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Lakargiite CaZrQO;: A new mineral of the perovskite group from the North Caucasus,
Kabardino-Balkaria, Russia

EVGENY V. GALUSKIN,"* VIKTOR M. GAZEEV,2 THOMAS ARMBRUSTER,®> ALEKSANDER E. ZADOV,*
IRINA O. GALUSKINA,' NIKOLAI N. PERTSEV,? PIOTR DZIERZANOWSKI,® MILEN KADIYSKI,?
ANATOLY G. GURBANOV,2 ROMAN WRZALIK,® AND ANTONI WINIARSKI®

'Faculty of Earth Sciences, Department of Geochemistry, Mineralogy, and Petrography, University of Silesia, Bedzinska 60, 41-200 Sosnowiec, Poland
nstitute of Geology of Ore Deposits, Geochemistry, Mineralogy, and Petrography (IGEM), Russian Academy of Sciences, Staromonetny 35,
119017 Moscow, Russia
*Mineralogical Crystallography, Institute of Geological Sciences, University of Bern, Freiestrasse 3, CH-3012 Bern, Switzerland
4000 NPP TEPLOHIM, Dmitrovskoye av., 71, 127238 Moscow, Russia
SInstitute of Geochemistry, Mineralogy, and Petrology, Warsaw University, al. Zwirki i Wigury 93, 02-089 Warszawa, Poland

®August Chetkowski Institute of Physics, University of Silesia, Uniwersytecka 4, 40-007 Katowice, Poland

ABSTRACT

Lakargiite CaZrOs—the zirconium analog of perovskite [Pbnm, a = 5.556(1), b = 5.715(1), ¢
=17.960(1) A, ¥ 252.7(1) A3, Z = 4]—was discovered as an accessory mineral in high-temperature
skarns in carbonate-silicate rocks occurring as xenoliths in ignimbrites of the Upper-Chegem (Verkh-
niy Chegem) volcanic structure, the North Caucasus, Kabardino-Balkaria, Russia. Lakargiite forms
pseudo-cubic crystals up to 30-35 um in size and aggregates up to 200 um. Lakargiite is associated with
spurrite, larnite, calcio-olivine, calcite, cuspidine, rondorfite, reinhardbraunsite, wadalite, perovskite,
and minerals of the ellestadite group. The new perovskite mineral belongs to the ternary solid solution
CaZrO;-CaTiO;-CaSnO; with a maximum CaZrO; content of ca. 93%, maximum CaTiO; content of
22%, and maximum CaSnOj; content of 20%. Significant impurities are Sc, Cr, Fe, Ce, La, Hf, Nb, U,
and Th. Raman spectra of lakargiite are similar to those of the synthetic phase Ca(Zr,Ti)O; with strong
bands at 352, 437, 446, 554, and 748 cm™!. Lakargiite crystallized under sanidinite-facies conditions

of contact metamorphism characterized by very high temperatures and low pressures.
Keywords: Lakargiite, perovskite group, solid solution, CaZrO;, CaSnO;, Raman spectroscopy,

skarn, Caucasus

INTRODUCTION

The natural analog of the well-known orthorhombic syn-
thetic phase CaZrO; named lakargiite was discovered in altered
carbonate xenoliths within ignimbrites in the North Caucasus,
Kabardino-Balkaria, Russia (Gazeev et al. 2006).

Perovskite CaTiOs, discovered in 1820 in the Akhmatovskaya
Pit, Nazyamskiye Mountains, Zlatoust district, Urals (Rose 1839;
Pekov 1998), became the prototype of many synthetic perovskite
materials—oxides, hydroxides, fluorides, and other compounds
with important and easily modified physical and chemical proper-
ties of technical value (Mitchell 2002; Levin et al. 2006).

Eight perovskite-group minerals are known to date. There are
titanates and niobates with the crystal chemical formula ABO;:
perovskite CaTiO; (Rose 1839), loparite (Na,REE,Ca),Ti,04
(Kuznetsov 1925), lueshite NaNbO; (Safiannikoftf 1959), latrap-
pite (Ca,Na)(Nb,Fe*",Ti)O; (Nickel 1964), macedonite PbTiO;
(Radusinovi¢ and Markov 1971), tausonite SrTiO; (Vorob’ev et
al. 1984), isolueshite (Na,REE)(Nb,Ti)O; (Chakhmouradian et
al. 1997), and barioperovskite BaTiO; (Ma and Rossman 2008).
The classification of the perovskite group is currently open to
revision in the light of the discovery of silicate perovskite and the
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diversity of “fluoroperovskites” (Mitchell 2002). High-pressure
silicate perovskite (Mg,Fe?")SiO; occurs in the Earth’s mantle
(Saxena et al. 1996).

Synthetic materials produced on the basis of calcium zircon-
ate (CaZrO;) have a broad range of applications, from proton
conductors (Iwahara 1996) to ceramics used for immobilization
of long-lived radionuclides (Lumpkin 2001). Although CaZrO;
has been proposed as a component of naturally occurring per-
ovskites its content does not exceed 5 mol% (Lupini et al. 1992;
Mitchell 2002; Chakhmouradian 2006). The natural analog of
CaZrO; has not been discovered until now in spite of the common
enrichment of natural systems in Zr and Ca. This rarity is due to
(1) the high crystallization temperature of CaZrO; and (2) the
high activity of Si in many natural systems, which leads to the
formation of zircon ZrSiO,, thus decreasing Zr activity in the
fluid. Ca-Zr(+Ti)-oxide phases are exemplified by tazheranite
Ca,Zr;sTi,0,6, a cubic modification of ZrO, stabilized by Ca and
Ti, and by the tetragonal analog of tazheranite-calzirtite found in
Si-undersaturated zones in most high-temperature (800-900 °C)
skarns (Konev and Samoilov 1974; Galuskin et al. 2007).

Lakargiite CaZrO;, the zirconium analog of perovskite
CaTiO;, was approved as a new mineral species in July 2007
(IMA-2007-014) by the Commission on New Minerals, No-
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menclature and Classification (CNMNC) of the International
Mineralogical Association (IMA). Lakargiite is an accessory
mineral in high-temperature skarns occurring in sedimentary
carbonate xenoliths in ignimbrite confined to the Upper-Chegem
(Verkhniy Chegem) volcanic structure of the North Caucasus.
The mineral name derives from that of Lakargi Mountain. The
holotype sample of lakargiite (number 3590/1) is deposited at
the Fersman Mineralogical Museum in Moscow.

GEOLOGIC SETTING

The Upper-Chegem volcanic structure (ca. 110 km?) is
situated in the mountainous part of Kabardino-Balkaria (North
Caucasus, Russia) on the watershed of the Chegem and Baksan
Rivers. The lower part of the Upper-Chegem caldera section
comprises a series (<1.5 km thick; 2.8-3.0 Ma) of pinkish-gray
ignimbrites and tuffs of rhyolitic and rhyodacitic composition
(Borsuk 1979). It is overlain by a 50—-60 m thick moraine of the
Mindel glaciation. Thin sheets of two-pyroxene andesite occur
in the upper part of the rock sequence. Porphyritic granodiorites
(~2.5-2.8 Ma; Borsuk 1979; Lipman et al. 1993) build a stock
of ca. 15 km? at the northern part of the Upper-Chegem volcanic
structure.

Some areas with carbonate- and silicate-xenoliths occur with-
in the ignimbrite field near the divide (43.2° N 43.1° E) located
between the Lakargi and Vorlan mountain peaks. These xenoliths
(<20 m in size) are fragments of Middle- and Upper-Jurassic
rocks underlying the Upper-Chegem volcanic structure. The
xenoliths are associated with relics of volcanic pipes preserved
on the Lakargi and Vorlan peaks (Milanovsky and Koronovsky
1973). The thickness of skarn zones containing lakargiite in the
carbonate xenoliths varies from a few decimeters to 1.5 m.

ANALYTICAL METHODS

Determination of lakargiite crystal morphology and selection of single crystals
and aggregates for X-ray study and Raman spectroscopic investigations were per-
formed using a scanning electron microscope (Philips/FEI ESEM XL30 with EDS/
EDAX). The chemical composition was determined using an electron-microprobe
analyzer (CAMECA SX100; 15 kV, 40-50 nA). The lines (and standards) used were
CaKa, SiKo, MgKo (diopside), TiKo (rutile), CrKo. (Cr,0;), AlKo. (orthoclase),
FeKo (Fe,0;), MnKa (thodochrosite), ZrLo (zircon), SnLat (cassiterite), ScKot. (Sc),
UMPB (UO,), ThMa. (ThO,), NbLo (Nb), SrLo (celestine), HfMo. (HfO,), TaMo
(Ta), YLo.(Y;AlL0,,), LaLo. (LaPsO,,), CeLo. (CePsO,,), NdLB (REE4). Corrections
were calculated using a PAP procedure provided by CAMECA.

X-ray diffraction data for selected lakargiite crystals were collected using
a single-crystal X-ray diffractometer (Bruker SMART CCD) with graphite-
monochromated MoK radiation.

A powdered sample was examined with a D/max RAPID II X-ray diffracto-
meter from Rigaku with a rotating anode, AgKo radiation, operated at 60 kV and
200 mA, equipped with Koo monochromator and curved imaging plate systems
for two-dimensional X-ray scattering. The two-dimensional XRD image was
integrated as a function of 26 to give a conventional one dimensional diffraction
profile. Two irregular aggregates of lakargiite (~50 um) were powdered and formed
as a sphere 0.3 mm in diameter using gum arabic. Measurement was performed
at room temperature. The X-ray powder-diffraction pattern of the natural material
was calculated from the two-dimensional XRD image (AgKa, , radiation) using
the RAPID XRD program. PowderCell for Windows version 2.4 (Kraus and Nolze
1996), based on the Rietveld method, was used to calculate the lattice parameters
of lakargiite. The starting parameters were taken from Koopmans et al. (1983).
Because of a strong gum arabic X-ray peak at 6.6° and many overlapping lines at
26 angles higher than 45°, the spectrum was analyzed in a 26 range of 10.6-45.0°.
A pseudo-Voigt2 peak-shape function was applied for fitting.

Raman spectra were recorded using a LabRam System spectrometer (Jobin-
Yvone-Horiba) equipped with a monochromator (1800 line/mm grating), a
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Peltier-cooled CCD (1024 x 256), and an Olympus BX40 confocal microscope.
The incident laser excitation was provided by an air-cooled argon laser source
operating at 514.5 nm. The power at the exit of a 50x or 100x objective varied
from 20-40 mW. To avoid undesirable Rayleigh scattering, two notch-filters were
used that cut the laser line at 200 cm™'. The non-polarized spectra were recorded
in 0° geometry, in the range 200-4000 cm™' of Raman shift and with a spectral
resolution of 3.5 cm ™. The collection time was 60 s and 10 scans were accumulated.
The Raman scattering line of a silicon plate (520.7 cm™) was used in the routine
calibration of the monochromator.

IR spectra were obtained with a Bio-Rad FTS-6000 spectrometer with a mi-
cro-ATR accessory (MIRacle) equipped with KRS-5 lenses and a single-reflection
diamond ATR. A small amount of sample was simply placed onto the ATR crystal
and pressure up to 75 psi applied to the sample. The FT-IR spectra of 32 scans
were averaged to obtain the single-beam background- and sample micro-ATR
spectra. Spectra were collected from 360 to 6000 cm™' with a resolution of 4 cm™!
and were modified to a form approximating the absorbance curves with the aid
of ATR correction.

RESULTS

High-temperature mineralization of the skarns is character-
ized by spurrite, larnite, calcio-olivine, reinhardbraunsite, cuspi-
dine, rondorfite, wadalite, perovskite, calcite, ellestadite-group
minerals (Gazeev et al. 2006), as well as lakargiite, and a poten-
tially new mineral, Ca;Fe, TiOg. Larnite, calcio-olivine, spurrite,
rondorfite, cuspidine, and other minerals characterize and define
discrete zones. Later minerals are represented by hillebrandite,
afwillite, hydrogarnet, jennite, hydrocalumite, ettringite-group
minerals, gypsum, serpentine, allophane, hematite, and bernalite.
Barite (Sr-Ca-bearing), kilchoanite, portlandite, fassaitic pyrox-
ene, periclase, galena, stolzite, manganoan sphalerite, native Bi,
chalcocite, and zircon occur in minute quantities (Gazeev et al.
2006). The highest concentration of lakargiite occurs in spur-
rite rocks where lakargiite is confined to rock portions rich in
wadalite, hydrocalumite, calcite, and minerals of the ettringite-
thaumasite series (Figs. la—1c).

Lakargiite occurs as pseudocubic twinned crystals <30-35
um in size (Fig. 1a) bounded by forms {100} and {111}, skeletal
crystals and spherulite-like forms <200 um (Figs. 1b—1d). Fram-
boid-like lakargiite and lakargiite-hydrocalumite aggregates with
a mean grain size of ca. 500 nm are common (Fig. 1e). Skeletal
crystals of lakargiite have inclusions of calcite, hydrocalumite,
wadalite, minerals of the ettringite-thaumasite series, and vari-
ous hydrosilicates of calcium (Fig. 1b). Micrometer-size relics
of baddeleyite occur in lakargiite aggregates (Fig. 1¢). A porous
pseudomorph of lakargiite after zircon was found in a cuspidine
zone of a rock with relics of volcanic glass (Fig. 1f).

The color of lakargiite crystals varies from red-brown (high
Ti contents) to yellowish and almost colorless. In thin section,
the color varies from light-brown to colorless. The mineral is not
pleochroic. Under reflected light with crossed polars, lakargiite
shows characteristic red-brown and pink internal reflections.
The color of the powdered mineral varies from light-brown
to cream-white. Lakargiite has vitreous to adamantine luster,
submetallic for dark varieties. Its hardness is 8-9 (Mohs),
microhardness VHN, o, = 1392-1708 kg/mm?, mean 1545 kg/
mm?. Cleavages on {110} and {001} (orthorhombic orientation)
are well defined, fracture is uneven. Density was not measured
because of the small crystal size, high porosity, and abundance
of mineral inclusions. Density of 4.587 g/cm® was calculated
from the mean empirical formula (Mandarino 1981) and the cell
volume obtained from powder X-ray diffraction data.
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FIGURE 1. BSE image showing morphology of lakargiite aggregates (light). Points of microprobe analyses are shown. (a) Pseudocubic crystals
in fine-grained wadalite-hydrocalumite mass. (b) Skeletal crystal growth. (¢) Regenerated inhomogeneous spherule-like aggregate with baddeleyite
relics. (d) Dendroid spherule. (e) Framboidal-like aggregate overgrown by larger crystals (fragment of lakargiite-hydrocalumite intergrowth with
grain size of ca. 500 nm). (f) Pseudomorph of lakargiite after zircon. Lak = lakargiite, Wad = wadalite, Hcl = hydrocalumite, Spu = spurrite, Els =
hydroxylellestadite, Ron = rondorfite, Rhb = reinhardbraunsite, Cus = cuspidine, Bdl = baddeleyite, Etr = mineral of ettringite group, Zrn = zircon,
Bgd = baghdadite-like mineral, Zr-grt = kimzeyite-like mineral, Ap = apatite.

As its synthetic analog, lakargiite is biaxial and optically
positive. Definition of the optical properties of lakargiite is
inhibited by strong twinning and small crystal size. Sectoral
twinning is well observed using crossed polars and compensa-
tor: sectors oblique to one another in a pseudocubic crystal show
different interference colors. Lakargiite forms twins according

to the following twin laws: 90° rotation around [101] and 180°
rotation around [101] (Dravid et al. 1989; Keller and Buseck
1994). Refractive indices, determined in a mixture of sulfur
and selenium are oo = 2.1(1), B = 2.1(1), y = 2.1(1) (589 nm).
Identical refractive indices measured along different crystallo-
graphic directions reflect difficulties in measuring high refractive
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TABLE 1. Chemical composition of lakargiite and perovskite from Lakargi Mountain (North Caucasus)

wt% 1 s.d. Range 2 3 4 5 6 7 8 9 10 11 12 13
Uo; 224 038 0.81-2.78 1.84 0.86 4.05 0.10 n.d. 1.66 3.08 1.05 0.58 2.84 2.66 n.d.
Nb,Os 0.56 0.07 0.40-0.75 0.64 0.40 0.54 0.10 2.85 1.15 0.58 0.13 0.17 0.75 0.56 0.55
Ta,0s 0.09 0.03 0.05-0.14 0.1 0.12 0.06 nd. 0.19 0.06 0.1 0.05 0.06 0.09 0.1 n.d.
ZrO, 4034 0.72 39.13-42.12 39.19 40.96 4354 64.35 35.07 55.17 41.58 57.05 60.59 40.42 44.18 1.48
SnO, 1114 127  9.55-16.19 10.93 16.19 10.58 0.66 16.23 0.87 1022 0.12 291 7.32 9.48 0.35
TiO, 7.89 098 4.98-9.66 9.66 4.98 5.89 1.06 7.67 4.60 6.10 2.30 1.25 10.03 6.30 51.32
HfO, 090 0.04 0.78-1.01 0.88 1.01 0.80 1.20 0.65 0.99 0.81 1.48 1.07 0.83 0.93 0.07
ThO, 084 0.17 0.52-1.09 0.73 1.02 0.62 0.07 0.42 0.02 0.53 n.d. n.d. 0.26 0.34 0.13
SiO, 0.04 0.03 0-0.11 n.d. n.d. 0.11 0.26 n.d. 0.39 043 1.27 0.27 n.d. n.d. 0.14
Fe,0; 246 030 1.74-3.05 2.59 1.74 237 0.72 3.71 1.74 2.02 2.24 0.36 2.84 1.75 3.92
Sc,0; 0.38 0.03 0.32-0.47 0.34 0.33 0.51 n.d. 0.12 0.03 0.61 0.05 0.06 0.37 0.37 n.d.
Cr,0; 034 0.06 0.17-0.46 0.38 0.17 0.25 n.d. n.d. n.d. 0.27 n.d. 0.03 0.32 0.28 0.41
Al,O, 0.04 0.01 0.02-0.08 0.04 0.03 0.03 0.23 0.03 0.01 0.06 0.04 n.d. n.d. n.d. 0.28
Ce,0; 053 0.08 0.29-0.68 0.54 0.29 0.48 nd. 0.37 n.d. 0.43 nd. 0.17 0.60 0.34 0.81
La,0; 058 0.12 0.25-0.84 0.56 0.25 0.51 nd. 0.28 n.d. 0.50 n.d. 0.05 0.70 0.57 0.24
Nd,0; 0.14  0.09 0-0.34 0.25 0.26 0.05 nd. n.d. n.d. nd. nd. n.d. 0.16 0.1 nd.
CaO 31.08 034 30.61-31.71 31.51 30.73 30.95 31.26 31.08 31.87 3092 32.42 30.86 31.74 3113  40.26
SrO 0.10 0.02 0.05-0.13 0.08 0.09 0.1 0.28 n.d. 0.20 0.12 0.22 0.25 0.09 0.10 0.1
MgO 0.01 0.005 0.01-0.02 0.02 0.01 0.01 nd. n.d. n.d. nd. 0.03 0.01 n.d. nd. n.d.
Total 99.70 0.72 98.53-101.26  100.29 99.44 10141 100.29 98.67 98.74 9837 98.57' 98.69 99.342  99.13% 100.29*
Calculated on 2 cations
Ca 0.985 0.982 0.996 0.983 0.991 0.988 1.006 0.996 1.017 1.001 0.989 0.997 0.989
Sr 0.002 0.001 0.002 0.002 0.005 0.003 0.002 0.004 0.004 0.002 0.002 0.001
Mg 0.001 0.001 0.001
Y 0.002
Ce’* 0.006 0.006 0.003 0.005 0.004 0.005 0.002 0.006 0.004 0.007
La3* 0.006 0.006 0.003 0.006 0.003 0.006 0.001 0.008 0.006 0.002
Nd3* 0.001 0.003 0.003 0.002
Th 0.006 0.005 0.007 0.004 0.003 0.004 0.001 0.002  0.002 0.001
Asite  1.006 1.004 1.014 1.000 0.996 0.998 1.009  1.013 1.025 1.008 1.009  1.011  1.001
Zr 0.582 0.555 0.604 0.629 0.928 0.506 0.793  0.609 0.815 0.895 0.573 0.644 0.017
Hf 0.008 0.007 0.009 0.007 0.010 0.006 0.008  0.007 0.012 0.009 0.007  0.008
Sn 0.131 0.127 0.195 0.125 0.008 0.192 0.010 0.122 0.001 0.035 0.085 0.113 0.003
Ti* 0.176 0.211 0.113 0.131 0.024 0.171 0.103 0.138 0.051 0.028 0.219 0.142 0.884
Si 0.001 0.003 0.008 0.011 0.013 0.037 0.008 0.003
Fe3* 0.055 0.057 0.040 0.053 0.016 0.083 0.039 0.046 0.049 0.008 0.062 0.039 0.068
Nb°* 0.007 0.008 0.005 0.007 0.001 0.038 0.015 0.008 0.002 0.002 0.010 0.008 0.006
Ta>* 0.001 0.001 0.001 0.002 0.001 0.001 0.001 0.001
ue* 0.014 0.011 0.005 0.025 0.001 0.010  0.019 0.006 0.004 0.017 0.017
Sc 0.010 0.009 0.009 0.013 0.003 0.001  0.016 0.001 0.002 0.009 0.010
Cr3+ 0.008 0.009 0.004 0.006 0.006 0.001 0.007 0.006 0.007
V3 0.003
Al 0.001 0.001 0.001 0.001 0.008 0.001 0.002 0.001 0.008
Bsite  0.994 0.996 0.986 1.000 1.004 1.002 0.991  0.987 0.975 0.992 0.991  0.989 0.999
Ne* 0.025 0.027 0.043 0.013 0.030 0.022  0.030 0.124 0.014 0.035 0.018 0.065

Notes: 1-4 = small single lakargiite crystals (20-30 um): 1 = average composition based on 24 analyses of the crystals used for structural research and optical mea-
surements; 2 = crystal with greatest Ti content; 3 = crystal with greatest Sn content; 4 = crystal with biggest U content; 5, 6 = granular aggregate with maximum
Zr content: 5 = core, 6 =rim; 7, 8 = intergrowths of skeletal crystals, points of the analysis are shown on Figure 1b; 9-12 = heterogeneous spherulite-like aggregate
with baddeleyite relics, points of the analysis are shown on Figure 1¢; 13 = perovskite grain (30 um). Ae* = deficit in positive charge possibly specifying presence
of OH groups, in total, wt%: '0.02 V,0; and 0.10 Y,0;; 20.02 MnO; 20.03 V,05; “0.04 MnO and 0.18 V,0;.

indices for a twinned pseudocubic mineral. A mean refractive
index calculated from the empirical formula and density yielded
2.002. The birefringence is less than 0.003—-0.005, measured 2V
is close to 0°, and the crystallographic orientation is: X = a, Y
=c,Z=h.

Based on the empirical formula and calculated density, the
compatibility index 1 —(K,/K¢) =-0.074 is only fair (Mandarino
1981) because of small crystal size, wide compositional varia-
tions, twinning, and the difficulty of precisely measuring the
refractive indices.

Lakargiite belongs to the ternary solid solution CaZrO;-
CaTi0;-CaSnO; (lakargiite-perovskite-unnamed end-member,
synthetic phase). The content of CaZrO; reaches 93%, the
maximum content of CaTiO; is 22%, and that of CaSnQO; is
about 20% (Table 1). In addition, significant amounts of U, Th,
Hf, Nb, Fe, Cr, Sc, Ce, and La characterize lakargiite (Table

1). The composition of lakargiite with high content of uranium
indicates that uranium as U®" is probably incorporated at the
zirconium site (Table 1).

Compositional data of lakargiite plot into one field with dif-
ferent compositional trends (Fig. 2). Small individual crystals
(the crystals used for the structural and optical studies) with
insignificant core-to-rim increase in Zr and Sn contents group
in one field (trend marked 4 in Fig. 2). Lakargiite as irregular
spherulite-like and dendroid aggregates is characterized by high
CaZrO; contents, and with baddeleyite relics in their cores, plot
on the other trend (marked 3); thin margins of these are enriched
in Sn, Ti, and Nb (Table 1; Figs. 1c and 2). The later, high-Sn
zones in small crystals have relatively low contents of Nb and
Ti, which most probably reflects the synchronous growth of
these zones with perovskite and the potentially new mineral
Ca;Fe,TiO; during the progressive contact-metamorphic stage.
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FIGURE 2. Points of analyses of (1) lakargiite and (2) perovskite
from the Caucasus plotted on the classification diagram CaTiO;-CaSnO;-
CaZrO;. (3) Changing compositional trend of irregular and deformed
aggregates of lakargiite. (4) Changing compositional trend of small
idiomorphic crystals of lakargiite.

The development of reactive rims on grain and spherulite-like
aggregates of lakargiite with relatively high content of Sn, Ti,
and Nb is probably due to regressive compositional changes in
perovskites (Table 1; Fig. 2).

The cation charge may indicate a negligible content of OH
groups—as confirmed by IR data (Table 1). This phenomenon,

Intensity [a.u.]

PPN i
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typical of natural perovskites (Beran et al. 1996), has been used
successfully in the synthesis of proton conductors (Iwahara 1996;
Shi et al. 2005). It must be noted that other Ca-mineral nano-
inclusions (<100-200 nm) may have influenced the quality of
the lakargiite microprobe analyses.

All of the seven lakargiite crystals examined with a single-
crystal X-ray diffractometer (<30 wm in maximum dimension)
were intimately twinned and, thus, could not be used for structure
refinement. However, reflection splitting indicated that lakargiite
is an orthorhombic perovskite, confirmed by optical observa-
tions. Orthorhombic lakargiite unit-cell parameters were obtained
by way of transformation of a cubic model (Pm3m) with a =
3.965(4) A and V'=62.35(11) A3, modified by the separation of
split reflections due to pseudocubic twinning, leading to space
group Pbnm with a = 5.55(2), b = 5.65(2), c =7.932) A, V =
248.72) A3, Z=4.

Powder X-ray diffraction data refined in space group Pbnm
yielded a=5.556(1), b="5.715(1), c = 7.960(1) A, V' =252.7(1)
A3, Z=4. Measured and fitted powder diffraction data, difference
plot, and positions of the diffracted lines are displayed on Figure
3. Rietveld R-factors were: R, = 8.44%, R, = 12.85%, and R.,,
= 0.85%. Cell parameters refined on the basis of powder X-ray
data (Table 2) are larger than those derived by the single-crystal
method. This is probably due to the relatively higher CaZrO;
content in the aggregates used for the powder measurement
(Table 1; Fig. 2).

In general, lakargiite cell dimensions are smaller than those
of synthetic CaZrO; (Koopmans et al. 1983: a = 5.5912, b =
5.76165, c=8.0171 A; Pbnm). This is due to a solid solution of
lakargiite with CaTiO; (Koopmans et al. 1983: a = 5.3829, b =
5.4458, ¢ = 7.6453 A; Pbnm), and CaSnO; [Kung et al. 2001:
a = 5.5133(1), b = 5.6630(2), ¢ = 7.8807(3) A; Pbnm]. Unit-
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FIGURE 3. (a) Two-dimensional XRD image of lakargiite powder sample. (b) Measured (solid line), fitted (+) pattern, and a difference plot

between observed and calculated diffraction lines of lakargiite.
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TABLE 2. X-ray powder diffraction data of lakargiite

hkl Measured Calculated hkl Measured  Calculated

did) | d(R) I diA) 1 dA) |
101 <1 4559 0.2 314 1318 3 1319 2.1
110 3970 28 3.985 254 402 1312 2 1311 1.9
002 3.964 12 3.979 11.2 240 1268 5 1271 37
m 3.544 3 3563 2.8 332 1.258 7 1260 7.9
020 2.850 25 2.857 249 116  1.256 10 1.259 10.5
112 2.807 100 2.816 100.0 420 1.248 4 1.249 4.1
200 2771 22 2.778 221 242 1.209 4 1.210 33
021 <1 2689 04 422 1191 5 1192 26
120 2537 <1 2.541 0.5 044 1.160 1 1.161 35
210 2492 1 2498 13 243 1.145 1 1.146 13
121 2414 1 2421 1.2 404 1.138 3 1139 37
103 2.389 3 2394 29 150 1.119 2 1.120 1.8
211 2376 3 2384 29 334 1.105 2 1.105 1.8
022 2310 1 2321 0.8 152 1.077 3 1.078 29
202 2.273 1 2278 1.1 244 1073 5 1.071 46
13 2211 2 2208 2.5 136  1.067 5 1.068 4.6
122 2137 2 2142 15 316 1.058 6 1.060 6.7
212 2112 <1 2116 0.6 424 1057 5 1.058 5.1
220 1.988 34 1.992 326 512 1.050 8 1.052 6.8
004 1980 15 1.990 17.7 440 099 3 099 1.6
023 1.926 1 1944 1.6 154 0976 1 0976 2.6
221 1.923 3 1932 2.1 350 0972 1 0973 1.7
123 1.833 <1 1835 05 442 0965 3 0966 2.2
213 1816 <1 1.819 05 352 0945 3 0.945 3.1
130 1.808 8 1802 76 028 0940 3 0.940 3.0
222 1.780 9 1.781 9.8 336 0939 4 0.939 4.1
114 1776 9 1780 8.1 208 0937 3 0937 29
310 1767 3 1762 3.0 532 0933 5 0933 47
131 1747 3 1757 39 062 0926 2 0926 1.5
311 1.718 <1 1.720 07 246 0918 2 0918 16
132 1.640 18 1.642 21.2 444 0.890 2 0.891 2.1
024 1.631 14 1.633 145 228 0889 2 0.890 2.8
204 1616 12 1618 138 620 0.880 1 0.881 1.2
312 1610 36 1.611 31.0 262 0.878 2 0.879 2.0
320 1552 <1 1554 03 354 0.873 2 0874 1.8
105 1.528 <1 1530 03 156 0.855 1 0856 1.6
133 1497 <1 1.491 1.6 516 0.842 5 0.843 35
040 1.426 4 1429 39 604 0.839 2 0.840 1.3
224 1405 18 1408 17.5 624 0.805 2 0.806 1.9
041 1404 1 1406 0.7 248 0783 2 0783 1.7
400 1387 5 1389 39 428 0778 2 0778 1.9
140 1382 <1 1384 0.5 536 0.777 2 0.778 1.7
233 1350 <1 1352 0.5 712 0.771 2 0.771 2.2
410 1348 <1 1350 0.3 462 0.771 1 0.771 14
125 1.348 <1 1349 05 642 0763 2 0.763 09
042 1.344 2 1345 26 174 0.749 1 0.748 1.5
215 1341 <1 1343 05 266 0.745 1 0.745 13
134 1.332 5 1336 5.1 158 0.744 1 0.744 1.1

cell parameters and content of CaTiOs in synthetic perovskites
CaZr,_,Ti,O; are inversely related (Levin et al. 2006). Structural
and optical investigations did not show any metamictization of
lakargiite, though rich in U and Th.

The crystal structure of the synthetic lakariite analog, CaZrO;
(orthorhombic Zr perovskite, Pbnm in standard setting), is known
(Koopmans et al. 1983). The perovskite framework structure is
built of interconnected, apex-sharing Zr-octahedra, thus pro-
ducing a distorted channel system occupied by Ca atoms. The
deviation from an ideal cubic structure, an example of which
is tausonite SrTiO;, is defined by rotation of the Zr-octahedra
(Glazer 1972; Mitchell 1996, 2002; Ross and Chaplin 2003;
Shi et al. 2005).

A strong band near 523 cm! (Fig. 4a), characteristic of
synthetic CaZrO; (Orera et al. 1998), is also seen in lakargi-
ite IR spectra obtained using the ATR accessory in the range
400-900 cm™. A weak, broad band near 3340 cm™ appears in
the OH-region (Fig. 4b) that is probably related to incorporation
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FIGURE 4. Infrared spectra of lakargiite for the (a) 400-900 cm™
and (b) 2740—4000 cm™' regions.

of trivalent cations according to the scheme Zr + 0> — R3* +
OH" (Yugami et al. 1996) or the appearance of vacancies at the
Casite, Ca +20* — O + 20H (Beran et al. 1996).

Lakargiite Raman spectra (Fig. 5) are analogous to those of
the synthetic phase CaZr, ,Ti,O; where x = 0.08-0.17 (Levin et
al. 2006) and are similar to the spectra of synthetic CaZrO; (Mc-
Millan and Ross 1988; Orera et al. 1998). The following modes
are active in the spectra: 315, 335, 352, 372, 391, 430, 437, 446,
520, 554, 695, and 748 cm™! (strong bands are in bold, Fig. 5).

CONCLUDING REMARKS

The parageneses of lakargiite with spurrite, larnite, calcio-
olivine, rondorfite, ellestadite, and wadalite characterize
extremely high-temperature metamorphism, at the lowest pres-
sures in the sanidinite facies and in the larnite-merwinite depth
facies of carbonate-rich rocks (Zharikov and Shmulovich 1969;
Reverdatto 1970; Pertsev 1977; Korzhinskii 1993; Zharikov
et al. 1998; Gazeev et al. 2006; Callegari and Pertsev 2007).
Carbonate-silicate hornfelses and skarns of this kind are asso-
ciated with subvolcanic or volcanic contacts with carbonate or
silicate-carbonate rocks, and especially in xenoliths (Reverdatto
1970; Kanazawa et al. 1997; Mihajlovi¢ et al. 2004; Grapes
2006; Galuskin et al. 2007). The temperature of interaction of the
calcareous rocks with peridotitic- and basic-magma can reach ca.
900-1000 °C, and ca. 800 °C at contacts with granitoid magmas.
The evaluated CO, pressure falls in the range 10-200 x 10° Pa
(Pertsev 1977, 1998).

The anomalously high (800—1000 °C) temperature of forma-
tion of the lakargiite skarns is probably related to “overheating”
of acid lava within volcanic pipes, the walls of which contained
the source material of the xenoliths (Babansky et al. 1995;
Gazeev et al. 2006). Under laboratory conditions crystallization
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FIGURE 5. (a) Raman spectrum of lakargiite for the region 300-1000 cm ™' received from the (b) pseudocubic twinned crystals showing {100}

+ {111}, BSE image, low vacuum (0.2 Torr), without coating.

of CaZrO; in the system ZrO,-CaCl,-Na,COj; at normal pressure
begins at 700 °C with a liquid phase present (Li et al. 2007).
Synthesis of CaZrO; in the absence of a liquid phase occurs only
above 1100 °C (Yeo et al. 2004; Park 2007). Such high forma-
tion temperatures probably explain why lakargiite is so rare in
comparison to CaTiO; perovskite. Another reason for its rarity
may be that the high CaO content requires an extremely low CO,
fugacity in any coexisting fluid to prevent carbonatization.

Combined high temperature, low pressure, high ZrO,, and
CaO activities can possibly exist only at contacts between silicate
volcanic- and carbonate-rocks. A solid solution with CaTiO; and
even trace contents of CI, F, and S in the reaction medium will
lower the temperature of CaZrO; synthesis (Lee et al. 2005; Pollet
etal. 2005; Park 2007). These volatile elements are also agents of
Zr fluid transport (Gonenli and Tas 1999). Relics of baddeleyite
and zircon in lakargiite crystals reflect the early growth of Zr-
minerals. Low SiO, activity prevented the formation of zircon
in the carbonate xenoliths.

The high concentration of U and Th in lakargiite with an age
<2.5-2.8 Ma and no traces of structural metamictization, may
allow the future use of lakargiite in modeling of materials used
for the immobilization of radioactive waste.
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