Phys Chem Minerals (2002) 29: 319-330
DOI 10.1007/500269-002-0240-z

© Springer-Verlag 2002

ORIGINAL PAPER

U. Halenius - H. Skogby - G.B. Andreozzi

Influence of cation distribution on the optical absorption spectra
of Fe3*-bearing spinel s.s.-hercynite crystals: evidence for electron

VIpo2+_VIEa3+

transitions in clusters

Received: 30 August 2001 / Accepted: 18 December 2001

Abstract Flux-grown Fe® " -bearing spinel s.s.—hercynite
solid-solution crystals, (Mg]_},Fe§+)Ale4 0 <y<,
have been investigated by means of electron microprobe
technique and Mossbauer and electronic spectroscopy.
Obtained results show that different electronic processes
cause intense optical absorption bands in the near-in-
frared spectral region. In addition to an electronic d—d
transition in single-ion WEe? ™, observed at 5200 cm™,
intense and broad bands at 9500 and 14 500 cm™' are
assigned to exchange-coupled pair (ECP) and interva-
lence charge-transfer (IVCT) transitions in V'Fe’*
VIEe3*clusters, respectively. The net linear extinction
coefficients of these bands (o) were calibrated against
Fe’* and Fe’" concentrations and site distributions
previously defined by combined microchemical, M&ss-
bauer, and XRD structural refinement data. The fol-
lowing expressions were obtained:

as200 = 59 + 4 [VFet], ot9s00 = 189 + 36 [V Fet ][V Fe')
and o500 = 141 £25 [V'F?H][V'Fe™] |

' and concentrations are

where o is measured in cm™
expressed in mol 17",

The present results show that optical absorption
spectroscopy may be used as a probe to obtain hi§h
spatial resolution (& ~ 10 um) information on Fe™™"
ordering as well as on Fe'" concentrations in minerals

belonging to the spinel group.
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Introduction

Spinel-bearing mineral associations are almost ubiqui-
tous in most geological environments of the lower crust
and upper mantle, as well as in extraterrestrial materials.
The Fe>"—Fe®" spinels (e.g., magnetite) are important
indicators of oxygen fugacity in the host rocks, and they
contribute to the crustal magnetism (Haggerty 1978;
Frost and Shive 1986; O’Neill and Wall 1987; Mattioli
and Wood 1988). The nonmagnetic spinels (e.g., Fe* "
Mg aluminate) are more important as indicators of
temperature and/or pressure, due to both temperature-
dependent intracrystalline cation ordering and equilibria
with associated Fe-Mg silicates (Della Giusta et al.
1996; Lucchesi and Della Giusta 1997; Lucchesi et al.
1998a; Princivalle et al. 1999).

The spinel structure is made up by a cubic close-
packing oxygen array with cations filling in 1/8 of the
tetrahedral (T) and 1/2 of the octahedral (M) cavities.
In the ideal cubic structure, when origin is set at the
center of symmetry (3m), the single oxygen atom is at
(1/4 1/4 1/4) fractional coordinates, and the occupied
T site (43m) and M site (3m) are at (1/8 1/8 1/8) and
(1/2 1/2 1/2), respectively. Real spinel structures are
best described by a slightly distorted cubic array with
free (u u u) oxygen fractional coordinates. Every
variation of u, i.e., of oxygen position along the [1 1 1]
direction, determines modifications of T-O and M-O
bond distances, and allows for accommodation of
various chemical components and/or cation ordering.
Real spinels usually have u parameters higher than the
ideal value 0.25, and this corresponds to larger tetra-
hedral sites at the expense of decreased octahedral
sites, still with fixed coordinates (Hafner 1960; Hill
et al. 1979).

In the spinel structural framework, octahedral sites
share half of their polyhedral edges, octahedral and
tetrahedral sites share polyhedral corners, but tetrahedra
show no mutual ligands (Fig. 1). In effect, every tetra-
hedron is surrounded by 12 octahedra, whereas every
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Fig. 1 The spinel structure plotted approximately along [2 0 1].
Small, black spheres M cations; intermediate, gray spheres T
cations; large, light gray spheres oxygen anions

octahedron is surrounded by six octahedra and six tet-
rahedra. In view of this closely packed array of octa-
hedral and tetrahedral sites, the spinel structure must be
considered a very strong candidate for electronic IVCT
and ECP processes. In fact, 'VFe* " —YFe’" ECP ab-
sorption was recently demonstrated in the optical spec-
tra of spinel s.s.—magnesioferrite solid-solution crystals
(Andreozzi et al. 2001b). In the present work we are
exploring effects of cation distribution in the system
spinel s.s.—hercynite, with the aim to detect additional
optically active clusters among common spinel-group
minerals and evaluate their potential use for analysis of
cation order.

Previous studies

Cation distribution in spinels might be described by the
V(A .B)Y'(B,/A,)Oy structural formula, where IV and
VI represent the tetrahedrally and octahedrally coordi-
nated T and M sites, respectively. A and B are cations
with different valences, and i represents the inversion
parameter. At low temperature, i tends to 0 in normal
spinels (e.g., spinel s.s. MgAl1,Oy, hercynite FeAl,O,4) and
to 1 in inverse spinels (e.g., magnesioferrite MgFe,Oy,,
magnetite FeFe,O4), whereas at elevated temperature i
values are shown to converge asymptotically toward 2/3
for all compositions (O’Neill et al. 1992; O’Neill and
Dollase 1994; Harrison et al. 1998; Redfern et al. 1999;
Andreozzi et al. 2000). Both normal and inverse config-
urations are ordered, whereas i = 2/3 corresponds to
maximum disorder, i.e., each site displays the same
occupancy. Cation disordering does not induce modifi-
cations of the cubic Fd3m symmetry, and hence the
process is nonconvergent.

Continuous solid solution has been experimentally
observed at temperatures below 1000 °C between spi-
nel s.s. and hercynite, whereas the existence of a large
immiscibility gap between hercynite and Mg—Fe ferrites
has been demonstrated (Turnock and Eugster 1962;
Lehmann and Roux 1986). At each T > 0 K, a fraction
of the Fe?" is inverted for all members of solid solutions
containing hercynite, i.e., ferrous iron is partly present
as V'Fe?". Whether this fraction is constant at a given
temperature, i.e., is compositionally independent, is still
unknown. From the work of Larsson (1994, 1995) and
Larsson et al. (1994), a constant fraction of Y'Fe?" with
respect to total Fe?" is suggested along the spinel s.s.—
hercynite join. In contrast, Waerenborgh et al. (1994)
demonstrated an increasing fraction of V'Fe?" with re-
spect to total Fe*" for samples along the gahnite—
hercynite join.

In previous optical absorption studies of Fe-bearing
spinel-group minerals, an intense band at 4500-
5000 cm™! was assigned to a spin-allowed electronic d—d
transition (°E — °T,) in tetrahedrally coordinated fer-
rous iron (e.g., Slack et al. 1966; Gaffney 1973; Mao and
Bell 1975; Dickson and Smith 1976). Spectra of spinel
minerals extending into the IR range reveal additional
absorption bands down to approximately 3600 cm™!,
which have been explained in terms of dynamic Jahn—
Teller effects as well as phonon-coupling (Slack et al.
1966; Taran and Langer 2001; Rossman and Taran
2001). Moreover, a number of very weak spin-forbidden
d-d bands in the region 11 000-18 000 cm™' have been
observed (e.g., Gaffney 1973). Only one absorption band
caused by a spin-allowed transition (5T2g N 5Eg) in
octahedrally coordinated ferrous iron has been recorded
at ~10 000 cm™" in spinel spectra (Mao and Bell 1975;
Dickson and Smith 1976). In relation to the "VFe*"
band at ~5000 cm™', this Y'Fe?" band is considerably
weaker as a consequence of the Fe?™ order in spinel as
well as of differences in molar extinction coefficient (¢)
for the two bands. The lower ¢ value may be ascribed to
the centrosymmetric character of the octahedral M site.

In addition to single-ion electronic transitions, a
number of different processes are known to cause
prominent absorption bands in VIS/NIR spectra of
oxygen-based minerals containing transition metal
cations of different charge (e.g., Burns 1993). The most
important cooperative processes are electron charge
transfers (IVCT) between neighboring heterovalent
cations in edge- or face-sharing coordination sites (e.g.,
Mattson and Rossman 1987a) and exchange-coupled
pair transitions (ECP) involving cations at neighboring
structural sites (e.g., Smith 1978; Mattson and Rossman
1987b). Absorption bands due to exchange-coupled
Fe>"—Fe®" pairs generally occur close to or at the
energies of the single-ion d-d transitions of the pair
cations, and the extinction coefficients of the bands are
strongly enhanced with respect to bands caused by sin-
gle-ion d—d transitions (e.g., Smith 1978). In contrast,
Fe?"—Fe’™ IVCT bands generally display higher ener-



gies, typically in the range 12 000-17 000 cm™', than

those recorded for spin-allowed single-ion d—d bands due
to ferrous iron at regular octahedral or tetrahedral sites
(Mattson and Rossman 1987a). Bands of IVCT origin
show molar extinction coefficient orders of magnitudes
higher than normal single-ion ¢-d bands (e.g., Burns
1993). Furthermore, the net extinction coefficients of
ECP as well as of IVCT bands are considered to be
directly correlated with the concentration product of the
interacting cations (e.g., Smith 1978).

Experimental

Crystal synthesis

Single crystals along the spinel s.s.—hercynite join were synthesized
using a flux-growth method. Analytical grade AI(OH);, MgO, and
Fe,O3 powders were dehydrated and dried at 1000 °C for 12 h
before mixing with Na,B40-, used as flux compound. About 5 g
of starting material was thoroughly ground under acetone in an
agate mortar and mixed, with flux/nutrients ratios ranging from
1.3 to 1.4. A 10-cc crucible of yttria-stabilized Pt/Au (5%) was
chosen as reaction vessel due to its high resistance to chemicals at
high temperatures in reducing conditions (Okaj et al. 1996).
Thermal runs were performed in a vertical furnace equipped with
Tylan CO,:H, flow controllers. Continuous flow of the two gases
at constant ratios (Table 1) was adopted to obtain oxygen
fugacity ranging from 107" to 107" bar when temperature was
varied from 1200 to 900 °C. These fO, values are within —0.3 to
+1.2 log units relative to the iron/wiistite solid buffer. In order to
obtain a homogeneous melt, the load was heated for 24 h at 1200
°C, and subsequently the temperature was decreased applying
slow cooling (2-4 °C h™!). Turning off the furnace ended thermal
runs and the product was allowed to cool to room temperature.
Products consisted of spinel single crystals and in some runs also
borate crystals embedded in sodium borate glass. The glass was
dissolved in warm, dilute HCI solution, reducing final products to
euhedral or subhedral octahedra of spinel (ranging 0.1-1.0 mm
across) with occasional lath-shaped borate crystals. Up to 200 mg
of high-quality spinel crystals of about 0.2-0.5 mm were recov-
ered from each experiment. Some of these crystals were selected
for structure refinement through single-crystal XRD (Andreozzi
and Lucchesi 2002) and some others for optical absorption
spectroscopy (OAS). Most of the remaining material was
powdered and used for Mdssbauer spectroscopy (MS).

Table 1 Electron microprobe analysis of synthetic spinel crystals
on the join spinel s.s.—hercynite. Average oxide weight percentages
and standard deviations (16) of 6 to 25 analyses in the same area as
that investigated by microscope optical absorption spectroscopy.
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Chemical and spectral analysis

The crystals used for optical absorption spectroscopy were
mounted on glass slides, polished and carbon-coated for electron
microprobe analysis, WDS method, on a Cameca-Camebax in-
strument operating at an acceleration voltage of 15kV and a
sample current of 15 nA. Synthetic MgO, Fe,O3, Al,O5 standards
were used, and a synthetic MgAl,0O,4 sample was used as reference
material. For raw data reduction, the PAP computer program was
applied (Pouchou and Pichoir 1984). Each element determination
was accepted after checking that measurements of standards before
and after sample determination were within +1%. A minimum of
6 to a maximum of 25 microanalyses was performed on each
sample in the same area as that studied by OAS. Sodium was
checked as possible contaminant but was not detected in any
sample. The absence of boron in spinels synthesized using the same
experimental conditions was confirmed by means of 'B(p,20)*He
nuclear reaction analysis (Kristiansson et al. 1999). Contents of
FeO and Fe,03 were calculated on the basis of stoichiometry re-
quirements (three cations per four oxygens) and turned out to be in
reasonable agreement with MS data collected on the same material.

STFe Méssbauer spectra were obtained for all samples except
the one with the lowest hercynite component (He2d). Absorbers
were prepared by pressing finely ground samples with a powdered
acrylic resin (transoptic powder) to self-supporting discs with an Fe
thickness of 1-2 mg cm™2. Spectra were collected at both room and
liquid-nitrogen temperatures using a conventional spectrometer
system operated in constant acceleration mode with a °’Co source
in rhodium matrix. Low-temperature spectra were collected, as a
consequence of the cryostat design, with the absorber at an angle of
54.7° to the incident beam, and consequently the effective thickness
increased by a factor of 1.7. Spectral data for the velocity range
—4.5to 4.5 mm s~! were recorded in a multichannel analyzer using
1024 channels. After velocity calibration by aid of spectra of a-iron
foil, the raw data in the 1024 channels were reduced to 512 and then
folded to 256 channels. The spectra were fitted in this format using
a least-squares fitting program (Jernberg and Sundqvist 1983) and
assuming Lorentzian peak shapes.

Optical absorption spectra of the present synthetic samples were
obtained at room temperature from double-sided polished single
crystals. The absorber thickness was in the range 11-245 pm as
determined by means of a digital micrometer. All spectra were re-
corded with a Zeiss MPMS800 single-beam spectrometer using Zeiss
Ultrafluar 10x lenses as objective and condenser. In the UV/VIS
spectral range, a 75-W Xenon arc lamp served as a light source and
a photomultiplier as detector. In the NIR spectral region (from
12 500 to ca. 4500 cm™"), a 100-W halogen lamp was used as a light
source and light detection was achieved by means of a photocon-
ductive PbS cell. Spectra were recorded at a spectral resolution of

FeO and Fe,O5 were recalculated on the basis of stoichiometry,
three cations per four anions, and Fe**/Fe?" ratios were con-
firmed by Mdssbauer spectroscopy

Samples He2d He2f He3a He4b He5a He6a He7a He8a He%a Hel00c Hel0OOc;,, Hel00e Hel00g
CO:H,*  1:1 2:1 2:1 2:1 2:1 2:1 2:1 2:1 2:1 2:1 2:1 1:1 1:2
MgO 27.9(2) 26.9(2) 25.5(1) 19.4(1) 16.6(1) 13.7(1) 10.5(1) 7.0(1) 4.23(7) - - - -

FeO 1.05(9) 2.1(1) 4.72) 1292) 17.2(1) 21.2(2) 258(2) 30.9(1) 34.54) 40.8(4) 41.003) 41.0(3) 41.1(3)
Fe O3 0.159) 0.2(1) 0.8(2) 0.8(2) 1.0(1) 2.1(2) 26(2) 23(1) 374 444 3403 1.93) 1.23)
Al O3 71.7(3) 71.1(3) 69.9(4) 67.3(2) 65.8(3) 63.3(2) 61.54) 60.02) 57.3(3) 55.1(2) 56.0(2) 57.04) 57.5(4)
Total 100.80  100.3 100.9 100.4 100.6 100.3 100.4 100.2  99.73 100.3 100.4 99.9 99.8
Number of cations on the basis of four oxygens

Mg 0.980(6) 0.957(3) 0.911(3) 0.725(4) 0.632(2) 0.536(4) 0.421(4) 0.287(4) 0.179(3) 0.000  0.000 0.000  0.000
Fe? ™ 0.021(2) 0.042(3) 0.094(4) 0.270(4) 0.367(2) 0.464(4) 0.579(5) 0.713(3) 0.821(8) 1.000(7) 1.000(6) 1.000(1) 1.000(1)
Fe’* 0.003(2) 0.003(3) 0.015(4) 0.015(4) 0.019(2) 0.041(4) 0.052(5) 0.048(4) 0.079(7) 0.098(6) 0.075(4) 0.041(6) 0.027(6)
Al 1.996(4) 1.998(4) 1.980(5) 1.990(4) 1.982(3) 1.959(4) 1.948(6) 1.952(4) 1.921(8) 1.902(7) 1.925(6) 1.959(6) 1.973(6)
Total 3.000  3.000 3.000 3.000 3.000 3.000  3.000 3.000  3.000  3.000  3.000 3.000  3.000

4CO,:H, gas-mixing ratio during synthesis
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2.5 nm in the UV/VIS range and 5 nm in the NIR region, and the
measure spot was 40 pm.

Recorded spectra were deconvoluted using the peak resolution
program Jandel PeakFit 4.0. In the deconvolution process all fitted
bands were assumed to be of Gaussian shape. The recorded UV-
absorption edges were also fitted with a Gaussian function. No
other constraints were applied during the fitting procedure.

Results
Spinel s.s.—hercynite crystal chemistry

The crystals obtained varied in color, depending on
hercynite content, from colorless spinel s.s., and with
increasing total Fe content, to pale lilac, sky blue, green,
and deep green. Crystals close to the hercynite end
member appeared as black (Fig. 2).

The chemical composition is obviously dominated by
the Fe? " —Mg substitution: along the join with the Fe> "
content ranging from 0.02 to 1.00 atoms per formula unit
(apfu) and the Mg content from 0.98 to zero apfu
(Table 1). The Al content is not far from its stoichio-
metric value (2 apfu), although a very minor decrease
may be observed from sample He2d to HelOOc. This
apparent Al deficiency is compensated by the presence of
Fe3*, which increases from almost zero up to 0.10 apfu
from sample He2d to HelOOc. Samples HelOOe and
Hel00g, which were synthesized at more reducing con-
ditions, show considerably lower Fe’" contents. In
particular, decreasing the oxygen fugacity of the gas
mixture below the iron/wustite solid buffer and adding
more Al to the nutrient mixture reduced the Fe*" con-
tent, but this latter never became null. This could be due
to an active role of the spinel structure in stabilizing Fe®
or an insufficient Al activity in the melt phase. Compa-
rable deviations from the stoichiometry of hercynite due

to anomalous Fe’" contents have frequently been ob-
served in both synthetic and natural spinel samples
(Slack 1964; Cremer 1969; Hill 1984; Bohlen et al. 1986;
Waerenborgh et al. 1994; Larsson et al. 1994; Della
Giusta et al. 1996).

Structure refinement data of the present crystals
(Andreozzi et al. 2001a, Andreozzi and Lucchesi 2002)
show that the cell edge a, oxygen position u, and the
bond distance T-O increase linearly with the hercynite
content, whereas the M-O distance remains almost
constant. The a variation (from 8.0855 to 8.1646 A) is
essentially caused by the T-O increase (from 1.920 to
1.968 A) which, in turn, is due to the cooperative effects
of chemical substitution Fe*" — Mg and decrease of
inversion (from 0.25 to 0.15) along the spinel s.5.—
hercynite join. Site distributions of Mg and Al as well as
Fe’” and Fe’’ (Andreozzi and Lucchesi 2002) were
obtained on site-scattering and bond-distance basis by
combining structural and microchemical data by means
of a minimization procedure that has provided excellent
results in processing spinel data (Lucchesi et al. 1998a,b,
1999; Andreozzi et al. 2001¢). These cation distributions
(Table 2) are confirmed by the Mossbauer data pre-
sented here (Table 3). Both minimized and observed
amounts of Y'Fe?" show a nonlinear increase from
spinel s.s. to hercynite, i.e., with increasing total Fe*™
Consequently, the V'Fe’™/Fel ratio is not constant
along the join, but increases from zero to 0.15 towards
the hercynite end member.

Méssbauer spectroscopy
Both low- and room-temperature spectra are dominated

by a broad absorption doublet that at liquid-nitrogen
temperature has a mean quadrupole splitting between

Fig. 2 Microphotograph of
selected spinel-hercynite solid-
solution crystals illustrating
color variations in response to
hercynite concentration
(increasing to the right)

Table 2 Crystal-chemical

Formula

formula of synthetic crystals of Sample Inversion

sorution (Andreorstand . Hef 0.24

Lucchesi 2002) He3a 0.25
Hed4b 0.22
He5a 0.22
He6a 0.21
He7a 0.20
He8a 0.19
He9%a 0.18
Hel00c 0.15
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2.5 and 3.0 mm s~' (Fig. 3). In agreement with the lit-
erature on MS data interpretation, this part of the ab-
sorption envelope is considered to be due to ferrous iron.
For the end-member hercynite samples, the broad dou-
blet becomes partly resolved in an inner and an outer
doublet. In accordance with previous studies (e.g.,
Larsson et al. 1994; Waerenborgh et al. 1994), the inner
doublet is assigned to octahedrally coordinated Fe’*
and the broader outer doublet to tetrahedrally coordi-
nated Fe?". A broad absorption for Fe*" in the T site
can be expected due to the variability of cation distri-
butions in the second coordination sphere of this site
(Waerenborgh et al. 1990). A weak band due to ferric
iron is present in the spectra of samples with high
hercynite components. For the low-hercynite composi-
tions, this band is no longer resolved but contributes to
the low-velocity half of the doublet, which has a larger
absorption area than the high-velocity half. This indi-
cates the presence of a ferric iron doublet also for these
samples.

Several fitting strategies were tested to find a robust
model that could be used throughout the solid solution
with as few constraints as possible. The final model
consisted of three outer doublets representing the broad
VEe2* contribution, one inner doublet for the Y'Fe? ™,
and one weak doublet due to Fe’™ (Fig. 3). The hy-
perfine parameters thus obtained are listed in Table 3.
The fitting model is similar to the one used by Waer-

Table 3 Mossbauer parameters obtained for synthetic spinel-hercynite samples at 80 K. Hyperfine parameters are given in mm s~
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enborgh et al. (1994) for a series of gahnite — hercynite
samples, although they used a quadrupole splitting dis-
tribution for the "VFe?>" absorption feature.

The intensity of the doublet assigned to in-
creases with hercynite content and, as already mentioned,
this is in agreement with structural refinement results
(Table 2). Tt follows that Y'Fe*" /FeX! is not constant
along the solid solution but there is a compositional effect,
and this is in line with previous observations (Waeren-
borgh et al. 1994; Andreozzi and Lucchesi 2002).
Conversely, this is not in agreement with results of Lars-
son (1994, 1995) and Larsson et al. (1994), from which a
linear increase of Y'Fe?" with increasing hercynite
content (i.e., a constant V'Fe?" /FeZ} ratio) may be in-
ferred. However, the disagreement may be due to the low
resolution of the "VFe? " and Y'Fe?* absorption bands in
spinel Méssbauer spectra even at low temperature.

The peak position and width for the ferric iron
doublet was initially fixed during the fitting procedure
for the hercynite end-member samples with low Fe®*
contents (Hel00e and Hel00g). The obtained hyperfine
Barameters are in agreement with those observed for

"Fe’* at low temperature in hercynite (Larsson et al.
1994; Waerenborgh et al. 1994) and magnesioferrite
samples (H. Skogby 2000, unpublished).

Our results indicate that ferric iron increases from
low-hercynite samples towards the sample HelOOc,
although some scatter is evident. For the two samples

VIFe2 +

1

Assignment He2f He3a He4b He5a He6a He7a He8a He%a Hel00c Hel00e Hel00g
VE* (1)
int* 37.7 28.0 279 28.6 30.0 28.5 30.9 30.9 33.6 39.9 394
fwhm® 0.28 0.26 0.27 0.25 0.26 0.28 0.28 0.25 0.28 0.32 0.28
cs® 1.04 1.03 1.03 1.04 1.04 1.04 1.05 1.04 1.05 1.06 1.05
dq® 2.87 2.80 2.80 2.89 2.85 2.84 2.98 2.87 2.97 2.98 297
VEe2* (2)
int 26.2 26.8 25.1 24.4 22.9 23.0 24.1 21.8 22.3 19.5 20.5
fwhm 0.31 0.30 0.31 0.28 0.28 0.29 0.28 0.28 0.28 0.29 0.26
cs 1.04 1.03 1.03 1.04 1.04 1.04 1.05 1.05 1.06 1.05 1.05
dq 2.56 2.47 2.48 2.59 2.54 2.50 2.67 2.56 2.68 2.67 2.68
VR (3)
int 25.3 30.6 30.9 28.4 26.7 28.7 24.7 26.6 21.2 21.8 21.6
fwhm 0.48 0.49 0.48 0.45 0.42 0.44 0.42 0.40 0.40 0.45 0.44
cs 1.03 1.04 1.03 1.05 1.04 1.03 1.06 1.04 1.07 1.07 1.08
dq 2.10 1.96 1.99 2.16 2.12 2.07 2.28 2.13 2.26 2.28 2.27
VIFez+
int 8.5 10.3 12.4 14.9 15.3 15.3 14.7 14.9 16.5 16.4 17.4
fwhm 0.44 0.42 0.44 0.51 0.48 0.50 0.54 0.48 0.51 0.50 0.46
cs 1.02 1.02 1.03 1.05 1.05 1.04 1.09 1.07 1.10 1.13 1.13
dq 1.35 1.25 1.29 1.40 1.41 1.35 1.56 1.42 1.59 1.60 1.58
Fe’ "
int 23 4.3 3.7 3.7 5.2 4.5 5.6 5.8 6.4 2.5 1.1
fwhm 0.38 0.30 0.30 0.41 0.42 0.43 0.42 0.41 0.37 0.42 0.40
cs 0.33 0.29 0.32 0.39 0.44 0.50 0.47 0.53 0.49 0.49 0.49
dq 0.40 0.72 0.81 0.80 0.79 0.66 0.87 0.76 0.91 0.86 0.90

%int = intensities given in % of total absorption area
®fwhm = full width at half maximum

®cs = centroid shift

ddq = quadrupole splitting
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Fig. 3a—¢ Low-temperature Mdssbauer spectra of some synthetic
samples on the spinel s.s.—hercynite join. a Sample He2f. b Sample
Hel00c. ¢ Sample Hel00g

Hel00e and Hel0Og, synthesized at considerably lower
oxygen fugacities, MS data indicate a drastic decrease in
the Fe® ' /Fe,, ratio. Due to the low degree of resolution
of the absorption doublets in the present spectra, the
obtained hyperfine parameters have to be considered
with some caution. However, the intensity data for ferric
iron can be regarded as reliable, since the absorption
area is either partly resolved or represented as an
asymmetry in the spectra.

Optical absorption spectroscopy

Recorded optical absorption spectra of the intermediate
and Fe-rich samples reveal, apart from the UV-edge
absorption, three prominent bands with maxima at
~5200, ~9500, and ~14 500 cm™". In spectra of the
Fe-poor samples, the two latter bands become less con-
spicuous and in the most iron-poor samples they are of
extremely low intensity (Fig. 4a). Observed parameters

(energy, net linear extinction coefficient, and half-band
widths) of these three bands as obtained through spec-
trum deconvolution (Fig. 4b) are summarized in Table 4.
Presented uncertainties in band-intensity data are mainly
related to the restricted precision of the absorber thick-
ness measurements (£ 1 pm). This thickness-related
error becomes disturbingly high (~10%) for data
obtained from the spectra of our most Fe-rich samples,
for which acceptable transmission in the NIR region
could be achieved only by using very thin absorbers.

Additional weak absorption bands previously as-
signed to spin-forbidden 'VFe?" or Fe’" transitions
(Slack 1964; Gaffney 1973; Dickson and Smith 1976) are
also clearly observed in spectra of the most Fe-poor
samples, but on increasing Fe content these bands be-
come less well resolved due to a strong overlap with the
intense and broad absorption band at ~14 500 cm™'. A
UV-edge absorption, which is probably caused by O* —
Fe’" and O* —Fe’" charge-transfer transitions, in-
creases strongly with the ferric concentration of the
samples. The UV edge moves at increasing Fe contents
and particular Fe’" contents further into the visible
spectral range and causes strong absorption of the blue
component of the visible light. The strong Fe* " influ-
ence on the UV-absorption edge is clearly illustrated by
the spectra of the four samples close to end-member
hercynite with variable ferric concentrations (Fig. 4c).

The absorption band at ~5200 cm™' displays a
considerably smaller bandwidth (w;,, ~2000 cm™") than
the two major bands at higher energies () in the range
4300-6900 cm™"). This indicates that these features may
originate from different electronic processes. In addition,
the net linear extinction coefficients (o values) of the
recorded absorption bands evolve on increasing sample
Fe content in highly contrasting ways. The a values of the
absorption band at ~5200 cm™' increase linearly with
increasing Fe content, while the net intensity of the two
broad bands at ~9500 and ~14 500 cm™' increase in a
parabolic way with increasing Fe content. The intensifi-
cation of these bands as a result of increasing ferric
concentration is clearly illustrated by the spectra of the
four samples He100c, He100c,;,, He100e, and Hel00g, in
which the Fe?™ concentration remains virtually constant
but the ferric amounts differ strongly (Fig. 4c; Table 1).

The large widths displayed by the absorption bands at
~9500 and ~14 500 cm™" as well as their nonlinear de-
pendence on sample Fe content strongly indicate that
they are caused by cooperative electronic processes in
contrast to the band at ~5200 cm™", which shows a width
in agreement with an electronic single-ion d—d transition
origin (e.g., Mattson and Rossman 1987a).

Discussion
Fe’* and Fe’* ordering

Intracrystalline distribution of Fe*" and Fe* " in spinels
is directly influenced by thermal history and chemical
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composition. All the present crystals experienced a
similar thermal history and, considering that slow
cooling was adopted for crystal growth between 1200
and 900 °C, and that fast kinetics of cation rearrange-
ment has been observed in spinels above 800 °C
(Andreozzi and Princivalle 2002), the estimated closure
temperature is about 800 °C. This estimation is further

325

supported by the fact that inversion values observed in
samples close to spinel s.s. and hercynite (He2d and
Hel00c, Table 2) are in good agreement with literature
data on end members annealed at 800 °C (Larsson et al.
1994; Harrison et al. 1998; Andreozzi et al. 2000).

The influence of chemical composition is the clue to the
experimentally observed variations in inversion in our
samples (Table 2). The Fe?> " distribution as determined
by XRD and Mdssbauer techniques is in good agreement
with calculated distributions (Andreozzi and Lucchesi
2002) applying the O’Neill and Navrotsky (1984) ther-
modynamic model (Fig. 5a and b) for the spinel s.s.—
hercynite solid solution at 800 °C. Mdssbauer and struc-
ture refinement results show that Fe’ " is progressively
ordered to the T site with decreasing hercynite component
(Tables 2, 3). This behavior explains why natural spinels,
which usually belong to the hercynite-poor part of the
join, show very low amounts of octahedrally coordinated
Fe’ " (Andreozzi and Lucchesi 2002).

The distribution of Fe*" is more difficult to con-
strain, due to the low amounts here observed and the
strong overlap with the much more intense Fe?" dou-
blets in MS spectra. Structural data of the present
samples (Andreozzi and Lucchesi 2002) indicate that an
average of 77% of the total Fe’" is located at the oc-
tahedral site (Table 2), and this is in agreement with
previous studies on spinel s.s.—hercynite join, which
suggested that most or all Fe’> " is octahedrally coordi-
nated (Carbonin et al. 1996). Due to the mentioned
difficulties, not only site assignment but even the
total amount of Fe®" needed careful investigation. We
obtained direct measurements of Fe’* /Feot ratios by
MS (Table 3), as well as structurally constrained values
of Fe’" concentrations through combined XRD and
EMP data (Table 2), and also from EMP analyses by
applying stoichiometric and charge balance constraints
(Table 1). There is an overall agreement between the
results (Fig. 5¢), which suggest that the Fefgg content
increases almost regularly along the join from about
zero up to 0.07-0.10 apfu (Fig. 5c). However, whether
the maximum value from MS (0.07 apfu) is slightly
underestimated or, conversely, the crystal chemically
inferred value (0.10 apfu) is slightly overestimated, is not
straightforward. The small but systematic difference
observed could be due to systematic errors in concen-
trations of Fe®>" calculated from microprobe analysis
(coming from the sum of errors in all the measured el-
ements), or small differences in sample material. As
stated previously, the MS absorbers contained bulk
crystal samples, whereas a few homogeneous and well-
shaped crystals were selected for the XRD and OAS
studies. Actually, in one case (sample Hel0O0Oc) a core-
rim zoned sample was analyzed, and the rim region
showed a lower Fe* " concentration. Another possible
reason for the observed systematic difference could be
different recoil-free fractions for Fe’* and Fe?". How-
ever, the Fe’ ' /Fe,,, ratios obtained by MS on the same
samples at room and low temperature were comparable,
which suggests insignificant or very small differences in
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recoil-free fractions for Fe’* and Fe’" at low temper-
atures.

Optical absorption band assignment

The absorption band at ~5200 cm™" observed in spectra
of the present spinel-group crystals is assigned, in
agreement with previous studies, to a spin-allowed d-d
transition in 'YFe?". The peak energy recorded in the
present spectra for this transition represents the high-
energy component of the set of 'VFe2™ bands resulting
from dynamical Jahn-Teller splitting and phonon-cou-
pling (e.g., Slack et al. 1966; Taran and Langer 2001;
Rossman and Taran 2001). An unpolarized FTIR spec-
trum of our sample He2d confirms these previous ob-
servations of a split °’E — T, transition in 'YFe? . The
excellent linear correlation of the extinction coefficient of
the 5200 cm™' band with sample "VFe?" concentration
further corroborates our band assignment (Fig. 6). Our
data suggest that the molar extinction coefficient for the
unresolved NIR band due to the spin-allowed °E — °T,
transition in 'YFe?" in spinel s.s.—hercynite solid solu-
tion minerals is 59 + 4 1 mol™! cm™ (R? = 0.98).

In addition to the 'VFe?’" band, we observe in the
present  spinel spectra an  absorption band
(~9500 cm™', v, of Table 4) at energies com}\J/arable to
the one recorded for the band assigned to Y'Fe?" in
spinel (Mao and Bell 1975; Dickson and Smith 1976).
However, the net linear extinction coefficient (o,e;) of
this band as recorded in our spectra is nonlinearly
related to the Y'Fe?" concentration of the samples.
This behavior contradicts a single-ion d-d transition
origin, but supports an assignment to a process
involving ferrous as well as ferric iron. Furthermore,
the resulting molar extinction coefficient (¢) of this
band, assuming a single-ion Y'Fe’"' origin, varies in
our spectra between 100 and 400 1 mol™" cm™". This is
in strong contrast to a calculated & value of
~0.5 1mol™" em™ for the band assigned by Dickson
and Smith (1976) to the single-ion *T,, _, °E, transition
in Y'Fe’". At higher energies (~14 500 cm™'), an
additional prominent absorption band (v; in Table 4) is
recorded. The « values of this band are also nonlin-

early related to the Fe>" concentration of the samples,
and the width of the band is much larger than gener-
ally observed for bands caused by electronic transitions
in single 3d cations. Also in this case processes
involving ferrous as well as ferric iron must be
considered as potential origins.

The structural array in the spinel structure (where M
sites share edges with other M sites and corners with T
sites, but these latter are isolated from each other)
restricts possible occurrences of electronic IVCT and
ECP processes to heterovalent cations in M—M or T-M
clusters. Possible heterovalent pair constellations are
consequently VIpe? * VIEe3 | VEe? " VIFe3* | and
VIFe? " VFe? . From the results of structural refine-
ments (Table 2), it is evident that the "VFe’* concen-
trations are very low, hence ' Fe’ " —'VFe?" clusters are
also expected to be present at extremely low amounts
and consequently only very minor contributions from
electronic processes in such clusters are expected. In
addition, the results of Mattson and Rossman (1987a)
strongly suggest that Fe’*—Fe*™ IVCT processes in
oxygen-based structures are restricted to clusters of ca-
tions located in edge- or face-sharing sites. As a conse-
quence, only electronic charge transfer between
neighboring "'Fe?*—VFe®" ions are expected to give
rise to IVCT bands in spectra of ferric-containing spinel-
hercynite solid-solution crystals. The absorption band at
~14 500 cm™" displays all the characteristic features
(band width, « value, and energy) observed for absorp-
tion bands due to Fe>"—Fe®* IVCT processes in oxy-
gen-based minerals (Mattson and Rossman 1987a).
Furthermore, it occurs at energies higher than those of
the spin-allowed Y'Fe?>* and "VFe? " transitions in spinel
minerals, and the o value of this band displays an ex-
cellent linear correlation (R*=0.97) with the
[V'Fe? *1[V'Fe® "] concentration product of the present
samples (Fig. 7a), when we assume [V'Fe’ ] to consti-
tute 77% of the total Fe’ ", as suggested by crystal-
structural data (Andreozzi and Lucchesi 2002). Taking
these features into consideration, we propose that the
absorption band at ~14 500 cm™! in Fe® " -bearing spi-
nel-hercynite solid solution crystals are caused by an
IVCT process in Y'Fe? "=Y'Fe® " clusters. On increasing
Fe content, a slight decrease in peak energy is observed

Table 4 Optical absorption

band parameters of synthetic Sample Thickness vy T T T R T SR £ PR SN S
crystals of the spinel s.s.— (um) (em™) (em™) (em™) (em™) (em™) (em™) (em™) (em™) (em™)
shomor b postons A U000 an oo 0o g w0
— Thag : : € . .
¢ et linearextinetion s 116 14940 7 6499 10313 8 5001 5207 144 2035
half height Hedb 20 14860 43 6223 10027 39 4625 5228 450 1933
HeSa 19 14900 82 6250 10115 86 479 5224 595 1960
Heba 25 14902 131 6358 9662 189 5073 5153 719 2204
HeTa 16 14760 281 6216 9855 355 4853 5255 845 2034
He8a 14 14507 259 6828 9803 307 4559 5304 952 1971
Heda 14 14630 687 6005 9791 892 4678 5327 985 1980
Hel0Oc 11 14340 921 5746 9576 1271 4352 5357 1237 1822
Hel00Cry 11 14220 705 5887 9695 1013 4311 5297 1256 1868
Hel00e 11 14375 401 6122 9691 522 4539 5317 1155 1955
Hel0g 15 14340 311 6124 9573 417 4428 5398 1268 1987
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for this broad band (Table 4), which may be attributed
to an increasing contribution from electron transfers
within larger clusters of Y'Fe?" and Y'Fe®". This effect
would be in agreement with a proposed lowering of
energies of IVCT processes with increasing degree of
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polymerization of the metal-centered sites in oxygen-
based minerals (Amthauer and Rossman 1984).

Electronic transitions in exchange-coupled pairs
have been recorded to contribute to the spectra of
minerals, in which the participating cations are located
at sites that share faces, edges, or just corners (e.g.,
Smith 1978; Smith et al. 1983; Andreozzi et al. 2001b).
This indicates that spectra of spinels characterized by
the present Fe intersite distribution may display ECP
bands due to electronic transitions in ¥ 'Fe? " —"'Fe’"
as well as in "VFe?"—VIFe’* pairs. As ECP bands are
supposed to occur at energies comparable or identical
to those of electronic d—d transitions in the participat-
ing single ions (Smith 1978), such pair bands should be
located at or close to 10 000 cm™' (spin-allowed d-d
transition in single-ion Y'Fe’*) and 5000 cm™' (spin-
allowed d-d transition in single-ion VFe?") in our
spectra. As mentioned above, we do observe in our
spectra intense absorption bands at ~9500, which is
very close in energy to the spin-allowed Sng - 5Eg
transition in Y'Fe>" in spectra of spinel s.s.—hercynite
solid-solution minerals (Mao and Bell 1975; Dickson
and Smith 1976). However, the « value of this band is
very poorly correlated with the Fe>" concentration of
the samples, which indicates a different origin for this
feature. In fact, the net linear extinction coefficient of
this absorption band shows very good correlations
(R*=0.98) with the [Fe2!]-[Fe}!] sample concentra-
tion product. Furthermore, a comparably good corre-
lation is also observed for both products
MFEe* 1 [V'Fe® "] and [“VFe?"]["VFe’"]. However,
based on the fact that this band occurs at energies
lower than are generally observed for Fe?’—Fe’*
IVCT bands but close to that of the 5T2g - 5Eg tran-
sition in Y'Fe?" in spinel, in combination with the very
good linear correlation (R® = 0.98) between net linear
extinction of the band and the concentration of
VIEe? " _VIEe3* pairs in the samples (Fig. 7b), we as-
sign this band to a transition in exchange-coupled
Fe’*—Fe’" pairs at octahedral sites in the spinel
structure. The energy of this band decreases slightly
with increasing Fe content (Table 4), which may be
ascribed to increasing Y'Fe-O bond lengths and re-
sulting decrease in splitting between the 2¢, and e, 3d
orbital levels in Y'Fe. Contributions from single ion
Sng - 5Eg transition in Y'Fe?" to the spectra of our
samples cannot be excluded, but considering the low ¢
values (~0.5 1 mol™! cm™) for this transition (Dickson
and Smith 1976) in combination with the very high
intensity of the overlapping ECP band, it is concluded
that such contributions are highly subordinate and
amount in the present spectra to less than 0.5% of the
absorption in this energy region.

Potential applications

It is here suggested that the correlation constants pre-
sented above may be utilized to rapidly estimate the Fe
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distribution in microchemically analyzed spinel crystals
from optical absorption spectra. By applymg optlcal
microscope spectrometry, such estimates may in princi-
ple be obtained from small crystals or discrete areas of

"VFe?'-concentration (mol/l)

zoned crystals directly in petrographic thin sections with
a spatial resolution of approximately 10 pm. As an il-
lustration of this application, we may use the spectrum
of a thin rim (HelOOc,,) of an additional synthetic
crystal (Fig. 4¢). In contrast to all of the previously
discussed spectra, which constitute the basis for the de-
rived band correlation constants, this additional one was
recorded with a smaller measure aperture diameter of
20 um. The total Fe concentration in the rim of this
crystal corresponds to 44.1 wt% FeO, (Table 1) which
equals 27.0 mol Fe I™'. From the optical spectrum of the
sample and specifically the net linear absorption coeffi-
cient (a,e) Of the band at ~5200 cm™! (Table 4) a 'VFe
concentration of 21.3 mol I”! is indicated. The o
values of the absorption bands at ~14 500 and
~9500 cm™' recorded in the s ectrum of Hel00cim
(Table 4) suggest that the [V'Fe* "] [V'Fe* "] concentra-
tion product in the rim of thls crystal equals 5.0-
5.4 mol® I"2. Provided that ~75% of the ferric iron is
located at octahedral sites in Mg—Fe—Al spinels, which is
indicated by the spinel structural refinements of An-
dreozzi and Lucchesi (2002), an Y'Fe® * concentration of
1.3-1.4 mol I"" and an Y'Fe*" concentration of 3.8—
4.0 mol ™!, or vice versa, is calculated. From the overall
chemistry of the rim in combination with charge balance
considerations (Table 1), it is obvious that the lower
value for [V'Fe®"] represents the real solution to the
equation. Due to the small size of this crystal rim we
cannot offer any XRD refinement or Mdssbauer data to
validate these figures. However, as a crude test we may
compare the Fe’ " concentration as determined from the
optical spectra with the Fe’" concentration calculated
directly from the electron microprobe analyses of the
rim. At a [VIFe?"]/["VFe? 7] distribution ratio of 3:1 an
VIFe** concentration of 1.3-1.4 mol I”! is calculated
from the optical data. This corresponds to a total Fe**
concentration of 1.7-1.9 mol 17! or 3.1-3.4 wt% Fe,0s5,
which is in very good agreement with the value of 3.4
wt% Fe,0j5 calculated directly from the EMP data of the
rim.
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Conclusions

Results obtained on a series of single crystals on the
spinel s.s.—hercynite join indicate that Fe? " ordering may
be assessed by monitoring the net linear extinction coef-
ficient of an absorption band at ~5200 cm™!, which is
linearly proportional to the ™VFe? ™ concentration. The
molar extinction coefficient, ¢, for this band is determined
to be 59 + 4 I mol™' cm™". Consequently, OAS mea-
surements may provide data necessary to determine ca-
tion distribution in members of the binary solid solution,
provided that accurate EMP analyses are available.

Crystals containing ferric iron show more complex
spectra. This is explained on the basis of electronic
VIFe? " VIFe** IVCT and Y'Fe?*—V'Fe*" ECP transi-
tions, which give rise to broad and very intense ab-
sorption bands in the NIR spectra at ~14 500 and
~9500 cm™', respectively. The net linear extinction
coefficients of these bands increase as a function of the
sample [V'Fe?"][V'Fe® "] concentration product. This
provides the possibility to determine the ferric concen-
tration through measurements of the net linear extinc-
tion coefficients of the prominent absorption bands at
~9500 and ~14 500 cm™'. The o values of these two
bands are linearly dependent on the concentrations and
ordering of ferrous and ferric iron, as:

a9s00 = 189 % 36 [V'Fe?*] - [V'Fe*t]
oiasoo = 141 25 [V'Fe?] - [VIFe™] |

and

where concentrations are expressed in mol 7.
Mineralogical applications of the OAS technique
benefit from a high spatial resolution, which allows
in situ studies on areas as small as 10 pm in diameter.
Consequently, OAS may be used as a ““‘microprobe” for
Fe?™ and Fe’" intracrystalline distribution in small
crystals or samples showing zonation in composition
and/or ordering. Furthermore, it must be noticed that
mixed valence Fe?"—Fe®"-bearing spinels show com-
pletely different spectra from either pure Fe?" or
Fe’ " spinels (see also Andreozzi et al. 2001b). The color
of our Fe®'-bearing spinel s.s—hercynite crystals is
highly sensitive to small variations in the ferric amount.
In addition to the bands at ~9500 and ~14 500 cm™",
the absorption of blue light strongly increases with in-
creasing ferric concentrations due to intense ligand-
metal charge transfer processes. This explains why
crystals with low concentration products [V'Fe*']:
[V'Fe* "] are blue to violet in color, while they become
green, grading almost to black, in thick sections at in-
creasing concentrations of both Y'Fe?* and V'Fe®*.
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