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Abstract

The activity coefficients at low dilution of NiO, CoO and CrO in ~30 silicate melt compositions in the system CaO—MgO—-Al,O;—
Si0, (CMAS) have been determined with a precision of 3% to 5%, one standard deviation, at 1400 °C by equilibration with the pure
metal under controlled oxygen fugacity (Ni and Co) or with Cr,C3;—graphite—CO. The activity coefficients vary by a factor of two over
the range of melt compositions studied, but show no simple correlation with melt chemistry or melt structural descriptors. The
variation in activity coefficients with melt composition among NiO, CoO and CrO is nevertheless highly correlated, as it also seems to
be with the oxides of other divalent cations of similar ionic radius (e.g., F ez+, Mg). In the case of NiO and CoO, the correlation is
essentially perfect within the precision of the measurements, that is, the ratio ynio/7Vcoo is the same for all melt compositions,
implying that these two cations occupy a similar distribution of coordination environments in all the investigated CMAS melts. The
deviations from a one-to-one correlation of the activity coefficient of CrO with those of NiO and CoO may be due to Cr** cations
occurring in a distribution with more distorted coordination environments, due to the strong Jahn—Teller effect in this cation.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

It is often pointed out that spectroscopic investiga-
tions of silicate glasses or melts can illuminate their
thermodynamic as well as their structural properties, but
the corollary is equally true: thermodynamic measure-
ments can reveal much about melt structure. In a pre-
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vious investigation (O’Neill and Eggins, 2002), the
activity coefficients of the three divalent transition metal
oxide components FeO, NiO and CoO were shown to
vary sympathetically with each other as a function of
melt composition in melts in the system CaO-MgO—
Al,03-Si0, (CMAS), despite the fact that the divalent
transition-metal cations Fe>*, Co®" and Ni*" have rather
different electronic configurations.

Here we extend this investigation, by measuring
activity coefficients at low dilution (i.e., in the Henry’s
law region) of CrO. Cr*" has a d* electronic configuration,



78 H.S.C. O’Neill, A.J. Berry / Chemical Geology 231 (2006) 77-89

giving rise to strong Jahn—Teller effects in both
tetrahedral and octahedral crystal fields. In silicate
melts, in which the geometrical constraints from long-
range order imposed by crystal structure are absent,
cations are expected to occupy a variety of coordination
environments, which may be thought of as forming a
distribution. For a cation with a well-defined preference
for a particular coordination geometry, such a distribu-
tion would be unimodal, characterised by a mean or
preferred coordination environment, with a standard de-
viation, and other statistical properties that define a
distribution such as skewness and kurtosis. But in some
cases the distribution may be bimodal, for example if the
cation has a preference for both octahedrally and tet-
rahedrally coordinated environments. Even more com-
plex distributions are also possible. The distribution will
be the product of the cation’s electronic structure inter-
acting with the melt structure that derives from the
major-element chemistry of the melt, pressure and tem-
perature. The distribution of coordination environments
around Jahn—Teller-active cations may be expected to
differ from cations that prefer a high-symmetry coordi-
nation geometry, making it probable that the thermody-
namic properties of such cations, of which Cr*" is an
example, might respond differently to varying melt
chemistry, compared to cations in which the Jahn—Teller
effect is less important or absent.

In O’Neill and Eggins (2002) 18 CMAS composi-
tions were investigated, but for this study we have in-
creased the number of melt compositions to 31, reporting
new measurements for Co and Ni, not only for the 13
new compositions, but also replicating the original 18
compositions, to demonstrate consistency with the
earlier study. In the same spirit, we have also reanalysed
the Ni and Co experiments from the earlier study using
the analytical protocols adopted for this study.

1.1. Thermodynamic background

For elements whose oxides are easily reduced to the
metal (i.e., Ni and Co), activity coefficients in silicate

melts (y ;28:,2) may be measured using the redox reaction:

M +x/40, = MO, (1)
metal

silicate melt
Hence at equilibrium:
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If the metal M is pure, In aj;”* =0, while AG (0 is
a constant at constant 7 and P. Hence the activity
coefficient is directly related to the metal’s solubility
(given by X;(}i(l):f‘;“), if fO, is imposed, as may be done
using the usual gas-mixing methods, e.g., CO—CO,
mixtures in O’Neill and Eggins (2002). However, the
range of fO, required for equilibrium with Cr metal is
too low to be accessed accurately using CO—CO, or
CO,—H, gas mixes at 1400 °C (e.g., Holzheid and
O’Neill, 1995), so instead we have used the reaction:

2/3Cr;C,+CO= CrO  +7/3C (3)

carbide gas silicate melt graphite

Experimentally, this reaction can be implemented
very conveniently by using the necessary graphite as the
capsule material with the atmosphere of CO provided in
the usual way by flowing this gas through the furnace.
Although, unlike for the Ni, Co and Fe experiments,
there is only limited flexibility in setting the experimen-
tal conditions (practically, the CO could be diluted with
Ar to access even lower fO,), it is a matter of serendipity
that the amount of CrO dissolved in a silicate melt under
the condition of pure CO happens to be just about the
optimum level of ~3000 ppm that was selected pre-
viously by O’Neill and Eggins (2002) for their Ni and
Co experiments. The oxygen fugacity of the graphite—
CO equilibrium at 1400 °C and 1 bar is 10 '*! bars
(calculated from the thermodynamic data in Chase,
1998), which is more than six order of magnitude lower
than the 10?7 bars of the Fe—“FeO” equilibrium (iron—
wiistite) at the same conditions. Under these extremely
reducing conditions all Cr dissolves in the melt as Cr*"
(Berry and O’Neill, 2004; Berry et al., submitted for
publication).

Previously, Pretorius and Muan (1992) measured the
activities of CrO in Ca0-SiO, and CaO—-Al,03-Si0,
melts at 1500 °C by equilibration with Pt—Cr alloys at
oxygen fugacities imposed by CO,—H, gas mixtures
where Cr’" was low, although not completely negligi-
ble. The precision of these measurements is expected to
be lower than those described here, due to the uncer-
tainty in the determination of both Cr*" /Y. Cr and the
composition of the Pt—Cr alloys, and to the lack of a
suitable chemically inert crucible. Xiao et al. (2002)
undertook a similar study of CaO-SiO, melts at
1600 °C using Cr—Ag alloys. Both these sets of mea-
surements are not easy to compare with the results
reported here, because at the much higher concentra-
tions of dissolved Cr, the CrO concentrations are not in
the Henry’s law region.
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2. Experimental
2.1. Sample equilibration

Silicate melt compositions were prepared from re-
agent grade MgO and Al,O3, both dried before weighing
at 1100 °C, fine-grained SiO, prepared from SiO, -nH,O
(“silicic acid”) by dehydrating at 1100 °C, and CaCOs,
dried at ~300 °C. Mixtures were homogenised by grind-
ing under acetone in an agate mortar, pressed into pellets
and decarbonated by heating slowly to ~1100 °C, fol-
lowed by regrinding.

The compositions were run in five sets of five to seven
samples: the sets “AD6”, “CMAS7” and “CAS/MAS
eutectics” were used previously in O’Neill and Eggins
(2002), in which reference a description of their sig-
nificance is given. The TiO,-containing composition
“AD+TiO,” from the “AD6” set was not used in this
study, because much of the Ti would be Ti*" at the very
low fO, of the Cr experiments, but Ti*" in the Ni and Co
experiments (Schreiber, 1977). Twelve of the new
compositions introduced in this study have relatively
low liquidus temperatures, selected with guidance from
the phase relations determined at atmospheric pressure
by Osborn et al. (1954) and Longhi (1987) and are
designated Os1-6 and L1-6 respectively (e.g., Table 1).
The set “L6” from Longhi (1987, p.294) comprise: L1,
peritectic at 1315 °C; L2, co-planarity at 1240 °C; L3,
co-planarity at 1229 °C; L4, co-planarity at 1215 °C; L6,
eutectic at 1207 °C; the intended L5 was made up to the
wrong composition due to a transcription error and this
composition is designated L5x. The set “OS6” from
Osborn et al. (1954) was selected to expand the range of
low SiO, compositions investigated (five out of the six
have SiO, <50 wt.%). An additional composition in the
subsystem CaO-Al,05;-Si0, (CAS) is the eutectic
between SiO,, a-CaSiO; and anorthite at 1170 °C,
from Rankin and Wright (1915), called CASS.

The Ni and Co experiments were carried out as
described in O’Neill and Eggins (2002), except that for
Ni a gas mixture of 60% CO, corresponding to fO, of
10~ %9 bars, was used, rather than the f0,=10""°" bars
used in the previous study, while for Co, a mix of 96%
CO, giving fO, of 10™ "7 bars, was used compared to
10~ "2 bars previously. The effect of these increases in
fO, is to elevate the amounts of Ni and Co in the
equilibrated melts, thus increasing accuracy slightly. In
addition, the flow rate of gas was approximately doubled
to 200 standard cubic centimetres per minute (SCCM),
giving a linear flux through the furnace tube (4.3 cm
diameter) of 0.23 cm/s; this increased flow rate should
result in an improved control of fO,. In order to optimise

Table 1
Major element compositions from Ni and Co solubility experiments,
renormalized to 100% on a Ni-, Co-free basis

Compo- Si0, ALO; MgO CaO YN;4 ™" a NBO/T Optical

sition basicity
AD6
ADeu 50.2 15.6 109 233 1.827 0.933 0.605
AD+Fo 49.0 132 17.7 20.1 1.872 1.243 0.609
AD+En 540 9.8 21.6 14.7 1.887 1.286 0.595
AD+Wo 512 6.5 4.6 379 1.768 1.482 0.632
AD+Qz 65.5 10.7 7.5 163 1.777 0.572 0.562
CMAS7
CMASA 555 159 128 158 1.835 0.717 0.582
CMASB 56.1 144 21.1 8.5 1.889 0.878 0.577
CMASC 56.8 6.8 206 158 1.871 1.346 0.592
CMASD 47.2 21.7 189 122 1.897 0.782 0.594
CMASE 49.1 10.5 199 20.5 1.882 1.478 0.614
CMASF 61.7 62 142 18.0 1.820 1.066 0.581
CMASG 59.2 12.8 2.6 254 1.754 0.634 0.585
CAS/MAS

eutectics
MASI  61.0 179 21.0 0.1 1.889 0.508 0.552
MAS2  50.8 232 260 0.1 1.945 0.644 0.572
CAS1 427 199 0.0 37.5 1.768 0.860 0.636
CAS2 42.0 12.0 0.0 46.0 1.754 1.504 0.662
CAS3 69.8 19.8 0.1 104 1.736 -0.011 0.534
CAS4 54.1 12.8 0.0 33.1 1.742 0.807 0.607
CASS5 61.2 15.1 0.0 23.7 1.738 0.418 0.574
L6
L1 62.7 7.6 141 156 1.821 0.928 0.574
L2 50.0 14.1 5.7 302 1.789 0.977 0.615
L3 62.5 18.2 9.5 9.9 1.807 0.334 0.555
L4 62.3 15.0 53 174 1.773 0.443 0.566
L5x 67.6 17.6 9.3 55 1.799 0.212 0.539
L6 62.1 153 8.8 13.8 1.798 0.471 0.563
Os6
Osl 473 104 9.4 330 1811 1.452 0.633
Os2 50.8 15.4 42 29.6 1.780 0.838 0.610
0Os3 477 153 144 226 1.854 1.115 0.613
Os4 45.1 153 11.3 283 1.836 1.208 0.626
0Os5 42.1 20.5 9.5 28.0 1.836 0.968 0.627
Os6 495 204 154 147 1.868 0.725 0.592

# Number of moles of CaO, MgO, AlO, 5 and SiO, in 100 g of melt.

the precision in fO, control, the mass flow controllers
were set to the desired flow rates and the five Ni or Co
experiments were then done one after the other without
adjusting the mass flow controllers. In this way, we
believe that a precision of about +0.01 in log fO, may be
achieved for a short series of runs as reported here.

The Cr experiments were done as follows. Discs
24 mm diameter by 12 mm thick were machined from
high purity graphite. Five to seven holes for the samples,
4.3 mm in diameter and ~10 mm deep, were drilled
around the outer part of the disc (see Fig. 1a). These
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sample holes were filled in a sandwich arrangement
with ~100 mg Cr;C, (99.7% stated purity, from Strem
Chemicals) at top and bottom, and ~150 mg of the
silicate melt composition in the middle; the filling was
topped with a graphite lid (2 mm thick). The graphite disc
was suspended in the furnace using alumina ceramics
only and no metal wire (Fig. 1b), because all likely metals
react with the carbon available from the CO gas at
graphite saturation. The arrangement allowed drop
quenching into water in the usual way (Fig. 1c and d).

2.2. Electron microprobe analysis

Runs were analysed using a Cameca SX100 electron
microprobe in the wavelength dispersive (WDS) mode.
Column conditions were an accelerating voltage of
25 kV, and beam currents of 40 nA for Ni and Cr
samples, and 20 nA for Co, with the beam defocused to
10 pm. Standards were synthetic MgO for Mg, synthetic
CaAlO, for Al, natural wollastonite for Ca and Si, and

Fig. 1. The wireless rapid-quench apparatus used for the CrO
experiments. a) shows the graphite disc with six holes to take six
samples. The disc is mounted on an alumina tube passing through its
seventh, middle hole, as shown in b); it is secured with a piece of
thermocouple ceramic held in place by a notch cut into an alumina rod
that is inserted through the tube, the tube and rod both being held in
place at the top of the furnace, the rod by a compressed O-ring.
Pushing the rod downwards releases the piece of thermocouple
ceramic from its notch (c), allowing the graphite disc to fall (d).

Cr, Ni, or Co metals for these elements. Counting times
were 20 s on peak and 10 s on background either side of
the peak for the major elements, and 60 s on peak, 30 s
background either side for Ni, Co and Cr. Twelve spot
analyses were performed on each sample. Data were
reduced using the phi—-rho—Z correction procedure as
implemented in the Cameca software. The Ni and Co
runs from O’Neill and Eggins (2002) were reanalysed for
both major elements and Co and Ni using the above
conditions as a check on consistency with this earlier
experimental campaign. Note that the electron micro-
probe data reported in O’Neill and Eggins (2002) was
reduced using the ZAF procedure from Ware (1981).

3. Results

3.1. Results: precision and reproducibility of the Ni and
Co data

Electron microprobe analytical results for major
elements averaged from both the Ni and Co experiments
are given in Table 1; for the compositional sets AD6,
CMAS7 and CAS/MAS eutectics, the averages include
the new analyses of the experiments of O’Neill and
Eggins (2002), and are thus of 48 individual analyses
(12 on each of four samples, two Ni and two Co). For the
new compositions comprising the L6 and Os6 sets, the
averages are from 24 individual analyses (12 each on the
Ni and Co samples). For the AD6, CMAS7 and CAS/
MAS sets, the major-element analyses show some small
systematic differences with those given in O’Neill and
Eggins (2002), which were obtained on our old Cameca
Camebax electron microprobe in the energy-dispersive
(EDS) mode.

The Ni and Co analyses are reported in Table 2,
together with the standard deviations calculated from the
12 individual analyses (all uncertainties in this paper are
given as one standard deviation of the mean). The re-
analyses of the runs from O’Neill and Eggins (2002)
give Ni contents in complete agreement with the earlier
reported analyses, which may be demonstrated quanti-
tatively by regression of the new analyses against the
old, weighting the data according to the observed
uncertainties:

[Ni] ., = [Ni] ;q X 1.002(+0.009), 2 = 0.80.

new

The same regression for the Co data gives:

[Col,.y, = [COJyq X 1.029(£0.008), ;2 =1.97

new

i.e., the new Co analyses are on average 3% higher than
those reported in O’Neill and Eggins (2002). These
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(This work)

Co (O’N o(Co) (O'N  Co a(Co)
and E, 2002)° and E, 2002) (This work)®  (This work)

Table 2
Ni and Co solubilities (in ppm) in equilibrium with pure Ni or Co at 1400 °C
Composition Ni (O’N o(Ni) (O'N  Ni o(Ni)
and E, 2002)*  and E, 2002)  (This work)"
AD6
ADeu 1841 38 3386 70
AD+Fo 1827 51 3501 40
AD+En 2154 16 3681 62
AD+Wo 2232 32 4098 52
AD+Qz 1655 25 3074 87
CMAS7
CMASA 1927 63
CMASB 2301 74 4117 33
CMASC 2446 44 4364 48
CMASD 1852 60 3596 34
CMASE 1842 25 3442 25
CMASF 2335 54 4294 49
CMASG 1894 85 3368 52
CAS/MAS eutectics
MASI1 2478 78
MAS2 2684 28 4927 101
CAS1 1293 34 2598 43
CAS2 1287 29 2562 29
CAS3 1112 51 2261 100
CAS4 2009 67 3644 44
CASS5 3160 75
Lo
LI 3871 61
L2 -
L3 3226 109
L4 2860 49
L5x 2545 29
L6 2777 23
Os6
Osl 3056 49
Os2 3060 34
0s3 3174 53
Os4 2867 105
0Os5 2457 103
Os6 3284 30

2928 90 3450 44
3078 88 3486 70
3716 53 3985 66
3478 139 4134 41
2932 50
3248 29 3670 93
3912 49 4347 37
3983 52 4628 21
3093 32 3609 68
3139 51 3644 43
4106 72 4450 97
3258 39 3633 45
4278 110 4944 43
4439 88 5270 106
1979 32 2518 51
2067 37 2461 53
2333 39 2312 54
3298 109 3931 36
3077 35
4433 29
3413 25
3238 37
2977 39
2636 115
3295 65
3466 57
3372 78
3320 51
3061 71
2508 43
3586 88

20,=10""% bars; °f0,=10" % bars; °f0,=10"""? bars; 4f0,=10"""*" bars.

experiments were also analysed previously using
laser-ablation ICP-MS (O’Neill and Eggins, 2002),
with results that were 3+ 1% higher for Ni and 1+1%
for Co, compared to the old set of EMP analyses. The
general conclusion is that systematic errors at about
the £3% level may be expected between analytical
campaigns.

For the 18 compositions in the three sets ADO,
CMAS7 and CAS/MAS, the new experiments (“this
work” in Table 2) may similarly be compared to those
previously reported in O’Neill and Eggins (2002), by
regressing the one against the other. For the O’Neill and

Eggins (2002) experiments, we have used the new anal-
yses (also Table 2):

N i work = 1-843(£0.012)Ni]ongrs 22 = 3.1

The difference in fO, between the Ni experiments of
this work versus that used in O’Neill and Eggins (2002),
i.e., log fO, (bars)=—8.96 versus —9.60, implies that the
Ni solubilities of this work should be a factor of 2.09
higher, rather than the 1.84 returned by the regression;
there is therefore an apparent systematic error in log
fO, of 0.11 log-bar units between the two sets of
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experiments. For Co, the regression of the two data sets
gives:

[Co] L = 1.139(£0.006)[Colngr, 12 = 4.4

this wor

Here the increase in log fO, from —11.62 to —11.37
should have caused an increase in Co solubilities of 1.33
rather than the factor of 1.14 that is observed, implying a
systematic discrepancy in log fO, of 0.14 log-bar units,
that is, very similar to that between the two sets of Ni
experiments. The different experimental campaigns
were carried out in different furnaces, with different
sets of mass flow controllers, several years apart; we
conclude that under such circumstances, systematic er-
rors of the order of 0.1 in log fO, are evidently possible
with our experimental set-up.

For both of these comparison regressions, the values
of the %3 statistic are about double those expected, using
the observed analytical uncertainties reported in Table 2,
which are often only ~1%, but vary up to ~3%. The high
values of 2 imply that the uncertainties of ~1% are
unrealistically optimistic, perhaps due to the neglect of
non-random analytical errors or to local fluctuations in
fO,, and that using an uncertainty of 3% for all data
would be more appropriate, as in O’Neill and Eggins
(2002); this also fits with the conclusion reached above
that different analytical campaigns can result in system-
atic errors of about this magnitude. This level of
uncertainty is considerably less than that due to the
level of systematic error caused by ~0.1 log-bar unit in
fO, between experimental campaigns noted above. It is
important to bear in mind when comparing the results
between studies (as done for Ni and Co in O’Neill and
Eggins, 2002) that if the usual level of experimental
uncertainty in fO, control is indeed about £0.1 log-bar
unit, as seems reasonable, this would obscure the subtle
relationships between activity—composition relations
among NiO, CoO and CrO that we discuss below.

3.2. Cr solubilities in equilibrium with Cr,C;+ graphite
at p(CO)=1 bar

The major elements analyses are reported along with
the Cr concentrations in Table 3. Under extremely re-
ducing conditions SiO, can become volatile in one-
atmosphere gas-mixing experiments, but in the present
experimental arrangement this was ameliorated consid-
erably by using the graphite lid, and by running experi-
ments for 3—4 days only, with the gas flow rate of CO
through the furnace lowered to 15 SCCM. The results
show that the loss of Si0O, was limited to less than about
2%, relative, which is almost completely negligible.

Shorter run durations evinced considerable heterogene-
ity in Cr contents dissolved in the glasses (including
micronuggets), while an experiment with the substan-
tially longer duration of 18 days, although beautifully
homogenous, showed excessive losses of Si0, of ~10%
in most compositions.

3.3. Activity coefficients

For each composition, the Ni, Co and Cr concentra-
tions were converted to mole fractions according to the
relationship:

[M] x 107*/4, )
[M] > 107 /4, + 3- Ngpmet

xR =

where [M] is the concentration of Ni, Co or Cr in ppm by
weight, A, is the atomic weight of these elements, and
ZNZS&;’W“ is the total number of moles of the major-
element oxides on a single cation basis (i. e.,
NgiilOzmelt+NzillO,nSlen+N(S:i}10meh+le\jllg0meh) in 100 g of
M-free melt. The values of ZNZS&/Zme“ for each melt
composition are given in Table 1. The activity coefficients
Pt were then calculated (Eq. (1)), using AGion/
RT=-5.67 and AG{co0,)/RT==7.57 (O’Neill and
Eggins, 2002). Note that the standard state is the pure
liquid oxide at the temperature of interest. Calculated
activity coefficients are given in Table 4.

For CrO, thermodynamic data for the pure oxide are
poorly known, because solid CrO is unstable relative to
Cr+Cr,03 or Cr+Cr304 below the liquidus of the Cr—O
system (Toker et al., 1991). The thermodynamic
properties of Cr;C, are even more poorly known at the
temperature of this study (Kleykamp, 2001). Accord-
ingly, we calculate relative activity coefficients (desig-
nated here &), adopting one of the compositions,
namely anorthite—diopside eutectic (ADeu), arbitrarily
as a reference state (i.e., o =Ycro/ Yo These
relative activity coefficients are also given in Table 4.

3.4. Colour of the glasses

Apart from changes in intensity due to different
amounts of dissolved Ni, Co, or Cr, the colour of the
quenched glasses in this study does not vary perceptibly
among the different compositions. (The colour is brown
for Ni, royal blue for Co and Cr; the Fe** glasses from
O’Neill and Eggins (2002) have a light turquoise blue
colour). However, this is not necessarily a good in-
dication of a constant coordination distribution because
of the different magnitude of extinction coefficients for
cations in octahedral and tetrahedral coordination.
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Table 3

Major element compositions (renormalized to 100 wt.% on a Cr-free
basis) and Cr solubilities in equilibrium with Cr3C,+graphite at
1400 °C and p(CO)=1 bar

Composition SiO, ALO; MgO CaO Cr (ppm) o(Cr/ppm)

AD6 (88 )

ADeu 49.1 160 11.1 239 2924 22
AD+Fo 486 135 178 202 2739 53
AD+En 531 103  21.1 155 3656 28
AD+Wo 503 68 45 384 3473 86
AD+Qz 658 108 73 161 2913 46
CMAS7 (72 h)

CMASA 555 159 127 159 4274 143
CMASB 551 147 213 89 4961 89
CMASC 564 7.0 208 157 4697 55
CMASD 473 222 188 117 3283 94
CMASE 496 109 199 197 2906 21
CMASF 615 64 145 177 4605 59
CMASG 588 133 25 254 3271 139

CAS/MAS eutectics (76 h)

MASI 603 183 213 0.1 4028 19
MAS2 505 235 260 0.0 5094 70
CASI 430 204 00 367 1905 18
CAS2 428 124 00 448 1712 17
CAS3 705 194 0.0 100 1424 128
CAS4 545 132 0.0 323 3180 59
L6 (96 h)

L1 616 80 147 157 4127 76
L2 484 145 59 312 2461 106
L3 610 186 100 104 2786 81
L4 614 152 52 181 2615 23
L5x 674 177 93 55 1176 66
L6 607 158 92 143 2559 44
0s6 (72 h)

0sl 466 103 9.1 339 2489 30
0s2 499 154 42 305 2980 64
0s3 472 154 143 231 2673 69
Os4 442 154 113 29.1 2148 58
0s5 414 204 9.1 291 1891 52
0s6 485 206 155 154 3031 21

Moreover, it has been shown by a high-temperature
EXAFS study on Ni** in Na,Si,Os (Farges and Brown,
1996) and by optical spectroscopy of Ni** and Co*" in a
haplogranitic composition (Keppler and Bagdassarov,
1999) that the coordination environment changes across
the glass transition, so that the colours of quenched
glasses do not necessarily reflect coordination environ-
ments in the melt anyway. The optical spectra of Ni*"
differ considerably in glasses of compositions other than
the relatively restricted range of CMAS compositions
considered here, that is, in borate, phosphate and alkali-
rich silicate glasses (Galoisy and Calas, 1993; Calas et
al., 2002).

4. Discussion
4.1. Correlations between activity coefficients

There is a remarkable correlation between the ways
that Ynio, Ycoo and o vary as a function of composi-
tion, as shown in Fig. 2.

Table 4
Activity coefficients of NiO, CoO and relative activity coefficients of
CrO in silicate melts

Composition YNio Ycoo Y0
AD6

ADeu 3.05 1.26 1.00
AD+Fo 3.02 1.27 1.09
AD+En 2.90 1.12 0.83
AD+Wo 2.44 1.02 0.82
AD+Qz 3.27 1.43 0.98
CMAS7

CMASA 2.85% 1.19 0.69
CMASB 2.60 1.03 0.61
CMASC 243 0.96 0.64
CMASD 2.98 1.25 0.93
CMASE 3.09 1.23 1.04
CMASF 2.40 0.97 0.63
CMASG 2.95 1.15 0.86
CAS/MAS eutectics

MASI 2.33° 091 0.75
MAS2 2.24 0.88 0.61
CASI1 3.85 1.66 1.48
CAS2 3.87 1.69 1.64
CAS3 4.34 1.78 1.95
CAS4 2.70 1.05 0.88
CASS 3.11 1.34 -
L6

L1 2.66 0.98 0.71
L2 1.24 1.16
L3 3.17 1.32 1.04
L4 3.50 1.41 1.08
L5x 4.00 1.62 2.44
L6 3.66 1.29 1.13
Os6

Osl 3.35 1.24 1.16
Os2 3.29 1.25 0.96
Os3 3.30 1.33 1.11
Os4 3.62 1.42 1.37
Os5 4.22 1.74 1.55
Os6 3.22 1.24 0.99

For NiO and CoO, the standard state is the pure liquid at the
temperature of interest (1400 °C); for CrO, it is CrO dissolved in the
anorthite—diopside eutectic composition (ADeu), i.e., Y&0=yc0/
yEo".

Calculated from the results of O’Neill and Eggins (2002), including
an adjustment for the systematic discrepancy between that study and

this as described in the text.
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Fig. 2. Linear correlations between In Y0 and In ;o and between In

y¢ro and In ynio for the CMAS melts used in this study. The slope of
the correlation between In ycoo and In Ynio is constrained to be unity.

For NiO and CoO, regressing the one set of data
against the other gives:

Inycoo = 1.05(£0.05)Inyyi0—0.974(£0.052)

With both the Ni and Co data sets weighted at +3%,
which is our estimated analytical uncertainty, the value
of the reduced chi-squared statistic (x3) is 1.39 (n=30),
indicating, statistically, a perfect fit. The slope of the
correlation is within error of unity; fixing the slope at 1.0,
the regression gives:

Inycoo = Inynio—0.912(£0.008), 7> = 1.47.

The correlation of In Yo with In Yn;o (O’Neill and
Eggins, 2002) is generally similar to that between In
Ycoo and In Yo, but with a slope that is perhaps slightly
greater than unity — a best-fit for the 18 compositions
studied by O’Neill and Eggins (2002) returns a slope of
1.1+0.1.

By contrast, for CrO, the empirical correlation with
NiO clearly indicates a slope greater than unity, as
shown in Fig. 2. The regression gives:

Inyg o = 1.61(+0.06)Inyy;0—1.84(+0.07)

with 2 is 4.0 (n=28) with both sets of data weighted at
+3%; the result for the composition L5x is obviously
anomalous (Fig. 2) and was omitted from this regression.

The rather high value of x7 reflects the fact that the
correlation is not as exact as that between Ni and Co;
although this could be due to greater experimental
uncertainty in the CrO experiments, the only identifiable
contribution to extra uncertainty is that the equilibrium
controlling the solubility of CrO (reaction (3)) is de-
pendent on the total pressure of the gas flowing through
the furnace, which is likely to fluctuate by £2% due to
meteorological conditions, whereas fO, in the Ni and Co
experiments is controlled by the ratio CO/CO, and is
thus independent of ambient pressure. Hence, we suspect
that the scatter in In Y&q versus In ynio 18 real, that is, it
depends on melt structure and chemistry. This is also
indicated by the fact that the slope of the correlation is
not unity, unlike that found for the Ni vs. Co correlation.

A good correlation between Ypeo and Yamgo Was
found by Doyle and Naldrett (1986), who showed that in
pseudo-ternary melts of the type “Matrix”-MgO—FeO,
the activity of FeO was given by:

Mg—free
Ape0 = pey X Xre0/ (Xmgo + Xreo)

This implies that for a given “Matrix” composition,
the ratio Yreo/Ymeo is constant as FeO replaces MgO.
Although this compositional constraint is rather restric-
tive, Toplis (2005) has recently shown that the ratio
Yreo/ Ymgo Temains almost constant (in detail, there is a
small dependence on silica content as well as concen-
tration of alkalis), from fitting the large body of ex-
perimental data that exists for the partitioning of Fe?"
and Mg between olivine and silicate melt to a thermo-
dynamic model. This is despite the fact that MgO is
obviously a major component of melts in equilibrium
with olivine, such that its activity coefficient may be
expected to depend on its own concentration. The cor-
relation between Yreo and Y0 demonstrated by Toplis
encompasses melts with alkalis (Na and K) and Ti, and
therefore in one way covers a wider range of melt
compositions than addressed in this study, although,
conversely, it is necessarily limited to compositions with
low activity of silica that are in equilibrium with olivine,
whereas the experiments reported here include melt
compositions with high silica activity that are nearly
quartz-saturated.

Doyle and Naldrett (1987) also demonstrated a sim-
ilar constancy of the ratio Ynio/ Ymgo in experiments in
systems of the type “Matrix”-MgO—-NiO as they had
previously with Ygeo/Pmgo in “Matrix”-MgO-FeO.
Taken all together, these correlations establish that Mg
should be included along with Fe, Ni, Co and Cr among
the group of divalent cations showing similar thermo-
dynamic behaviour in silicate melts.
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As pointed out by O’Neill and Eggins (2002), the
actual values of Yg.0, Ynio OF Ycoo do not correlate with
any simple compositional parameter or melt structural
descriptor. A plot of In ynio versus Xsio, (Fig. 3) shows a
rough parabolic dependence, with a minimum around
Xsi0,=0.55. The lack of any correlation with the two
melt structural descriptors NBO/7 (the ratio of non-
bridging oxygens to tetrahedral cations, see Mysen,
1990) and optical basicity (Duffy, 1993) is shown in
Fig. 4a,b. (Values of both NBO/ T"'and optical basicity are
given in Table 1 for the melt compositions used in this
study). We have explored a number of other possibilities
such as Ca0O/Si0,, (CaO+Mg0)/Si0,, SiO,+Al,03,
etc. without finding any more convincing a correlation.
This lack of any simple relationship is further empha-
sised by fitting the data to the subregular solution model
for a trace-element component at infinite dilution (see
O’Neill and Eggins, 2002):

4

J
Inyyo = Z Z XXy (5)
=1

J=1

The results of these fits are given in Table 5.

In discussing the correlations between the activity
coefficients of the FeO, CoO, NiO and MgO in silicate
melts, we have emphasised that the ratios of the activity
coefficients of two of these components are more-or-less
constant in a given melt composition. This is indeed a
fair description of their first-order behaviour. In detail,
however, there do appear to be some minor but sys-
tematic variations in these activity coefficient ratios.
From their results, O’Neill and Eggins (2002) suggested
that the ratios Yr.o/ Vnio and, less certainly, Yco0/ Ynio

1.8
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Fig. 3. The relationship between In ynio and Xsio,, which is
approximately parabolic with a minimum at Xs;o,=0.55. Plots of In
Ycoo and In péo versus Xsio, show a similar shape.
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Fig. 4. In ynjo versus (a) NBO/7, the ratio of non-bridging oxygens to
tetrahedral cations; and (b) optical basicity. In neither plot is a
correlation observable.

correlated with Xg;o,; here, however, we find that with
the expanded set of melt compositions used in this study,
this latter correlation disappears (i.e., Ycoo/ Pnio 1S con-
stant to within the precision of our measurements). There
is a small variation in Yp.o/Ymeo found by Toplis
(2005), which correlates well with Xg;o,. In the present
results, we observe a correlation, admittedly somewhat
weak, between y¢o/ynio and Xsio, (Fig. 5a), if the two
data at highest Xgs;o, (CAS3 and L5x) are omitted. The
best fit from least-squares regression without these two
data gives:

InYgo/Ynio = —0.62-1.12Xsj0,

with y2=4.4 (n=27), weighting the data for Cr at +5%
and Ni at +3%. This fit is shown in Fig. 5a. The
conclusion is that there is indeed a general tendency for
the ratio of two divalent metal oxide activity coefficients
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Table 5
Coefficients aji from fitting Ypo to the subregular solution model for a

component at infinite dilution: Inyyg = Z Z ap XX

Ni Xca Xvig Xai Xsi

Xea 5.82 13.43 17.43 ~8.79
Xnig 2.54 11.01 —5.89
Xa1 —6.86 0.50
X 432

1=3.9, n=30, o(yni0)=3%

Co Xca Xvg Xai Xsi

Xea 5.81 12.59 18.47 ~12.49
Xntg 2.83 11.77 -9.76
Xal -6.97 —-3.89
Xsi 4.40

22=4.3, 1=31, 6(Yco0) =3%

Cr Xca Xve Xai Xsi

Xca 10.47 21.12 17.81 -18.39
Xuvg 5.33 11.16 —15.23
X1 -9.52 —1.65
Xq; 496

12=3.2, n=29 (L5x omitted), o(y¢&0)=5%

to vary with Xg;o,, but the rule is not hard and fast, and
comes with exceptions.

A plot of In pé,0 / ynio Versus optical basicity (Fig. 5b)
shows that the data fall within experimental error (except
for composition L5x) on two distinct lines, which in-
tersect at an optical basicity value of 0.57. The sig-
nificance of this is not clear.

4.2. Implications for the thermodynamic modelling of
silicate melts

One approach to modelling the thermodynamic
properties of silicate melts is the ‘“quasi-crystalline”
model, which postulates components that reflect the
stoichiometries of the crystals in equilibrium with the
melts between their solidi and liquidi (e.g., Burnham,
1981). The idea is that such components mix nearly
ideally, when normalised to a constant number of ox-
ygens per formula unit of the component (Burnham
suggests 8 oxygens), in contrast to the complex ther-
modynamic mixing behaviour shown by simple oxide
components. For divalent cations, M**, the component
chosen is typically of the form m(MO-nSiO,); e.g., for a
quasi-crystalline component with orthosilicate stoichi-
ometry, n=0.5, and if mixing is taken as occurring on
8 oxygen atoms per formula unit, m=4, such that the
component is M,;Si,0g. Because:

a0 si0, = Mo + Nhsio, (6)

and:
,uMO - ,u?\,lo + RTlnXMO + RTln'YMO (7)

a model with ideal mixing of a M4Si,Og (or similar)
component would predict a monotonic inverse correla-
tion between In )0 and usio,, and hence between In
Ymo and Xsio,, if, as seems reasonable, we assume that
Usio, is roughly proportional to Xg;o, for the relatively
restricted compositional range of CMAS melts studied
here. No such trend is seen (e.g., Fig. 3). The minimum in
the plot of In 0 with Xg;0, occurs at Xgio, =0.55, which
is not obviously relatable to any particular stoichiometry.
While the experimental data reported in this study point
to the existence of some fundamental property of CMAS
silicate melts that controls the variations of .0, we have
not been able to identify what this property is.

a 0
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Fig. 5. In y&0 /ynio versus (a) Xsio, and (b) optical basicity. The
former plot shows a slight negative correlation, indicated by the dashed
line, if two high silica compositions (CAS3 and L5x) are omitted from
consideration. The latter plot shows that the data appear to fall, within
experimental error, on two lines, which intersect at an optical basicity
of 0.57.
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4.3. Implications for silicate melt structure

There is a set of divalent cations, namely Mg, Mn, Fe,
Ni, and Co, that have similar ionic radii and substitute
freely for each other in almost all oxide and silicate
minerals. We shall refer to these as M*" cations. As an
example of the coherent chemical behaviour of this
group, consider that each M** cation forms an ortho-
silicate, M,Si0,4, with the olivine crystal structure. Other
divalent cations with similar ionic radii such as Cr, Cu
and Zn also belong to this group in many circumstances,
but show a sufficiently distinctive chemistry to warrant
being listed separately. For example, their othosilicates
either do not crystallize in the olivine structure (Cr and
Zn) or are not known (there are no binary compounds in
the system CuO-Si0,). In the case of Cr2+, its distinctive
chemistry results from its propensity to occur in highly
distorted coordination polyhedra due to the Jahn—Teller
effect (as with Cu?"); for Zn (d'?), the distinctive chem-
istry is due to its strong tendency to adopt tetrahedral
coordination. Although the importance of the Jahn—
Teller effect is well known for Cr*" in “octahedral”
crystal sites, it is also strongly developed by Cr*" in
tetrahedral coordination, as in the spinel Cr;Oy4 (Li et al.,
1995).

This latter point is of special relevance here, as it
seems that the preferred coordination environment for
M?" cations in aluminosilicate melts is in many cases
tetrahedral (see review by Brown et al., 1995). This
appears to be the case even for Ni** (Brown et al., 1995;
Farges and Brown, 1996), despite the very large octa-
hedral site preference energy that this cation gets from
the crystal field effect (e.g., Burns, 1993, his Table 6.3 on
p. 249). Because octahedral coordination for M*" cations
is the norm in crystalline silicates, the imposition of
tetrahedral symmetry as the preferred coordination en-
vironment is presumably due to a geometrical constraint:
in a silicate melt in which the M*" cations are surrounded
by oxygens that are themselves bonded to Si, accom-
modating the six M?"—0 bonds for octahedral coordi-
nation is perhaps difficult for cations of this particular
size. This constraint would necessarily apply only to
melts that are more siliceous than the orthosilicate
composition, in which NBO/7'<4 and there are almost
no free 0% species (all the composition studied here
have NBO/T<2). For highly basic melts with NBO/
T>4, which must contain free 0> species, the co-
ordination environment is likely to be similar to that in
liquid MO (NBO/T=w), that is, octahedral, as in the
solid MO compounds. That geometrical constraints
should force Ni*" into tetrahedral coordination in silicate
melts with NBO/ 7'<4 explains the conspicuously higher

values of ynjo compared to those for yco0 (Table 4) and
Yreo (O’Neill and Eggins, 2002), remembering that the
values of y,,0 are referred to the standard state of pure
liquid MO, in which (presumably) the M>" cations have
octahedral coordination.

The correlations among the values of 7,,0, where
M=Ni, Co and Cr (this study), Fe (O’Neill and Eggins,
2002), and also the major element Mg (Doyle and
Naldrett, 1986; Toplis, 2005), are remarkable. In the case
of Ynio and Yco0, the correlation is as good as the data
are precise, which is to +3% in each. In terms of free
energy, this corresponds to £0.4 kJ mol ™' (from ¢/(Gex)=
RTo(ymo0)/ Vao), which may be compared with the
variation in the partial molar free energy, G (i.e., RTIln
Vo) itself of ~10 kJ mol™', for the range of melts
studied here.

Ni*" has a d® electronic configuration while Fe*" has
d® and Co*" d’, hence the crystal-field stabilization
energies of these three cations will differ in different
coordination environments. They may also undergo
Jahn—Teller distortion to varying degrees, depending on
the coordination environment, but it is an empirical
observation that the Jahn—Teller effect is much stronger
in Cr**(d*) than in these other cations (it is also strong in
Cu®"(d%)). As regards the Jahn—Teller effect for M**
cations in tetrahedral coordination, it is instructive to
consider the chromite spinels, MCr,O,, in which the M**
cations are ordered into the tetrahedral site of the spinel
structure due to the extremely strong octahedral site
preference energy of Cr’". In this isomorphous series,
the cooperative phase transition at which the Jahn—Teller
distorted structure transforms to cubic symmetry occurs
in FeCr,04 at 124 K (Klemme et al., 2000), in NiCr,O,4 at
310K, but in CuCr,04 at 860 K (Inaba et al., 1986). The
temperature of the transition in end-member Cr3;0y is not
known, but from observations in the MgCr,O4—Cr;0,4
solid solution it is inferred to persist to very high tem-
peratures (Li et al., 1995). Co*" in tetrahedral coordina-
tion is not Jahn—Teller active, nor of course are Mg?" and
Zn**(d"). The sequence of strength of the Jahn—Teller
effect for M?* cations in tetrahedral coordination is
therefore expected to be Cu®'=Cr*" > Ni*" >Fe*" >
0=Co*"=Mg*"=Zn*". Note that the difference between
octahedral and tetrahedral crystal field stabilization
energies (that is, the “octahedral site preference energy”
or OSPE) in oxide structures is 86 kJ mol ' for Ni*" but
only 31 kJ mol ™' for Co®" and 17 kJ mol ' for Fe*"
(Burns, 1993) and zero for Mg?" and Zn*'; the
differences between these OSPEs are thus very large
compared to the 0.4 kJ mol ™' that corresponds to the
maximum deviation from the one-to-one correlation
between Ynio and Ycoo-
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Given these fundamental differences in electronic
structure and resulting chemical behaviour, the correla-
tions between Ynio,Ycoo and Yreo imply, firstly, that the
preferred coordination distributions are much the same
for Ni** as for Co®" and Fe?'; and, secondly, that this
preferred coordination distribution does not change with
melt composition in the compositional range covered by
this study. This second point further implies that there
must be sufficient structural freedom for the cations to
exist in their preferred coordination distribution regard-
less of composition. Otherwise the response of each
cation to changes in melt composition would surely
differ, as it does for Cr*". The difference in the OSPE
between Ni** and Co”" combined with the exact one-to-
one correlation of ynio With Yc.0 rules out, for example,
the hypothesis that the variation of ynio (o1 Yco0) With
composition might be due to a change in the ratio of
octahedral to tetrahedral environments in the coordina-
tion distribution of the Ni*" (or Co*") cation.

In summary: the model most consistent with the
known chemistry of Ni**, Co*" and Fe*", with the
various spectroscopic studies of these three cations in
glasses and melts, and with the thermodynamic behav-
iour reported in O’Neill and Eggins (2002) and in this
study, is that all three cations have a coordination
distribution centred on tetrahedral geometry in CMAS
silicate melts. The minor Jahn—Teller distortions ex-
pected for Ni*" and Fe*" may be of the dynamic type
(Burns, 1993), effectively preserving an averaged tetra-
hedral symmetry.

We suppose that the different slope for the correlation
of y&o with Pnio (O Ycoo OF Vreo) is due to the
coordination distribution for Cr** being different to that
for Ni**, Co®", and Fe®", because of the strong pre-
ference of this d* cation for distorted coordination, due to
the Jahn—Teller effect. In aqueous solution, complexes of
Cr*" in the square-planar configuration (the extreme case
of an axially distorted octahedron) are “numerous and
stable” (Cotton and Wilkinson, 1988, p. 684), and it is
possible that the mean coordination environment of Cr**
in silicate melts represents a compromise between this
geometry and the tetrahedral coordination that the melt
structure seems more easily to accommodate.

The slope of the correlation of In Y& with In Ym0 18
itself instructive. The relative changes in 7,,0 with melt
composition are a measure of how easily the melt can
accommodate the requirements of the preferred average
coordination environment of M**: high values of 7,0
correspond to a relative difficulty with this accommo-
dation, and vice versa. That the slope of the correlation of
In Yo With In Yo (and therefore also with In ycoo or
In Yreo) is greater than unity (Fig. 2) implies that the

difference between two melts in their ability to accom-
modate Cr** with its presumed distorted coordination is
greater than their difference in ability in accommodat-
ing Ni*"; it appears that cations with a preference for
distorted coordination may be more sensitive to melt
composition than cations preferring a relative symmet-
rical environment. Nevertheless, the key point of this
study is that Cr*" responds to the variations in melt
chemistry in the CMAS system in a way that parallels
the response of Ni*", Co®" and Fe**, which indicates
some degree of similarity in coordination environment,
but with a systematic difference that makes its beha-
viour stand out as an anomaly. By contrast, the activity
coefficients of a cation like Cr’" that is undoubtedly
octahedrally coordinated in silicate melts show no cor-
relation at all with the activity coefficients of the M*"
cations (Berry et al., submitted for publication).
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