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LETTER

Network-forming Ni in silicate glasses
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ABSTRACT

NiK-edge EXAFS and XANES and optical spectroscopy indicate strong differences in
the Ni environments in glasses of feldspar stoichiometry, in relation to the polarizing
power of the associated alkali. Mostly ¥INi and coexisting "'Ni and “Ni are found in
K,NiSi;O, and Na,NiSi,O, glasses, respectively. The WNi belongs to the silicate network
with Ni-O-Si angles of 127 + 5° Si-O-T angles decrease in silicate glasses with the de-
creasing charge of the tetrahedral cation T. The distribution of Ni between two sites in
silicate glasses and melts may strongly influence the chemical dependence of partition
coefficients for Ni between mineral and liquid.

INTRODUCTION

The interpretation of the abundance and distribution
of trace elements in magmatic systems requires the pre-
cise knowledge of partition coefficients between mineral
and liquid. However, the chemical dependence of these
coefficients limits the quantitative modeling of magmatic
differentiation processes. The influence of melt structure
and composition on partition coefficients has been clearly
demonstrated in most natural and synthetic systems (Le-
marchand et al., 1987; Kinzler et al., 1990). Among the
trace elements commonly studied, Ni has large olivine-
melt distribution coefficients, D™, which make it a useful
tracer to determine the petrogenetic history of mafic and
ultramafic magmas (Hart and Davis, 1978). Recent spec-
troscopic studies have shown the presence of *'Ni in glassy
CaNiSi,0; (Galoisy and Calas, 1991). This unusual co-
ordination state is found in most oxide glasses (Galoisy
and Calas, in preparation) but is rather rare in crystalline
compounds that contain mostly ©'Ni and “/Ni. Although
Ni is considered as a typical network modifier (Nelson et
al., 1983), a minor amount of “Ni has also been recog-
nized in silicate glasses (Burns and Fyfe, 1964; Calas and
Petiau, 1983; Galoisy and Calas, 1991). However, its
structural significance has never been clarified.

We present in this paper spectroscopic evidence for
“N] in glasses with compositions close to K,NiSi,O, and
Na,NiSi,O;. The Ni coordination state is deduced from
optical absorption spectroscopy and X-ray absorption
near-edge structure (XANES) as well as from the short
Ni-O distances derived from extended X-ray absorption
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fine-structure (EXAFS). Such important changes in the
coordination number provide information about the or-
igin of the chemical dependence of DN (Kinzler et al.,
1990). The interpretation of Ni playing a network-form-
ing role relies on the well-defined structural relationships
of NiQ, tetrahedra with the silicate network. The Si-O-
MINi angle is the smallest of the intertetrahedral angles
measured in silicate glasses. Together with the presence
of mostly BINi in K-free silicate glasses (Galoisy and Ca-
las, in preparation), these data predict coordination
changes of Ni in magmatic liquids at high pressure as in
their ferrous counterparts (Waychunas et al., 1988).

EXPERIMENTAL

The glasses were synthesized from reagent-grade com-
ponent oxides and carbonates by melting in Pt crucibles
at 1350 °C for 24 h, crushing the resulting glass to ensure
homogeneity, remelting at 1550 °C for 2 h, and quenching
in H,0. The resulting glass was crystal free, optically iso-
tropic, and X-ray amorphous. The potassic and the sodic
glasses had distinct coloration, deep purple and dark
brown, respectively. Electron microprobe analyses indi-
cated chemically homogeneous glasses with the following
stoichiometries: Na, 4, Nig 4551, 9505 and K, 50Nij 09515 4, Os.

Optical diffuse reflectance spectra were obtained from
250 to 2500 nm using a computerized 2300 Cary spec-
trophotometer fitted with an integrating sphere attach-
ment coated with halon. Reflectance spectra, obtained by
reference to halon, were converted into a remission func-
tion F(R), as an approximation of sample absorbance
(Galoisy et al., 1991).

NiK-edge XAS transmission spectra of finely ground
powders were recorded at room temperature and 77 K
on D1 and D4 stations at the LURE DCI Synchrotron
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Fig. 1. Fourier transforms of k*-weighted NiK-EXAFS spec-
tra of K,NiSi;Oy (solid line) and Na,NiSi;O; (dashed line) glass-
es. Inset: experimental (solid line) and calculated (points)
EXAFS functions corresponding to Ni-O and Ni-Si contribu-
tions for K,NiSi;O, (open circles, lower curve) and Na,NiSi;Og
(solid circles, upper curve) glasses.

Radiation Facility (Orsay, France). The storage ring was
operated at 1.85 GeV positron energy and 250 mA pos-
itron current. Si (111) and Si (311) two-crystal mono-
chromators were used for EXAFS and XANES, respec-
tively, with an energy resolution of about 1.4 eV for
XANES. The spectra were calibrated by reference to me-
tallic Cu. Data reduction was initiated using least square
iteration, according to a procedure previously described
(Galoisy and Calas, 1991). Theoretical phase shift and
amplitude functions have been used (McKale et al., 1988),
and the EXAFS fitting parameters were checked by ref-
erence to crystalline NiCr,O, and CaNiSi,O,, the mean
free path parameter, A, being kept at 1.7 A. The accuracy
of d(Ni-O) and d(Ni-Si) distances and Ni coordination
number (N) was 0.01 A, 0.03 A, and 0.5, respectively.

REsULTS

The NiK-edge EXAFS spectra of the two glasses extend
up to 10.5 A-! and show significant differences, which
are visualized on the Fourier transform (FT) (Fig. 1). As
compared to the sodic glass, the FT corresponding to the
potassic glass shows a shift of the Ni-O peak toward lower
values and a more intense second peak. EXAFS-derived
Ni-O distances and coordination number, N, are d(Ni-
0)=199A + 001 Aand 1.96 A = 0.01 A, and N =
4.2 + 0.5and 3.8 + 0.5, for the Na,NiSi,O; and K,NiSi,04
glasses, respectively. The Debye-Waller type factor, o, is
larger in the Na,NiSi,O; glass than in the K,NiSi,O; glass,
o =0.094 and 0.085 A, respectively. These values remain
lower than the upper ¢ limit (¢ = 0.14 A) for the Ni-O
distance distribution described in a harmonic approxi-
mation (Eisenberger and Brown, 1979). Similar EXAFS
parameters have been found for ®'Ni in CaNiSi,O; glass
[dNi-O) = 1.98 A and N = 4.5] (Galoisy and Calas,
1991). Thus, EXAFS data alone cannot decipher unam-
biguously between fourfold and fivefold coordination. The
second peak is modeled with Si atoms as second neigh-
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Fig. 2. NiK-XANES spectra of K,NiSi,0; and Na,NiSi,Oy
glasses compared with the NiK-XANES spectrum of crystalline
CaNiSi,O,. The arrow indicates the position of the preedge.

bors: d(Ni-Si) = 3.23 and 3.19 A (=0.01 A), N=1.7 and
4 (x£0.5), and ¢ = 0.1 for the sodic and the potassic glass,
respectively (see inset of Fig. 1). The upper limit of the o
values for the Ni-Si contribution described in a harmonic
approximation is 0.18 A, which validates our analysis.
Even at low temperature, no contribution from alkalis
has been detected.

The NiK-XANES features of the Na,NiSi,O; glass such
as preedge intensity, shape, and intensity of the edge crest
(Fig. 2) are intermediate between those found for ®INi
and N1 in crystalline compounds, as already observed
in the CaNiSi,O, glass (Galoisy and Calas, 1991). The
preedge is more intense in the K,NiSi,;O, glass and is
similar to that measured in NiCr,0, (Manceau and Calas,
1986). This indicates that an inversion center is lacking
at the Ni site in the potassic glass (Calas and Petiau, 1983).
Together with the low intensity of the edge crest, which
indicates tetrahedral coordination (Cartier and Verda-
guer, 1989), the NiK-XANES spectrum of K,NiSi;Os glass
corresponds to mostly “INi.

The distinct glass coloration comes from a modifica-
tion of the Ni absorption bands (Fig. 3). The five major
absorption bands observed in the K,NiSi,O, glass corre-
spond to the characteristic transitions of “Ni, at 5000
cm ! T (F) - 3A,(F): crystal field splitting A], 8300 cm~!
[’T (F) - *T,(F) transition], and 15500, 17200, and about
20000 cm~! [*T(F) — 3T,(P) transition split by the site
distortion]. The sharp peak at 13000 cm~! is diagnostic
of the spin-forbidden *T (F) —» 'E(D) transition. This field-
independent transition depends only on B and C Racah
parameters, and its sharpness indicates no distribution of
the Ni-O bond covalence (Burns, 1970). A minor pro-
portion of BINi causes the absorption around 22000 cm—*.
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Fig. 3. Remission functions extracted from diffuse reflec-
tance spectra of K,NiSi,O; (solid line) and Na,NiSi,O, glasses
(dashed line). The transitions corresponding to "'Ni and “Ni are
indicated on the top and bottom, respectively.

Clearly, “INi is the major Ni species in the K,NiSi,O,
glass and occurs in a well-defined surrounding. The op-
tical absorption spectrum of the Na,NiSi,O; glass has quite
a different shape, although the position of some bands
remains the same (Fig. 4). Five main absorption bands
are observed, some of which correspond to transitions
assigned to PINi in CaNiSi,Oq glass (Galoisy and Calas,
1991): *E'(F) - *E”(F) at approximately 5200 cm~!, 3E'(F)
- 3A/(F) and 3E'(F) - 3A7, 3AZ(F) poorly resolved near
10500 and 11700 cm~!, and the most intense, *E'(F) -
3A5(P) near 22000 cm~'. The weak *E'(F) — 2E'(P) tran-
sition of ¥'Ni expected near 18000 cm~' is hidden by the
3T (F) - 3T ,(P) split transition of “INi at 15700 cm~' and
18000 cm™!, at the same position as in the K,NiSi,O,
glass. The two other transitions expected for “/Ni occur
in the broad bands near 10000 cm~! and 5200 cm~!'.
Thus, despite the similar composition of the glasses, the
local structure around Ni is clearly different and indicates
a strong sensitivity of Ni to the nature of the alkali.

DIScUSSION

Spectroscopic data on K,NiSi,O; glass indicate the
presence of mostly “INi. The Ni-O distance and crystal
field parameters, A = 5000 cm~' and B = 714 cm !, are
typical for ®INi and are similar to those found in ®Ni-
bearing spinels (Sakurai et al., 1969; Galoisy et al., 1991).
Larger Ni-O distances and distinct site symmetry indicate
a mixing of PINi and ™Ni in Na,NiSi,O; glass, as was
previously described in CaNiSi,O; glass (Galoisy and Ca-
las, 1991). Although the contribution of ®'Ni and “Ni
varies among the spectra, the energy of the optical tran-
sitions remains the same, which indicates that Ni is dis-
tributed between two sites of constant geometry.

In the K,NiSi;O, glass, EXAFS indicates the presence
of four Si second neighbors, which is consistent with Ni
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Fig. 4. Model of the “Ni environment in K,NiSi,O; glass
showing the contribution of the NiO, tetrahedron to the glassy
network.

belonging to the silicate network (Fig. 4). However, the
charge-compensation process has not been revealed by
our EXAFS data, even at 77 K, probably because of the
strong static disorder that affects the position of the weak-
ly bonded alkalis. The intertetrahedral “'Ni-O-Si angle ()
of 127 + 5° has been calculated from the EXAFS-derived
Ni-O and Ni-Si distances, assuming a mean Si-O bond
length of 1.63 A as in similar glasses (Navrotsky et al.,
1985). This angle is reduced by about 15° as compared
with the Si-O-(Al,Si) angle determined in NaAlSi;O, and
KAISi,O, glasses of 143 and 146°, respectively (Taylor
and Brown, 1979). This shows that Si-O-T angle decreas-
es with the formal charge of tetrahedral cation T and
hence with weaker nonbonded Si-T repulsions (O’Keefe
and Hyde, 1981). As optical transitions of “Ni occur at
the same energy in K,NiSi,O, and Na,NiSi,O, glasses, a
has the same value in both glasses. The weak peak ob-
served near 2.7 A in the FT of the CaNiSi,O, glass (Galoi-
sy and Calas, 1991) may also correspond to the same
contribution.

The field strength of the charge-compensating alkali (M)
may explain the differences of the Ni environment in the
glasses investigated. The higher the cation field strength,
the less efficient the charge compensation, as observed in
Si0,-MAIQ, glasses (Navrotsky et al., 1985). Ni is the
first element case where the competition between depo-
lymerization and charge compensation in silicate glasses
is evident. Small divalent cations may be part of the tet-
rahedral framework, provided weakly polarizing cations
exist for charge compensation, but if this possibility does
not occur, divalent cations occur in a distinct environ-
ment. The information drawn from XAS and optical
spectroscopy is that these two environments are well de-
fined and rather constant among silicate glasses. This
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confirms also the heterogeneous structure of silicate glass-
es, shown by recent neutron scattering data on calcium
and nickel silicate glasses determined using isotope sub-
stitution (Gaskell et al., 1991, 1992). Because of the sim-
ilar crystal chemical properties of Mg and Ni,Mg may
show the same coordination states as Ni in glasses. Crys-
talline analogues with leucite and pollucite structures show
indeed the possibility for divalent cations such as Mg or
Fe to be part of a silicate framework (see Kohn et al.,
1991). This raises the possibility of a change in the cation
environment with pressure, higher coordination numbers
being favored by higher pressures, as shown in germanate
glasses using high-pressure dispersive EXAFS (Itié et al.,
1989). Such coordination changes might strongly affect
the geochemistry of these elements in the mantle. Our
results also seem to indicate that the glass stoichiometry
does not warrant a defined glass structure, since the stoi-
chiometry relies on an assumption concerning the O co-
ordination state. Despite its feldspar-like composition,
the NaNiSi;Oq glass does not have a framework structure.
However, XAS did not show such a difference in the
environment of Fe?* in ferrous equivalent glasses, nor did
HFe show any clear relation with the silicate network
(Waychunas et al., 1988).

The presence of two dissimilar sites occupied by Ni in
silicate melts and glasses is of importance for understand-
ing the geochemistry of this element, a point first raised
by Burns and Fyfe (1964). The strong variations observed
in the distribution of Ni among these sites as a function
of the glass and melt composition explain the chemical
dependence of partition coefficients, as Ni is less stabi-
lized in tetrahedral than in pentahedral sites (Galoisy and
Calas, in preparation). The strong enrichment of Ni in
olivines coexisting with potassic melts (Takahashi, 1978)
supports this conclusion.
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