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LETTER

A method for controlling alkali-metal oxide activities in one-atmosphere experiments and
its application to measuring the relative activity coefficients of NaQ,; in silicate melts

HUGH ST. C. O’NEILL*

Research School of Earth Sciences, Australian National University, Canberra, ACT 0200, Australia

ABSTRACT

The activity of alkali metal oxides can be controlled in one-atmosphere wire-loop experiments at
high temperature by suspending a crucible containing alkali silicate melt beneath the samples. The
method has been applied to measuring the activity coefficient of NaQOys in a series of CMAS-NaQ, s
melts relative to that in the anorthite-diopside eutectic composition at 1400 °C, using a reservoir of
NaO, 5-SiO, melt. The results show that this relative activity coefficient decreases strongly with SiO,,
increases with CaO and MgO, but is insensitive to AlO,s. This latter behavior is inconsistent with
“quasi-crystalline” models of melt thermodynamics that hypothesize Na-Al species.

INTRODUCTION

A well-known problem afflicting high-temperature experi-
ments at atmospheric pressure or under vacuum is loss of alkalis
by volatilization (e.g., Donaldson et al. 1975; Donaldson 1979;
Corrigan and Gibb 1979; Appora et al. 2003). In extreme cases
of high temperatures, low fo,, small sample sizes, and long run
times, the alkali elements may be lost almost entirely from the
experimental charge (e.g., O’Neill and Mavrogenes 2002). The
wire-loop method of suspending samples is particularly vulner-
able to alkali loss (Donaldson et al. 1975), but such loss is also
observed in stirred-crucible experiments (Ertel et al. 1997). Yet it
is often also observed that intended alkali-free compositions be-
come contaminated in one-atmosphere experiments from alkalis
lost from previous experiments in the same furnace. Furthermore,
alkalis often seem to exchange between wire-loop samples run
adjacent to each other; for example, Appora et al. (2003, p. 465)
reported that “glasses with initially different Na contents ap-
proach a common major-element composition (in some cases
including increases of Na-poor glasses loaded adjacent to Na-rich
glasses) over the course of an experiment, suggesting that Na is
not only lost but also exchanged between adjacent melt drops.”
In fact, the Na exchange between samples in an experiment ap-
pears to be quite remarkably quantitative, as the example shown
in Figure 1 from my own work demonstrates.

Here I discuss a method of controlling alkali metal oxide ac-
tivities in one-atmosphere experiments based on these observa-
tions. [ have recently used the method to investigate the effects of
NaOy s on the solubilities of S in silicate melts at low fo,, extending
previous work reported in O’Neill and Mavrogenes (2002), and
on the activity coefficients of Ni and Co in CMAS-NaQ, 5 melts,
extending the previous work on CaO-MgO-AlO, 5-SiO, (CMAS)
melts reported in O’Neill and Eggins (2002). These new results
will be presented elsewhere; here, I showcase the method by re-
porting a preliminary investigation on how the activity coefficients
of NaO, s in silicate melts (Yxu.o, ) vary in the system CMAS at
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1400 °C. Of particular interest is testing the hypothesis widely
adopted in the geological literature that the thermodynamics of
silicate melts can be modelled appropriately using components
that reflect the stoichiometries of the crystals in equilibrium with
the melts between their solidi and liquidi (the “quasi-crystalline”
model; Hess 1977; Burnham 1981; Ghiorso and Sack 1995; Hol-
land and Powell 2001). Alkali metals occur in common rock-
forming minerals coupled with Al (e.g., for Na, some common
components are NaAlSiO, in nepheline, NaAlSi;Oy in feldspar,
and NaAlSi,Og in clinopyroxene), which, in the quasi-crystalline
hypothesis, implies Na-Al interactions in the melts. Thermody-
namically, the formation of a complex between components in a
silicate melt causes negative departures from ideal mixing (e.g.,
Navrotsky 1995; Hess 1995), hence the hypothetical Na-Al in-
teractions should result in a decrease in the activity coefficient of
NaQ, s as the AlO, 5 content in the melt increases, if the relative
mole fractions of other components are held constant. This is
readily tested with the method described here.

EXPERIMENTAL STRATEGY

The method has the virtue of being very simple and easy to
implement. Typically, samples in one-atmosphere gas-mixing
experiments are attached to wire loops (e.g., Donaldson et al.
1975); in my laboratory, the loops are then suspended, several at
a time, from a “chandelier” made of thick Pt wire, as described
in O’Neill and Mavrogenes (2002) and O’Neill and Eggins
(2002). The control of NaQ, s activity is achieved by hanging
an open Pt crucible containing a suitable composition on the
join NaQ,s-SiO, a few centimeters beneath the “chandelier.”
Obviously any alkali oxide-silica mixture can be used as required
(KO, 5-Si0,, NaO, 5-KO, 5-Si0,, etc.). The crucible contains 5 to
10 g of melt, thus providing a reservoir of the alkali oxide that
is 10% to 10° times that in the samples (which typically weigh
<100 mg each). Alkali evaporates from the surface of the crucible
[NaQ, 5 (reservoir) — Na(g) + 1/4 O,], bathing the samples in
alkali vapor, which dissolves in the samples [Na(g) + 1/4 O, —
NaQO, s(sample)]. As implied by the data in Figure 1, the alkali
loss out of the hot zone of the furnace is slow, and a time series
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FIGURE 1. Sodium exchange among compositions from a conventional
wire-loop experiment (B26/3/02) on the join ADeu—Na,SiOs;, run at 1400
°C, fo,= 10" bars, 118 hours. Compositions are the means of six analyses,
error bars are +20, and SiO, is plotted renormalized to an Na-free basis
([Si0,]°). The intended compositions would fall on the dashed curve.
Final compositions show both Na gain (the two samples lowest in SiO,)
and Na loss. The remarkably regular correlation between final [NaOy ]
and [SiO,]° is explained by assuming constant afig among the samples,

Qs
with the correlation caused by decreasing Yy.o, ; With increasing SiO,.

of three replicate experiments (in air) shows that a steady state
is reached within 8.5 hours, and is maintained for several days
at least. Because fo, cancels out between the evaporation and
condensation of Na(g), it might have been presumed that the
steady state corresponds to equilibrium between reservoir and
samples (i.e., am 0‘2 = a&?@{f‘s’“), but this is found not to be the
case. Instead, it is observed that the concentration of NaQ, s in a
sample increases with decreasing foz at constant NaQ, 5/SiO, in
the reservoir, indicating that the steady state is controlled partly
by the rate of evaporation, which increases with decreasing fo,,
because the dominant Na species in the gas phase is monatomic
Na. Also, keeping all other factors constant, the amount of NaO, 5
in a sample is found to depend on how far the reservoir is hung
below the samples. Positioning the reservoir ~10 cm below the
samples allows the latter to be bathed more evenly in the Na vapor
than if the reservoir is nearer, giving greater reproducibility as
judged from replicate runs; but the reservoir is then displaced
from the hot-spot of the furnace, precluding true equilibrium
with the samples (for 10 cm below, AT is about 30 °C at 1400
°C in the furnace used for this study).

My strategy, therefore, has been to accept that the activities
of NaQy s in the samples will not be the same as in the reservoir,
but rather to make use of the observation, based on replicate
measurements (see below) that a$g 0‘2 is the same for all samples
in a set in any given experiment, when the reservoir is hung suf-
ficiently far below the samples. By definition:

xa0 5 = Xnaog s a0y 5 (D

Let one of the compositions in the experiment be a standard
reference composition, used in all experiments. The hypothesis
of constant a3y 0‘; then gives:
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sample __ ref sample ref
NaOys — (XNaOO_5 /XNaOns )'\fNaoos 2)

The anorthite-diopside eutectic composition (hereafter ADeu)
was chosen as the reference melt, although any relatively low-
melting composition that does not include volatiles or heterova-
lent elements like Fe would be suitable. Normalizing to a standard
reference composition included among the samples avoids the
difficulties of retrieving and accurately analyzing the NaO, 5-SiO,
melts in the reservoir. Nevertheless, it is obviously useful to es-
tablish an empirical understanding of the variation between the
NaOQ, 5/Si0, ratio in the reservoir and NaQ, s in the samples as a
function of experimental variables such as foz, temperature, and
reservoir position, so that the reservoir composition can be set to
achieve a desired concentration of NaO, 5 as closely as possible.
In practice, experience with a few runs at a given temperature and
Jo, 1s all that is required to anticipate the resulting NaO, s content
of the ADeu standard melt to +1 wt%. The method works down
to 1200 °C at least; presumably it could be implemented at lower
temperature using, for example, NaO, s-WO; melts.

Two experimental drawbacks need to be mentioned. First,
once an alumina muffle tube has been used for an experiment
with an alkali silicate reservoir it becomes contaminated with the
alkali element in question, potentially contaminating the samples
in subsequent experiments. Secondly, because alkalis can be an-
ticipated to poison thermocouples, the temperature was measured
external to the muffle tube (relying on the thermocouple used
for temperature control) rather than directly over the samples.
For the same reason, no attempt was made to monitor fo, with an
oxygen sensor (although this is not relevant to the experiments
reported here).

The method as outlined above may be viewed as a devel-
opment of previous ideas on imposing an alkali metal vapor
pressure in one-atmosphere experiments. Lewis et al. (1993)
evaporated NaCl in a muffle furnace to provide a Na vapor to
react with melts of chondrule-like composition. Georges et al.
(2000) used a mixture of K,CO; with graphite to produce a K
vapor, also to study chondrule formation.

EXPERIMENTAL DETAILS

Sodium-free silicate melt compositions were prepared from oxides and carbon-
ates, and mounted as beads on wire loops as described previously (O’Neill and
Mavrogenes 2002; O’Neill and Eggins 2002). The NaO, s—SiO, reservoir mixtures
were made from Na,Si0;.5H,0 and SiO,.nH,0, both dehydrated at 900 °C before
weighing. The mixture was loaded into the Pt crucible used for the reservoir and
further dehydrated in a box furnace by heating slowly to 1100 °C, which is just
above the melting point of Na,SiO;. The reservoir crucible was then suspended
from the middle of the “chandelier” holding 6 to 8 samples, and the assembly
introduced into a vertical tube furnace equipped for gas-mixing at 600 °C. The
temperature was then increased at 6 °C/min to the final run temperature of 1400
°C (the experimental temperature of all results reported here).

The majority of the experiments reported here were done in air; usually this was
made to flow through the furnace at a low rate (~50 cm*/min) using an aquarium
pump, but several runs were also made without a controlled air flow, both with
the furnace closed, making for a static atmosphere, and with the bottom left open.
These variations appear to have had no discernible effect. The technique has also
been used exactly as described here with CO-CO,, CO-CO,-S0O,, and O,-SO, gas
mixtures. Samples were drop-quenched into water, the reservoir dropping at the
same time. The reservoir can be recovered, dried, and used again if a similar ay.o, 5
is required for the next experiment. The quenched glass samples were mounted in
epoxy and polished for electron microprobe analysis, which was carried out using
the CAMECA Camebax at the RSES, ANU, in the EDS mode. Standardization
and ZAF correction procedures are described in Ware (1981). Operating conditions
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were 15 kV and 6 nA, a counting time of 100 live seconds, and beam defocused to
~10 um to minimize Na loss. A series of analyses using a beam rastered over 25,
50, and 100 pm squares indicated that the amount of Na loss is negligible for the
glass compositions reported here (Na loss under the electron beam is a problem
more in hydrous glasses). Glasses were in all cases found to be very homogenous;
the observed precision to which [NaO, 5] is determined is generally ~ 2% (106) for
[NaOgs] > 2 wt%.

RESULTS

Figure 2 shows the results for 11 runs on a set of six composi-
tions (called AD6) in the system CMAS + TiO,, which have been
used in the recent studies of O’Neill and Mavrogenes (2002) and
O’Neill and Eggins (2002); the analysed Na-free compositions
are tabulated in both references. These runs were made at differ-
ent fo, values and reservoir NaO, 5/SiO; ratios, which produces a
series of compositions on binary joins of the type ADeu-NaQ s,
etc. The results are plotted as the mole fraction Xy.o, , against that
in the ADeu “reference” sample (X{75; ) in the same run.

In each individual experiment, Xy,o,s decreases in the se-
quence AD + Qz >> AD + TiO,> AD + En > ADeu > AD + Fo
>>AD + Wo, implying the reverse sequence of activity coef-
ficients. Note that varying fo, at constant reservoir NaOy 5/SiO,
causes fairly substantial changes in the values of XNEOO_ 5 recorded
in the samples (the lower the foz, the higher the XNBO()‘S)’ but,
nevertheless, runs at different f02 plot on the same curves; this
result would be difficult to explain if the values of Xy,o, , rela-
tive to each other depended on non-equilibrium effects. The data
for AD + TiO,, AD + En, and AD + Fo, for which the values of
XNBOO_5 are close to those for ADeu, plot as straight lines, more
or less, but the data for AD + Qz and AD + Wo show distinct
curvature (parabolic), with both curves trending toward the 1:1
line on the plot as Xx.o,  increases. This behavior is expected,
as for all compositions Yx.o,; —> 1 s Xxao,, — 1 by definition,
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FIGURE 2. Solubility of NaO,s in AD6 compositions relative to
that in the ADeu “reference” composition. The experiment with the
highest NaO, s was produced with pure Na,SiOj; in the reservoir at fo,
= 1097 bars; most other runs were done in air. Solid curves are best fits
for AD + Qz and AD + Wo compositions to Equation 5, omitting the
highest Na datum. The dashed curves are from Equation 6, and include
the highest Na datum.
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hence the differences among values of Yrao, 5 MUSE diminish as
XNQOQ5 increases.

To quantify the relations shown in Figure 2, consider the
following simplified theory. For the regular solution formalism,
which is the simplest way to represent deviations from ideality in
a solution as a function of composition, it can be shown that:

In"yo,, =0 =Xy, )’ In "(:aoovs 3)

where YN0y 5 is the Henry’s law activity coefficient in the melt
as Xwiops — 0. Darken (1967a, 1967b) famously argued that
this relationship holds well even for systems that are not strictly
regular over their entire compositional range (Darken’s “qua-
dratic formalism”), and this equation has been used by Nicholls
(1980) to model the solubility of H,O in silicate melts. Invoking
the hypothesis of equal ay,o, ; in all samples in one experiment
and selecting the ADeu composition as the reference composi-
tion then gives:

In Xyaoys = In Xﬁ?érs +(1- Xﬁfér, )’ In "f;:?é:j — (=X, ) In “ht;do(,; (4)

Unfortunately, the value of yﬁﬁ)‘ff is not known a priori and
it cannot be derived in the present study because the term (1
= X Iy is highly correlated with (1 — Xya005)"I0Y 0, 5
for all compositions. As a provisional expedient, therefore, I
have used the approximation:

InXyo,, =In Xﬁ?é:_s — (=X, ) In(Vxuo,, /’YﬁaD(;::C) (5)

noting that this relationship becomes increasingly valid as Xy,o, s
— 0 or as YR, , becomes similar to ¥ This equation would
also be valid if yﬁ%ﬁ‘f =1 (ideal solution of NaO,s in ADeu
melt), but this seems unlikely. In fact, Equation 5 fits the data
well, as shown in Figure 3, except for the AD + Qz and AD +
Wo compositions in the experiment with the highest [NaOys].
It is remarkable, nevertheless, that an empirical fit to a simple
second-order polynomial:

XNz\OM = aIXQaDéZS + az(Xﬁ?SZS )’ (6)
can reproduce all data (Fig. 3); the smoothness of these fits im-
plies an experimental uncertainty 6([NaO,s] = 0.02 [NaO,s] +
0.1 wt%, close to the observed precision of the analytical data
alone.

The empirical nature of Equation 6 makes it unsuitable for
extracting relative activity coefficients, not least because of the
correlation between a, and a,, whereas the single parameter in
Equation 5 is determined robustly, leading to unambiguous values
of YRaoo.s / Yr\/?a[())zl? asXna0,s— 0

It is perhaps surprising that such a simple relationship can
fit the data over such a large range of XNaOo_s; the higher values
of Xuo,; shown in Figure 2 exceed considerably those found
in natural silicate magmas. They also cross the divide between
peraluminous and peralkaline compositions (this occurs at
XN;,OO.5 =0.14, 0.07, and 0.10 for the ADeu, AD + Wo, and AD
+ Qz compositions, respectively), with no change in behavior
apparent. Because it is possible that any such change in Yx.o, 5 at
the peralkaline/peraluminous transition in this series of experi-
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ments could be obscured if it cancelled out between the ADeu
“reference” and the other samples, I have carried out a series of
experiments on five compositions in the join CaMgSi,0s—AlO, 5
(Di-Cor). The results are summarized in Figure 3, from where
it may be confirmed that there is no inflection in Yy,o, , at the
peralkaline/peraluminous transition. This is a significant result
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FIGURE 3. The effect of AlO,s on the solubility of NaO,s in
compositions on the join Di-Cor. The transition from melts with molar
Na/Al < 1 (peraluminous) to Na/Al > 1 (peralkaline) is indicated by the
dashed curve. There appears to be no effect on the solubility of NaO, s
on crossing this compositional threshold. Two compositions from B18/
6/03 were lost.
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for details). Error bars +2G.
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given the importance traditionally attached to this transition in
several contexts in silicate melt studies, including the quasi-
crystalline thermodynamic models that feature coupled Na-Al
components. The lack of Na-Al interactions observed here is
contrary to their apparent role in the partitioning of Na between
clinopyroxene and silicate melt deduced by Blundy et al. (1995);
see also the discussion of the “peralkaline effect” on the solubil-
ity of high valency cations by Hess (1995, pp. 166—172). On the
other hand, the model of Ghiorso and Sack (1995) uses Na,SiO;
and not an Na-Al species as the component for NaQ, 5, but KAl-
SiO, for KO, 5. Whether this difference in approach derives from
a real difference in the behavior of Na and K in silicate melts
should be readily testable with the present method.

Values of “{"&ao(,_s/Yﬁ?o‘sz decrease markedly with SiO,, as seen
in AD + Qz, confirming the implication of the trend in Figure 1.
This is not unexpected given the extraordinarily large interactions
between NaQy s and SiO, in melts in the system NaQ, 5-Si0O, (Zait-
sev et al. 1999); but Yy.o0s™/ Y405 increases with CaO (e.g., AD
+ Wo), which is perhaps less intuitive. Values of N{Nao[,_sm/ﬂ{,éa%%‘f;"
obtained from the AD6 series of experiments, the join Di-Cor,
and from seven other CMAS compositions (CMAS7, see O’Neill
and Mavrogenes 2002; O’Neill and Eggins 2002), are given in
Table 1. To test for compositional correlations, these data were
regressed against composition, giving:

IN(VG,, / Vame) = =0.77 = 1.74X30, +4.72X00 + 3.12X5y0 %)
where the Xj, etc., are the mole fractions in the Na-free starting
composition [i.e., X} = Xi/(1 - Xu0, ,)]. This correlation suggests
that MgO has an influence similar to, but somewhat less than,
Ca0. As emphasized in Figure 4, this simple approach, although
useful in revealing the influences on the thermodynamic behavior
of NaQ, 5 in silicate melts, does not provide a quantitative descrip-
tion of ﬁ,aoo_5/y§%?fgw. In particular, the relative activity coeffi-
cients for AD + En and AD + Fo, which are very well determined
(Fig. 2), are not well accounted for. Clearly, results on more
compositions are required to understand these influences better,
as would be direct measurements utilizing another technique on
the activities of NaQy 5 on the ADeu-NaQ, s binary join.
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TABLE 1. Activity coefficients of NaOy; in silicate melts at 1400 °C relative to that in the anorthite-diopside eutectic composition (ADeu), all at

infinite dilution (see Eq. 5 in the text)

ADG* - e CMAST = e DiCo = =
(11 runs) ]n( Wf;(z:; ) (5 runs) In (’t’;% (8 runs) In 2‘3&
“INaOg 5 NaOg 5 Naég :O
AD+En -0.144(19) 2.0 A -0.44(4) 29 Di 0.14(3) 3.0
AD+Fo 0.155(18) 0.7 B+ -0.50(9) 1.9 DigsCos§ 0.09(3) 2.7
AD+Wo 0.405(21) 25 C -0.21(4) 0.6 DigC0108 0.08(3) 4.2
AD+Qz -0.830(21) 1.8 D -0.17(4) 1.3 DigsCo458 0.04(3) 39
AD+TIO, -0.248(19) 1.1 E 0.30(4) 1.7 DigyC0,08 0.09(3) 1.1
F -0.44(4) 1.7
G -0.42(4) 0.8

* Compositions given in O’'Neill and Mavrogenes (2002) and O'Neill and Eggins (2002).
1 Reduced chi-squared, obtained from the fit assuming 6[Na,0O] = 0.02[Na,O0] + 0.1 wt%.
# The data for this composition have much higher scatter; the weighting of the data was increased to 6[Na,O] = 0.05[Na,O] + 0.1 wt%.

§ Compositions in wt%; i.e., DigsCos is 95 wt% CaMgSi,Os and 5 wt% AlO; s.
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