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Crystal chemistry and structural characterization of natural Cr-spinels
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Two natural chromian spinel samples were examined by means of electron microprobe chemical analysis (EPMA),
powder X-ray diffraction, single-crystal X-ray diffraction and Mdssbauer spectroscopy, in order to reveal some aspects
of the relationships between composition and structural parameters. The samples originate from the East Rhodopean
serpentinite massive of Golyamo Kamenyane in Bulgaria, which is part of a dismembered ophiolite complex. The
two samples differ significantly in textural, chemical and structural respect. One of the samples is chromium rich and
can be regarded as Cr-spinel, whereas the other one is very rich in Fe** and Fe** (as shown by EMPA and Mdssbauer
spectroscopy), approximating magnesioferrite end member of the spinel group. These contrasting compositional dif-
ferences result in very pronounced differences in structural parameters — unit cell parameter and u oxygen positional
parameter, which reflect different conditions of formation and/or alteration. The u parameter is indicative for the ther-
mal history of the hosting ultramafic rock. It depends on cation distribution, but not very strongly, which allows rather
accurate determination of # within reasonable limits of cation distribution uncertainty. Nevertheless, our results show,
that diffraction studies alone are insufficient for geothermometric purposes and have to be combined with EPMA and
Mossbauer data. Calculated system closure temperatures for both samples indicate 796—-1073 °C, which are acceptable
for the Cr-spinel reequilibration conditions on cooling. For outer rims of the crystals, however, as well as for the iron
rich sample, formed during later metamorphic events, lower temperatures should be expected.
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INTRODUCTION brackets) and octahedrally (square brackets) coor-
_ dinated sites, whereas O is anion (oxygen) site in
The natural Cr-spinels belong to the group of 2-3 ¢ gtructure. Intermediate cation distributions, are

oxide spinels with general formula AB,O, where: expressed with the structural formula:
* tetrahedrally coordinated cations A = Mg, + (A,_B)[AB, ]O,, where x denotes inversion
Fe*, Zn, Mn*", etc. parameter
. ocgheﬁral%gcoordmated cations B = Cr, Al, In the normal spinel x is equal zero and in the
Fe™, i, V¥, Co, etc. o inverse one — unity [1].
Two. fully ordered cation dlstrlbptlons are The inversion parameter, x, is defined as the
known in spinels: normal A[B,]O, for ideal chro- fyaction of B-type cations in the tetrahedral site (A).
mite and inverse B[AB]O, for ideal magnetite. A Both Cr-spinel and magnetite are a common

and B represent djvalent and trivalent cations re-  .onstituent of serpentinized and metamorphosed
spectively, occupying the tetrahedrally (round orno  jjtramafic rocks, especially in ophiolite com-
plexes [2—4]. Distinguishing of these mineral spe-
cies, based on chemical criteria alone is insuffi-
* To whom all correspondence should be sent: cient, since both chromium containing magnetite
E-mail: sergeevai@geology.bas.bg and high iron Cr-spinel are common in metamor-
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phosed/serpentinized peridotites. The only way to
identify the species is by determination of the in-
version parameter.

The differentiation of both species is crucial for
geological interpretation, since Cr-spinel is a typical
magmatic product, while magnetite is commonly
formed during later, serpentinization alteration or
even late hydrothermal events. The availability of
overprinting regional metamorphic events, altering
the initial, pristine Cr-spinel and pretty common in
such environment, additionally complicates the in-
terpretation of observed mineral relations.

Another important parameter is the oxygen po-
sitional parameter u# which can be used for deter-
mination of system closure temperature, important
for the genetic interpretation of the mineral forming
processes [4—7]. The determination of this param-
eter value requires prompt determination of cation
distribution in first order.

In this paper, the crystal chemistry of two natural
Cr-spinels from Golyamo Kamenyane serpentinite
was studied by multiple methods in order to explore
the composition — structure relations. Both unit
cell parameter ¢ and oxygen positional parameter
u depend on cation distribution in tetrahedral and
octahedral sites of the spinel structure. However,
complex chemistry of natural spinels hampers the

correct determination of cation distribution with a
single research method. This is why we employ a
number of supporting methods. In addition, the reli-
ability of structural interpretations was checked by
applying two independent X-ray diffraction studies
— powder and single crystal.

GEOLOGICAL SETTING

The Golyamo Kamenyane serpentinite is part of
a dismembered metaophiolite, located in the Avren
synform, in the Upper High-Grade Unit of the met-
amorphic basement of Eastern Rhodopean crystal-
line massif, in South Bulgaria [8-10] (Fig. 1).

Metamorphism of these rocks had reached eclog-
ite-facies conditions (up to 13—16 kbar and 600 °C)
followed by variable retrogressive P—T trajectories
[11-13] down to greenschist-facies conditions. This
unit also includes scattered bodies of ultramafic
rocks (partly serpentinized peridotites, locally pre-
serving garnet-bearing assemblages [14].

Although the metamorphic conditions of the
Golyamo Kamenyane serpentinite are not calcu-
lated yet, according to Kozhoukharova [15], am-
phibolitized eclogites from the Avren synform had
reached 12—-17 kbar and 750-811 °C.
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Fig. 1. Geological map of the Golyamo Kamenyane serpentinite and nearby areas (modified from Sarov et al. 2007).
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MATERIALS AND METHODS

Sampe description and sample preparation

The Cr-spinels studied were extracted from
chromite ore bodies (chromitites) which show mas-
sive (> 85 vol. % Cr-spinel) and semi-massive (60-
85 vol. % Cr-spinel) textures. The massive chromi-
tite is coarse grained, relatively homogeneous with
minor inclusions of antigorite, whereas, the semi-
massive one is associated with considerable amount
of chlorite (Cr-clinochlore), filling the interstitial
grain spaces and forming coatings around Cr-spinel
grains.

Cr-spinel and silicate fractions were separated
from all samples for XRD and Mdossbauer spectros-
copy analysis. The procedure involves grinding,
sieving and combined magnetic and gravity sepa-
ration in a vibrating micro-panner and bromoform
column sedimentation.

Electron probe micro analysis

The Cr-spinel samples were studied by environ-
mental scanning electron microscope (ESEM) in
backscattered electron (BSE) mode prior to micro-
probe analysis (EPMA).

Spots for analysis were selected on BSE images,
along core to rim cross-sections, in order to reveal
the chemical composition of all alteration zones.

Chemical compositions were obtained using a
CAMEBAX SX100 at the Centro de Instrumen-
tacion Cientifica of the University of Granada
(Spain) under an excitation voltage of 20 kV and
a beam current of 20 nA, with a beam of 2-3 pm
in diameter. Monitored spectral lines were MgKa,
FeKa, AlKa, CrKo, SiKa, TiKo, MnKo, NiKa and
VKo. Standards used were MgO, Fe,O,, AlLO,,
Cr,0,, Si0,, TiO,, MnTiO;, NiO and Pb,(VO,),CL
Structural formulae of Cr-spinel were calculated as-
suming stoichiometry, with correction from C-J De
Hoog[17].

Mossbauer spectroscopy

Mossbauer spectra were collected at 297 K in
transmission mode, using a conventional constant
acceleration spectrometer (Wissenschaftliche Elek-
tronik GMBH, Germany), and a 50 mCi ’Co/Rh
source. The velocity scale was calibrated according
to the centroid of reference spectrum of a-Fe foil at
room temperature. Mossbauer absorbers were pre-
pared from powdered Cr-spinel samples pressed into
sample holder. The experimental spectra were ana-
lyzed using least-squares program CONFIT [18],
which allows evaluation of registered Mdssbauer
spectra with Lorenzian peak shape.

The refined parameters of hyperfine interactions
were isomer shift (IS), quadrupole splitting (QS)
and effective internal magnetic field (H,,). Line
broadening (FWHM) and relative weight of partial
components (G) were also obtained. The highest
convergence of experimental and theoretical spectra
was accepted for the best fit.

Powder X-ray diffraction

The separated monomineralic fractions from Cr-
spinel samples were grinded in agate mortar with al-
cohol to obtain fine suspension. The suspension was
then finely deposited on thin Mylar foil, stretched
onto sample holder.

X-ray powder diffraction analyses were carried
out using HUBER Guinier Image Plate Camera
G670 in asymmetric transmission mode, with Cu
Ko, radiation, in the range 4-100 degrees and step
size of 0.005 26 at the Geological Institute of the
Bulgarian Academy of Sciences. Diffraction data
were treated with MATCH! software package for
phase analysis, by CRYSTAL IMPACT, Bonn,
Germany[19].

The Rietveld structure refinement was per-
formed with FULLPROF Suite Program, by Juan
Rodrigues Carvajal [20]. Structural parameters were
refined within the space Fd3m group with origin at
3m position and tetrahedral ions placed in 8(a) po-
sition; octahedral ions in 16(d) and oxygen ions in
32(e) position. The refined parameters were zero
shift, scale factor, unit cell parameters, oxygen po-
sitional parameter, occupation factors for both — tet-
rahedral and octahedral sites and isotropic thermal
displacement parameters (B) for both cationic posi-
tions and oxygen (anionic) positions. Pseudo Voigt
and TCH profile functions were used for approxi-
mation of the peak shape. The background curve
was modeled using linear interpolation between
manually selected background points from the raw
diffraction pattern. This procedure shows very good
background approximation. Data from EPMA and
Mossbauer spectroscopy (Fe*'/Fe**  distribution)
were used as starting model for the Rietveld refine-
ment. Preferred cation positions were chosen on
the basis of literature data [21, 22]. Initial unit cell
parameters were taken from the closest database
match, proposed by MATCH! phase identification
software. In order to avoid unnecessary complexity
of the refinement procedure, the minor element (Ti,
V, Ni, Mn) contents were fixed at values obtained
from EPMA. The isotropic thermal displacement
parameters in one of the samples (GK1A-7) were
refined at the end of the procedure, with all previ-
ously refined parameters fixed, because very strong
correlations were observed. These correlations were
attributed to the high amount of peak overlapping
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of different phases in this sample. For the other Cr-
spinel (GK1C-1), thermal displacement parameters
were refined together with the rest of general pa-
rameters.

Single crystal studies

Crystal fragments of natural Cr-spinels suitable
for single crystal X-ray analyses were used. X-ray
diffraction measurements were collected at room
temperature by -scan technique on an Agilent
Oxford Diffraction Super Nova Dual four-circle
diffractometer equipped with Atlas CCD detec-
tor. X-ray data collection was carried out at room
temperature using mirror- monochromatized MoKa
radiation micro-focus source (A=0.7107A). The
determination of unit cell parameters, data integra-
tion, scaling and absorption correction were car-
ried out using the CrysAlisPro program package
[23]. The structures were solved by direct methods
(SHELXS-97) [24] and refined by full-matrix least-
square procedures on F? (SHELXL-97) [24]. The
atomic displacement parameters were refined ani-
sotropically.

Overall six crystal fragments from both Cr-spinel
samples were chosen for better statistics. Structure
refinements were performed using F? in space group
Fd3m (Ne227) constrained on full site occupancy.

Refined parameters were overall scale factor,
extinction coefficient, atomic coordinates, tetra-
hedral and octahedral site occupancies and atomic
displacement parameters U. Refined site occupan-
cies are expressed as mean atomic number (product
of atomic fraction and atomic number of chemical

Fig. 2. BSE image of zonal Cr-spinel from the semi-massive
sample. Porous rim is richer in Fe** and Cr.

10

species entering both structural positions) in tetra-
hedral (Td m.a.n.) and octahedral (Oh m.a.n.) sites,
respectively.

Obtained cation distribution was additionally re-
fined according to a procedure described by Lavina
et al. [21], in which both structural and chemical
data (bond lengths, a, u and atomic proportions) are
taken into account. In this procedure the cation dis-
tribution is obtained by minimising the differences
between observed crystal-chemical parameters (a,
u, Td-O, Oh-O and chemical composition, obtained
from structure refinement and EPMA) and those
calculated from variable site atomic fractions. The
bond lengths were calculated as the linear contri-
bution of each cation multiplied by its ideal bond
length at the respective site. The ideal bond lengths
for all chemical species known in spinels are well
determined on the basis of analysis of more than 290
spinel structural data [21, 22]. During the minimi-
zation, the minor cations (Ni**, V3*, Ti** and Mn?*")
were assigned according to their site preferences
and fixed with atomic proportions corresponding to
the EPMA data.

Finally, based on cation distributions ob-
tained, we used the geothermometer proposed by
Princivalle et al. [25] to calculate system closure
temperatures.

RESULTS
SEM and EPMA studies

The Cr-spinel grains in the semi-massive sample
(Fig. 2) show clear irregular zoning, with smooth

Fig. 3. BSE image of homogeneous Cr-spinel from the massive
sample.
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cores and pretty porous rims. This zoning is a prod-
uct of reaction of Cr-spinel with surrounding sili-
cates during retrograde metamorphic alteration [26].
For this reason hereafter we will call this Cr-spinel
zonal. The mentioned chlorite is the respective sili-
cate side product of the same reaction. Briefly, this
alteration is characterized by Mg and Al depletion
of Cr-spinel and introduction of extra Fe?" from the
silicates.

The Cr-spinel from the massive sample (Fig. 3)
shows almost no zoning. For this reason hereafter we
will call it homogeneous. The visible homogeneity
is thought to result from secondary homogenization
(magnetitization) during late metamorphic events.
EPMA data show that this Cr-spinel is very rich in

iron (1.88 apfu total Fe) with Cr, Mg, and minor Al
contents, approaching magnetite — magnesioferrite
joint in the compositional field of Cr-spinels.

Averaged chemical compositions of different Cr-
spinel zones (columns 1-4) and bulk (column 5) for
the zonal sample as well as bulk Cr-spinel compo-
sition for the homogeneous sample (column 6) are
given in Table 1.

As seen in this table, zonal Cr-spinel is charac-
terized with high Cr, Al and Mg contents. In core to
rim direction a clear trend for Al and Mg depletion,
compensated by Fe?* and Cr enrichment are noted,
while Fe*, Mn and minor elements remain fairly
constant. This trend of substitution is clearly vis-
ible on Fig. 4, where the compositions of the stud-

Table 1. Microprobe data, represented as oxide wt. % and recalculated to pure element values, according to stoichiometry based on
3 cations per 4 oxygen ions. Integral compositional parameters are calculated in the bottom part of the table too

zonal homogeneous
Sample label, area and GK1A-7 GKIA-7 GKIA-7 GK]A-7 GK1A-7 bulk GKIC-121p.
number of points core 13p. riml 13p. rim2 8p. rim3 7p. 41p.

Al O, 21.570 17.350 13.890 11.010 16.931 0.434

MgO 14.610 13.340 12.310 11.390 13.208 4.705

FeO 12.651 13.937 14.933 15.923 14.063 23.594

Fe,0, 4.991 4.751 4.704 4.057 4.700 41.857

MnO 0.415 0.439 0.491 0.530 0.458 0.633

SiO, 0.031 0.029 0.030 0.037 0.031 0.035

Cr,0, 45.380 49.920 53.460 57.050 50.391 27.805

TiO, 0.071 0.067 0.070 0.066 0.069 0.260

V,0; 0.215 0.187 0.192 0.196 0.199 0.135

NiO 0.150 0.116 0.130 0.110 0.128 0.241

> 100.084 100.136 100.215 100.369 100.178 99.698

Al 0.776 0.641 0.524 0.422 0.624 0.019

Mg 0.666 0.623 0.587 0.552 0.618 0.258

Fe* 0.326 0.366 0.400 0.434 0.371 0.724

Fe’" 0.113 0.112 0.113 0.099 0.111 1.156

Mn 0.011 0.012 0.013 0.015 0.012 0.02

Cr 1.101 1.238 1.353 1.469 1.255 0.806

Ti 0.002 0.002 0.002 0.002 0.002 0.007

A% 0.004 0.003 0.003 0.003 0.003 0.002

Ni 0.004 0.003 0.003 0.003 0.003 0.007

> 3.001 3.000 2.998 2.999 2.999 2.999

Fe*'/Fe avg. 0.261 0.234 0.220 0.186 0.230 0.614
Cr/Fe,, 2.51 2.59 2.64 2.76 2.60 0.43
Cr#=Cr/(Cr+Al) avg 0.585 0.659 0.721 0.777 0.668 0.977
Mg#=Mg/(Mg+Fe*") 0.673 0.630 0.595 0.56 0.625 0.263
Fe#t=Fe*/(Cr+Al+Fe) 0.06 0.06 0.06 0.05 0.06 0.58
Cr/(Cr**+ Fe*") 0.906 0917 0.923 0.937 0.920 0.411
>'Fe 0.439 0.478 0.513 0.533 0.482 1.88
Fe**/Fe** 0.35 0.31 0.28 0.23 0.30 1.60

11
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Cr spinels
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Fig. 4. Mg# vs. Cr# compositional diagram. Sample GK1A-7 (gray squares) is zonal with preserved pristine cores and GK1C-1
(black square) is homogeneous, very rich in iron Cr-spinel.

ied Cr-spinels are presented as Mg# vs. Cr# (Mg#  zonal Cr-spinel forms four clusters (gray squares),
= Mg/(Mg+Fe*), Cr# = Cr/(Cr+Al), all in at. %). corresponding to the 4 zones distinguished on SEM
The compositional variations of AI**, Cr** and Fe**  images and also marked by peak splitting in powder
are presented on the ternary diagram (Fig. 5), where =~ X-ray patterns.
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Fig. 5. Compositional variations of A", Cr*" and Fe* in the studied Cr-spinels.
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Mdéssbauer spectroscopy

The registered Mossbauer spectra include both
sextet (Sx) and doublet (Db) components (Table 2).
According to literature data the spectra of Cr-spinel
samples could be interpreted both considering com-
pletely normal cation distribution and intracrystal-
line cation disorder. Sample GK1C-1 (homogene-
ous), (Fig. 6) shows three magnetically split sextets
together with superposing doublets. The calculated
hyperfine parameters clearly show the presence of
non-stoichiometric Cr-spinel phases Fe  Cr, O,
having sextet components typical for compositions
with x<0.68. Doublet type components are charac-
teristic for larger x value, as well as for Cr-spinel

with small particle size when relaxation effects
could also be observed. In the first case the extra
iron substitutes Cr in octahedral sites and Fe** ions
in tetrahedral position are registered. In octahedral
position the presence of Fe** and Fe** ions gives rise
to electron hopping [27]. Also the presence of Fe**
and Cr in octahedral sites disturbs the cubic sym-
metry around the tetrahedrally coordinated Fe* and
hence the Fe?" singlet is converted into a doublet.
Quadrupole splitting (QS) increases with increasing
Fe*" in octahedral site [28]. Sample GK1A-7 (zon-
al), (Fig. 7) shows doublet type spectrum, typical
for Cr-spinel with high Cr content. The presence of
Fe*" in octahedral position and Fe*™ in two tetrahe-
dral positions was registered [29].

Table 2. Mossbauer hyperfine parameters, distribution of Fe*" and Fe** at different sites of Cr-spinels and Fe*'/XFe ratios from the

spectral areas at 298 K

Sample Components IS, mm/s QS, mm/s Hy T F\HZJE/I\S/I’ G, % Fe*/y Fe
GKI1C-1 Sx1-Fe¥'-tetra 0.29 0.01 48.75 0.35 30 0.645
Sx2-Fe***-octa 0.62 -0.04 46.02 0.47 23
Sx3-Fe***-octa 0.70 -0.06 44.11 0.66 26
(CME)
Dbl-Fe**-octa 0.36 0.42 - 0.31 10
Db2-Fe?'-tetra 0.94 0.52 0.49 11
GK1A-7 Dbl-Fe**-octa 0.32 0.56 - 0.50 37 0.37
Db2-Fe*"-tetra 0.84 1.07 - 0.34 20
Db3-Fe?'-tetra 1.10 1.00 - 0.52 43

1.00

Relative transmission, %
o
[{e]
o
1

GK1C-1, (1)
Sp. 1012-16m

10 8 6 4 2

0 2 4 6 8 10

Velocity, mm/s

Fig. 6. Mossbauer spectrum of homogeneous Cr-spinel.
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Fig. 7. Méssbauer spectrum of zonal Cr-spinel.

Powder diffraction and Rietveld analysis

Powder X-ray diffraction analysis of the studied
Cr-spinels shows that the investigated samples con-
tain only spinel phases. Diffraction patterns for both
samples are characterized with some differences,
considering intensities, peak positions, FWHM of
the peaks and the background level. The homoge-
neous sample shows narrow peaks and high back-
ground, witnessing of good crystallinity and high
iron contents. Diffraction pattern of the zonal sam-
ple, in contrast, shows spectacular splitting of Bragg
reflections, especially observed at high 20 angles.
This splitting reflects the compositional variabil-
ity already confirmed by EPMA data. Because of
strong peak overlapping, however, approximation
of profile parameters was very hard. This sample
was modeled with 3 phases, despite of indications
for four spinel phases. Rietveld refinement was car-
ried out with pseudo-Voigt profile function for zon-
al sample and TCH (Thompson, Cox and Hastings)
pseudo-Voigt function with asymmetry correction
by FCJ (Finger, Cox and Jephcoat) for the homoge-
neous sample. Rietveld plots are shown in Figures 8
and 9. The results from the Rietveld refinement are
presented in Table 3.

Single crystal structure refinement

The structure refinement was performed, assum-
ing fully ionized cations and neutral scattering for
the oxygen. The distribution of main chemical spe-
cies and constrained minor elements (Mn, Ni, Ti
and V) in tetrahedral or octahedral sites was initially

14

set, according to their site preferences [21]. The re-
sults of the refinement are represented in Table 4.

Final cation distributions, based on the proce-
dure of Lavina et al. [21] are given in Table 5.

Intracrystalline geothermometry

In the present study we applied geothermom-
etry calculations decribed by Princivalle et al. [25],
which consider the Al and Mg intersite exchange
and the chemical composition. The estimated tem-
peratures for some of the studied Cr-spinels are in
the range 796—-1073°C (Table 5). For the zonal Cr-
spinel (with preserved pristine cores) this tempera-
ture range could reflect the stage of reequlibration
on cooling.

DISCUSSION

The two X-ray diffraction methods used — pow-
der and single crystal, operate with slightly differ-
ent material. The powder samples use bulk mate-
rial, while crystal fragments used for single crystal
studies, may belong to separate crystal zones. Since
these particular zones differ in composition, they
can give slightly different X-ray patterns. This is
why the results from the single crystal study are
slightly spread around the powder (bulk) results.
This is well visible on Fig. 10, where solid squares
and circles reflect powder and single crystal re-
sults, respectively. As seen, regardless of the slight
displacements, two kinds of results coincide within
rather narrow limits. This coincidence gives us a



LS. Sergeeva et al.: Crystal chemistry and structural characterization of natural Cr-spinels
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Fig. 8. Rietveld plot of homogeneous Cr-spinel. Vertical bars denote Bragg positions; the dotted curve — experimental diffraction
pattern; solid line is the calculated curve and the differences plot is presented at the bottom.
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Fig. 9. Rietveld plot of zonal Cr-spinel. Inset shows splitting of the peaks. Line legend as in Fig. 8.
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Table 3. Refined structural parameters from Rietveld refinement of the Cr-spinels studied. a: unit cell parameter (A); u: oxygen
positional parameter; Td-O and Oh-O: tetrahedral and octahedral bond lengths (A); Td, ,, and Oh,_ : mean atomic number for

tetrahedral and octahedral sites; B, By, and B,: isotropic thermal displacement parameters; x: inversion parameter; the standard
deviation is denoted in the brackets

Rietveld refinement for powder samples

Sample GK1A-7 core GK1A-7 riml GK1A-7 rim2 GKI1C-1
a(A) 8.25974 (5) 8.29103 (7) 8.32591 (5) 8.38598 (1)
u 0.26261 (9) 0.26205 (16) 0.26258 (9) 0.25809 (14)
Vol 563.506 (0) 569.933 (0) 577.159 (5) 589.742 (2)
Dcal g/em?® 4.398 4.447 4.482 4.873
Td-O (A) 1.9687 (12) 1.9689 (6) 1.9840 (4) 1.9331 (6)
Oh-0O (A) 1.9663 (10) 1.9776 (5) 1.9823 (3) 2.0309 (7)
RB 3.69 2.55 2.76 4.35
RF 3.85 222 2.72 5.51
Chi2 2.26 2.26 2.26 2.42
GoF 1.5 1.5 1.5 1.6
Rp 223 223 22.3 223
Rwp 10.7 10.7 10.7 13.2
Rexp 7.1 7.1 7.1 8.51
Td m.a.n. 16.89 17.64 17.86 23.65
Oh m.a.n. 20.29 20.91 21.63 24.08
B, 1.15(2) 0.92 (9) 0.21 (5) 1.18 (5)
B 0.67 (2) 0.69 (6) 0.08 (4) 0.86 (3)
Bo, 0.39 (1) 0.57 (4) 0.64 (3) 0.51(2)
Site occupancy
Td site
Mg 0.611(2) 0.583 (2) 0.547 (1) 0.239 (1)
Fe* 0.357 (2) 0.397 (2) 0.420 (1) 0.260 (1)
Mn 0.011 0.013 0.015 0.020
Fe’* 0.000 0.000 0.000 0.520 (1)
Al 0.000 0.000 0.000 0.000
total 0.979 0.992 0.982 1.039
vacancy 0.021 0.008 0.018
> 1.000 1.000 1.000
Oh site
Al 0.649 (2) 0.573 (2) 0.419 (1) 0.019
Fe’* 0.113 (2) 0.112 (2) 0.099 (1) 0.636 (1)
Fe* 0.023 (2) 0.000 0.000 0.465 (1)
Mg 0.000 0.000 0.000 0.000
Cr 1.182 (2) 1.302 (2) 1.460 (1) 0.786 (1)
Ni 0.004 0.003 0.003 0.007
Ti 0.002 0.002 0.002 0.007
A% 0.004 0.003 0.003 0.003
total 1.977 1.994 1.986 1.923
vacancy 0.023 0.006 0.014 0.077
> 2.000 2.000 2.000 2.000
X 0.000 0.000 0.000 0.52

reason to trust both study results. Moreover, both The homogeneous Cr-spinel points cluster close
results comply well with EPMA and Mdssbauer to magnesioferrite position (MgFt), giving us rea-
results. son to classify this sample as such. Its u value below
The same figure shows clear clustering of data  0.26 witnesses for partially inverse character. This
points from the homogeneous (black symbols) and  fact well corresponds to its high Fe content (both
zonal (gray symbols) Cr-spinels. Fe?" and Fe'" derived from Mdssbauer results).
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Table 4. Single crystal structure refinement results. a: unit cell parameter (A); u: oxygen positional parameter; Td-O and Oh-O:

and Oh_ -

m.a.n. m.a.n’

tetrahedral and octahedral bond lengths (A); Td,

mean atomic number for tetrahedral and octahedral sites; U,, and

U,,: anisotropic thermal displacement parameters for Td, Oh and O (oxygen) sites

SHELXL refinement - Sheldricks 2013

Sample GKIA-7m-la  GKIA-7m-1b  GKIA-7m-lc  GKIC-1-3a  GKIC-1-3b  GKIC-1-3¢
a(A) 8.2483 (4) 8.2936 (3) 8.2827 (4) 8.3784 (4) 8.3854 (5) 8.4021 (5)
u 0.26256 (14) 0.26201 (14) 0.26170 (18) 0.2577 (3) 0.2591 (5) 0.2588 (6)
cell vol 561.17 (8) 570.47 (6) 568.22 (8) 588.14(8)  589.62(11)  593.15(11)
Td-O 1.965 (2) 1.968 (2) 1.961 (3) 1.926 (5) 1.948 (8) 1.9473 (8)
Oh-O 1.9639 (10) 1.9788 (10) 1.9785 (13) 2.032 (3) 2.023 (4) 2.0292 (4)
O-OOh-ghshOared 83.80 (7) 84.09 (7) 84.25 (9) 86.31 (17) 85.6 (3) 86.2 (2)
inshared 96.20 (7) 95.91 (7) 95.75 (9) 93.69 (17) 94.4 (3) 93.8 (2)
Td m.a.n 15.89 16.86 16.98 23.48 22.38 25.50
Oh m.a.n. 18.57 19.75 19.82 24.12 24.98 25.16
U, (Td) 0.0050 (6) 0.0065 (5) 0.0075 (7) 0.0048 (12)  0.0060 (13)  0.0064 (13)
U,, (Oh) 0.0034 (4) 0.0030 (3) 0.0044 (4) 0.0041 (9)  0.0118(13)  0.0127(13)
U,,(Oh) 0.00014 (16) -0.00025 (14) -0.0003 (2) 20.0003 (5)  -0.0003 (5)  -0.0004 (7)
U,,(0) 0.0076 (7) 0.0087 (7) 0.0091 (9) 0.007 (2) 0.012 (3) 0.009 (3)
U,,(0) 0.0006 (4) 0.0003 (4) -0.0001 (6) 0.0006 (17)  0.0006 (17)  0.0021 (19)
N refl 49 50 51 53 54 55
Rall 0.0152 0.0137 0.0203 0.0193 0.0497 0.0619
R1 0.0146 0.0128 0.0195 0.0157 0.0477 0.0525
wR2 0.0334 0.0291 0.0371 0.0951 0.1424 0.1555
GoF 1171 111 1.256 0.953 1.304 1318
ext coeff 0.0074 (11) 0.0006 (5) 0.0000 (6) 0.0005 (14)
abs coeff 1 3.576 3.518 3.532 3.354 3.346 3.326
z 8 8 8 8 8 8

Points from the zonal Cr-spinel show much wid-
er spread of @ unit cell values, at almost constant
u. This means that compositional differences (regis-
tered also by EPMA) between crystal core and rims
result in different unit cells, but do not significantly
affect the oxygen positional parameter. This be-
havior is not surprising. It was registered before by
Lenaz and Princivalle [6] and allows pretty precise
determination of u, regardless of possible spread in
a values within certain limits.

Clear clustering of the two samples well apart is
also visible on the tetrahedral (Td-O) vs. octahedral
(Oh-0) bond length diagram (Fig. 11). The homo-
geneous Cr-spinel points (black symbols) cluster
again close to the magnesioferrite position, but show
somewhat larger tetrahedral and shorter octahedral
bonds. This perfectly makes sense since extra Fe?*
(introduced during alteration) in tetrahedral position
has much larger ionic radius than Mg. Chromium in
octahedral position is smaller than Fe**, but the dif-
ference here is smaller, which well explains smaller
deviation from magnesioferrite values.

The zonal sample (gray symbols) shows abrupt
increase in octahedral bond length in core to rim

direction, followed by bilateral spread in tetrahe-
dral distances between different rims. The first
change reflects the growing Cr/Al ratio, in octa-
hedral position. Intra-rim differences are entirely
due to variations in Fe*/Mg ratio, in tetrahedral
position.

Finally, calculated cation distribution values
were used for calculation of system closure tem-
peratures, in accordance with the geothermometric
procedure of Princivalle et al. [25]. Obtained tem-
peratures for the zonal Cr-spinel were in the range
796-1073°C. Slightly lower temperatures were cal-
culated for the homogeneous Cr-spinel 940-955°C.
These temperatures are completely acceptable for a
reequilibration stage (pristine cores) and very close
to the temperatures reported for chromites from
the Outer Dinarides [6]. Outer alteration rims of
zonal sample are expected to have formed at much
lower temperatures, during regional metamorphism
(700—450°C) [26], but they were not calculated in
this study, since used geothermomertic procedure
is based on melt crystallization concepts, inappli-
cable for hydrothermal environment of the meta-
morphic stage.
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Table 5. Final cation distributions refined according to the procedure of Lavina et al. [21]

Sample GK1C-1 powder GKI1C-1-3¢ GK1A-7m-1a GK1A-7m-1b GK1A-7m-1c
Calculated cation distribution
a(A) 8.385869 8.402383 8.2483 8.2936 8.2827
u 0.258089 0.258796 0.26254 0.26200 0.2617
Td-O 1.93309 1.947189 1.965 1.9680 1.9611
Oh-O 2.030906 2.029386 1.9641 1.9789 1.9785
Td m.a.n. 22.75 22.75 15.82 16.69 16.09
Oh m.a.n. 24.62 24.98 18.87 20.09 20.30
Total charges 7.97 7.97 7.95 7.85 7.90
Site occupancy
Td site
Mg 0.229 0.232 0.677 0.617 0.643
Fe? 0.235 0.350 0.247 0.320 0.258
Mn 0.020 0.005 0.011 0.012 0.01
Fe¥* 0.515 0.413 0.012 0.000 0.022
Al 0.000 0.000 0.053 0.051 0.065
Sum 0.999 1.000 1.000 1.000 0.998
Vacancy 0.001 0.000 0.000 0.000 0.002
Oh site
Al 0.019 0.022 0.903 0.687 0.698
Cr 0.809 0.866 0.873 1.109 1.115
Fe’* 0.647 0.650 0.109 0.003 0.000
Fe?* 0.461 0.455 0.054 0.151 0.175
Mg 0.029 0.000 0.055 0.040 0.006
Ni 0.007 0.002 0.002 0.002 0.002
Ti 0.007 0.005 0.001 0.002 0.001
v 0.002 0.000 0.003 0.002 0.002
Sum 1.980 2.000 2.000 1.996 1.999
vacancy 0.020 0.000 0.001 0.004 0.001
X 0.515 0.413 0.065 0.051 0.087
T°C 940 955.15 796.00 982.86 1073.41
Fe’*/EFe 0.625 0.569 0.287 0.006 0.048
CONCLUSIONS makes them interchangeable for the purposes of

Based on structural, chemical and Mdssbauer
data collected, the two samples used in this study
were identified as:

* Magmatic Cr-spinels, with high Al cores and
progressively depleted in Al and less Mg al-
teration rims.

* High chromian magnesioferrite, which is a
partially inverse Cr-spinel, not described pre-
viously in this locality. This determination
was only possible with structural refinement,
combined with Mossbauer data and demon-
strated the importance of such studies for the
correct mineral species identification in meta-
morphosed ophiolite sequences.

The two X-ray diffraction approaches — powder

and single crystal gave comparable results, which
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this kind of studies. However some aspects of the
structural characterization are better revealed by
one or the other method and using them both gives
best results.
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(Pe3rome)

W3cnenBanu ca 1Ba oOpasena OT HPUPOJHM XPOM IIIMHHEIUAN TTOCPEIICTBOM PEHTICHOCIIEKTPaIeH MUKpOaHa-

73, IPaxoBa ¥ MOHOKPHCTAJIHA PEHTIeHoBa Andpakims 1 MbocOayepoBa CEKTPOCKOIIHS, € [Ie]l YCTAHOBABAaHE HA
HSIKOUW aCHEKTH OT B3aMMOBPB3KATa MEXIAY XUMUYHUSAT ChbCTAB U KPUCTAIOCTPYKTypHHTE napamerpu. Obpasmnure ce
pasnuuaBar 3HAYUTEIHO B TEKCTYPHO, XUMHYHO U CTPYKTYpHO OTHOUIeHHE. ExnHuAT e Oorat Ha XpoM M MOXe /1a
ce OTHECE KaTO XPOM IIHMHENN, I0KATO APYTHAT € ¢ BUCOKH ChABPKAHUS HA JKEJIA30 TOOMIKaBalKy ce 10 MarHe-
310(epUTOBHUS WICH OT IIMHMHENIOBA IPyma. PasnuuHUAT XUMHU3bM MOPaXK/1a OTUECTIIMBY PA3JIMKU U B CTPYKTYpHHUTE
napaMeTpH — ITapaMeThp Ha eIeMEeHTapHaTa KJIETKa U KUCIOPOJICH MTapaMeThp, KOUTO OTPA3siBaT Pa3IndHH yCIOBUS
Ha 00pa3yBaHe 1/mi npoMsiHa. KucIopo HuAT mapaMeTsp € MHINKAaTHBEH 3a TEPMUYHATA HCTOPHUS HA BMECTBAI[ITE
CKaslM (TeMIeparypa Ha 3aTBapsiHE Ha CHCTEMaTa) M € MPSKO CBbP3aH C KATHOHHOTO Pa3lpe/iesieHHe B CTPYKTYypa-
Ta — OCHOBA 32 T€OTEPMOMETPUYHH n34KciIeHus. [lomydeHnTe Temneparypy Ha 3aTBapsiHE Ha CHCTEMarTa 3a JBaTra
oOpasema moka3BaT CTOWHOCTH B MHTepBana 796—1073 °C, KOUTO ca NMPHEMIIMBH 3a MPEypaBHOBECSIBAHE HAa XPOM
IITUHEINA TI0 BpEME Ha OXJIaJKIaHe.
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