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Abstract—The solubility of Ni in silicate melts with variable SiO, content was studied at a total pressure of
1 atm within a wide range of temperature and oxygen fugacity. The maximum solubility of Ni (minimum activ-
ity coefficient of NiO) was observed in melts with ~55-57 wt % SiO,, regardless of temperature and oxygen
fugacity. Melts beyond this range showed significantly lower Ni solubility and, correspondingly, higher NiO
activity coefficients. The analysis of our results and literature data led us to the conclusion that the NBO/T
(number of nonbridging oxygen atoms per tetrahedrally coordinated atom) is inadequate to describe the effect

of melt composition on Ni solubility.
DOI: 10.1134/S0869591106060026

INTRODUCTION

Magmatic melts show wide variations in SiO,, from
less than 44 wt % in ultrabasic rocks to more than 73 wt %
in rhyolites (Igneous rocks, 1983). The effect of SiO,
on the chemical properties of silicate melts (for exam-
ple, activity coefficients of melt components) is there-
fore of special interest. As the first step, we studied the
effect of SiO, on Ni solubility (activity coefficient of
NiO) in silicate melts.

This study was additionally motivated by a desire to
solve one contradiction. The effect of SiO, on Ni solu-
bility in the melts of the pseudobinary system DA-SiO,
(DA is the diopside—anorthite eutectic composition)
was investigated at 1350°C by Ertel et al. (1997), who
concluded that an increase in SiO, content in the melt
from 50 to 60 wt % does not influence Ni solubility.
O’Neill and Eggins (2002) confirmed this conclusion
and showed that the solubility of Ni at 1400°C even
decreases slightly in response to the addition of 50%
quartz to the DA starting composition (Table 3 in
O’Neill and Eggins, 2002). These results appeared to
be surprising, because TiO,, like SiO,, is a network
former, and an increase in its content in a melt enhances
metal solubility (O’Neill and Eggins, 2002; Borisov
et al., 2004).

EXPERIMENTAL METHODS

Experiments were conducted in a vertical tube fur-
nace under controlled oxygen fugacity at the Institute
of Geology and Mineralogy, University of Koln, Ger-
many. Oxygen fugacity was controlled by a CO/CO,
gas mixture; oxygen fugacity corresponding to a given
gas ratio at a temperature of 1400°C was calculated

using tables from Deines et al. (1974). Temperature in
the working zone of the furnace was determined using
a Pt—Rh thermocouple calibrated against the melting
points of Au (1064°C) and Ni (1453°C). Experimental

temperature and log f,, were estimated to be accurate
within £2°C and 0.2, respectively.

The experiments were conducted using a loop tech-
nique, i.e., a melt droplet was suspended from a loop
prepared from a narrow strip of Ni foil (0.125 mm thick
and ~3 mm inner diameter) and saturated in Ni.

The starting mixtures were prepared from the eutec-
tic anorthite—diopside composition (DA) by adding
~12, 25, 50, and 70% SiO, (compositions DA, DAS12,
DAS?25, DAS30, DAS50, and DAS70, respectively).

As the loop was dissolved, the melt at the contact
was saturated in metal. Owing to diffusion and convec-
tion (Borisov, 2001) during the exposure, the Ni content
was equalized over the melt droplet and equilibrated
with that in the loop (with pure Ni, in our case), after
which loop dissolution ceased and an increase in the Ni
content of the melt stopped. After a necessary exposure
at desired temperature and oxygen fugacity, the sam-
ples were quenched in the cold top zone of the furnace.

The main problem in experimental geochemistry
and petrology is to prove the attainment of equilibrium
between phases, in our case, between the metal and the
melt. Special attention was paid to this problem in this
study. The attainment of equilibrium was controlled by
time series experiments and by approaching equilib-
rium from two sides (reversal experiments).

The quenched glasses were analyzed with a JEOL
Superprobe microprobe at the Institute of Geology and
Mineralogy, Koln University, Germany. Natural albite,
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Table 1. Experimental conditions and compositions of experimental glasses (wt %)

Sample* T, °C |CO,/CO"|-log f o,| Exp.* | SiO, | sd. |ALO;| MgO | CaO | NiO | s.d. | Total Phases*
DANi-95 1400 4.00 | 741 11.0 | 48.06 | 0.37 | 14.84 | 10.59 | 23.24 | 2.39 | 0.03 | 99.13|L
DASS50Ni-95 " " " " 65.43 | 0.74 996 | 698 | 1552 | 2.34 | 0.04 [100.23|L
DASS50Ni-95R " " " " 65.54 | 0.31 9.88 | 6.95| 1541 | 254 | 0.03 [100.32|L
DANi-93 1400 4.00 | 741 25.0 | 4898 | 047 | 15.12 | 10.50 | 23.56 | 2.39 | 0.04 [100.55|L
DASS50Ni-93 " " " " 64.31 | 0.53 997 | 697 | 1545 | 238 | 0.03 | 99.08|L
DASS50Ni-93R " " " " 65.36 | 0.23 996 | 6.95| 1550 | 249 | 0.03 [100.25|L
DANi-94 1400 4.00 | 741 70.0 | 48.54 | 0.28 | 14.95 | 10.56 | 23.43 | 2.42 | 0.03 | 99.90|L
DAS12Ni-94 " " " " 5277 | 0.57 | 13.72 | 9.66 | 21.35 | 2.62 | 0.04 |[100.11|L
DAS25Ni-94 " " " " 5742 | 0.22 | 12.53 | 8.72 1948 | 2.71 | 0.03 |100.86|L
DASS50Ni-94 " " " " 65.65 | 0.29 | 10.02 | 6.95| 1555 | 243 | 0.04 [100.60|L
DASS50Ni-94R " " " " 65.69 | 0.50 | 10.00 | 6.92 | 15.57 | 2.46 | 0.03 [100.65|L
DAS25Ni-101 | 1430 | 15.00 596 | 59.0 5145 | 0.18 | 11.25| 7.91 | 17.42 1250 | 0.14 |[100.53|L
DAS30Ni-101 " " " " 5196 | 0.25 | 11.01 | 7.56 | 16.81 |12.87 | 0.10 [100.21|L
DASS50Ni-101 " " " " 57.85 | 0.21 9.04 | 6.31 | 13.91|12.89 | 0.10 [100.00|L
DAS70Ni-101 " " " " 60.73 | 0.21 826 | 5.73 | 12.71 |12.41 | 0.08 | 99.84|L + Cr
DANi-96 1430 4.00 | 7.10 | 59.0 | 49.05| 0.23 | 15.08 | 10.57 | 23.38 | 2.81 | 0.05 [100.89|L
DAS12Ni-96 " " " " 5292 | 0.31 | 13.76 | 9.61 | 21.27 | 3.06 | 0.04 [100.62|L
DAS25Ni-96 " " " " 56.61 | 0.36 | 12.44 | 8.73 | 19.26 | 3.18 | 0.05 |100.22|L
DASS50Ni-96 " " " " 54.69 | 0.74 994 | 6.89 | 1529 | 295 | 0.05 | 99.76|L
DASS50Ni-96R " " " " 64.39 | 0.73 990 | 694 | 1526 | 297 | 0.04 | 9945|L
DANi-100 1430 0.25 9.51 | 69.5 | 5042 | 0.15 | 15.44 | 10.68 | 24.16 | 0.187| 0.003 [100.89|L
DAS12Ni-100 " " " " 54.68 | 0.11 | 14.05| 9.78 | 22.06 | 0.201| 0.005 [100.77|L
DAS25Ni-100 " " " " 5840 | 0.41 | 13.02 | 8.89 | 20.20 | 0.201| 0.005 |100.71|L
DASS50Ni-100 " " " " 66.58 | 0.15 | 10.31 | 7.10 | 16.01 | 0.172| 0.006 [100.17|L
DANi-99 1300 4.00 8.52 | 20.0 | 49.21 | 0.17 | 15.59 | 10.56 | 24.23 | 1.38 | 0.03 [100.97|L
DAS25Ni-99 " " " " 57.08 | 0.37 | 1290 | 8.76 | 20.05 | 1.50 | 0.03 |[100.29|L
DAS25Ni-99R " " " " 57.18 | 0.42 | 12.89 | 8.76 | 1998 | 1.56 | 0.02 |100.36|L
DANi-98 1300 4.00 852 | 91.0 |49.71 | 0.16 | 15.14 | 10.50 | 23.81 | 1.41 | 0.03 [100.57|L
DAS12Ni-98 " " " " 5344 | 0.22 | 14.12 | 9.60 | 21.99 | 1.52 | 0.03 |100.67|L
DAS25Ni-98 " " " " 57.65| 032 | 12.79 | 873 | 19.87 | 1.48 | 0.03 |100.52|L
DAS25Ni-98R " " " " 57.65| 0.21 | 12.80 | 8.71 | 19.86 | 1.50 | 0.02 [100.53|L
DASS50Ni-98 " " " " 62.86 | 0.38 [ 11.16 | 7.50 | 17.17 | 1.35 | 0.04 [100.05|L + Cr

Note: R designates the reverse experiment (approach to equilibrium from above). s.d. is standard deviation.
* Identical numbers for several samples mean that they were obtained during a single run.
" Proportions of gases in buffering mixtures.

* Exposure in hours.
Phase abbreviations: L, melt and Cr, cristobalite.

corundum, diopside, and metallic Ni were used as stan-
dards. The operating conditions were as follows: an
accelerating voltage of 15 kV, a beam current of 15 nA,
and a counting time of 40 s. The most reduced glasses
(with Ni content at the ppm level) were measured at
500 nA and a counting time of up to 100 s. From 30 to
60 points were analyzed in each sample. Average com-
positions and experimental conditions are presented in
Table 1.
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RESULTS AND DISCUSSION

Time of the Attainment of Equilibrium
in Silicic and Basic Melts

Figure 1 shows the results of experiments on deter-
mining the time required to attain equilibrium in silicic
melts DAS50 (at 1400°C) and DAS25 (at 1300°C).
Glasses for the reversal experiments were preliminarily
melted under more oxidizing conditions and contained
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Table 2. Activity coefficients of NiO and Xy;o and NBO/T values for melts obtained in long-duration experiments

Sample* T, °C —log fo, Wio s.d. Xsio, NBO/T
DAN:I-94 1400 -7.41 2.945 0.040 0.4848 1.027
DASI12Ni-94 " " 2.723 0.043 0.5265 0.908
DAS25Ni-94 " " 2.646 0.033 0.5693 0.794
DAS50Ni-94 " " 2.945 0.046 0.6531 0.596
DAS50Ni-94R " " 2.909 0.040 0.6532 0.596
DAS25Ni-101 1430 -5.96 2.395 0.027 0.5219 1.047
DAS30Ni-101 " " 2.313 0.017 0.5298 1.021
DAS50Ni-101 " " 2.305 0.018 0.5912 0.857
DAS70Ni-101 " " 2.391 0.015 0.6214 0.774
DANi-96 1430 -7.10 2914 0.055 0.4856 1.023
DASI12Ni-96 " " 2.661 0.031 0.5260 0.910
DAS25Ni-96 " " 2.553 0.042 0.5653 0.810
DAS50Ni-96 " " 2.730 0.049 0.6497 0.606
DAS50Ni-96R " " 2.713 0.039 0.6484 0.611
DAN:I-100 1430 -9.51 2.750 0.050 0.4969 0.958
DAS12Ni-100 " " 2.555 0.064 0.5396 0.845
DAS25Ni-100 " " 2.550 0.058 0.5774 0.743
DAS50Ni-100 " " 2.963 0.102 0.6623 0.554
DAN:i-98 1300 -8.52 3.179 0.061 0.4925 0.988
DAS12Ni-98 " " 2.955 0.066 0.5299 0.878
DAS25Ni-98 " " 3.025 0.060 0.5726 0.769
DAS25Ni-98R " " 2.980 0.044 0.5726 0.768
DAS50Ni-98 " " 3.289 0.088 0.6279 0.634

Note: R designates the reverse experiment (approach to equilibrium from above). s.d. is standard deviation.
* Identical numbers for several samples mean that they were obtained during a single run.

7-9 wt % NiO. As can be seen from Fig. 1, no less than
70 h was needed to attain equilibrium in silicic melt
DASS0 (about 67 wt % SiO,) at 1400°C. The more
basic DA melt was found to be equilibrated at the same
temperature within 4 h (Borisov, 2001). An estimate of
4 h could be too optimistic. However, as can be seen
from Table 1, DA melt showed the same NiO content
after 11-h and 70-h experiments (2.39 = 0.03 and
2.42 £0.03 wt %, respectively).

It was anticipated that the DAS50 composition has
to be saturated in cristobalite at 1300°C (Clark et al.,
1962). Therefore, the DAS25 composition with
57 wt % SiO, was chosen to estimate the time of equil-
ibration at this temperature. As can be seen in Fig. 1,
this melt with a significantly lower SiO, content rela-
tive to DASS50 reached equilibrium from below within
20 h. It is noteworthy that the melt from the reverse
experiment (attainment of equilibrium from a high Ni
content) remained oversaturated in Ni relative to the
equilibrium value after a 20-h exposure.

Why does a silicic melt require longer exposures to
attain equilibrium than a basic melt? It is known that the

loop—melt equilibrium is controlled by two processes:
diffusion of the loop material (Ni, in the given case) in
the melt and convection, which continuously homoge-
nizes the melt during the experiment (Borisov, 2001).
At the same time, the following statement holds for
most elements: the higher the melt viscosity, the lower
the diffusion coefficients of these elements in the given
melt, all other conditions being equal (for example,
Mungall, 2002). Thus, the high viscosity of silicic melts
in combination with slower Ni diffusion results in
longer exposures necessary to attain equilibrium.

In the following discussion, we will consider the
results of the longest experiments. Although the melts
with moderate SiO, contents attained equilibrium in
shorter experiments, it is more plausible to consider the
melt composition effect for samples obtained in a sin-

gle melting run, i.e., at absolutely identical T—fq
parameters. The structural-chemical and thermody-
namic characteristics (NBO/T, logyy;o and others) of
the discussed melts are shown in Table 2.

PETROLOGY Vol. 14 No. 6 2006
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Fig. 1. Time necessary for the attainment of equilibrium in
silicic melts DAS50 (at 1400°C) and DAS25 (at 1300°C).
Open symbols are direct experiments (starting composi-
tions are Ni-free), and filled symbols are reverse experi-
ments (starting NiO content is higher than equilibrium one).

Effect of Oxygen Fugacity
and Temperature on Ni Solubility

The solubility of Ni in the melts can be described by
the reaction

Ni (metal) + 0.50, = NiO (silicate melt). (1)

The theoretical slope (k) of the logarithm of Ni sol-
ubility versus log fo, ata fixed temperature is 1/2.

The solubility of Ni as a function of f at a fixed

temperature of 1430°C is shown in Fig. 2. All points
regardless of melt composition define a single linear
trend corresponding to the equation:

log(NiO, wt %) = 0.51log f, +4.123. 2)

The fact that the value of k in Eq. (2) is close to the
theoretical value of 1/2, as well as the very high corre-
lation coefficient (R? = 0.999), testifies that oxygen
fugacity is the main control on Ni solubility.

To calculate the temperature dependency of Ni solubil-
ity in silicate melts, we used three experimental series con-
ducted under similar proportions of gases in the buffer mix-
ture (CO,/CO =4), i.e., at relatively similar oxygen fugac-

ity values. The data were recalculated to f, = 1078 atm,

assuming k = 1/2 (ideal value). Then the slope of
log(NiO, wt %) versus 1/T(K) (h) was calculated as
8465 £ 4, 8350+ 45,7828 +79, and 6653 £ 274 for the
DA, DAS12, DAS25, and DAS50 compositions,
respectively. It is seen that the temperature dependence
tends to decrease for more silicic melts, although the
slope h remains the same within the error. Additional
studies of the temperature dependence of metal solubil-
ity in silicic melts are needed.
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Fig. 2. Effect of oxygen fugacity on Ni solubility at a tem-
perature of 1430°C.

Effect of SiO, on Ni Solubility in Silicate Melts.
A Comparison with Literature Data

Figure 3 shows the results of three long-duration
experimental series performed at identical gas propor-
tions in the buffer mixture (CO,/CO =4), which implies
arelatively constant oxygen fugacity (approximately an
order of magnitude lower than that of the quartz—fay-
alite—magnetite buffer). It can be seen that the maxi-
mum Ni solubility in silicate melts is reached at inter-
mediate SiO, contents (~55-58 wt %).

As was mentioned above, the experiments of Ertel
et al. (1997) and O’Neill and Eggins (2002) were con-
ducted in the same system (DA + SiO,) at temperatures

NiO, wt %
32¢ -
)@/ \\\
30 I // ~
-7 1430°C 2§3\
281
e - R _@_ - -

26+ _ A R
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1.6T7
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13 1 1 1 \'%tl ]
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Fig. 3. Effect of SiO, content on Ni solubility in the melts
of three experimental series at a constant relative oxygen
fugacity (QFM — 1). Cri is the cristobalite-saturated compo-
sition. Open symbols are direct experiments, and filled sym-
bols are reverse experiments.
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Fig. 4. Effect of SiO, content on Ni solubility in the melts
of experimental series conducted at 1430°C and f 0, =

107231 agm (filled circles). Also shown are data on Ni solu-
bility in the melts of the same composition from the litera-

ture: at 1350°C and fq, = 10215 atm (Ertel et al., 1997;

filled boxes); at 1400°C and fo2 =10"2%9 atm (O’Neill and
Eggins, 2002; open triangles).

of 1350 and 1400°C, respectively, and showed no SiO,
effect on Ni solubility. Our experiments revealed a
maximum in Ni solubility within a temperature interval
from 1300 to 1430°C (Fig. 3). This discrepancy could
be due to the low Ni content (on the ppm level) in the
experiments of Ertel etal. (1997) and O’Neill and
Eggins (2002). Therefore, one of our experimental

series was conducted at low f(, to provide a ppm-level

Ni solubility. Our results and the data of the cited
authors are shown in Fig. 4. Our data for low Ni con-
tents in melts agree with the results of experiments with
percent-level Ni solubilities (compare with Fig. 3).
Similar to the previous experimental series, the maxi-
mum Ni solubility is observed in melts with about
57 wt % SiO,. As follows from Fig. 4, the data of
O’Neill and Eggins (2002) are consistent with the pos-
sible existence of a maximum on the Ni solubility curve
in melts with Si0, = 55-57 wt %, which were not inves-
tigated by these authors. In contrast, Ertel et al. (1997)
carried out a series of experiments by adding quartz to
the initial DA melt. Since they concluded that SiO, has
no effect on Ni solubility in melt, we examine their
results in more detail.

The experiments of Ertel et al. (1997) were con-
ducted using a Ni crucible and a rotating pestle, which
mixed the melt and promoted the rapid attainment of
equilibrium (Dingwell et al., 1994). Since the melt vol-
ume was large (~2 g), the experiments lasted for hun-
dreds of hours. The experimental design allowed sam-
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pling of melt aliquots for analysis and addition of a new
portion of materials (in their experiments, quartz was
added to the initial DA melt). These researchers
believed that equilibrium was not attained either at the
initial stage (starting DA composition) or during the
first two additions of quartz (4.5 and 13%) (Ertel et al.,
1997; p. 4715 and Fig. 2). The equilibrium Ni content
was calculated by extrapolating the disequilibrium val-
ues using an equation proposed by Ertel et al. (1996). In
our opinion, the data obtained in such a way can pro-
vide only rough estimates, and the extrapolation errors
must be included into the total uncertainty, which was
not done. According to Ertel et al. (1997), the equilib-
rium was attained during the subsequent stages of the
experiment (addition of 21.5, 28.2, and 33% quartz). As
was shown above, the equilibrium in silicic melts is
attained slower than in basic melts. Thus, there is a rea-
sonable question: if equilibrium was not attained in 238
h after quartz addition (Ertel et al., 1997; Table 2), how
could it be attained during the subsequent stages with
comparable exposure times? As follows from these
considerations, the absence of correlation between Ni
solubility and SiO, content in the experiments of
Ertel et al. (1997) can be attributed to the absence of
equilibrium and high extrapolation errors.

Effect of SiO, Content on the Activity Coefficients
of NiO in Silicate Melts. A Comparison of X0,
and NBO/T Structural Parameters

As follows from reaction (1), the activity coeffi-
cients of NiO in the melts can be calculated by the fol-
lowing way:

K, = aNiO/(aNifgzs) = (Xr\ﬁo%\ﬁo)/f&5 , (3)

nio = (K1 f gj M Xnio, 4)

where Xyio, anio» and Yo are, respectively, the mole
fraction, activity, and activity coefficient of NiO in the
melt; K is the constant of reaction (1); and ay; = 1 for
pure metal. The calculated activity coefficients of NiO
are listed in Table 2. The calculations were performed
relative to a standard state of pure liquid NiO (Holzheid
et al., 1997; O’Neill and Eggins, 2002).

One of the most widely used parameters character-
izing the degree of melt polymerization is NBO/T
(number of nonbridging oxygen atoms per tetrahedrally
coordinated cation), which has been widely popular-
ized in the geological literature by B. Mysen (e.g.,
Mysen, 1988). In such a case, all the components of
melt are subdivided into network formers (SiO,, TiO,,
Al O3, and others) and network modifiers (Na,O, CaO,
FeO, and others). The calculation of this parameter
implies that all network formers (for example, SiO, and
Al,O;) equally contribute to the polymerization of
melt, and all modifiers (for example CaO and FeO)
have the same effect on melt depolymerization. This is
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Fig. 5. Effect of (a) X sio, and (b) NBO/T on ;g in silicate melts of the DAS system at 1430°C.

obviously not the case. For instance, the constants of
polymerization in the binary systems MO-SiO, vary
considerably depending on the identity of M (Table 1 in
Ottonello et al., 2001). The different behavior of cat-
ions in natural multicomponent melts is also supported
by indirect evidence. For example, the empirical equa-
tions relating the proportions of ferrous and ferric Fe in
silicate melts with intensive and extensive parameters
(e.g., Sack et al., 1980) include the Xd,X; terms allow-
ing for the effect of melt composition where X; is the
mole fraction of a major component, and d; is the
respective empirical coefficient. The sharp differences
between the values of dq,q and dg.g, on the one hand,

and dgio. and d, o., on the other hand, indicate chem-
2 2V3

ical and, correspondingly, structural nonequivalence of
both network-forming and network-modifying oxides.
However, NBO/T is widely used in empirical equations
as a parameter describing the effect of melt composi-
tion (e.g., Righter et al., 1997). The values of NBO/T
for our experimental melts are given in Table 2.

Figure 5 shows 7Yyio values for three experimental
series conducted at a fixed temperature of 1430°C and
oxygen fugacities of 1076, 10-"1°, and 10! atm. The
values of 7Yy;o obtained in two reducing series can be
approximated by a single curve, whereas the oxidizing
series yielded somewhat different activity coefficient
values. It is possible that Henry’s law is not obeyed at
very high NiO contents (12-13 wt % NiO).

It is interesting to compare the effect of X, and
NBO/T on the activity coefficient of NiO. In the former

PETROLOGY Vol. 14 No. 6 2006

case (Fig. 5a), both curves display a minimum at
approximately the same values of X, = 0.55-0.57,

whereas in the latter case (Fig. 5b), the minimum for
the high-Ni melts is shifted towards higher NBO/T val-
ues relative to the low-Ni melts.

Pretorius and Muan (1992) also reported a distinct
minimum of Yy;o associating with regular variations in
melt composition. They studied the behavior of Ni in
the melts of the CaO-MgO-Al,0;-Si0, system (desig-
nated as CMNAS by these authors, and CMAS in the
generally accepted abbreviation). In contrast to our
experiments with the dilution of the DA composition by
the addition of SiO,, these authors performed experi-
ments at a variable CaO/Si0, ratio and nearly constant
MgO (about 6 wt %) and Al,O5 concentrations (~10 or
~20 wt %). In order to compare with our results, the
data of Pretorius and Muan (1992) on Ni solubility
were recalculated to the activity coefficients of NiO
using the accepted here thermodynamic data and stan-
dard states. Figure 6 shows the calculated values of Yyio

as a function of (a) X sio, and (b) NBO/T. Like in Fig. 5,
both curves (for X, o, of about 0.06 and 0.12) in

Fig. 6a exhibit minima at X, =0.55-0.56, whereas in

the Ynio—NBO/T diagram (Fig. 6b), the minimum for
the high-Al melts is shifted towards higher NBO/T rel-
ative to the minimum for the low-Al melts.
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Fig. 6. Effect of (a) X si0, and (b) NBO/T on 7Yyj0 in silicate melts of the CMAS system at 1400°C (Pretorius and Muan, 1992).

Extremes in Ni Solubility (Yy;o) Curves:
Possible Explanation

The values of yy;o from Table 2 were approximated
at each temperature (high-Ni melts at 1430°C were

Nio

3.2

1300°C
3.0

2.8

2.6

e '1430°C
2.4+
~5.96

S~a -

2.2

1 1
0.50 0.5 0.65 X0,

Fig. 7. Effect of X sio, O YNiO in silicate melts: a compar-

ison of experimental (solid line) and calculated (dashed and
dotted lines) curves. Experimental data were approximated
by Eq. (5). Numbers near the curves show temperature. The
curve labeled —5.96 describes Ni-rich melts obtained in the
most oxidizing conditions (10_5 96 atm.). The dashed line is
the model of subregular solid solutions (O’Neill and
Eggins, 2002), and the dotted line is the model of Colson
et al. (2005). See text for explanation.

considered separately) by the function of X0, (X):

logYnio = aX?+ bX +c, (5)
where a, b, and c are the empirical coefficients. The cor-
relation coefficient varies from 0.80 to 0.99, indicating
the plausibility of the chosen equation. The calculated
curves are shown in Fig. 7. The temperature effect on
the activity coefficient of NiO in the melt is evident:
Ynio increases with decreasing temperature regardless
of melt composition. However, we will further discuss
the position of minima in the curves rather than the
absolute values of Yyio-

It is interesting that three (at 1400 and 1430°C) from
the four curves in Fig. 7 show a minimum at X, =

0.571 £0.003, and it is shifted to Xg;o, = 0.552 only at

a temperature of 1300°C. It is possible that the mini-
mum is really shifted toward more basic composition
with decreasing temperature. However, the positions of
minima on these curves must be considered as approx-
imate estimates, because most of the curves were calcu-
lated using 4-5 points. Figure 6a (Pretorius and Muan,
1992; 1400°C) also supports that, independent of tem-
perature and melt composition, the minimum of Vg

(maximum of Ni solubility at given 7 f, parameters)
corresponds to melts with X5 = 0.55-0.57.

The existence of minima in the yy;o curves may
be formally explained by applying the formalism of
PETROLOGY Vol. 14
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subregular solid solutions (e.g., O’Neill and Eggins,
2002):

noj
logYnio = z Zaijij. (6)

j=lk=1

The four-component CMAS system studied by them
can be described by ten a; parameters. Although these
authors expressed some doubt about the use of the ten-
parameter equation obtained by processing 18 different
compositions, we examined the applicability of this
model for the description of the minimum in the Yyio
curve [ay values were taken from Table 9 of O’Neill
and Eggins (2002)]. Since these authors calculated the
mole fractions of major components on a single-cation
basis (AlO, 5 instead of Al,O;), the obtained Yy;o and

Xsio, values were recalculated in accordance with

those accepted in this paper. It appeared that Eq. (6)
adequately reproduces the minimum in the nio—Xsio,
coordinates. At 1400°C, the temperature at which
Eq. (6) was calibrated, the value of Yy;o is 2.43 in the
starting DA system, decreases monotonously with
increasing SiO, content in the melt, reaches a minimum

(fni = 2.22) at Xgio, = 0.565, and returns to a starting

value of 2.43 at X5, = 0.631. Both the X, coordi-

nate of the minimum and the shape of the model curve
are similar to our experimental curves: on average, Yyio
increases by 20% in response to a 10% increase or
decrease in SiO, mole fraction in the melt relative to the
minimum.

The extremes in the solubility (activity coefficient)
curves can be explained by a less formal way by con-
sidering reaction (1) in combination with the following
dissociation reaction of NiO dissolved in melt:

Ni?* (melt) + O* (melt) = NiO (melt), @)
ayio = TioXnio = (a0 )(a > K. (®)

Under given 7—f, parameters, ayo (or corre-
sponding Yyio value) is then a function of two more or

less independent parameters, a_... and ag -
1

In the simplest case, the value of a o can be found,

according to the Temkin (1946) model, as the fraction
of Ni** in the sublattice of cation modifiers,
X o /(XCa2+ + XMg2+ + Xnio)- Assuming that the frac-

tion of undissociated oxides in the melt is low, this
parameter can be approximated by Xy;o/(Xca0 + Xwme0)s
if the solubility of Ni is low. Then, Eq. (8) can be
recast as

io = Xcao + XMgo)_l(aOZ— )K;. )
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In more complex models, part of Al ions can be consid-
ered as modifiers, and different reaction ability of CaO
and MgO can be taken into account using empirical
correction factors for the molar fractions of these
oxides (Colson et al., 2005).

The value of a o can be estimated using the model
of Toop and Samis (1962):

200=0+ 07, (10)

where O-, O° and O? are nonbridging, bridging, and
free oxygen ions, respectively.

For binary systems, the contents of various oxygen
forms are defined by the amount of SiO, moles (Ngo, )

as follows:
(0% =2Ng0, — (02, (11)
(0*) = (1 = Ng,) - (0)/2, (12)
(0_)2(4K10 1)+ (0 )(2+2Ng0) (13)

+8Nji0,(Nsio,— 1) = 0,

where K is the constant of reaction (10).

The number of moles of all oxygen forms can be
obtained by solving the system of Eqs. (11)—(13). It can
be shown that the content of O*~ (and, correspondingly,
aoz,) decreases monotonously with increasing SiO,,

and (Xc,0 + Xye0)™' increases concurrently. The oppo-
site variations of two factors in Eq. (9) must produce
extremes in the curves of Yy;o (or Ni solubility in melt)

versus Xgo, - In the case of multicomponent melts, the

calculation of the contents of O%* and other structural
units is more complicated (Ottonello et al., 2001).

According to Colson et al. (2005), a o has to be pro-

portional to NBO?/BO to a first approximation, where
NBO and BO are the concentrations of nonbridging and
bridging oxygen atoms, respectively.

The model of Colson et al. (2005) is not completely
adequate, because it suggests the independence of NiO
activity coefficients on temperature (model was cali-
brated using electrochemical measurements within a
wide temperature range) and is valid for compositions
with 0.3 < (Xye0 + Xca0) < 0.55. Nonetheless, Colson et
al (2005) argued that their model is superior to the
model of O’Neill and Eggins (2002), because it
involves only five empirical coefficients (instead of 10).

According to the model of Colson et al. (2005), the
addition of SiO, to the starting DA composition also
results in the appearance of a Yy;o minimum. However,

neither the X, coordinate of the minimum (0.535)
nor the shape of the curve (10% increase in SiO, con-
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tent relative to the minimum leads to an increase in Yy;o
by a factor of 2.3) agree with our experimental data.

Petrological Consequences

This paper considers a rather narrow range of sili-
cate melt compositions. Nevertheless, our experiments
may have some petrological applications on the behav-
ior of Ni (and other elements) in silicate melts of the
basalt-rhyolite series.

First, the maximum Ni solubility at SiO, ~ 55-58 wt %
indicates that there are fundamental chemical differ-
ences between basic and silicic melts. Therefore, sim-
ple empirical relations (for example, the approximation
of melt composition effects by the expressions Xd;X;,
where X; is the mole fraction of a major component, and
d; is the empirical coefficient) obtained for a certain
group of melts should be applied to other melts with
caution. The 2d,X; term could be of limited application
for the description of the effect of composition not only
for activity coefficients (metal solubility) but also for
the proportions of cations of different valence sates in
silicate melts. For example, Nikolaev etal. (1996)
showed that none of the existing empirical equations
describing the Fe3*/Fe?* ratio in natural melts as a func-
tion of temperature, oxygen fugacity, and melt compo-
sition (all these equations include terms of the Xd;X;
type) and calibrated using a basalt-dominated data base
is adequate for silicic melts.

Second, it is not a mere coincidence that the minima
of curves in the Yy;o—Xs;0, coordinates are observed at

approximately the same SiO, contents (X, = 0.55-

0.57, Figs. 5a and 6a) independent of melt composition
but are shifted in the yyo—NBO/T diagram along the
NBO/T axis depending on the concentrations of Ni and
Al (Figs. 5a, 6b). This suggests that SiO, controls the
chemistry and structure of silicate melts. Aluminum
oxide is presumably a less efficient network former
compared to SiO,, and NiO is inferior to CaO and MgO
as a network modifier.

In this regard, it is implausible to use NBO/T for the
description of the effect of melt composition on various
partition coefficients. In particular, Righter et al. (1997)
used NBO/T to describe the effect of melt composition
on the partition coefficients of Ni and other siderophile
elements between metal and silicate melt. Since the
value of Dy; is inversely proportional to Ni solubility
(and proportional to Yy;0), all relations in the behavior
of Ynio found in our study are applicable to Dy;. As can
be seen in Fig. 6b, variations in NBO/T between 0.5
and 1.0 exert opposite effects on Yy;o in high-Al and
low-Al melts, indicating an equivocal influence of
NBO/T on Dy; in melts of different compositions.

The most productive in this respect is the approach

of Beattie et al. (1991), who calculated Dio e

D" (partition coefficients of Ca, Sc, Mn, Fe, Co, Ni,

and
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and Yb between olivine, orthopyroxene, and silicate
melt) as functions of Dy,. It is evidently that, if the
activity coefficient of oxide i and Yy, depend on melt
composition in a similar way, the linear dependence of
D; on Dy, will hold for both silicic and basic melts. It
should be noted that the general similarity of melt com-
position effects on the activity coefficients of many
oxides was demonstrated by O’Neill and Eggins (2002)
and Borisov et al. (2004).

CONCLUSIONS

Ni solubility in silicate melts with variable SiO,
content was experimentally studied at a total pressure
of 1 atm and temperatures of 1300-1430°C within an
oxygen fugacity range providing NiO concentration in
melts from a few ppm to 13 wt %.

It was shown that the Ni solubility shows a maxi-
mum (minimum activity coefficient of NiO) in melts
with SiO, contents of about 55-57 wt %, independent
of temperature and oxygen fugacity. The solubility of
Ni is significantly lower (and, correspondingly, NiO
activity coefficient is higher) in melts with both higher
and lower SiO, contents.

Regardless of melt composition, Yy;o increases with
decreasing temperature between 1430 and 1300°C.

Based on our results and literature data, we con-
cluded that the NBO/T parameter is the least suitable
for the description of the effect of melt composition on
Ni solubility.
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