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Abstract

Synthetic ringwoodite y-(Mg;-xFex).SiO4 of 0.4 < x < 1.0 compositions and variously
colored micro-grains of natural ringwoodite in shock metamorphism veins of thin sections of
two S6-type chondrites were studied by means of microprobe analysis, TEM and optical
absorption spectroscopy. Three synthetic samples were studied in addition with Mdssbauer
spectroscopy. The Mdssbauer spectra consist of two doublets caused by V'Fe’" and V'Fe**, with
IS and QS parameters close to those established elsewhere (e.g. O’Neill et al. 1993). The
Fe**/Feww ratio evaluated by curve resolution of the spectra, ranges from 0.04 to 0.1. Optical
absorption spectra of all synthetic samples studied are qualitatively very similar as they are
directly related to the iron content. They differ mostly in the intensity of the observed absorption
features. The spectra consist of a very strong high-energy absorption edge and a series of
absorption bands of different width and intensity. The three strongest and broadest absorptions
of them are attributed to splitting of electronic spin-allowed °T,,—’E, transitions of V'Fe®* and
intervalence charge-transfer (IVCT) transition between ferrous and ferric ions in adjacent
octahedral sites of the ringwoodite structure. The spin-allowed bands at ca. 8000 and 11500 cm™
weakly depend on temperature, whilst the Fe?*/Fe** IVCT band at ~16400 cm™ displays very
strong temperature dependence i.e., with increasing temperature it decreases and practically
disappears at about 497 K, a behavior typical for bands of this type. With increasing pressure the
absorption edge shifts to lower energies while the spin-allowed bands shift to higher energy and
strongly decreases in intensity. The IVCT band also strongly weakens and vanishes at about 9
GPa. We assigned this effect to pressure-induced reduction of Fe** in ringwoodite.

By analogy with synthetic samples three broad bands in spectra of natural (meteoritic)
blue ringwoodite are assigned to electronic spin-allowed transitions of Y'Fe®* (the bands at
~8600 cm™ and ~12700 cm™) and Fe?/Fe** IVCT transition (~18100 cm™), respectively.
Spectra of colorless ringwoodite of the same composition consist of a single broad band at ca.

12000 cm™. It is assumed that such ringwoodite grains are inverse (Fe, Mg),SiO4-spinels and
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that the single band is caused by the split spin-allowed °E —°T, transition of 'Fe?".
Ringwoodite of intermediate color variations between dark-blue and colorless are assumed to be
partly inversed ringwoodite. No glassy material between the grain boundaries in the natural
colored ringwoodite aggregates was found in our samples and disprove the cause of the

coloration to be due to light scattering effect (Lingemann and Stoffler 1998).

Key words: synthetic and natural ringwoodite, iron ions, optical spectroscopy at different

temperatures and pressures, Mdssbauer spectroscopy, TEM study



Introduction

Ringwoodite, y-(Mg, Fe),SiO4, a high-pressure spinel-type structure polymorph of
olivine, is considered as the most abundant constituent of the lower part of the mantle transition
zone. If so, its characteristics are an important clue for understanding geophysical properties of
the Earth interior. That is why both natural (meteoritic) and synthetic ringwoodite are subject of
numerous investigations since discovery of this mineral by Binns et al. (1969). However, among
many publications devoted to ringwoodite one can find just a very few papers on optical
absorption, FTIR and Mdssbauer spectroscopic studies of synthetic ringwoodite (Mao and Bell
1972; O’Neill et al. 1993; Smyth et al. 2003; Jacobsen et al. 2004; McCammon et al. 2004;
Keppler and Smyth 2005) and none at all on natural ones. At this juncture we present here
results on optical absorption spectroscopy and on electron microprobe and TEM studies of a
series of synthetic ringwoodite of (Mg;x Fex)>SiO4 compositions 0.4 < x < 1.0 and variously
colored meteoritic ringwoodite from two S6-type chondrites. In addition we present results on
Maossbauer spectroscopy taken on three synthetic samples. The main purpose is to elucidate the
state and structural positions of the predominant transition metal constituent of this mineral. The
presence of iron may strongly influence crystal chemical, physical, thermodynamic and other
properties of ringwoodite, as demonstrated in foregoing studies: starting from the pressure
necessary for a to y transformation (e.g. Syono et al. 1971, Mao and Bell 1972, Akimoto et al.
1976, Burns and Sung 1978) up to the influence on radiative thermal conductivity (Keppler and
Smyth 2005), sound velocity and elastic properties (e.g. Sinogeikin et al. 1997) or seismic

characteristics of the mantle (e.g. Sinogeikin et al. 2003).

Experimental methods

Sample characterization
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Synthetic ringwoodite. (Mg, Fe),SiO4-ringwoodite of different iron contents (Tab. 1) were
synthesized in a 800 t multi-anvil press using 18/11 and 14/8 assemblies (octahedron edges
length/truncated edge length). Details of the experimental procedures and set up are given in
Deon et al. (2008). As starting material, we used either oxide mixtures (FeO, MgO and SiO,) or
synthetic fayalite, or a mixture of fayalite and oxides (MgO, SiO,). To produce different oxygen
fugacities, experiments were performed using a modified double capsule technique with water
and a solid oxygen buffer placed at the bottom of the capsule and separated mechanically by a Pt
disk from the starting material above. In all cases the buffer was active over the whole run
duration. In each run ringwoodite was obtained as black non-transparent crystal fragments of
irregular shapes together with pieces of a condensed powder of green and bluish-green color.
The identifications of both, crystals and powder as ringwoodite were accomplished by X-ray
diffraction and, in part, by Raman spectroscopy.

Natural ringwoodite. Natural (meteoritic) ringwoodite were available as thin sections (~12
um thick) of the highly shocked (S6; Stoffler et al., 1991) L6-type ordinary chondrites NWA 1662
and NWA 463 from the collection of Museum fiir Naturkunde, Humboldt-Universitit, Berlin.
Ringwoodite occurs as transparent tiny grains of 10 to 100 um in size predominantly within the
opaque melt material of shock veins (cf. e.g. Binns et al. 1969). Color of ringwoodite grains varies
from colorless to very dark-blue, nearly opaque. As a rule, homogeneously colored grains are rare.
More frequently the color varies within one single crystal from colorless to blue and dark-blue.
Sometimes a boundary between the colored parts of a single ringwoodite crystal is very distinct, but
in most grains the color changes gradually displaying an irregular spotted distribution.

Several ringwoodite grains appropriate in size, coloration and quality for optical and FTIR
spectroscopy were identified between crossed Nicols under a polarizing microscope. These visual
identifications were then all proven by Raman spectroscopy. As an example, Raman spectra of blue
and colorless zones of a double-colored ringwoodite grain in NWA 1662 thin section (sample #1,

see below), selected for optical spectroscopic investigation, is shown in Fig. 1. In all cases studied
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the natural ringwoodite grain material is found to be not a pure ringwoodite: in addition to strong
ringwoodite lines, labeled in the Figure as R (cf. McMillan and Akaogi 1987), there is always
some minor amount of wadsleyite, the f-modification of (Mg, Fe),SiO4, seen as weaker W-lines in
the spectra. It is remarkable that the intensity ratio of the ringwoodite and wadsleyite lines is nearly

constant in all crystals studied from the both meteorites, NWA 1662 and NWA 463.

Methods of investigations

Optical absorption spectra were measured in the range 370-1800 nm (ca. 27000-5555
cm™) with a single-beam microspectrophotometer constructed on basis of a SpectraPro-275
triple grating monochromator, highly modified mineralogical microscope MIN-8 and a PC.
Ultrafluars 10x serve as objective and condenser. Two changeable highly stabilized quartz-
halogen and Xenon lamps, both of 70 W, are used as light source. Two changeable photoelectric
multiplying tubes and cooled PbS-cell are used as photodetectors. A mechanical high-stabilized
300 Hz-chopper and lock-in amplifier were applied to improve the signal/noise ratio. The
spectra were scanned with steps AL = 1 nm, 2 nm and 5 nm in the range 270-450, 450-1000 and

1000-1800 nm, respectively. The diameter of the measuring spot was not larger than 100 pum.
The samples of synthetic ringwoodite for optical and NIR spectroscopic studies were
prepared as thin sections of thickness, depending on iron content, from ca. 10 to 2 um (Tab. 1). For
this, visually homogenous grains of ringwoodite were selected under a binocular microscope. They
were glued with epoxy on a supporting glass plate, polished with diamond powders and pastes
upon one side, detached, turned over, fixed with epoxy again, grounded and polished on the
opposite side until getting transparent thin sections, suitable for optical and NIR spectroscopic
measurements. Still fixed on the supporting glasses with epoxy optical absorption and FTIR spectra
of the thin sections were measured at ambient conditions in the range ~28000-4000 cm™. The
reference beam position was always taken on a supporting glass plate nearby the thin section

measured.



7

To measure spectra at different temperatures and pressures the thin section of MA-62 and
MA-68 ringwoodite (Tab. 1) were detached and cleaned from epoxy with acetone and ethanol.

The spectra at room and liquid nitrogen temperatures (~297 K and 77 K, respectively)
were measured using a home-made miniature cryostat attached to the microspectrometer. The
low temperature spectroscopic measurements in the UV-VIS-NIR, 27000-10000 cm™, were
accomplished on a polished plate of ca. 10 um thick prepared from ringwoodite MA-68. The
sample was placed on a transparent supporting plate of synthetic high-quality single-crystal
sapphire. Because the thermal conductivity of Al,O3 at low temperature is almost twice that of
annealed pure copper (Volkov et al. 1981), it provides a very good thermal conductivity
between the sample and sample holder of the cryostat. To maintain thermal contact, the sample
was attached to the supporting plate and then to the cooled sample holder with vacuum grease.
The cryostat was evacuated to pressure ~107 torr. To avoid moisture condensation, the external
surfaces of the windows were continuously blown with dry air.

A miniature electric furnace with an electronic control device was attached to the
spectrophotometer. It provided temperature stability of +5 K and was used to register spectra at
temperatures from 297 K to 497 K. The high temperature spectroscopic measurements in the
UV-VIS-NIR, 27000-10000 cm™, were accomplished at 297, 397 and 497 K on a polished thin
section of ca. 10 um thickness prepared from ringwoodite MA-62.

High pressure spectroscopic measurements in the UV-VIS-NIR, 27000-10000 cm™, were
performed on a polished, ca. 10 um thick, thin section prepared from ringwoodite MA-62. To
generate hydrostatic pressure up to ~12 GPa, the diamond anvils cell (DAC) technique was used
as described elsewhere (e.g., Langer 1990). Powder remission spectra of powdered ringwoodite
were measured as described in Taran et al. (2004).

NIR spectra in the range 11000-4000 cm™ were recorded at ambient conditions on a
Bruker IFS 66v FTIR spectrometer. The spectrometer was equipped with a tungsten lamp light

source, a quartz beam-splitter and a Hyperion microscope using Cassegrainian objectives and an
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InSb detector. The spectra were taken with an aperture size of 50x50 um in case of synthetic
ringwoodite and 10x10 pum in case of natural ones. For each measurement the spectrum was
averaged from 256 scans and the resolution was 2 cm™.

Optical absorption spectra were fitted with Gaussian components using Jandel Scientific
software Peakfit 4.11. The main limitation of the procedure is the choice of a lineshape for the
strong high-energy absorption edge overlapping the UV and part of the visible range in most of
our spectra. This uncertainty frequently results in appreciable differences in energies, intensities,
and widths of component Gaussian bands in spectra of different samples. On the basis of our
experience with the set of spectroscopic functions available in Peakfit 4.11, the absorption edge
is usually best fit by a sum of Gaussian and Lorentzian curves.

>"Fe-Mossbauer spectra were measured at room temperature using an originally 1.85 GBq
*'Co in Rh source. The principle construction of the equipment is similar to that described by
Abs-Wurmbach and Amthauer (1988). Measurements were performed using a 1024
multichannel analyzer combined with a constant electrochemical drive system of triangular
velocity wave form. Velocity scale is calibrated against metallic a-iron. IS-shifts from
calibration spectra are used as gravity centre for the fitting procedure. Fits were performed
assuming Lorentzian lines.

TEM investigations were carried out on a Tecnai F20-XTwin transmission electron
microscope with a field emission gun as electron source. The TEM is equipped with a Gatan
Tridiem™ filter, an EDAX X-ray analyzer with ultra thin window and a Fishione high angle
annular dark field (HAADF) detector. TEM images were acquired as energy filtered images
applying an energy window of 20 eV to the zero loss peak. EEL spectra were acquired with a
dispersion of 0.1 eV/channel. The energy resolution of the filter was 0.9 eV at half width at full
maximum of the zero loss peak. Spectra were acquired in diffraction mode with an acquisition

time of 1 second.
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The chemical compositions of the samples were determined by wavelength-dispersive X-
ray analysis (WDS) techniques using a JEOL JXA-8500F (HYPERPROBE) electron
microprobe at the GeoForschungsZentrum (GFZ) Potsdam. The analytical conditions included
an acceleration voltage of 15 kV, a beam current of 20 nA, and a beam diameter of 1pum. The
following natural and synthetic standards were used: fayalite (Si, Fe), periclase (Mg), rhodonite
(Mn), orthoclase (Al), wollastonite (Ca), rutile (Ti), NiO (Ni) and Cr,03 (Cr). For all elements
the peak counting times were 20 s; backgrounds were counted for 10 s. Matrix corrections were
performed with the JEOL implementation by Paul Carpenter (version 3.50) of the CITZAF

software (Armstrong 1995).
Results

Chemical compositions

Electron microprobe analyses of about ten spots on each synthetic ringwoodite sample
were averaged and the formulae were calculated on the base of 4 oxygens (Table 1). The
compositions range from the Fe-end-member to an intermediate composition in respect to Fe
and Mg. The iron-end-member MA-75 and samples MA-102, MA-120 and MA-121 were
synthesized under higher oxygen fugacity and should contain Fe**. We recalculated the EMP
analyses to account for Fe** by increasing the Fe®* content in expense of Fe?* until the cation
sums up to 3.0. However, as seen from the Table, only in the two latter and also in MA-75,
which was grown without any buffer, recalculations of microprobe analyses result to some small
concentrations of Fe**. As we added water to the system that was incorporated into the crystals
the calculated Fe** content may be slightly overestimated due to possible vacancies to account
for the water content.

By microprobe, the averaged crystal chemical formulae of two double-colored natural
colorless-blue and blue-dark-blue ringwoodite grains (#1 and #2), selected for optical absorption

and FTIR-spectroscopic studies, are very close to each other, (Mgo741F€0.251)2S11.0004 and
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(Mgo.737F€0.258)2Si1.00304, respectively®. Besides the three main oxides, MgO, FeO and SiO,, in both

samples minor amount of (in wt. %) MnO = 0.37, NiO = 0.04 and CaO = 0.02 were detected. TiO,
and Cr,O3 were always below the detection limit. It is remarkable, that in a colorless-blue grain #1
the scanned profiles of three main components FeO, MgO and SiO; display essential homogeneity
of the composition, independent on the color distribution (Fig. 2a), whereas in a blue-dark-blue
grain #2, as seen from Fig. 2b, just a very weak increase of FeO-content at the expense of MgO
takes place in the dark-blue zone. The same can also be seen from the composition maps (not
shown): in the dark-blue zone the Fe-content is slightly higher than in the blue one, whilst the
Mg-content distribution displays, as it should be, the opposite tendency. The Si-distribution is
essentially homogeneous.
TEM study

High angle annular dark field images of the foil cut from the synthetic samples MA-75,
MA-62 and MA-68 display a homogeneous non-grained structure without any additional phases
aside ringwoodite.

Fig. 3a shows a HAADF image of a foil cut across a zoned (colorless-dark-blue) grain of
natural ringwoodite from a thin section of the NWA 463 meteorite. As clearly seen, the material
consists of micrograins (mosaic) of the size varying in the range of 500 nm up to a few microns.
The curvature of the grain boundaries is convex and concave without 120° equilibrium angles at
triple junctions. The curved grain boundaries indicate grain growth. Microstructure of the foil
reveals no differences between the two zones, colorless and dark-blue.

High resolution images of the grain boundaries show that the lattice fringes from two
adjacent grains are in contact thus indicating the absence of an amorphous phase along the grain
boundaries (Fig. 3b). A comparison of the Fe L3, edges in natural ringwoodite (NWA 463) and
synthetic ringwoodite (MA-68) reveals no differences between the spectra.

Maossbauer spectra

! The composition of each grain is nearly identical to the composition of the matrix olivine in respective thin
sections. This observation is very common in S6-type chondrites (e.g. Sharp, DeCarli 2006).
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The Mdssbauer spectrum of synthetic ringwoodite MA-68 (Fig. 4) is very similar to that

of MA-62 and MA-121. In all three samples Fe**-absorption is the dominant one with about 96,

94 and 90 area% for MA-68, MA-62 and MA-121, respectively (Table 2). Total absorption in
all cases is < 3%. Linear absorption values of Fe** are only < 0.1%. To avoid overlapping of

these very faint lines of the doublet in one broad line, full width at half height (FWHW) of Fe**
lines had to be fixed for sample MA-62 and MA-121. One fit for sample MA-68 with the
highest total absorption was done without fixing the FWHW (Tab. 2). It should be mentioned
that the background at the low-velocity side of sample MA-62 is a bit suspicious for a vanishing
faint magnetic component.

Isomer shift (IS) and quadrupole splitting (QS) values are within errors (3 o) for all
samples the same (Table 2). As expected from the synthesis conditions the Fe®*" content in
sample MA-121 is higher than in MA-62 and MA-68. Despite the recalculations of the Fe®*
content of our electron microprobe data where we obtained Fe®* in tetrahedral and octahedral
coordinations, we interpret the 1S and QS values of Fe** as indicative for octahedral
coordination. They are in the same order of magnitude as those obtained by O’Neill et al.
(1993). However we cannot rule out the possibility that small portions of Fe** are incorporated
in tetrahedral coordination. As mentioned before, the recalculation gives only estimates as we do
not consider the possibility of vacancies in the structures. Recalculating the crystal chemical
formulas on the base of the Mdssbauer and EMPA measurements for the three samples studied
and neglecting the equilibrium of valence states results to the approximate composition of the
run products: MA-68 (Fe**/Fey; = 0.04) to (Mgo.soFe® 048 0.02)2Si0.0004, MA-62 (Fe**/Fey; =
0.06) to (MgossFe* os57Fe®003):SingsOs and MA-121  (Fe¥*/Fe,y = 0.1) to
(Mgo.goFe* 037Fe%0.04)2Si09704. Fe**/Fey ratios are in the same range as those determined for -
Fe,SiO,4 and y-(Mg, Fe),SiO4 by O’Neill et al. (1993) and Keppler and Smyth (2005). Note,

however, that only in MA-121 and MA-75 microprobe detects Fe** (cf. Table 1).



12

It should also be noted that McCammon et al. (2004) observed a relatively weak
absorption with 1S=0.61 mm/s and QS=0.85 mm/s and assigned it to quick electron transfer
between Fe* and Fe**. We cannot absolutely rule out the presence of such a doublet in our
spectra but due to the low signal/noise ratio in this region we exclude it from the final results as

it has no effect on the final Fe3+/Fet0t ratios.

Optical absorption spectra

Synthetic ringwoodite. Absorption spectra of all synthetic ringwoodite studied
qualitatively are rather similar. Representative spectra of four samples, MA-68, MA-120, MA-
56 and MA-102 are shown in Fig. 5 together with results of the curve fitting for the first two.
The spectra consist of a very strong high-energy absorption edge and a series of superimposed
a- to f-bands of different intensities and widths. The characteristics of the component Gaussians,
obtained by the curve fitting procedure for MA-68, are listed in Table 3. It is evident that the
intensity of both the edge and the bands a to f strongly increase with iron content, but with the
edge increasing much stronger than the bands. Thus, in the spectrum of MA-56 ringwoodite
(x=0.780), taken on a thin section of ca. 5 um (Fig. 5c), the bands a to f are seen just as poorly
resolved envelope, whereas in MA-68 and MA-121 of significantly lower iron contents (x=0.5
and 0.4, respectively) these bands are much more distinct (Fig. 5, a, b). In the spectrum of the
end-member ringwoodite MA-75 (not shown), measured on an extremely thin section of ca. 2
um, these bands are seen just as a broad, practically unresolved shoulder superimposing a very
strong edge cutting of a good deal of the visible range. In combination, the high-energy
absorption edge and the superimposed a- to f-bands cause variously hued blue, bluish-green,
grayish-green, olive etc., colors of the ringwoodite thin sections studied.

As seen from Fig. 5, there are noticeable differences in the relative intensities of the band
c vs. bands a and b from sample to sample. In general, the band c is relatively higher in samples

grown at higher oxygen fugacity and thus enriched with Fe** such as MA-102, MA-120 or MA-
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121 (Table 1). The higher Fe**-content is confirmed for MA-121 by Mdssbauer spectroscopy

(Result section, Table 2). Diffuse remission spectra (not shown), measured on powdered
portions of each run product, closely remind the corresponding absorption spectra, e.g., showing
a strong high-energy absorption edge with a weak shoulder caused by the f-band and a broad
poorly resolved absorption envelope formed by overlapping bands a, b and c.

Spectra of two ringwoodite samples, MA-68 and MA-62, measured in the range 27000-
10000 cm™ at four different temperatures are shown in Fig. 6, a and b, respectively: as the
temperature decrease from 297 K to ~77 K, the c-band significantly grows, whereas the bands a
and b remain almost unchanged (Fig. 6a). In addition the high-energy edge shifts with
decreasing temperature to higher energies and noticeably changes in shape?. The bands d, e and f
become slightly narrower and, thus, better resolved but do not much change in intensity. During
cooling the color of the thin section of MA-68 changes from bluish-green to blue. As the
temperature increases from 297 K to 497 K the observed tendencies maintain: there is a
significant increase in the intensity of the high-energy edge, which can be seen as a shift to
lower energies with increasing temperature (Fig. 6b). Due to this effect the color of the
ringwoodite thin section (~10 um) clearly changes from grayish-green at room temperature to
greenish-brown at 497 K. The temperature dependence of bands a and b, which are strongly
superimposed by the growing edge, is very weak. They do not much change in both, energy and
intensity, especially when compared with the c-band, which distinctly decreases with increasing
temperature and practically disappears in the temperature range 397 to 497 K. Again, three weak
bands, d, e and f, do not display any significant change. Within the uncertainty of the experiment
their energies remain nearly constant, the bands become broader and, thus, less distinct with
increasing temperature, such that at 497 K the d- and e-bands are almost not visible.

High-pressure spectra of MA-62 ringwoodite are shown in Fig. 7a. The intensity of the

high-energy edge strongly increases with pressure as can be seen in its continuous shift to lower

2 One has to take into account that at the low-temperature measurements the sample was attached to the transparent
sapphire colder with a thing layer of vacuum grease. The later may have contributed its own effects to the
temperature dependence of, first of all, the absorption edge.
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energies. Visually it is seen as change of the sample color from grayish-green to greenish-brown
at pressure. In contrast to the edge, the a- and b-bands strongly decrease. Besides, they display
distinct shifts to higher energies; the resulting absorption envelope becomes narrower and more
symmetric in shape due to a stronger shift of the a-band compared to the band b: according to
the curve fitting analysis (cf. Figs. 5a, b and 7b) the splitting between them changes from ~3630
cm™ at ambient pressure (Tab. 3) to ~1290 cm™ at 12.2 GPa.

The c-band continuously decreases and practically disappears at around 9 GPa without
any noticeable change in energy. This is especially evident in view of the three weaker bands f,
d and e, which also display practically no shift at pressure, but become more distinct in spite of
strong overlapping with the increasing absorption edge. Note that the observed changes
noticeably differ from what Keppler and Smyth (2005) saw in their ringwoodite spectra, where
“neither the main crystal field band nor the charge transfer band show any significant
broadening or change in intensity with pressure”. As seen from Fig. 7b, a satisfactory curve fit
of the spectrum measured at 12.2 GPa does quite dispense with the c-band. Moreover, if the
later had retained without any significant loss of intensity, it would have taken place just within
the local minimum formed by the absorption edge and strongly weakened b- and a-bands (cf.
also with Fig. 5, a, b) and, therefore, should have been well discernible in the original (unfitted)
spectra measured at ca. 8.9 GPa or 12.2 GPa (Fig. 7b), but this is evidently not the case. It
should be emphasized that the described pressure-induced changes are entirely reversible
without any noticeable hysteresis.

Natural ringwoodite. Several differently colored crystals of meteoritic ringwoodite were
studied by optical absorption spectroscopy. We distinguish two different types of spectra: one
type represents spectra of blue ringwoodite independently on the intensity of the coloration and
the second type represents spectra of colorless ringwoodite. Both types of spectra can be

obtained as on homogeneously colored crystals as on differently colored zones of one crystal.
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For example, absorption spectra measured on different zones of two double-zoned
ringwoodite grains (colorless-blue and blue-dark-blue) from NWA 1662 (#1) and NWA 463 (#2,
see Sample characterization section) meteorites are shown in Fig. 8, a and b, respectively,
together with an unpolarized spectrum of matrix olivine (Fig. 8a). As seen from the Figure,
spectra of the blue zones are rather similar in both grains and the spectrum of the dark-blue zone
seems to differ from the latter only qualitatively, by a much higher intensity of the absorption
features observed. The spectra consist of three distinct broad bands at energies ca. 9000 cm™,
12600 cm™ and 18500 cm™, superimposed on the high energy absorption edge. By analogy with
the synthetic ringwoodite (cf. Fig. 5), they are labeled as a-, b- and c-bands, respectively. Note
that due to very high absorbance, frequently much higher than ~3.0 (Fig. 8b), the spectrum of
the dark-blue ringwoodite in part is rather noisy. Despite of that, the three bands a, b and c at
nearly the same energies as in the blue ringwoodite, can be perceived very clearly.

In the spectrum of colorless ringwoodite (Fig. 8a) there is only one broad band at ca.
12000 cm™, i.e. slightly lower than the b-band in spectra of blue ringwoodite (cf. the two spectra
in Fig. 8a), superimposed on a relatively week absorption edge.

Remarkably, the above mentioned absorption bands in the spectra of the colorless as well
as in the spectra of the blue and, especially, of the dark-blue natural ringwoodite samples are
several orders of magnitude higher than spin-allowed band of Fe** in matrix olivine of
practically the same composition as ringwoodite. The spin-allowed band of the matrix olivine is
perceptible in Fig. 8a only as a very weak feature around 9500 cm™ upon the intense high-
energy absorption edge causing the yellowish color of olivine grains.

Discussion

Synthetic ringwoodite. We assume that all spectroscopic features seen in the optical
absorption spectra of our synthetic ringwoodite (Fig. 5) are caused by iron, as the intensities of
all of them, the absorption edge and the bands a to f, strictly correlate with iron content. Note

also that by TEM no other material than ringwoodite are observed in our synthetic samples.
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Taking into account that by microprobe and Mdssbauer spectroscopy from ~90 to 96 %
of the total iron is Fe** (Tabs. 1, 2), it is reasonable to assume that the absorption edge in the
optical spectra of the ringwoodite studied (Fig. 5) is mainly caused by UV-centered O —Fe®*
charge-transfer bands which low-energy tail covers a part of the visible range. The observed
lower energy shifts of the absorption edge with increasing temperature or pressure also support
this assignment as it is rather typical for many iron-bearing oxygen-based minerals (e.g. Taran
and Langer 2001; Mao 1976). From the fact that its intensity grows with iron content much
stronger than the intensities of bands a to f, one may conclude that the UV O*—Fe®" charge-
transfer bands not only increase in intensity, but, very likely, significantly shift to lower energies
with increasing iron concentration.

By widths and intensity ratio, the broad bands a, b and c in Fig. 5a closely resemble the
three bands at ~8680 cm™, ~12270 cm™ and ~17480 cm™, respectively, observed by Keppler
and Smyth (2005) in the spectrum of their synthetic ringwoodite SZ0107 and one may assume
that in the spectra of the samples studied here these bands are of similar nature, namely, related
to the electronic spin-allowed °T,,—°E, transition of Y'Fe*" intensified by exchange interaction
with neighboring Fe®* (the bands a and b) and caused by Fe?*/Fe®** IVCT (the band c) 3. In favor
of such an interpretation is the observation that the intensity ratio of the c-, b- and a-bands is
obviously different in different samples (see Result section and, also, Fig. 5) thus evidencing
that they undoubtedly belongs to, at least, two different centers. By curve fitting analysis the
linear intensity ratio of the a-, b- and c-bands in our MA-68 ringwoodite is 1:4.3:2.8 (Tab. 3)
which is close to that in Keppler and Smyth’s sample, 1:4.5:2.6, although our sample has much
higher iron content. In case of MA120 ringwoodite (Fig. 5b) the ratio is noticeably different,

1:4.1:3.5, at energies and half-widths of the bands close to those in MA-68 (cf. Fig. 5, a and b).

% In our samples the energies of the three bands, a, b and c, are noticeably lower (Table 3) than in Keppler and
Smyth’s ringwoodite spectra. This difference may be explained by the concentration shift (see e.g. Burns 1993), as
e.g., the iron content in MA-68 is nearly five times higher than in the sample of Keppler and Smyth (2005).
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This clearly shows that the c-band’s intensity is related to Fe**-content and, taking into account
its energy and width (Table 3), strongly supports its assignment to Fe®*/Fe** IVCT.

Keppler and Smyth (2005) assume that the abnormally high intensity of the spin-allowed
bands a and b may be due to exchange interaction with neighboring Fe**. So far such effect was
established on a very restricted number of Fe**, Fe**-bearing silicates and its mechanism is not
yet well understood. We agree that the bands a and b have an abnormally high intensity for
ordinary spin-allowed bands. Indeed, calculated values of their molar absorptivity in our
ringwoodite MA-68, 7.0 and 29.8 I-cm™-mol™, respectively, are more that twice lower than what
Keppler and Smyth’s estimated, 15.7 and 70.7 l.cm™mol™. However, this is still too much for
the ordinary spin-allowed °T,; —°E, bands of Fe®* in octahedral coordination (cf. e.g. Burns
1993). Also, strong weakening of these bands with pressure and their weak temperature
dependence are difficult to explain in view of the high regularity and centrosymmetric character
of the octahedral site of the ringwoodite structure which accommodates ferrous ion. For
instance, in case of strongly distorted acentric Fe?*(M2)Os-octahedra in the orthopyroxene
structure the intensities of the two spin-allowed dd-band of Fe?*(M2) originating from the split
5T29—>5Eg transition and averaged over three polarizations a,  and vy, are only around 4.6 and
16.2 l-em™mol™ (Goldman and Rossman 1978), i.e. almost twice lower than what we find in
ringwoodite, 7.0 and 29.8 I-cm™-mol™ (see above). Yet, in orthopyroxene such bands undergo a
considerable pressure-induced weakening caused by a decrease of the Fe?*(M2)Os-octahedron
distortion which results in a relaxation of the Laporte selection rule (Taran and Langer 2003).
However, such a mechanism is hardly applicable to ringwoodite where Fe** is located in a
nearly regular centrosymmetric octahedral site and one should not expect any significant
pressure effect on intensity of the bands in question. On the other hand, we may assume that the
absorption envelope, involving the a- and b-bands, becomes more symmetric with pressure (Fig.

7) due to decrease of the slight trigonal distortion of Fe?*Og-octahedra and, thus, lowering of the
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splitting between the two bands. The splitting may also be due to a dynamic Jahn-Teller effect
on Y'Fe®*. However, the influence of pressure on such Jahn-Teller centers is not yet known.

The weak temperature dependencies of the a- and b-bands in ringwoodite spectra (Fig. 6)
are obviously at variance with temperature behavior of Fe**- Fe*" pair bands in other minerals
(Smith and Sterns 1976; Smith 1978a, b; Mattson and Rossman 1987a; Taran et al. 1996; Taran
and Rossman 2002). Besides, in all cases studied pressure induces strong intensification and
leads the Fe**-Fe®" pair bands shift to higher energies (Taran et al. 1996; Taran and Rossman
2002). In ringwoodite, as seen from Fig. 7, pressure does produce a similar shit of the bands a
and b to higher energies, but its effect to their intensities is extraordinary strong and just
opposite to that of the Fe?*-Fe** pair bands established in other minerals. Finally, if the bands a
and b in ringwoodite was intensified by exchange effects with Fe**, we should have observed
noticeable changes of their intensity with the degree of iron oxidation in the samples studied.
But again this is not the case. Particularly, this is well seen when compare the spectra of MA-68
and MA-120 (Fig. 5, a and b) having close iron contents (0.5 and 0.4 a.p.f.u., respectively), but
grown at different oxygen fugacity (Tab. 1): taking into account a similar thickness of these two
samples, ~10 um, we may conclude that the intensities of the bands are not much different.
Indeed, by the curve fitting analysis, the peak intensity of more prominent b-band is 0.68 and
0.62 in MA-68 and MA-120, respectively, just in accordance with their total iron contents.

Therefore, from the above reasoning one should conclude that aside from the abnormally
high intensity, the a- and b-bands in ringwoodite spectra essentially differ from the Fe?*- Fe**
pair bands in other minerals. As yet we do not see any reasonable explanation for these bands
intensification in ringwoodite spectra.

In difference to the a- and b-band, the in this study observed significant temperature
dependence of the c-band, which distinctly diminishes and practically disappears at
temperatures between 397 and 497 K, is consistent with its assignment by Keppler and Smyth

(2005) to Fe?*/Fe" IVCT (e.g., Smith 1977; Smith and Strens 1976; Taran and Langer 1998).
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Temperature dependence of IVCT bands is much stronger in case of symmetric Fe?*/Fe®*
IVCT’s between ferrous and ferric ions accommodated in adjacent structurally equivalent
positions than for asymmetric ones involving Fe?* and Fe** in nonequivalent sites differing by
size and symmetry (Taran and Langer 1998). In the ringwoodite structure Fe?* and Fe** enter
equivalent, nearly regular edge-sharing octahedra (e.g. Akimoto et al. 1976) and Fe?*-Fe** pairs,
formed by the ions accommodated in the adjacent sites, ought to be highly symmetric.
Therefore, the temperature effect on the Fe**/Fe** IVCT band in ringwoodite spectra is expected
to be relatively strong as is observed for the c-band.

As seen from Fig. 7, the c-band displays unusually strong pressure dependence
continually decreasing and practically disappearing at around 9 GPa. To the best of our
knowledge, so far no one observed such pressure induced effect to IVCT bands in other
minerals or compounds (e.g. Abu-Eid 1976, Mao 1976, Taran and Langer 1998, Taran et al.
2007). It is also at variance with the observation of Keppler and Smyth (2005) on their
ringwoodite SZ0107.

At the moment we can only assume, taking for granted that the c-band is really caused by
Fe?*/Fe®" IVCT, that its weakening and complete disappearance at pressure is caused by
pressure-induced Fe**—Fe”* reduction which leads to decrease of Fe?*-Fe** pair concentration
in the structure. Such reaction does take place at high pressures in a great number of Fe®*-
bearing salts, complexes and compounds and, due to this phenomenon, the predominant form of
iron in the lower mantle is assumed to be Fe** (Frank and Drickamer 1976). Note that our
supposition on pressure-induced Fe** to Fe?* reduction in ringwoodite is consistent with the
observed reversible pressure behavior of the c-band (see Results): according to Frank and
Drickamer (1976), Mossbauer spectra of ferric salts, complexes and compounds showing the
pressure-induced reduction “upon release of pressure... returns substantially to the original

ferric state”.
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It is presumed that the pressure-induced reduction processes lead to generation of holes
on the ligands which retain closely associated to the reduced iron sites. Materials exhibiting such
iron reducing effect include halides, thriocyanates, phosphates, hydrates with H,O as
neighboring ligands, ferricyanides, metallorganic compounds and some other systems (Frank
and Drickamer 1976). However, except, perhaps, for magnesioriebeckite (Burns et al. 1972),
there is not any reliable experimental confirmation of such pressure-induced Fe**—>Fe*
reduction in natural silicates and oxides. Therefore, as we believe, ringwoodite is the first
mineral wherein such effect is observed by optical absorption spectroscopy®. Note that Frank
and Drickamer (1976) also admit that “evidence for the reduction process may be obtained from
optical measurements of the area under the charge-transfer peak”. They presume that in such
case two opposite competing effects may take place, an increase in the transition moment with
decreasing interatomic distances and a decrease in intensity due to the loss of ferric sites as they
converted to ferrous ones. However, the first effect, i.e. the pressure-induced IVCT bands’
intensification, is not strong, at least, in oxygen-based minerals studied so far (Taran and Langer
1998, Taran et al. 2007). Therefore, the second effect, i.e. the decrease in intensity due to
converting Fe®* to Fe**, prevails and we do observe a distinct reduction process in the high-
pressure ringwoodite spectra as the decrease and disappearing of the Fe**/Fe** IVCT band (Fig.
7).

The pressure, at which the c-band in ringwoodite completely disappears (~9 GPa), is
rather low and it seems that in ringwoodite some structural or crystal chemical reasons facilitate
the reduction process. As the composition and interatomic distances in the ringwoodite structure
are out of something extraordinary (e.g. Akimoto et al. 1976), this may be the three-dimensional
arrangement of edge-sharing Fe- and Mg-bearing octahedra in the spinel-type structure of y-
(Mg, Fe),SiO,. Probably, it promotes formation and delocalization of the holes generated on 0%

-ligands under the pressure-induced reduction process. Huggins (1976) considers that “pressure-

* 1t is very unlikely that such effect can readily be detected by high-pressure Mssbauer spectroscopy as the Fe®'-
content in synthetic ringwoodite is relatively low, less than ca. 10% of the total amount of iron (Tabs. 1, 2).
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induced electron transfer” would be a more accurate description of such phenomenon than the
“pressure-induced reduction”. Under such point of view the pressure-induced weakening and
final disappearing of the Fe*/Fe** IVCT band in ringwoodite may be regarded as a
redistribution of the electron density between the Fe?*-Fe* pairs involved in IVCT process and
delocalization of the holes over the three-dimensional framework of the chains of octahedra
running along the six face diagonals of the cubic cell. The strong intensification of the high-
energy absorption edge (Fig. 7a) may, at least partly, be caused by holes generated during the
reduction process.

The widths and intensities of the three other bands, d, e and f, are significantly smaller
than those of a-, b- and c-bands (Table 3). They appear in spectra of all samples studied and are,
most probably, related to spin-forbidden electronic transitions of “V'Fe?*. According to the
Tanabe-Sugano diagram for the electronic 3d®-configuration (e.g. Burns 1993), these may be
Tog—>°Tig, =°Tyy and —°E, transition, respectively. They do not display any significant
changes in energy and intensity except broadening with increasing temperature (Fig. 6). Also
they do not much shift at pressure (Fig. 7). Such temperature and pressure behaviors are quite
consistent with their assignment to spin-forbidden transitions of Fe?* (cf. e.g. Abu-Eid 1976;
Taran and Langer 2001; Taran and Langer 2003; Taran et al. 2007).

Finally, judging from the temperature and pressure effects on the spin-allowed and
Fe?*/Fe®" IVCT bands in ringwoodite, a, b and c, respectively, one may reasonably assume that
at the mantle PT-conditions the radiative conductivity of ringwoodite may significantly differ
from that at ambient temperature and pressure. This assumption is in agreement with the
findings of Keppler and Smyth (2005).

Natural ringwoodite. In contrast to synthetic ringwoodite, whose spectra are strictly
related to the iron content, the spectra of differently colored crystals or differently colored zones
of single crystals of natural ringwoodite display striking differences despite of nearly identical

chemical compositions (see Results section). Our results do not support the idea of Lingemann
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and Stoffler (1998) that the natural (meteoritic) ringwoodite coloration is due to light scattering
effect produced by the presence of a glassy material between the grain boundaries in colored
ringwoodite aggregates. Although light scattering may, in principle, cause broad pseudo-
absorption bands (e.g. Khomenko et al. 2002), our high-resolution TEM investigation of two
foils cut off from a colorless to dark-blue ringwoodite grain in NWA 463 meteorite thin section
across the both zones reveals no noticeable differences between the colorless and the dark-blue
part. As seen from the Fig. 3a, the foil consists of numerous tiny microcrystals (mosaics)
constituting the ringwoodite grain in the colorless and the dark-blue zone. All characteristics of
the material in the two zones are found to be essentially identical. Electron diffraction showed
that the grains are always a mixture of ringwoodite and some minor amount of wadsleyite. This
result is in excellent agreement with out results on Raman spectroscopy (see the Sample
characterization section). However, no glassy phase is detected in the foils studied: for instance,
in Fig. 3b a distinct boundary between two micrograins is seen, but there is no sign of glassy
material or some other phase in-between. Therefore, (and by analogy with synthetic ringwoodite
(see below)) we suggest that the spectroscopic properties of both colored and colorless
ringwoodite are due to the iron content, which, judging from the microprobe analyses (see
Result section), is the only predominant transition metal constituent in natural ringwoodite
studied.

Optical absorption spectra (Fig. 8) indicate that colorless and dark-blue ringwoodite can
be regarded as two extreme states of this material, whereas all other color varieties, light-blue,
blue etc., are intermediate combinations of these two. By analogy with synthetic samples, the
three bands a, b and c in the spectra of natural samples may be regarded as being of a similar
origin as the identical bands in spectra of synthetic ringwoodite (cf. Figs. 5 and 8). Thus, the
bands a and b in Fig. 8 are to be attributed to the spin-allowed °T,,—’E, transition of V'Fe** split

by the trigonal distortion or Jahn-Teller effect, whereas band c is caused by the Fe?*/Fe®* IVCT.
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In Fig. 9 the results of the curve-fitting procedure of the spectrum of blue ringwoodite (cf.
Fig. 8a) are shown. As seen, quite similar to the synthetic ringwoodite (Fig. 5), this spectrum
can be satisfactory fitted by a high-energy edge, taken as a combination of Gaussian and a
Loretzian forms, and three a-, b- and c-Gaussians, well resolved and distinct in the original
spectrum either. However, the energies and, especially, the widths of a to ¢ bands are in this
case significantly different from those in synthetic samples (cf. Tabs. 3, 4). Apparently, there is
also a much better resolution of the bands in the spectra of the natural samples compared to the
synthetic ones (cf. Figs. 5, 8).

The higher energies of the a to ¢ bands in natural than in synthetic ringwoodite (cf. Tabs. 3,
4) may be due to the concentration shift caused by nearly twice lower iron content in these
samples (see Results). However, a reason for the vivid differences in the widths, especially of
the a- and c-bands, in spectra of natural and synthetic samples is not quite clear. As seen from
Tables 3, 4, in synthetic samples the c-band is considerably broader than the b- and, especially
a-band which can be explained by the different natures of the bands, Fe?*/Fe*" IVCT and the
spin-allowed dd-transition of Y'Fe®", respectively (e.g. Mattson and Rossman 1987b). Different
to the synthetic ringwoodite, in natural ringwoodite the widths of all three bands, a, b and c, are
rather commensurable (Tab. 4) which is at variance with the above mentioned observation by
Mattson and Rossman (1987b). Currently the best explanation for these differences between
synthetic and natural ringwoodite is the relatively low quality of the spectra measured on the
extremely small grains or on differently colored zones of natural meteoritic ringwoodite and,
thus, less reliable characteristics of the component bands obtained afterwards by the curve
fitting procedure. Another reason might be a very short post-crystallization high-temperature
annealing duration of the synthetic samples compared with meteoritic ones and thus a higher
local residual straining in the structure causing broadening of the bands in the synthetic material.

The spectra of colorless natural ringwoodite, containing one single absorption band in the

near infrared range at ca. 12000 cm™, is the most striking example of their complete difference
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from what we see in spectra on the synthetic samples or on the blue natural ringwoodite of
practically the same composition as the colorless ones. Of course, the tempting and simplest
explanation would have been the intensification of a- and b-bands, as well as the appearance of
c-band, due to higher oxidation state of iron in the blue and dark-blue varieties comparing with
the colorless ones and, thus, appearance of exchange-coupled Fe?*-Fe** pairs and pairs involved
into Fe?*/Fe®* IVCT process. However, taking into account the above deductions on synthetic
ringwoodites and assuming that a-, b- and c-bands in natural ringwoodites are of the identical
nature as in synthetic ones (see above), alternative models must be found. Note also that we did
not produce colorless ringwoodite in our synthesis experiments at different oxygen fugacity.
Again, we do not see any correlation between degree of oxidation and intensity of a- and b-
bands in synthetic samples (see above), whereas in differently colored grains of natural
ringwoodite of practically identical composition intensity of these bands varies about an order of
magnitude (Fig. 8), but in difference to synthetic samples (Tab. 1), in natural ones the
microprobe reveals no Fe**-concentration content at all (the Result section).

One explanation for the observed differences in the absorption spectra of natural colored
and colorless varieties may be that iron occupies different structural positions in them, namely,
that in colorless ringwoodite all iron as Fe?* (and, likely, a part of magnesium also) enters the
tetrahedral positions of the ringwoodite structure, whereas the silicon is distributed over the
tetrahedral and octahedral sites, i.e., colorless ringwoodite is an inverse (Fe, Mg),SiO4-spinel.
Consequently, all intermediate color varieties between dark-blue and colorless ones are partially
inverse ringwoodite. The possible inversion of the ringwoodite 2-4-spinel structure, i.e. the
cation distribution of Mg, Fe?* and Si over tetrahedral and octahedral sites, is yet poorly
constrained (Hazen et al. 1993; O’Neill and Navrotsky 1983) because of similar X-ray scattering
factors for Mg and Si. Ding et al. (1990) investigated synthetic Fe-end-member ringwoodite by
X-ray powder diffraction and Rietveld refinement and found that the sample has a mixed

normal-inverse spinel structure with ~40% of the silicon at the octahedral M site and ~20% of
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the iron at the tetrahedral T sites. Also a first-principles computational study of the structural
properties of ringwoodite shows that although it is unlikely that pure inverse ringwoodite is
stable under the transition zone conditions (ca. 25 GPa and in excess of 1500 °C), there might be
a considerable amount of inverse ringwoodite present (Kiefer et al. 1999). Impact events in
space with cosmic velocities and large masses colliding are certainly able to generate much
higher pressures and temperatures than those expected in the transition zone of Earth. Thus, in
case of the S6 shock stage in ordinary chondrites, the pressure and temperature is evaluated as
75-90 GPa and 1500 °C, respectively (e.g., Stoffler et al., 1991; Taylor 2004). The presence of
normal and inverse ringwoodite grains on a distance of a few hundreds or even a few tens of
microns in meteoritic melt veins or even within one grain of less than a hundred micron of size
with normal and inverse zones (zoned blue-colorless ringwoodite grains) evidences that the
high-pressure olivine-ringwoodite phase transitions were likely caused by local pressure spikes
which can induce shock pressures and temperatures varying, depending on details of local
environment, by as much as an order of magnitude between grains or even within a single
mineral grain (e.g. Sharp, DeCarli 2006).

The assumption that in colorless ringwoodite iron is in different structural position than in
blue (dark blue) samples is consistent with our observation that in spectra of all colorless
ringwoodite grains studied energy of the NIR band is considerably lower, down to 500 cm™,
than that of the b-band in colored varieties (see also Fig. 8a). Obviously, this can not be due to
the concentration shift as there is no difference in iron content between the colorless and colored
varieties or the differently colored zones of single grains (Fig. 2). Besides, in spectra of colorless
samples the NIR bands is always seen as a single band, not as a, b-doublet, as in the blue ones.
We consider this as additional argumentation that these bands in question, in natural colorless
and blue ringwoodite, are of different origin.

On the other hand, we must confess that the assumption that in colorless ringwoodite all

iron is present as Fe?* in tetrahedral coordination is, however, still rather a poor explanation for
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the absorption band at 12000 cm™ as spin-allowed °E — °T, transition of 'VFe?*, especially
taking into account the high symmetry of the site. In 'VFe®*-bearing minerals such bands split
because of the site distortion or by the dynamic Jahn-Teller effect and appear at much lower
energies (Rossman and Taran 2001). Only if the coordination tetrahedron is strongly elongated
as in beryl, osumilite or tuhualite (Taran and Rossman 2001) or degenerated up to the square-
planar O% coordination as in gillespite or eudialite (Rossman and Taran 2001), the high energy
band, derived from the electronic transitions from the ground to the split excited °T,-state of
VFe®* appears at energies commensurable or even higher than the band at 12000 cm™ in
colorless ringwoodite. It is remarkable that the second, low energy band at around 5000 cm™,
derived from the °E — °T, transition of 'VFe?*, in beryl, osumilite or tuhualite is of a relatively
low intensity, such that at low iron contents it is not even steadily detectable in the spectra.

In the normal ringwoodite structure the tetrahedral site is regular SiO, tetrahedron of Tg-
point symmetry. By analogy with usual, non-silicate spinels, it seems certain that in the inverse
ringwoodite the SiO4, MgO,4 and FeQ, tetrahedra should also be regular, of the same symmetry,
Ty (e.g. Baur 1972). On the other hand, it is not easy to predict the character of splitting of the
electronic 3d-levels of Fe®* of °E-ground state undergone to Jahn-Teller effect in such unusual
tetrahedral sites neighboring even more unusual SiOg-octahedra. It may be that our knowledge
on electronic levels and optical absorption spectra of 'VFe?* in other minerals is not strictly
applicable to tetrahedral Fe** in the inverse ringwoodite structure. Therefore, we assume that
although by energy the broad band at ~12000 cm™ in spectra of colorless ringwoodite does not
quite correspond to what we expect for V'Fe?*, it may be caused by electronic spin-allowed °E —
5T, transition of "YFe®" in the structure of inversed ringwoodite. A low-energy band, if it does
exist, may be too weak (see above) to be readily detected in spectra of extremely thin and small
grains of meteoritic ringwoodite, or/and it may be shifted to low energies beyond the range

studied.
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Again, we must confess that the above interpretation of the spectra of synthetic and
natural meteoritic ringwoodite leaves open several questions. First, it is the anomalously high
intensity of the spin-allowed bands of Fe?* in both synthetic and natural ringwoodite. Second,
the unusually high energy of the absorption band caused by tetrahedral Fe?* in colorless
ringwoodite. Third, there is no explanation why the intensity of the spin-allowed bands of
octahedral Fe?* in the spectra of natural blue ringwoodite is much higher than the intensity of
the spin-allowed bands of tetrahedral Fe?* in spectra of colorless ringwoodite (cf. the spectra in
Fig. 8), when, taking into consideration the selection rules for electronic dd-transitions (e.g.
Burns 1993), it should be vice versa. Fourth, within the frame of this conception it is difficult to
explain why we do not see any differences in the Fe L3, edges in electron loss-energy spectra of
dark-blue and colorless natural ringwoodite and, also, of synthetic ringwoodite. Taking into
account that there is different distribution of Fe?* among octahedral M- and tetrahedral T-sites
one should expect differences of the Fe L3, edges’ structure in synthetic and natural samples

(e.g. Egerton 1996), but this is not the case.

Conclusions

In synthetic ringwoodite iron enters octahedral sites of the structure predominantly as
Fe?* and, in minor amount, up to ca. 10 % of total content, in the form of Fe®*. This is obvious
from Mdssbauer spectra which show the presence of only these two iron ion species. In optical
absorption spectra, aside from the strong high-energy edge caused by O*—>Fe?* charge transfer
UV transitions, iron ions cause a series of absorption bands. Three broad and most intense bands
are caused by the electronic spin-allowed dd-transition of V'Fe?* and the IVCT Fe** + Fe**—
Fe** + Fe?* transition between the ions in adjacent octahedral sites of the structure. The others
are due to spin-forbidden transitions of Fe?*. Temperature behaviors of the bands are in
accordance with this interpretation. High-pressure absorption spectroscopy evidences a decrease

of the IVCT band and its entire vanishing at around 9 GPa. This is interpreted as pressure-
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induced reduction of Fe** in the ringwoodite structure, the first example observed by optical
absorption spectroscopy in silicates.

By analogy with synthetic samples, three broad bands in spectra of natural (meteoritic)
blue ringwoodite are assigned to electronic spin-allowed transitions of Y'Fe?* and Fe?*/Fe®"
IVCT transition. Spectra of colorless ringwoodite of the same composition consist of a single
broad band in the near infrared. It is assumed that colorless ringwoodite grains are inverse (Fe,
Mg),SiO4-spinel and the above band is caused by the split spin-allowed transition of VFe?*. Al
intermediate color varieties between dark-blue and colorless ones are assumed to be partly
inversed ringwoodite. No glassy material between the grains boundaries in colored ringwoodite

aggregates which might cause coloration by the light scattering effect was found in our samples.
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Table 1. Characteristics of the synthetic ringwoodite samples studied.

Sample | Composition according to electron | P(GPa)/ | Oxygen | Thin Thin
No microprobe analysis T (°C) buffer section section
thickness, | color
um
MA-121  (MgoeiFe™ 03sFe> 0.02)2 (Sig.orFe® 0.03)0s  14/1000 MW ~10  blue
MA-120  (MgoeoFe* 039Fe* 0.02)2 (SigooFe® 001)0s  14/1000  NNO ~10  blue
MA-68 (Mg o.50 Feo50)2Si04 14/1000 W ~10  bluish-
green
MA-62 (Mgo.39 Feo61)2Si04 14/1000 W ~10  grayish-
green
MA-102 (Mgo.25F€0.72)2Si04 14/1000  QFM ~10  bluish-
green
MA-56 (Mgo.22F€0.78)2S104 14/1200 IwW ~5 olive
MA-75  (MgoosFe 0.02Fe 0.05)2 (Sig.osFe*0.05)0s  7/1100 no ~2 olive

Abbrev.: F Fayalite, | iron, M magnetite, N nickel, NO nickel oxide, Q quartz, W wiistite



Table 2. Fit-values of Mdssbauer spectra of synthetic ringwoodite MA-68, MA-62 and MA-121

Fe Fe¥*
Sample Exp/calc Qs, FWHM, QsS, FWHM,
IS, mm/s Area% | IS, mm/s Area %
mm/s mm/s mm/s mm/s
MA-68 1.004 1.05 2.78 0.29 96.0 0.14(2) 0.43(4) 0.31(5) 4.0
MA-68 1.003 1.05 2.78 0.29 95.9 0.14(3) 0.43(4) 0.35 4.1
MA-62 1.017 1.06 2.76 0.31 94.2 0.25(2) 0.38(2) 0.35 5.8
MA-121 1.024 1.07 2.78 0.27 90.0 0.25(2) 0.40(3) 0.35 10.0

Calibrated against metallic o-iron. Bold: fixed values. Errors in 1c: Fe**-parameters less than one in the last digit;
Fe* parameters are depending on the fixed values of FWHM.
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Table 3. Results of curve fitting in the energy range 27,000-4,000 cm™ of the spectrum of
synthetic ringwoodite MA-68 at ambient conditions (cf. Fig. 5a). lp and | is intensity of the
reference and sample beam, respectively. d is thickness of the sample in cm. FWHM is full band

width at half maximum height.

Band | Energy, | Linear intensity, | Linear absorption FWHM,
1 -1
o log( II°) coefficient i log( II"), o
cm™
a 7900 0.159 159 2904
b 11530 0.677 677 4535
c 16384 0.442 442 5615
d 19142 0.036 36 1200
e 19854 0.002 2 538
f 21738 0.127 127 1819
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Table 4. Results of curve fitting in the energy range 27,000-4,000 cm™ of the spectrum of natural
blue ringwoodite from the L6 chondrite NWA 1662 at ambient conditions (cf. Fig. 9). lp and I is
intensity of the reference and sample beam, respectively. FWHM is full band width at half

maximum height.

Band | Energy, | Linear intensity, | FWHM,

cm’ [ cm’
log( I—°)
a 8600 0.236 3450
b 12680 0.626 4150

C 18100 0.388 4200
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Figure captions

Fig. 1. Raman spectra of blue and colorless zones of a zoned grain (sample #1) of natural
ringwoodite in the thin section of the L6 chondrite NWA 1662. R and W denote the lines related
to ringwoodite and wadsleyite phase, respectively. The broad structured band at around 225 cm™
is due to glassy melted phase produced by heating of the laser beam.

Fig. 2. Profiles of microprobe MgO, FeO and SiO, contents traced through differently
colored zones of double-colored grain in the thin section of: a- NWA 1662 (sample #1) and b-
NWA 463 (sample #2) L6 chondrites. The fist point in a is taken very close to the boundary of
the grain. Therefore, the data obtained in this point are, most likely, averaged between the
ringwoodite grain and the black nontransparent material of the shock metamorphism vein. That
why this point drops out of the profiles.

Fig. 3. a- HAADF image of a thin foil of natural zoned colorless-dark-blue ringwoodite
cut over the both zones. No differences between colorless and dark-blue zones are seen. b-
Image of a boundary between two micrograins of ringwoodite in the dark-blue zone. No
evidence of glassy material within the boundary between the grains is seen.

Fig. 4. Mossbauer spectrum of synthetic ringwoodite MA-62 (see Tab. 1). Two
quadrupole doublets, the major one with 1S~1.06 and QS~2.76 mm/sec and the junior one with
1S~0.25 and QS~0.38 mm/sec are caused by “'Fe** and V'Fe®*, respectively. The calculated
integral intensity ratio of the two QD results to Fe**/Fe=0.07.

Fig. 5. Optical absorption spectra of thin sections of four synthetic ringwoodite of
different composition, MA-68, MA-120, MA-56 and MA-102 (cf. Tab. 1). For MA-68 (a) and
MA-120 (b) the result of the curve fitting procedure is also shown. Three broad and intense
bands, a, b and c, and three weaker and much narrower bands d, e and f, distinct in the original
spectrum, together with the intense high-energy edge, approximated by a sum of a Gaussian and

Lorentzian, result to a satisfactory resolution of the spectra. In spectrum of partly oxidized
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ringwoodite MA-102 (Fig. 5d) predomination of the c-band over bands a and b causes a broad
asymmetric absorption envelope with a very smooth maximum at around 15000 cm™.

Fig. 6. Absorption spectra of MA-68 (a) and MA-62 ringwoodite (b) measured at
different temperatures. Intensity of the c-band (denoted at the Figure as Fe**/Fe** IVCT) displays
rather strong temperature dependence different from that of the b-band, which practically does
not change with temperature.

Fig. 7. a- Absorption spectrum of MA-62 ringwoodite (Tab. 1) measured at different
pressures. For the sake of clarity the spectra are shifted along the vertical direction. b- The result
of the curve fitting procedure of the spectrum measured at 121.9 kbars (ca. 12.2 GPa).

Fig. 8. Optical absorption spectra of differently colored zones in two crystals of natural
ringwoodite: a-colorless-blue ringwoodite in the thin section of the L6 chondrite NWA 1662
(sample #1). For comparison spectrum of matrix olivine of nearly the same composition as
differently colored ringwoodite is also shown; b- blue-dark-blue ringwoodite grain in the thin
section of the L6 chondrite NWA 463 meteorite (sample #2).

Fig. 9. Result of the curve resolution of the spectrum of blue zone of zoned ringwoodite

grain (sample #1) in the thin section of the L6 chondrite NWA 1662 (cf. Fig. 8a).
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Fig. 1. Raman spectra of blue and colorless zones of a zoned grain (sample #1) of natural ringwoodite in
the thin section of the L6 chondrite NWA 1662. R and W denote the lines related to ringwoodite and wadsleyite

phase, respectively. The broad structured band at around 225 cm™ is due to glassy melted phase produced by heating

of the laser beam.
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Fig. 2. Profiles of microprobe MgO, FeO and SiO, contents traced through differently colored zones of
double-colored grain in the thin section of: a- NWA 1662 (sample #1) and b- NWA 463 (sample #2) L6 chondrites.
The fist point in a is taken very close to the boundary of the grain. Therefore, the data obtained in this point are,
most likely, averaged between the ringwoodite grain and the black nontransparent material of the shock

metamorphism vein. That why this point drops out of the profiles.



Fig. 3. a- HAADF image of a thin foil of natural zoned colorless-dark-blue ringwoodite grain cut over the
both zones. No differences between colorless and dark-blue zones are seen. b- Image of a boundary between two
micrograins of ringwoodite in the dark-blue zone. No evidence of glassy material within the boundary between the

grains is seen.
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Fig. 4. Mossbauer spectrum of synthetic ringwoodite MA-62 (see Tab. 1). Two quadrupole doublets, the major one
with 1S~1.06 and QS~2.76 mm/sec and the junior one with 1S~0.25 and QS~0.38 mm/sec are caused by V'Fe*" and

VIFe®, respectively. The calculated integral intensity ratio of the two QD results to Fe**/Fe,=0.07.
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Fig. 5. Optical absorption spectra of thin sections of four synthetic ringwoodite of different composition,
MA-68, MA-120, MA-56 and MA-102 (cf. Tab. 1). For MA-68 (a) and MA-120 (b) the result of the curve fitting
procedure is also shown. Three broad and intense bands, a, b and ¢, and three weaker and much narrower bands d, e
and f, distinct in the original spectrum, together with the intense high-energy edge, approximated by a sum of a
Gaussian and Lorentzian, result to a satisfactory resolution of the spectra. In spectrum of partly oxidized
ringwoodite MA-102 (Fig. 5d) predomination of the c-band over bands a and b causes a broad asymmetric

absorption envelope with a very smooth maximum at around 15000 cm™.
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Fig. 6. Absorption spectra of MA-68 (a) and MA-62 ringwoodite (b) measured at different temperatures.
Intensity of the c-band (denoted at the Figure as Fe®*/Fe** IVCT) displays rather strong temperature dependence

different from that of the b-band, which practically does not change with temperature.
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Fig. 7. a- Absorption spectra of MA-62 ringwoodite (Tab. 1) measured at different pressures. For the sake of clarity
the spectra are shifted along the vertical direction. b- The result of the curve fitting procedure of the spectrum

measured at 121.9 kbars (ca. 12.2 GPa).
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Fig. 8. Optical absorption spectra of differently colored zones in two crystals of natural ringwoodite: a-
colorless-blue ringwoodite in the thin section of the L6 chondrite NWA 1662 (sample #1). For comparison spectrum
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Fig. 9. Result of the curve resolution of the spectrum of blue zone of zoned ringwoodite grain (sample #1) in

the thin section of the L6 chondrite NWA 1662 (cf. Fig. 8a).





