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Abstract

The optical absorption spectra of Co?* and Ni2* in haplogranitic glass and melt were measured from room temperature
to 1500°C. For Co?", a continuous decrease of the intensity of all bands with increasing temperature is observed both below
and above the glass transition. This is attributed to a decrease of extinction coefficients with temperature. Co?" is in a
distorted tetrahedral environment both in the melt and in the quenched glass. The decrease of extinction coefficients with
temperature may be related to a reduction of tetrahedral distortion. At low temperatures, a small fraction of Co?™ may be
octahedrally coordinated, but spectroscopic evidence is not conclusive. Ni2* is mostly in a distorted octahedral environment
in the glass. Up to the glass transition temperature, the extinction coefficients of the bands of octahedral Ni2?* decrease
dlightly; however, beyond the glass transition, the intensity of the octahedral bands decrease rapidly and above 1300°C, the
optical spectra are dominated by a band due to tetrahedral Ni2*, indicating a change of coordination with temperature. The
equilibrium constant for the reaction NiZ e =NiZfaneara 1S €stimated to be InK = 8.42-11.13 K /T, corresponding to a
reaction enthalpy of 92 kJ,/mol. Preliminary measurements suggest that the speciation of Ni2* and Co?" in basaltic systems
is similar to that observed in haplogranite. Our results imply that the partitioning of Ni?* between minerals and silicate
melts should depend more strongly on temperature than for Co?* and most other trace elements. © 1999 Elsevier Science
B.V. All rights reserved.
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1. Introduction

During recent years, numerous studies have
probed the speciation of silicate melts by direct
spectroscopic  measurements at  high temperature
(e.g., McMillan and Wolf, 1995). In many cases it
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was found that the structure of the melt far above the
glass transition temperature T, can be quite different
from the structure of the quenched glass. In particu-
lar, Raman spectroscopy has proved to be a very
powerful tool to study the connectivity of silicate
tetrahedra in melts at very high temperatures;, com-
plementary information on equilibria and exchange
dynamics of various silicate species in the melt can
be obtained by *Si NMR methods (e.g., Stebbins,
1995). On the other hand, there are only relatively
few studies on the environment of network-modify-
ing ions in silicate melts above T,. However, knowl-
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edge of the structural environment of these ions in
the melt is crucia for understanding trace element
partitioning between silicate melts and minerals.

The transition metals cobalt and nickel have re-
ceived considerable attention by geochemists, be-
cause their abundance in the upper mantle can be
used to constrain models of core formation (eg.,
Thibault and Walter, 1995). Together with iron,
nickel is the main congtituent of the core. Moreover,
due to its strong partitioning into olivine (Hart and
Davis, 1978), the abundance of nickel in basdtic
melts is a sensitive indicator of olivine fractionation,
both on a small scale as well as on the scae of a
global magma ocean.

Data on the speciation of Ni%* in silicate melts
above T, are essentidly limited to the work of
Farges and Brown (1996) who report X-ray absorp-
tion data in sodium disilicate melt to 1000°C. The
speciation of Ni?* in potassium borate glass and
melt was studied by Lin and Angell (1984) using
optical spectroscopy. No comparable data are avail-
able for Co?* in silicate melts, but there are some
high-temperature spectroscopic studies of Co?* in
nitrate and halide glasses (Barkatt and Angell, 1978;
Michailov and Nemilov, 1981). In the present paper,
we present optical absorption spectra of Co®* and
Ni2* in aluminosilicate melts to 1500°C. The specia-
tion models derived from these measurements will
help to understand the partitioning of transition met-
als in magmatic processes.

2. Experimental methods

A haplogranitic glass with the composition of 40
wt.% NaAlSi ;O4—35 wt.% SiO,—25 wt.% KAISi ;04
was prepared by melting a stoichiometric mixture of
reagent-grade SiO,, Al ,0O;, K,CO, and Na,CO; in
a platinum crucible. The glass was then ground up
and mixed with 1 wt.% CoO or NiO, respectively.
Previous work (Keppler, 1992) showed that the spe-
ciation of Ni and Co in glasses is independent of
concentration in the range between 0.1 and 1 wt.%
Co or Ni. Mélting of the powder in a platinum
crucible at 1600°C for 1 h and slowly cooling the
crucible in air produced dark blue (Co) or brown
(Ni), homogeneous glasses. The cooling rate in the
range of the glass transition was about 1-2°C/min.

Glass cylinders with 1 mm diameter were drilled out
of the massive chunks of glass using hollow dia-
mond drills. The cylinders were cut to a thickness of
1 mm and polished on both sides. These cylinders
were wrapped on the sides into platinum foil and
mounted in a microscope heating stage of the type
described by Zapunnyy et al. (1989). A type S
thermocouple was directly attached to the glass
cylinders.

The heating stage with the samples was placed on
an infrared microscope coupled to a Bruker IFS 120
Fourier-transform spectrometer. This spectrometer
contains a permanently aligned, Michelson-type in-
terferometer. The optics of the microscope is all-re-
flecting with a 15-fold Cassegranian objective. To
record the optical spectra at various temperatures,
several hundred scans were accumulated with 8 cm™?
resolution using a Xenon-arc source, a quartz-
beamsplitter with dielectric coating and a Si-diode as
detector. With this setup, the spectral range from
about 9000 to 27000 cm™?! is accessible, which is
sufficient to monitor the speciation of Co?* and
Ni?* in the silicate glass and melt.

Measurements were carried out from room tem-
perature to 1500°C. The temperature was essentially
limited by the capability of the heating stage and by
the deformation of the sample surface at high tem-
perature. This deformation often leads to a sample
geometry that refracts the beam out of the optical
axis of the microscope, so that insufficient intensity
reaches the detector. Blackbody radiation emitted
from the sample was not a problem, even at the
highest temperature, since this radiation is unmodu-
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Fig. 1. Baseline correction of optical spectra. Shown are the raw
data, the linear baseline, and the baseline-corrected spectrum of
Co?* in haplogranite melt at 1000°C. Sample thickness 1 mm, 1
wt.% CoO.
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lated and in a Fourier-transform spectrometer, the
spectrum is calculated from the modulated part of
the radiation only. A detailed discussion of the tech-
nology used to acquire absorption spectra at high
temperature can be found in (Keppler, 1996). After
the heating cycle, samples were recovered and repol-
ished. Spectra obtained from these samples were
virtually indistinguishable from the spectra measured
before the heating experiments.

A linear baseline correction was applied to all
spectra measured at ambient conditions or at high
temperature. The baseline was defined by the min-
ima in absorption at low and high frequency, i.e.,
around 10,000 and 25,000 cm~*. An example for
such a baseline correction is shown in Fig. 1.

3. Results
3.1. Cobalt

Fig. 2 shows the baseline-corrected optical ab-
sorption spectrum of Co?" in haplogranite glass at
room temperature. The spectrum is very similar to
that of Co?* in albite glass (Keppler, 1992). Three
band components centered around 15,000, 16,500,
and 20,000 cm ™! can clearly be distinguished. These
bands are essentially due to crystal field transitions
between the d-orbitals of Co?" in a distorted tetrahe-
dral environment. The individual bands are due to
the spin-allowed transition “A,(F) —*T,(P), com-
bined with the two spin-forbidden transitions ‘A ,(F)
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Fig. 2. Optical spectrum of Co?* in haplogranite glass at 20°C,
deconvoluted into three Gaussian components. Sample thickness 1
mm, 1 wt.% CoO. The positions of the individual band compo-
nents are 14,908, 16,544, and 20,092 cm™*. For more informa-
tion, see Table 1.
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Fig. 3. Optical spectra of Co?" in haplogranite glass and melt at
selected temperatures. Sample thickness 1 mm, 1 wt.% CoO.

—2T(G), *Ex(G) and ‘A ,(F) »°T,(G). The spin-
forbidden transitions are enhanced due to distortion;
for further discussion of the spectra, see Keppler
(1992).

Any absorption due to octahedral Co?* would be
expected to occur at higher frequency than for the
tetrahedral species, with the main bands centered at
or above 20,000 cm™! (e.g., Figgis, 1966). It cannot
be ruled out that a small proportion of Co?* isin an
octahedral environment and that the corresponding
bands are hidden below the 20,000 cm~! component
of the tetrahedral spectrum. However, the fraction of
octahedral Co?* would have to be very small.

Fig. 3 shows some selected, baseline-corrected
spectra of Co?* in haplogranitic glass and melt to
1400°C. A number of changes are obvious with
increasing temperature. The magnitude of absorp-
tion, i.e, the extinction coefficients of al bands
decrease with temperature. This effect is particularly
strong for the high-frequency band at 20,000 cm ™.
At 1500°C, this band is not detectable anymore.
Interestingly, the changes in the spectra start to occur
far below the glass transition temperature, which
should be around 600 to 800°C. At 500°C, for exam-
ple, the intensity of the band responsible for the
shoulder around 16,500 cm™? is already significantly
reduced.

In order to quantify the changes occurring with
temperature, the spectra were deconvoluted using
three Gaussian functions as shown in Fig. 2. Posi-
tion, width and intensity of the Gaussian components
were allowed to vary freely without any constraints.
Excellent fits with residua errors around 1% were
achieved for all temperatures (Table 1). The individ-



Table 1
Deconvolution of the optical spectra of Co?* in haplogranite glass and melt to 1500°C
Temperature Frequency Width Intensity Frequency Width Intensity Frequency Width Intensity
O (cm™h) (cm™1) (cm™1) (ecm™1) (cm™1) (em™1) (em™1) (ecm™1) (cm™1)
20 14,908 1350 2332 16,544 2033 2756 20,092 3645 3127
250 14,828 1411 2247 16,486 2083 2587 20,063 3695 2890
500 14,736 1507 2157 16,430 2110 2281 20,006 3825 2626
600 14,700 1564 2126 16,417 2118 2134 19,978 3845 2468
700 14,662 1604 2059 16,394 2141 2004 19,962 3831 2264
800 14,615 1657 2004 16,361 2178 1844 19,977 3800 1982
900 14,561 1754 2008 16,332 2212 1610 20,042 3723 1594
1000 14,518 1817 1952 16,294 2227 1404 20,073 3690 1289
1100 14,500 1906 1939 16,302 2179 1153 20,087 3556 972
1200 14,479 1986 1904 16,301 2152 961 20,093 3339 696
1300 14,461 2037 1782 16,269 2048 723 20,190 2874 363
1400 14,471 2194 1777 16,327 1867 491 20,309 2601 206
1500 14,476 2609 1692 16,408 1411 178

Sample thickness 1 mm, 1 wt.% CoO. Spectra were deconvoluted into three Gaussian components. Residual errors are always around 1%. Width is full width at haf height.
Intensity refers to the integral intensity of individual band components.
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Fig. 4. Intensity of optical absorption bands of Co?* in haplo-
granite glass and melt as function of temperature.

ual band positions show little variation with tempera-
ture. Intensities of Gaussian components are plotted
as afunction of temperature in Fig. 4. The intensities
of the 15,000 and 16,500 cm™! bands have been
added together, since the fitting procedure shows
strong correlations between these components. The
data in Fig. 4 do not suggest any change in Co?*
speciation at the glass transition temperature or in
the melt phase. Rather, the decrease of extinction
coefficients of al bands observed aready in the
glass continues smoothly across the glass transition
around 700°C to temperatures up to 1500°C in the
melt. Since a coordination change of Co?* is highly
unlikely to occur below the glass transition, this
implies that the speciation also remains essentialy
unchanged in the melt, with Co®" being tetrahe-
drally coordinated at all temperatures.

Optical absorption spectroscopy almost exclu-
sively probes the first coordination shell around the
transition metal ion. Accordingly, it is insensitive to
changes at the glass transformation, if these changes
occur far away from the Co®* ion in the glass
structure. It is therefore conceivable that rearrange-
ments of the silicate network involving cleavage of
Si—O-Si bonds are invisible in the optical spectra.
This may be the reason why the glass transition has
no obvious effect on the spectra of Co®* in haplo-
granite, while it can be easily seen in the optical
spectra of Co?" doped into nitrate glasses (Barkatt
and Angell, 1978).

The decrease in the extinction coefficients of al
bands observed for Co2* is probably related to a
reduction of tetrahedra distortion with temperature.
Normally, electronic transitions between d-orbitals

are forbidden for symmetry reasons, as they involve
states with equal parity (e.g., Figgis, 1966). Crystal
field bands can only be observed because there are
several ways to lift this Laporte selection rule. If the
transition metal ion is in a non-centrosymmetric
environment, the d-orbitals interact with the sur-
rounding electric fields and as a result of this, they
are not drictly centrosymmetric anymore. In this
case, transitions between different d-orbitals become
alowed. The probability of a transition, i.e., the
extinction coefficient will be the larger the stronger
the coordination environment of the transition metal
ion deviates from centrosymmetry. If the distortion
of the coordination polyhedron around Co?* de-
creased with temperature, absorption in the visible
range should also decrease, as is observed. The
decrease in absorption is particularly strong for the
band around 20,000 cm™ 1. This band is assigned to
the spin-forbidden transition “A ,(F) —>T,(G) which
normally should cause only very weak absorption. At
room temperature, this band is probably intensified
by interaction with a split component of the transi-
tion “A,(F) —*T,(P), generated by low-symmetry
distortion (Keppler, 1992). Accordingly, at high tem-
perature, where tetrahedral distortion becomes negli-
gible, the 20,000 cm™! band disappears.

3.2. Nickel
The spectrum of Ni?" in haplogranite glass at

room temperature is shown in Fig. 5. As with Co?*,
the spectrum is very similar to that measured in
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Fig. 5. Optical spectrum of Ni?* in haplogranite glass at 20°C,
deconvoluted into three Gaussian components. Sample thickness 1
mm, 1 wt.% NiO. The positions of the individual band compo-
nents are 15,750, 18,998, and 22,250 cm~. For more informa-
tion, see Table 2.
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albite glass (Keppler, 1992). Three bands are ob-
served around 15,000, 19,000, and 22,000 cm™ .
The two high-frequency components are due to the
transition A ,,(F) > °T,((P) of Ni?* in a distorted
octahedral environment (Keppler, 1992). The band
around 15,000 cm ™! is at least partially due to the
wesk, spin-forbidden transition °A ,,(F) - 'E,(D) of
Ni?* in this distorted octahedral site. However, te-
trahedral Ni2* would also absorb at this energy
CTP —°*T(P). It is therefore possible that a small
amount of tetrahedral Ni?* may be present in the
glass and contribute to the absorption at 15,000
cm™ L.

Based mainly on X-ray absorption measurements,
it has been suggested that the distorted octahedral
site of Ni2* in silicate glasses would be more appro-
priately described as a five-coordinated site (Galoisy
and Calas, 1993). However, this interpretation is not
fully consistent with the optical absorption spectra
(e.g., Keppler, 1992; Nowak and Keppler, 1998).
Accordingly, we prefer a distorted octahedral model
for this site. The distinction between distorted octa-
hedral and fivefold coordination is not relevant for
the following discussion of the speciation changes
occurring in the melt at high temperature.

Fig. 6 shows some background-corrected high-
temperature optical spectra of Ni%* in haplogranite
melt. Apparently, major speciation changes occur
upon heating. Whereas the room temperature spec-
trum is dominated by the two bands of Ni?* in a
distorted octahedral site around 19,000 and 22,000
cm™ !, these bands almost disappeared at 1300°C. At
higher temperatures, they cannot be detected any-
more at al, and the absorption spectrum is domi-
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Fig. 6. Optical spectra of Ni?* in haplogranite glass and melt at
selected temperatures. Sample thickness 1 mm, 1 wt.% NiO.

nated by the band close to 15,000 cm™t. At high
temperatures, this band must be entirely due to tetra-
hedral Ni?*, as the main bands of the distorted
octahedral Ni2* cannot be observed anymore.

To quantify the speciation changes, the spectra
were deconvoluted using three Gaussian functions as
shown in Fig. 5. As with Co?*, position, width and
intensity of the Gaussian components were allowed
to vary freely without any constraints. Residual er-
rors obtained in the fit were less than 0.5% at al
temperatures (Table 2). The individua band posi-
tions show little variation with temperature. Intensi-
ties of Gaussian components are plotted as a function
of temperature in Fig. 7; the intensities of the two
bands of Ni2* in distorted octahedral coordination at
19,000 and 22,000 cm ™! were added together. Up to
the glass transformation temperature around 700°C,
the intensity due to distorted octahedral Ni?* de-
creases only dlightly, possibly again due to a reduc-
tion of polyhedral distortion, as with Co?*. Part of
this decrease may actually also be due to thermal
expansion, which was not corrected for. Above T,
however, the intensity drops of rapidly. The intensity
of the band at 15,000 cm™!, where both distorted
octahedral and tetrahedral Ni?* absorb, remains
roughly constant at all temperatures. These observa-
tions are al consistent with a conversion of distorted
octahedral into tetrahedral Ni2* with increasing tem-
perature above T. This interpretation explains the
decrease in intensity of the high-frequency bands.
The 15,000 cm™* band remains roughly constant in
intensity, probably because the increase in tetrahe-
dral absorption in this range is approximately can-
celled out by the decrease in octahedral absorption.

Below the glass transition temperature, the ab-
sorbance A of the 19,000 + 22,000 cm™! bands
decreases linearly with temperature according to:

A/cm™! = 2510.7 — 0.33987 T /°C. (1)

This equation is a linear fit through the data up to
600°C with R? = 0.983. It describes the decrease in
optical absorption with temperature due to the intrin-
sic decrease of the extinction coefficients. If one
assumes that this equation also approximately de-
scribes the intrinsic decrease of extinction coeffi-
cients above the glass transition, one can calculate
the fraction of distorted octahedral Ni%* at any



Table 2

Deconvolution of the optical spectra of Ni?* in haplogranite glass and melt to 1300°C

Temperature Frequency Width Intensity Frequency Width Intensity Frequency Width Intensity

0 (cm™) (cm™) (em™h) (em™) (em™) (em™h (em™h (em™) (em™)

20 15,750 2080 280 18,998 3678 1048 22,250 3291 1462

250 15,670 2022 260 19,191 4176 1247 22,337 3153 1165
500 15,598 2050 267 19,317 4517 1414 22,387 3043 939
600 15,560 2064 271 19,314 4584 1429 22,388 3039 873
700 15,542 2035 263 19,362 4609 1390 22,372 2875 728
800 15,462 2047 274 19,370 4651 1352 22,361 2791 617
900 15,293 1996 290 19,449 4795 1293 22,381 2695 480

1000 15,179 2015 308 19,489 4703 1092 22,360 2530 363

1100 15,093 1937 284 19,576 4538 808 22,361 2424 264

1200 15,023 1758 224 19,533 3362 329 22,170 2342 208

1300 14,838 2015 278 19,248 2256 115 21,938 2790 181

Sample thicknessis 1 mm, 1 wt.% NiO. Spectra were deconvoluted into three Gaussian components. Residua errors are always less than 0.5%. Width is full width at half height.
Intensity refers to the integral intensity of individual band components.
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Fig. 7. Intensity of optical absorption bands of Ni2* in haplogran-
ite glass and melt as function of temperature.

temperature in a very simple way. This fraction is
simply obtained by dividing the integral absorption
of the 19,000 and 22,000 cm~! bands at any given
temperature by the absorption predicted from Eqg.
(D). The fraction of tetrahedral Ni2* is then given by
difference:

NIV =1—NiV". (2)

The results of this calculation are shown in Table 3.
An implicit assumption in the calculation is that
virtually all of the Ni?* is in a distorted octahedral
ste in the glass below T,. As noted above, the
presence of a small amount of tetrahedral Ni®* in
the glass cannot be ruled out. This may cause a
systematic error in the species calculation, which,
however, should not exceed a few percent.
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In K

| |

P J SR B - -
0,9 1 1,1

0,6 0,7 0,8
/T 107K
Fig. 8. Temperature dependence of the equilibrium constant for

the conversion of distorted octahedral to tetrahedral Ni?* in
haplogranite melt.

The equilibrium between distorted octahedral and
tetrahedral Ni?* in the melt can be described by the
equilibrium constant:

K=Ni"/Niv'. (3)
Fig. 8 showsaplot of InK vs. 1/T. The data can be
fitted by the equation:

INK =8.42—11.13-10°K /T (4)
with R?=0.95. This corresponds to a reaction en-
thalpy of AH =92 kJ/mol for the conversion of
distorted octahedral to tetrahedral Ni?* in the haplo-
granite melt.

Optical absorption measurements similar to those
described above for haplogranite were also carried
out with a synthetic, iron-free basaltic melt. The
composition was close to a natural tholeite, but with

Table 3
Coordination of Ni2* in haplogranite melt
Temperature Octahedral intensity Predicted intensity Octahedral Ni?* Tetrahedral Ni?* In(Ni'Y /NiV!)
@) (em™1) (em™) (NiYH (%) (NiY) (%)
20 2510 2504 = 100 =0

250 2412 2426 =100 =0

500 2353 2341 = 100 =0

600 2302 2307 ~ 100 =0

700 2118 2273 93 7 —2.62

800 1969 2239 88 12 —1.98

900 1773 2205 80 20 -141
1000 1455 2171 67 33 -0.71
1100 1072 2137 50 50 —-0.01
1200 537 2103 25 75 1.07
1300 296 2069 14 86 1.79

Octahedral intensity is the sum of the intensities of the bands due to octahedral Ni?* at 19,000 and 22,000 cm~*. Predicted intensity is the
intensity of the octahedral bands as it would be expected if no speciation change occurred.
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al Fe replaced by Mg. These experiments were
somewhat hampered by the low viscosity of these
melts which caused rapid crystallization around the
glass transition and severe deformation of the sample
surfaces at higher temperatures. Due to these prob-
lems, the spectra obtained at high temperature are
somewhat unsatisfactory and will not be discussed in
further detail. All measurements carried out so far
are however consistent with a similar coordination
change of Ni?* occurring in basaltic melts as ob-
served in haplogranite. Co?" remains tetrahedrally
coordinated at all temperatures studied.

4. Discussion
4.1. Comparison with other systems

The observation of a coordination change of Ni?*
in haplogranite melt at high temperature is in excel-
lent agreement with predictions of Seward (1971)
and with recent experimental work of Farges and
Brown (1996). Farges and Brown investigated the
environment of Ni2* in sodium disilicate glass and
melt by X-ray absorption spectroscopy and observed
a decrease of the average coordination number in the
melt phase, suggesting that Ni2* is mostly in tetra-
hedral coordination at high temperature. A similar
coordination change of Ni?* from octahedral to
tetrahedral with increasing temperature has been ob-
served to occur in a wide variety of solvents, includ-
ing potassium borate melt (Lin and Angell, 1984),
akali chloride melts (Boston and Smith, 1958) and
hydrous solutions (Angell and Gruen, 1966; Liide-
mann and Franck, 1967). The reaction enthalpies for
the coordination change observed in these systems
are usualy smaller than the value found in the
present study for haplogranite melt. For example,
AH is 44.4 kJ/mal in potassium borate melt, 38.9
kJ/moal in akali chloride melts, but 92 kJ/mol for
haplogranite. This difference is, however, easily un-
derstood if one considers that the haplogranite melt
is a fully polymerized network of silicate tetrahedra
and therefore, any coordination change will require a
rearrangement of the Si—O bonds.

The behavior of Ni?* is somewhat unusual if
compared with other trace elements in natural mag-
matic systems. A similar temperature dependent

equilibrium between four- and five-coordinated
species has been suggested for Fe?* in silicate melts
(Brown et a., 1995, and references therein). How-
ever, Co?", as pointed out above, does not change
coordination in the melt phase or when going from
the glass to the melt. George and Stebbins (1998)
presented high-temperature NMR evidence suggest-
ing that the environment of Mg?* in silicate melt
and glass is similar over a wide range of tempera
tures. In addition, it has been shown by EXAFS
measurements (Brown et al., 1995) that the environ-
ment of most high field strength ions in silicate melts
and glasses is virtually independent of temperature.
A possible exception may be titanium, where some
changes with temperature have been suggested
(Mysen and Neuville, 1995). According to these
data, one should expect that the partitioning of most
trace elements is rather insensitive to temperature,
while there should be a considerable temperature
dependence for nickel and possibly for a few other
elements.

4.2. Partition coefficients

Ni?* is an ion with exceptionally large crystal
field stabilization energies (CFSE), particularly in an
octahedral field. It has been shown that the partition
coefficients of such ions, particularly of Ni2* and
Cr3*, can be quantitatively predicted by considera-
tions of crysta field effects (Keppler, 1992;
Malavergne et al., 1997). Moreover, Spectroscopic
data from high-pressure experiments have been suc-
cessfully used to predict the pressure dependence of
the metal /silicate melt partition coefficients of Ni?*
and Co?" (Keppler and Rubie, 1993; Thibault and
Walter, 1995). In an octahedral site, the CFSE of
Ni?* in various phases is in the range of 75 to 140
kJ/mol, while the CFSE in a tetrahedra site is
usually around 40 kJ/mol (Burns, 1993). Therefore,
Ni2* should strongly prefer octahedral over tetrahe-
dral sites. According to the data reported by Burns
(1993), the difference between the CFSE in both
sites, the so-called octahedral site preference energy
(OSPE), is in the order of 35—-100 kJ/mol, depend-
ing on the specific system considered. Interestingly,
this is just the range of reaction enthal pies measured
in various melts for the conversion of octahedra to
tetrahedral Ni®*, as noted above.
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If Ni2* moves from distorted octahedral into
tetrahedral coordination in silicate melts at high tem-
peratures, CFSE in the melt will be reduced and
accordingly, Ni?* should tend to become more com-
patible in minerals, unless this effect is cancelled out
by entropy changes. For Co?*, which aways re-
mains in a tetrahedral site, no such effect is ex-
pected. Accordingly, the relative fractionation of Ni
and Co between a silicate melt and a mineral, such
as olivine, should change with temperature in such a
way that at high temperature the uptake of Ni2* in
olivine is more favoured. This behaviour was found
by Holzheid et a. (1997) in a thermodynamic analy-
sis of Ni and Co partitioning between silicate melts
and olivine. According to Holzheid et al., K}/°
for olivine increases from 1.13 at 1100°C to 1.34 at
1600°C. Holzheid et al. also noted that the activity
coefficient of Ni%* in silicate melts is dependent on
temperature, if solid NiO is used as a standard state,
but temperature independent if referenced to liquid
NiO. As noted above, available evidence from a
wide range of different systems suggests that Ni2*
always changes its coordination environment in a
liquid as a function of temperature. It is therefore
conceivable that liquid NiO contains Ni2* in a mix-
ture of different coordination environments, similar
to the situation in silicate melts, while solid NiO
only contains octahedral Ni2*. The independence of
activity coefficients of Ni?* in silicae melts, if
referenced to liquid NiO, would then ssimply be a
result of similar coordination geometries in both
melts.
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