical data. In plutonic rocks and
migmatite leucosomes it is widely recognised that the mea-

sured rock compositions do not correspond to those of the
minimum because of the effects of accumulation of early-
formed minerals, restite and late-stage melt loss (e.g.
Kriegsman, 2001; Sawyer, 1996). Hence, the best procedure
for estimation of the appropriate minimum melt composi-
tion would be to use a diagram such as Figure 2.20 of Johan-
nes & Holtz (1996) coupled with independent pressure and
water activity (which can be established from the cordierite
volatile content) estimates.

It is likely that the temperature determined by this ther-
mometer would be that at which the cordierite was last in
equilibrium with the melt, and thus the thermometer is most
likely to give the temperature at which the melt crystallised
or escaped. This assumes that there is no potential for
change in cordierite K/Na subsequent to melt removal or
crystallisation. However, if other K-Na bearing mineral
phases such as micas or alkali feldspars are present follow-
ing melt removal or crystallisation then the K/Na of cordier-
ite may change through continued re-equilibration and ex-
change with these minerals. Clearly, in such cases the final
K/Na measured in cordierite may bear no resemblance to
that attained when cordierite and melt were in equilibrium.

Further important limitations on the use of this thermom-
eter are imposed by the analytical precision of the electron
microprobe. At low temperatures, of less than about 750 °C,
K,O will be very small and difficult to measure precisely as
the detection limits of potassium on the electron probe are
approximately 0.04 wt% K,O. Also at the lower tempera-
ture end of the range the K/Na ratio will become very small
e.g. at 700 °C and unit aH,0O the model K/Na ratio is only
0.05. This means that the relative errors in K/Na become
larger, compounding the uncertainties arising from the de-
tection limitations. This thermometer has only been cali-
brated with a Li- and Be-poor cordierite, and as a conse-
quence the effects of these other components in the system
are also unknown.

Comparison with previous studies on Na in
cordierite

Knop & Mirwald (2000) describe a decrease in Na content
of cordierite with temperature above the eutectic in the cor-
dierite-albite system. The dashed line drawn in Fig. le
shows the decrease in Na,O with temperature observed by
Knop & Mirwald (pers. comm.). The variation in the Na,O
with temperature that we observed is approximately an or-
der of magnitude smaller than their results. In contrast to the
results of Knop & Mirwald (2000), adding CO, to the sys-
tem does not reduce the Na content, and the H,O-undersatu-
rated experiments and H,0-CO, experiments are indistin-
guishable in Na,O and K,O. In addition, for the H,0-CO,
experiments there is no obvious systematic variation in
Na,O as the CO, content of the cordierite increases. The rea-
son for this discrepancy between our data and that of Knop
& Mirwald (2000) is not clear. Mirwald (1986) also identi-
fied a strong temperature effect on the sodium content in his
experiments conducted on Mg-cordierite with NaOH at
temperatures below the melting interval. His experiments at
800 °C contained similar quantities of sodium to ours but
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the gradient was similar to Knop & Mirwald (pers. comm.).
Knop & Mirwald (pers. comm.) also reported similar Na,O
vs T gradients in the cordierite-albite system below the eu-
tectic but offset to lower sodium contents from the line
shown in Fig. 1. They suggest that the gradient decreases,
producing lower sodium contents, as the water activity is re-
duced. This would agree with our observation of there being
a positive correlation between Na and H,O, but the effect
they observed was much greater than that which we tenta-
tively identified from Fig. 1a and c.

The more interesting result of our work is the greater var-
iation of potassium with both H,O and temperature. Previ-
ous studies do not report such correlations and indeed the
natural high-potassic cordierites of Schreyer et al. (1990)
showed high electron microprobe totals that suggested cor-
dierites were volatile-free. Although many papers ignore
the potassium contents of cordierites by attributing them to
the effects of pinitisation it is odd that the majority of rele-
vant publications that do report potassium contents do not
find such high levels as we have obtained in this experimen-
tal study. Our model is a simple one by comparison with nat-
ural rocks and there are clearly many other factors yet to be
accounted for that may influence the system. For example,
Na-K exchange between cordierite and other minerals such
as biotite, muscovite and feldspar may reset the alkali con-
tents during cooling at temperatures below those at which
melt remains stable.

Our analytical method does not allow the two room tem-
perature types of H,O channel sites to be distinguished (Ai-
nes & Rossman, 1984). If the relationships of Visser et al.
(1994) and Stolpovskya et al. (1998) were true for our ex-
perimental cordierites, the low Na and K contents in all sam-
ples would imply that the majority of the H,O would lie in
Type-I sites with the H-H vector lying parallel to the c-axis.
Given the lack of a large variation in Na and K this would al-
so imply that the Type-I site must accommodate the major
changes in the H,O content in these experimental cordier-
ites. At experimental P-T conditions these sites for the H,O
may breakdown into a more disordered “free state” (Aines
& Rossman, 1984). It is possible that other channel constitu-
ents may show similar behaviour at experimental condi-
tions.

Conclusions

Our data has shown that there can be significant variations
in the potassium content of cordierites in contact with a gra-
nitic melt of essentially fixed composition. The potassium
compositions appear to be controlled in particular by tem-
perature and water content, whereas sodium contents are
near-constant. We have constructed a provisional thermom-
eter based on these compositional features which may be
useful for high-temperature, migmatitic cordierite-bearing
rocks and should be tested further using high-quality data
from such rocks. We recommend that sodium and potassium
should be measured more frequently and carefully in natural
cordierites as, with an estimate of the water activity, they
may provide further clues to the crustal and metamorphic
histories of high-grade terrains.
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Appendix on error propagation methods

The general formula used for error propagation is

(o

Thus, for calculating the plane fitting errors in T from the er-
rors in A, B and C, the ternary expansion of (A1) will be

, (8TY , (sTY , (8TY
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where for equation (15)
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and the values of G,, O, O¢, Pag> Prc and P can be found
from Table 3.
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