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Abstract—Four samples of natural Ti-bearing garnets from Odihincha, Maimecha-Kotui alkaline prov-
ince, Krasnoyarsk Krai, Russia, were studied using electron microprobe analysis, X-ray powder diffraction
(XRD), Fourier-transform infrared spectroscopy (FTIR), Raman and M&ssbauer spectroscopy, and ther-
mal analysis. The enthalpies of formation from elements were determined with a high-temperature heat-
flux Tian—Calvet microcalorimeter by means of the melt solution calorimetry. The first ever values of

Angl (298.15 K) were determined as follows: —5861.1 + 11.3 kJ/mol for (Ca;gNagFe?* (o)
(Fel 42 Tig 26Al 1Mo 04Fed 0sMng o) [(Sios5Fen’13) O o(OH)g gl —5915.2 & 9.0 kJ/mol  for
Cas g1 (Fei 37 Tig 5 Mo o5F et 03Mn 01 [(Sia g9Aly 16F€d 13Ti5.01)O11.06(OH)g 4l =5902.5 £ 9.1 kJ/mol for
(Cay 97Mng goFeg o)) (Fei 5 T 6s Mo osFeq 0a ) [(Sia 6aFe0 23Al0 11 Tig 01)O11.96(0H)g gal; and —5945.7 =+
10.2 kJ/mol for (Cay 99Nay g4Feg (sMng ;Mg 01)(Feg o7 Tig 71 Mg 13250 05 Feg os)

[(Si; 33 Fe3§2T13§4A10_07)0 11.84(OH)g 14]. The standard Gibbs free energies of formation of these garnets were

calculated using the values obtained for the formation enthalpies and estimated for the entropies. Also, the
enthalpies of formation of the end-members of the isomorphic schorlomite—morimotoite series were derived.
The thermodynamic constants were used in quantitative modeling of the stability fields of these minerals.
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INTRODUCTION

Titanium-bearing garnets are minerals typical of
many skarn, metamorphic, and carbonatite deposits
and are dominant rock-forming minerals at some of
them. However, the composition and properties of
these minerals and parameters at which they are
formed in nature are disputable, although many
microprobe, spectroscopic, and X-ray single-crystal
studies have been devoted to these phases. The gener-
alized formula of the minerals of the garnet super-
group is (X3)(Y,)[Z5]0,,, where X, ¥, and Zare dodeca-
hedrally, octahedrally, and tetrahedrally coordinated
sites, respectively, and ¢ is O>~, OH-, and/or F-
(Grew et al., 2013).

Currently 39 mineral species of the garnet super-
group are known and described, with more than ten of
them discovered over the past few years (IMA List of
Minerals; Krivovichev et al., 2019; Galuskina et al.,
2020; Karlsson et al., 2020).

As of 2020, the Commission on New Minerals,
Nomenclature, and Classification of the International
Mineralogical Associations (CNMNC IMA) had
approved three mineral species of titanium-bearing
garnets: schorlomite Ca,(Ti,Fe3"),[(Si,Fe3*);0,,],
morimotoite Cas(Ti,Fe*",Fe3"),[(Si,Fe**);0,,], and
hutcheonite Ca;Ti,[(Si,Al);0,,], whose idealized for-

mulas Ca,Ti; [SiFe} Oy,

Ca,(Ti*"Fe?")[Si;0,,], and Ca3Ti‘2H [SiAL,O,]. Avail-
able data indicate that these minerals are interrelated
through continuous solid-solution series with one
another and with andradite (Grew et al., 2013; Ma and
Krot, 2014).

Schorlomite was first found in Arkansas (Shepard,
1846) and received its name because its resemblance to
schorl. Its composition and properties have been
refined by J.D. Whitney and K.F Rammelsberg
(Whitney, 1849; Rammelsberg, 1850). Morimotoite
was discovered at the Fuka calc-skarn occurrence in

are, respectively,
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Okayama Prefecture, Japan (Henmi et al., 1995).
Hutcheonite is an aluminous analogue of schorlo-
mite and was found in 2014 in inclusions of the
Allende carbonaceous chondrite, in which this min-
eral occurs as secondary-alteration phase at contacts
between melilite, perovskite, and Ti—Al diopside
(Ma and Krot, 2014).

Natural and synthetic Ti-bearing garnets of the
andradite—schorlomite—morimotoite series have been
extensively studied by X-ray diffraction and by Moss-
bauer, IR, and Raman spectroscopy (Dowty, 1971;
Huggins et al., 1977a, 1977b; Tarte et al., 1979;
Schwartz et al., 1980; Henmi et al., 1995; Locock et al.,
1995; Peterson et al., 1995; Armbruster et al., 1998;
Schingaro et al., 2004; Chakhmouradian and McCam-
mon, 2005; Katerinopoulou et al., 2009; Chukanov,
2014; Antao et al., 2015; Schingaro et al., 2016; Grit-
senko, 2018), and their structure and unit-cell parame-
ters were refined in (Peterson et al., 1995; Henmi et al.,
1995; Schingaro et al., 2016). The thermodynamic
characteristics of minerals of this group were studied
only in (Rass and Dubrovinskii, 1997), in which

Afol was calculated at various temperatures by min-
imizing the Gibbs free energy of hypothetical garnet
Ca;Ti,Ti;O,, which was referred to as schorlomite by
the authors. However, this formula is inconsistent with
the IMA nomenclature for the garnet supergroup
(Grew et al., 2013). The origin of this phase was ther-
modynamically simulated for the model discussed in
(Rass and Dubrovinskii, 1997), in which the Ti** and
Ti** completely substituted Si** and Fe** on the tetra-
hedrally and octahedrally coordinated sites in the gar-
net structure. The authors have demonstrated that this
phase can be formed only at higher temperatures and
under more reduced conditions than those of per-
ovskite, which is known to crystallize under highest
temperatures and most reducing conditions (in such
rocks as, for example, kimberlite and picrite). However,
no such extreme parameters can occur in any known
geological processes and environments on the Earth,

and this explains why Ca3Ti§+Ti‘3‘+O12 cannot be found
as naturally occurring mineral. Moreover, Ti*" still has
not been identified in any naturally occurring terrestrial
garnets (Locock, 2008; Grew et al., 2013).

The aim of our study was a comprehensive experi-
mental study of physicochemical properties of natural
samples of Ti-bearing garnets, including determining
their standard enthalpies of formations and calculating
the Gibbs free energies from the obtained values of the
enthalpy of formation and the entropies of the minerals.

EXPERIMENTAL

Four fragments of large (5—18 cm) unzoned garnet
crystals were hand-picked from the material of a peg-
matoid vein in the contact zone between melilite rocks
and jolite of the Odikhincha alkaline—carbonatite
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massif in the Maymecha—Kotui alkaline province in
Krasnoyarsk Krai, Russia. Samples I and I1I were taken
from a large pegmatite vein: sample I was taken from its
central part (which consisted of garnet, fine-grained
“sugary” apatite, and phlogopite), and sample 111 was
from a peripheral zone (in which this mineral occurs
together with large crystals of apatite, phlogopite, long-
prismatic apatite, and magnetite). Samples II and IV
were collected in the central portion of a nepheline—
diopside—calcite pegmatoid vein, in which garnet
occurs as large (up to 10 cm) crystals in calcite and fills
the intergranular space between euhedral nepheline
crystals (in sample IV) or forms garnet—apatite aggre-
gates in intergrowths with diopside and nepheline (sam-
ple III). Samples were made available for this research
by courtesy of the Research Foundation of the Fersman
Mineralogical Museum, Russian Academy of Sciences
(sample I, No. FN 281; sample 1I, No. FN 280, sam-
ple III No. FN 279, and sample IV No. FN 278).
Homogeneous fragments of the crystals devoid of
visible solid and/or liquid inclusions (larger than
3 um) were hand-picked for their further study under
an AXIOPLAN 2 IMAGING (Germany) optical
microscope.

The X-ray powder diffraction (XRD) study was car-
ried out in a STOE-STADI MP (Germany) diffrac-
tometer equipped with a curved Ge (111) monochro-
mator, which emits strictly monochromatic CoKo,
radiation (A = 0.178897 A). The data were acquired
within the 20 range of 15° to 70° by successively cover-
ing scanning ranges using a linear positively sensitive
detector whose capture angle 20 was 5° and the chan-
nel width was 0.02°. The counting time was 10 s at each
individual spot. The unit-call parameters of the garnet
were calculated using the WinXPow (WinXPow Soft-
ware STOE and CIE GmbH 2002) and XPowINDEX
(which includes Werner’s TREOR, Visser’s ITO and
Louer’s DICVOL) program packages.

The chemical analysis was conducted on a CAME-
BAX SX-50 (France) microprobe at an accelerating
voltage of 15 kV and a beam current of 30 nA. The
standards were natural minerals: pyrope Mg;Al,Si;0,,
for Mg and Si, almandine Fe;Al,Si;0,, for Al and Fe,
grossular Ca;Al,Si;0,, for Ca, uvarovite Ca;Cr,Si;0,
for Cr, spessartine Mn;Al,Si;0,, for Mn, zircon
Z1Si0, for Zr, and cassiterite SnO, for Sn; as well as
synthetic KTiPOjs for Ti and VO, for V.

The thermal behavior of the garnets was studied on
a Q-1500 D (Hungary) derivatograph at temperatures
changed from room temperature to 1273 K, at a heat-
ing rate of 20 K/min. The mass of the sample was
280—340 mg. The equipment was calibrated using
standard references sample provided by the manufac-
turing company, by the phase transitions o,-quartz —
B-quartz and by the weight loss of a calcium oxalate
standard reference sample. The measurements were
accurate to =4 x 1072 mg, i.e., ~0.01% for a 300-mg
sample.
Vol. 60
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The IR spectroscopic study (FTIR) was done on a
FSM-1201 (Russia) Fourier-transform IR spectrome-
ter in transmission mode, at room temperature, in air,
within the wavenumber range of 400 to 4000 cm™!,
accurate to =1 cm~!. Samples for this study were pre-
pared in the form of suspensions of the powdered min-
erals (3—5 mg) in paraffinic oil and were applied to a
KBr platelet, which were then mounted on the spe-
cialized holder perpendicular to the IR radiation
beam. The working diameter of the beam was 5 mm.

The Raman spectroscopic study was conducted on a
EnSpectr R532 (Russia) Raman spectrometer. The
wavelength was 532 nm, and the output laser power
was 15—30 MW. The holographic diffraction grating
had 1800 grooves per mm (g/mm), the spectral resolu-
tion was 6 cm~!, and the focal spot was approximately
10 um at a 40x magnification. The spectra were
recorded within the range of 100 to 4000 cm~' from
randomly oriented crystals, the exposure time was 1—
1.5 s, the signal was averaged over 80—100 exposures.
The equipment was calibrated on the silicon scattering

line with a frequency of 520.5 cm™".

The gamma-resonance spectroscopic study of the gar-
nets was conducted on a MS1104Em (Russia) M0oss-
bauer spectrometer in a constant acceleration mode,
with a triangular configuration of the Doppler velocity
change of the source relative to the absorber. The mea-
surements were carried out in a transmission geometry,
at room temperature, with a standard radioactive source
of ¥Co in Rh matrix, at an activity of ~7 mCi. The
Mossbauer spectrometer was calibrated at room tem-
perature, using a standard o-Fe absorber. Powdered
samples of the garnets were pressed into pellets of speci-
fied thickness to reach optimal measurement conditions.

The raw spectra were processed with the least-
squares method with an approximation of a Foigt pseu-
doresonance profile PV(x, o, I'), using the SpectrRelax
software (Matsnev and Rusakov, 2012)

PV (x,0.T) = (1-0) L(x,1) + aG(x,T), (1)

where L(x,I') and G(x,I') are the normalized Lorent-
zian and Gaussian functions, respectively, o is the
conversion coefficient, and I is the full width half
maximum (half-width) of the line.

The thermochemistry study of the garnets was carried
out using a Setaram (France) Tian—Calvet heat-con-
ducting microcalorimeter. The solvent was melt of the
composition 2PbO-B,0;, which had been prepared by
fusing stoichiometric amounts of Pb oxide and boron
hydroxide at 1073 K. The experiments were conducted
in air, by dropping the samples [in the form of fragments
of optically isotropic crystals 1.2—6.3 (£2 x 10~%) mg
from room temperature to the calorimeter with melt at
T = 973 K. The measured heat effect involved the
enthalpy of the sample and its dissolution enthalpy
AH=[H*(973 K) — H°(298.15 K)) + A1 1°(973 K)].
When 30—35 g of the solvent melt were used and six to
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eight experiments were made, the ratio of the dis-
solved compound to solvent can be regarded as that of
infinitely diluted solution, whole mixing enthalpy is
negligibly small. The tool was calibrated on Pt, and
data on its enthalpy at 7= 973 K were compiled from
(Robie and Hemingway, 1995). Using the acquired
experimental data and based on the thermochemical
cycle, which involved the dissolution of the mineral
and its components, we calculated the enthalpy of for-
mation of four titanium-bearing garnets.

The Mossbauer spectrometer is installed at the
Faculty of Physics of the Lomonosov Moscow State
University, and the rest of the equipment utilized in
this research is situated at the Faculty of Geology of
the Lomonosov Moscow State University.

RESULTS AND DISCUSSION
Samples

X-ray diffraction study. The X-ray diffraction patterns
of the garnets are shown in Fig. 1. In terms of X-ray
diffraction characteristics, sample I is close to andra-
dite, in compliance with data in RRUFF (Database of
Raman Spectroscopy, X-ray Diffraction and Chemistry
of Minerals; card R050377) and MINCRYST (Crystal-
lographic and Crystal-Chemical Database for Minerals
and Their Structural Analogues; card 208). Sample IV
is similar to schorlomite (MINCRYST card 9909).
The X-ray powder diffraction patterns of samples I1
and III are similar to one another, and the minerals
can be classed with intermediate members of the
andradite—schorlomite—morimotoite series.

The calculated unit-cell parameter a and the unit-
cell volume V are reported, along with the volumes of
the Ti-bearing garnets, in Table 1. The values of a of
samples I and IV are analogous to the parameters of
andradite and schorlomite, respectively. As expected,
the unit-cell parameters of the garnets increase with
increasing concentration of the Ti component. Sam-
ple 1V, which is the closest to schorlomite, has the
greatest g parameter.

Chemical analysis. Table 2 reports average (of indi-
vidual analyses at three analytical spots) compositions
of samples I, 11, III, and IV (the latter is an average of
nine spot analyses). According to these data, sample I
is the closest to andradite, sample IV most closely
approaches schorlomite, and samples Il and III are
similar in chemical composition and can be identified
with intermediate members of the andradite—schorlo-
mite—morimotoite series of solid solutions.

Thermal analysis. The thermogravimetric curves of
the garnets (Fig. 2) indicate minor mass losses (about
0.1-0.3 wt %) at temperatures of 473—873 K. These
data are consistent with those of thermal studies of syn-
thetic garnets of the series grossular Ca;Al,[SiO,];—
katoite Ca;Al[(SiOy4),(OH),;5 — )] (Rivas-Mercury

etal.,, 2008) and andradite Ca3Fe§+[SiO4]3—Fe—
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Fig. 1. X-ray powder diffraction patterns of the Ti-bearing garnets. Spacings are specified in A x Quartz employed as an internal

standard.

katoite Ca;(AlFe, _ ,),[(Si04),(OH),; _ )] (Dilnesa
et al., 2014) (0 < y < 3). Data reported in these publi-
cations indicate that the mass losses of our garnet sam-
ples can be explained by hydroxyl loss from them, and
the samples themselves shall likely be attributed to
OH-bearing garnets (Grew et al., 2013). According to
the model currently adopted for hydroxyl-bearing gar-
nets, they are formed by the schematic reaction

[SiO4]* <> (O4H,)* (Schingaro et al., 2016).

GEOCHEMISTRY INTERNATIONAL

IR spectroscopy. The acquired IR absorption spectra
of samples I, II, and III (Fig. 3) are similar to one
another and to that of no. Sio9 (Chukanov, 2014) of
Ti-bearing andradite from the Kovdor alkaline ultra-
mafic complex in the Kola Peninsula, Russia, and the
spectra of synthetic Ti-bearing garnets (Tarte et al.,
1979).

The spectra can be described with regard to results
in (Tarte et al., 1979; Hofmeister and Chopelas, 1991;
2022
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Kurazhkovskaya and Borovikova, 2002). The region of
valence triply degenerate oscillations of SiO, tetrahe-
drons shows two broad absorption bands with maxima
at approximately 808—817 and 886—887 cm~'. The
absence of splitting of the low-frequency components
(as is typical of the end members of the andradite—
schorlomite—morimotoite series) and the occurrence
of poorly discernible shoulders of the high-frequency
components (911-914 and 940—941 cm™!) provide
evidence of the presence of the Fe** and Al cations at
the tetrahedrally coordinated site. The presence of
cations with charges other that 4+ at the tetrahedrally
coordinated site, with an unbalanced charge, results in
strain and some deformation of the crystal structure.
Changes in the bond lengths and angles relative to
their equilibrium values induce changes in the oscilla-
tion frequencies of these structural elements, and this
is reflected in the slight shifts of the corresponding
absorption bands. As a result, the absorption bands
widen, begin to overlap one another, and conse-
quently, the whole spectrum contour is smoothed.

The triply degenerate deformation oscillations of the
tetrahedrons are also registered in the spectral region
below 600 cm™! as two low-intensity bands with max-
ima at about 589—591 and 477—478 cm~! and two
medium-intensity lines with maxima at about 511—512
and 431-434 cm~!. The two broad low-intensity
absorption bands with maxima at 651—656 and 691—
695 cm™! are referred to the valence oscillations of
(Fe3*,Al)O, tetrahedrons.

The spectrum of sample IV (Ti richest garnet with
the maximum Fe?* and Ti** concentrations) is closely
similar to the spectrum of garnet TiSi169 (Chukanov,
2014), which was named schorlomite, from the Afri-
kanda alkaline massif, Kola Peninsula, Russia. How-
ever, the composition of sample TiSi169 was recalcu-
lated to 25% of the schorlomite end member, 40%
morimotoite, and 35% andradite + grossular and corre-
sponds, according to the current nomenclature (Grew
et al., 2013) it must be related to the morimotoite min-
eral species. The spectrum of sample IV is somewhat
different from that of samples I, II, and III. The high-
frequency component of the triply degenerate oscilla-
tions of the tetrahedrons in the range of 890—960 cm™!
has lost its clearly seen maximum and is more diffuse,
which indicates that silicon cations at the tetrahedral
site are largely substituted for other cations. At frequen-
cies lower than 500 cm™!, the intensity of the band at
475 cm~! decreases, and the other band slightly shifts
toward lower frequencies, to 426 cm~'. The intensity of
the absorption band referred to the valence oscillations
of (Fe**,Al)O, tetrahedrons, with a frequency of about
649 cm™!, slightly increases. Absorption bands of very
low intensity corresponding to valence oscillations of
the OH group (at 3410, 3507, and 3563 cm™') were reg-
istered in the high-frequency part of the spectrum only
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Fig. 2. DTA curves of the Ti-bearing garnets.

Table 1. Unit-cell parameters ? and molar volume ® of the
studied garnets

Sample a A v, A3 Vrg (298.15 K),
cm?/mol
I 12.043(7) 1747(3) 131.5(2)
I1 12.077(7) 1762(3) 132.6(2)
I11 12.097(7) 1770(3) 133.3(2)
v 12.144(7) 1791(3) 134.8(2)

4Cubic system, space group la3d. bCalculated by the formula Vlg
(298.15 K) = a’N/Z, where Z = 8, and N is the Avogadro con-
stant.

Table 2. Chemical composition (wt %) of the garnets from
the Odikhincha massif: microprobe analyses and thermal-
analysis data

Oxide | Sample I | Sample II | Sample III | Sample IV
Na,O 0.21 n.d. n.d. n.d.
MgO 0.32 0.49 0.42 1.12
CaO 33.53 33.24 32.65 32.11
MnO 0.16 0.17 0.23 0.34
Fe, 04 25.31 22.58 23.29 21.67
Al,O4 2.13 1.52 0.99 0.71
710, 0.09 0.07 0.09 1.85
TiO, 4.05 9.23 10.30 15.01
SiO, 34.09 31.64 30.98 27.56
H,O 0.14 0.09 0.08 0.27
Total 100.03 99.03 99.03 100.88
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Fig. 3. IR spectra of the Ti-bearing garnets.

for sample IV, which contains the highest concentra- structure of sample IV contains defects typical of
tions of OH groups (Fig. 3, inset). hydrogarnets, in which four OH™ ions substitute the

The occurrence of absorption bands in the regions [SiO4]* anion at the tetrahedrally coordinated site.
of valence oscillations of OH groups indicates that the = Some publications (Bell and Rossman, 1992; Arm-
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bruster and Geiger, 1993; Beran and Libowitzky,
2006) present results of studies of hydrogarnets of the
grossular—andradite series in which IR absorption
bands at 3512—3525 cm~! are thought to be related to
the occurrence of the Ti*" cation at the octahedral
site. When andradite (Armbruster and Geiger, 1993)
and schorlomite (Locock et al., 1995) were studied,
an absorption band with a maximum at about 3564—
3565 cm~! was registered, which was related by these
authors to the occurrence of octahedrally coordi-
nated Ti*". Based on the data presented above, the
three absorption bands in the high-frequency region
of the spectrum of sample IV (at about 3410, 3507,
and 3565 cm™!') may also be related to the presence of

defects of the type (OH):_ in the structure. The occur-
rence of the three absorption bands in the spectrum of
this sample can be reasonably explained by the differ-
ent cation occupancy (Ti**, Fe’*, and Mg) of the
nearest octahedral sites (Reynes et al., 2018).

Raman spectroscopy. The Raman spectra of the
samples are displayed in Fig. 4. The spectrum of sam-
ple I is closely similar to the spectrum of Ti-bearing
andradite of analogous chemical composition from
the Zlatoust area in the Southern Urals, Russia
(RRUFF, Database of Raman Spectroscopy, X-ray Dif-
Sfraction and Chemistry of Minerals; card No. R050377).
The spectrum of sample 1V is close to that of schorlo-
mite from Magnetite Cove in Arkansas, United States
(RRUFF, card No. R060125). No Raman lines related
to the oscillations of hydroxyl groups were recorded in
the spectra of any of the samples, which is explained
by that the concentrations of the hydroxyl group in the
samples are below the sensitivity of the Raman spec-
tral method (<0.3 wt % according to the thermogravi-
metric data). The spectral region of structural oscilla-
tions (<1000 cm™!) can be provisionally subdivided
into four segments (Moore, 1971; Kolesov and Geiger,
1998; Katerinopoulou et al., 2009). One of them,
which is the widest and most abundant part of the
spectrum, includes Raman lines within the range of
965 to 800 cm~!, which correspond to internal asym-
metric and symmetric valence oscillations of SiO, tet-
rahedrons (Hofmeister and Chopelas, 1991). The
valence oscillations of Fe3*O, tetrahedrons (Kate-
rinopoulou et al., 2009) lie within the range of 740
(sample I) to 759 cm~! (sample IV), and an increase in
Fe concentration at the tetrahedral site (from
0.13 p.f.u. insample I to 0.32 p.f.u. in sample 1V) leads
to an increase in the frequency of the valence oscilla-
tions of the Fe**O, tetrahedrons. The second spectral

region (from 440 to 650 cm™!) includes lines corre-
sponding to the inner symmetrical and asymmetrical
deformation oscillations of SiO, tetrahedrons (Kate-
rinopoulou et al., 2009). The third, narrow, range of
300 to 370 cm™~! corresponds to the lines of librational
oscillations of tetrahedral structural units. The scatter-
ing lines of translational oscillations of the tetrahe-
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Table 3. Parameters of the Mossbauer spectra of >’ Fe in the studied garnets

No. Quadrupole doublets Parameters Sample 1 Sample 11 Sample 111 Sample IV
1 Fe3t(V) 1S, mm/s 0.41(1)2 0.41(1) 0.41(1) 0.42(1)
0§, mm/s 0.57(1) 0.58(2) 0.58(1) 0.61(1)
A, % 76.4(1.1) 77.6(7) 67.0(6) 54.4(1.3)
2 Fe3*(Y) 1S, mm/s 0.38(1) 0.38(2) 0.38(2) 0.35(1)
0§, mm/s 0.82(1) 0.84(1) 0.82(1) 0.73(1)
A, % 11.5(1.0) 10.1(6) 15.8(5) 15.2(1.4)
3 Fe’t(2) 1S, mm/s 0.21(1) 0.22(2) 0.21(2) 0.22(2)
0§, mm/s 1.35(1) 1.35(1) 1.33(1) 1.27(1)
A, % 8.0(4) 8.2(5) 11.6(2) 19.9(6)
4 Fe3*(2) < Fe**(X) IS, mm/s 0.69(3) 0.79(10) 0.64(1) 0.77(2)
0S, mm/s 2.07(5) 2.28(10) 1.96(2) 2.13(3)
A, % 1.1(1) 0.7(1) 1.8(2) 3.6(1)
5 Fe3*(2) < Fe**(Y) IS, mm/s 0.55(2) 0.61(2) 0.52(1) 0.67(1)
0§, mm/s 1.56(4) 1.63(4) 1.60(2) 1.55(2)
A, % 2.02) 2.3(1) 2.4(2) 5.5(1)
6 Fe?t(V) 1S, mm/s 1.16(2) 1.17(2) 1.20(1) 1.12(3)
oS, mm/s 3.55(4) 3.55(3) 3.51(2) 3.12(5)
A, % 1.0(1) 1.1(1) 1.4(1) 1.5(1)
7 Full width half maximum| I, mm/s 0.28(2) 0.28(1) 0.28(1) 0.32(1)
8 Resonance line shape o 0.00(2) 0.03(1) 0.02(1) 0.05(2)
parameter
9 Pearson criterion X2 1.01 1.12 1.23 1.48

drons and cations in X sites lie in the region below
300 cm~!. Cations occupying octahedral sites in the
garnet structure are not involved in the oscillations
active at Raman light scattering.

Mossbauer spectroscopy. The results of the mea-
surements and their mathematical processing done to
determine the valence states of the iron ions and their
surroundings are displayed in Fig. 5. The experimental
spectra were approximated by a superposition of six
quadrupole symmetrical doublets. The parameters of
these doublets (isomer shift 1S, quadrupole splitting
0S, full width half maximum (half-width) I", relative
area A, and the o parameter of the resonance line) are
presented in Table 3. The approximation of the exper-
imental spectrum by six doublets results in an accept-
able value of the Pearson criterion 2 (> = 1.01—1.48)
and the absence of any significant systematic devia-
tions of the experimental spectrum from its enveloping
curve drawn based on the mathematical processing
data (Fig. 5).

Four of the six quadrupole doublets obtained by
analyzed the Mdssbauer spectrum can be unambigu-
ously (based of comparison with data on superfine
parameters according to Menil, 1985) attributed as
follows: doublet nos. 1 and 2 (Table 3, Fig. 5) to Fe3*

GEOCHEMISTRY INTERNATIONAL

at site Y (octahedral coordination), doublet no. 3 to
Fe3* at site Z (tetrahedral coordination), and doublet
no. 6 to Fe?* at site Y (octahedral coordination). As
seen in Table 3, doublets nos. 4 and 5 are characterized
by isomer shifts of 0.69 and 0.55 mm/s, respectively.
These values are intermediate between the values of
isomer shifts for Fe3* and Fe?' and shall likely be
attributed to Fe atoms of valence intermediate
between 2+ and 3+ because of the thermally activated
delocalization of the electrons. With regard to the
crystal structure of garnet, it is reasonable to propose
two hypothetical scenarios for electron transfer
between crystallographic sites with the involvement of
tetrahedrally coordinated Fe3*: (1) Fe3*(2) <> Fe?*(X)
and (2) Fe’"(Z) <> Fe?*(Y). Because the average dis-
tance between Fe and O atoms in the dodecahedron is
greater than that in the octahedron, the isomer shift
for doublet no. 4 is greater than that for doublet 5
(Table 3), and doublets nos. 4 and 5 can thus be
assigned to a charge transfer according to the schemes
Fe3*(Z) <> Fe?"(X) and Fe*'(Z) <> Fe?*(Y), respec-
tively.

Our study allowed us to determine the concentra-
tion of Fe?" and Fe3* at crystallographic sites X, Y, and
Zin the studied garnet samples. The relative areas 4 of
Vol. 60
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Fig. 5. Mossbauer spectra of the Ti-bearing garnets.
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Table 4. Fe®*/39(X/Y/Z)/¥Fe (%) ratios of the studied garnets calculated from Méssbauer spectroscopic data

No. Quadrupole doublets Sample | Sample 11 Sample 111 Sample IV
1 |Fe3*(p) 76.8(1.1) 78.0(7) 67.5(6) 55.0(1.3)
2 | FT(Y) 11.6(1.0) 10.2(6) 15.9(5) 15.4(1.4)
3 |Fe*(2) 7.5(4) 7.7(5) 10.9(2) 18.8(6)
4 |Fe*™(2) & Fe2t(X) 1.2(1) 0.8(1) 2.0(2) 3.9(1)
5 |Fe*"(2) & Fe?* (V) 1.9(2) 2.2(1) 2.3(2) 5.4(1)
6 |Fe?*(Y) 1.0(1) L.1(1) 1.4(1) 1.5(1)

Table 5. Calorimetric data obtained for the studied garnets

H°(973 K) — H°(298.15 K) +
M,
Sample Agissol (973 K)
g/mol
J/g kJ/mol
I 501.25 | 897.3 +20.5 (9)* 449.8 +10.3

11 501.93 | 894.3 +15.6 (8) 448.9 +7.8
I | 504.27 | 917.0 +15.7 (7) 462.4+79
v 510.43 | 911.3 +18.1 (9) 465.2+9.2

* The errors are determined with 95% probability, numerals in
parentheses are the numbers of the measurements.

the corresponding doublets (Table 3) were used to cal-
culate the ratios Fe®*/3") /¥ Fe at sites X, Y, and Z with
regard to corrections for the probabilities of the M oss-

bauer effect (f) at room temperature (Sawatzky et al.,
1969; Schwartz et al., 1980)

f(Fe™ (X)) = 0.78f (Fe™ (¥))

2
=0.78f (Fe’ (¥)) = 0.73f (Fe™* (2)). @
The calculated values of Fe®*/3")(X/Y/Z)/¥Fe are
reported in Table 4. In calculating the crystal chemical
formulas, the obtained values of these ratios of dou-
blets nos. 4 and 5 were equally divided between the
corresponding crystallographic sites, analogously to
what was done in (Schwartz et al., 1980).

The formulas of the studied samples of the titanium-
bearing garnets calculated according to (Locock, 2008;
Grew et al., 2013) and with regard to the results of all of
the studies have the form

(Cas oNay gy Feq o)) (Fei 4 Tig 56Al) Mg 0aFeq 0sMng o )[(Siy gsFep’s Oy 95(OH)g 5] (sample 1),
Ca; 1 Fei 3 Tig 5 Mg 05Feq 5Mng o, ) [(SizeoAly6Feq s Tig 1) O11.96(0H)g 4] (sample 1),

(Caz.97Mn(2):)2FeéI)1)(FCTEOTighMgo.osFegh)[(512.64F6333A10.11Tigr)1)011.96 (OH)

0.04] (saMple 1I1),

(C32.90N30.04Fe(2)I)3Mn(2).+02Mg0.01)(FCSETig;lMgo.132r0.08Fe(2)B5)[(512.33F6332T13;4A10.07)011.84 (OH)O,m] (sam-

ple IV).

The occupation of the crystallographic sites was
carried out with regard to the Mossbauer spectro-
scopic data on the concentrations of the Fe?" and Fe3*
cations at sites X, Y, and Z. If a sample was deficient in
Si, the tetrahedral site of the sample was filled, in
compliance with recommendations in (Huggins et al.,
1977a), in the succession AI’* > Fe3* > Ti**. Titanium
was introduced in such a way into site Z of samples 11,
III, and IV, which does not contradict either results in
(Huggins et al., 1977a, 1977b; Tarte et al., 1979;

For sample I

Schwartz et al., 1980) or data of recent XAFS spectro-
scopic studies (Ackerson et al., 2017).

Thermochemistrty
Standard enthalpies of formation of the Ti-bearing

garnets. The values of Angl (298.15 K) were calcu-
lated from data of the thermochemical study of the
minerals (Table 5) by reactions (3), (4), (5), and (6)
and Egs. (7) and (8).

3Ca0O + 0.01Na,0 + 0.795Fe,0;+ 0.26TiO, + 0.092A1,0; + 0.04MgO + 0.01MnO + 2.85Si0,
+0.027A1(OH), = (Ca3.00Nao.02Fe(2)I)1 ) (FeftszigEsAlo.z1Mg0.04FeSB3Mn<2).J61 ) [(SimFeSE ) Oi1.02 (OH)0,08:| 3)
+0.010,,
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Table 6. Thermochemical data used in calculating the enthalpy of formation (kJ/mol) of the studied garnets

Component H°(973 K) — H°(298.15 K) + Agisso (973 K) —AcH(298.15 K)?
Na,O(c) —111.8 +0.8° 414.8 £ 0.3
MnO(c) 431+ 0.8 385.2+0.5
CaO(c) —21.78 + 0.294 635.1 £0.9
MgO(periclase) 36.38 + 0.59¢ 601.6 = 0.3
Fe,O;(hematite) 171.6 + 1.9° 826.2 £ 1.3
Al,O5(corundum) 107.38 + 0.59¢ 1675.7 £ 1.3
SiO,(quartz) 39.43 + (0.2 910.7 £ 1.0
ZrO,(baddeleyite) 62.44 + .52 1100.6 £ 1.7
TiO,(rutile) 54.36 + 1.471 944.0+0.8
Al(OH);(gibbsite) 172.6 + 1.9% 1293.1 £ 1.2

3Tabulated data (Robie and Hemingway, 1995). bAccording to (Kiseleva et al., 2001). ¢=iCalculated using reference data on [HO(973 K) —
HO(298.15 K)] (Robie and Hemingway, 1995) and experimental dissolution data AdissolH0(973 K): €(Fritsch and Navrotsky, 1996);

d(Kiseleva et al., 1979); ¢(Navrotsky and Coons, 1976); f(Kiseleva, 1976); &(Ogorodova et al., 2003); h(Kiseleval et al., 1979); i(Ellison

and Navrotsky, 1992); J'(Xirouchakis etal., 1997). kAccording to (Ogorodova, 2011).

for sample 11

3.01Ca0 + 0.715Fe,0; + 0.58TiO, + 0.05MgO + 0.01MnO + 0.073A1,0; + 2.69Si0, + 0.013A1(OH),

= Ca;, (FefE7Tigg7Mgo‘05Fe§B3Mn351)[(Si2.69A10.16Fe(3)ﬁ3T1351)011.96 (OH)O,OJ +0.0080,,

for sample 111

4

2.97Ca0 + 0.02MnO + 0.74Fe,0; + 0.65TiO, + 0.05MgO + 2.64Si0, + 0.048A1,0;+ 0.013A1(OH),

= (Ca2.97Mn352F6351 ) (FefonighMgo.osFeé&) [(512.64F6833A10.11T1351 ) O11.96 (OH)O,OJ +0.0120,,

and for sample IV

(%)

2.90Ca0 + 0.02Na,0 + 0.02MnO + 0.14MgO + 0.685Fe,0; + 0.95TiO, + 0.08ZrO, +0.008A1,0,
+ 2.33Si0,+ 0.053A1(OH),

2 2 3 2 . 3 st
= (Caz.9oNao.o4Feo.JE)3Mnor)zMgo.o1 ) (FCOB7T10‘71Mgo_1321‘0_081:6055 ) [(512.33Feo.+32T10;4A10,07 ) 0,154 (OH)

(6)

0.16

+0.020,,

AviasaH’ (298.15K)

=[(H° (973 K)— H" (298.15K) ], @

A HY(29815K) garnet = Avr2.5.4H (29815K)
+2v,A Hy (298.15K)

where V is the stoichiometric coefficients of reactions (3),
4), (5), and (6); AH = [(H°(973 K) — H°(298.15 K)) +
Agissot H°(973 K)] is calorimetric data on the garnets
(Table 5) and on the corresponding components of the
reactions (Table 6); AH,, is the enthalpy [(H°(973 K)—
H°(298.15 K)] of O, compiled from (Robie and Hem-

ingway, 1995); the required AfHeol (298.15 K)) values of
the components of the reactions (oxides and Al
hydroxide) are also reported in Table 6. Because oxi-
dation of FeO makes it impossible to measure its dis-
solution heat in Pb borate melt, we assumed that Fe?*
contained in the garnet samples in small amounts
(0.03—0.08 p.f.u.) can be regarded as Fe>". The obtained

®)

component i °

GEOCHEMISTRY INTERNATIONAL Vol. 60 No. 4

values of enthalpy of formation of the studied elements
of titanium-bearing garnets are listed in Table 7.

Standard Gibbs energies of formation of the natural
Ti-bearing garnets. To calculate the standard Gibbs
energies of formation of the garnets from elements, we
evaluated the standard entropy values not available
from the literature (Table 7). In the calculations, we
used the value $°(298.15 K) = 324 + 2 J/(K mol) for
andradite, which was derived from measurements of
the low-temperature heat capacity (Geiger et al.,
2018). The calculations were carried out following the
additive scheme and a model for evaluation of entro-
pies of silicates proposed in (Holland, 1989), with the
use of the values of the entropy contributions of oxides
(5-7), with regard to the coordination of the corre-
sponding cations in the structure of the mineral,
where S and V are the entropy and volume of the
oxides. We used (S-V)[gt] values for Mg, Ca, and Fe
oxides proposed in (Holland, 1989) for garnets. For
example, for sample I,
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Ca3Fe;+ [Si3012] +0.01Na,O + 0.04FeO + 0.26TiO, + 0.105A1,0; + 0.04MgO
+ 0.0IMnO + 0.04H,0
= (Cas.ooNao.ozFeézl)(Fef;zTig%Alo.z1Mgo.o4FeézaMnéB1)[(Siz.ssFegns)Ol1.92(OH)0.08]
+ 0.225Fe,0; + 0.15Si0,,

S°(298.15K),, . = 57(298.15K)
+0.01(S-V ) Na,0 + 0.04(S- V) FeO
+0.26(S-V)' TiO, + 0.105(S-V ) AlL0,
+0.04(S-V)*"MgO + 0.01(S-¥)*'MnO

+0.04SH,0 — 0.225(S-V )" Fe,0,
- 0.15(5-v)"si0,,

where the coordination numbers of cations in the gar-
net structure are specified in brackets, and the values
of (S-¥) were borrowed from (Holland, 1989).

The values of the Gibbs standard energy of forma-
tion of the natural garnets from elements (Table 7) were
calculated using the obtained values of S° (298.15 K)

and A, H) (298.15 K).

Thermodynamic properties of the end members of
the solid solution series. Using our calorimetric data on
the titanium-bearing garnets, we have calculated the
enthalpies of formation of the end members of the iso-
morphous series andradite—schorlomite—morimo-
toite. To do this, we recalculated the experimental data
on sample IV into the molecular weights of schorlo-
mite (M = 547.77 g/mol) and morimotoite (M =
500.21 g/mol). The enthalpies of their formation were
calculated using equations analogous to Egs. (3)—(8).
The standard entropies of these minerals (absent
from the literature) were evaluated analogously to
what had been done for natural garnets, using data on
5°(298.15 K) of andradite (Geiger et al., 2018). The
results are summarized in Table 7. The calculated values

of $°(298.15 K) and A, H2 (298.15 K) enabled us to cal-
culate the Gibbs free energies of formation of schorlo-
mite and morimotoite from elements (Table 7).

andradite

(10)

2CaTiO; + 2Ca, Na, ;Al, sMg, ;Si,0;, + Fe,0;

perovskite (Prv) melilite (Mil)

Ca,Ti,[(SiFel)0,,] + NaAlSiO, + CaCO;+ CaMgSi,0x,

nepheline (Nph)

schorlomite (Shr)

)

THERMODYNAMIC SIMULATION
OF THE STABILITY FIELDS
OF TITANIUM-BEARING GARNETS

Titanium-bearing garnets were found at numerous
localities worldwide. In Russia, they are known to
occur in massifs of the Maimecha—Kotui alkaline
province in Krasnoyarsk Kray, northern central Sibe-
ria (Odikhincha, Guli, and Kugda); in the Karelian—
Kola alkaline province (Afrikanda, Kovdor, massifs in
the Turii Peninsula, Vuorijarvi, Khibina, etc.); massifs
in the Sangilen Highland, Tyva, southern central
Siberia (Dakhu-Nuur, Chik Khen, etc.); in the Aldan
Shield in Yakutia; and in the Zhidoi massif in Irkutsk
oblast in central southern Siberia. These minerals were
found abroad in the United States (in the Magnet
Cove and Hot Spring alkaline massifs in Arkansas and
in the Gem Mine and San Benito massifs in Califor-
nia), Sweden (Alno Island), Scotland (Camphouse,
Ardnamurchan, and Argyllshire), Finland (livaara
and Kuusamo), Japan (Fuka and Bicchu in Okayama
Prefecture), Brazil (Jacupiranga Mine, Sao Paulo),
China (Fanshan ultramafic complex in Hebei Prov-
ince), New Zealand (Tokatoka district, Auckland)
and many others. Garnets enriched in Ti occur in
associations with nepheline, diopside, apatite, calcite,
minerals of the melilite group, phlogopite, perovskite,
etc. Garnets of the andradite—schorlomite—morimo-
toite series are formed in melilite rocks only in their
contact zones with ijolites—melteigites.

Thermodynamic data obtained for Ti-rich garnets
were used to model phase relations in the system TiO,—
Si0,—Al,05;—Fe,0;—FeO—Ca0O—MgO—Na,0—CO,.
The principal reactions forming Ti-bearing garnets in
melilite—perovskite rocks are as follows:for the end
members of the schorlomite—morimotoite series

+ CO,

hematite (Hem)

(1)

calcite (Cal) diopside (Di)

CaTiO; +4Ca,sNa,Al, Mg, Si,0,+ FeFe,0,

perovskite (Prv)

+2C0,=

morimotoite( Mrm)

+CaMgSi, O, + CaMgSiO, + Fe,04

monticellite (Mll)

diopside (Di)

GEOCHEMISTRY INTERNATIONAL Vol. 60 No. 4

melilite (M)

Ca,;TiFe’' [Si;,0,,] + 2 NaAlSiO,

magnetite(Mag)

(12)
nepheline( Nph)

+ 2 CaCOs,,

hematite (Hem) calcite (Cal)

2022



376

| logPco,

10

—15

—20 —

OGORODOVA et al.

673

873 1073 1273

Temperature, K

Fig. 6. Stability fields of Ti-bearing garnets. Line / corresponds to reaction (1), line 2 corresponds to reaction (12), and line 3

corresponds to reaction (13).

and for garnet of intermediate composition

CaTiO, + 4Ca, {Na, sAl, Mg, ;Si,0, + 0.5FeFe,0, + 1.5CO,

perovskite(Prv) melilite( MIl)

= Ca,TiFegsFey's| (SiysFeps) Oy |+ 2NaAISiO, + CaMgSi,0q

Ti-garnet (Ti-Grt)

+ CaMgSiO, + 0.5CaSiO; +

wollastonite (Wo)

monticellite (Mtc)

Melilite of hypothetical composition involved in
reactions (11)—(13) is close in composition to the nat-
urally occurring melilite, which is most often found in
association with Ti-bearing garnets, and the composi-
tion of the Ti-bearing garnet is close to the real com-
position of sample IV. The P— T parameters of mineral
equilibria according to reactions (11)—(13) were calcu-
lated by the HCh (Shvarov, 2008) program package,
with thermodynamic constants of components of the
reactions compiled from (Holland and Powell, 1998).
The thermodynamic parameters of melilite were cal-
culated from experimental thermochemical data on
melilite of analogous composition in (Ogorodova
et al., 2018), and data on Ti-bearing garnet were cal-
culated according to an algorithm for calculating ther-
modynamic parameters of the end members of the
schorlomite—morimotoite series.

The stability fields of the mineral assemblages
obtained by the simulations (Fig. 6) show that garnet of

GEOCHEMISTRY INTERNATIONAL

magnetite( Mag)

(13)

nepheline (Nph) diopside (Di)
Fe,O; +1.5CaCoO;.
hematite (Hem) calcite (Cal)

chemical composition close to that of sample IV is sta-
ble at a lower temperature than morimotoite but at a
much higher temperature than schorlomite of idealized
composition. It should be mentioned that no garnets of
the schorlomite—morimotoite isomorphous series have
been found in nature as of yet. However, analogues of
schorlomite and almost all intermediate members of the
schorlomite—andradite series have been synthesized
(Ito and Frondel, 1967). Moreover, garnets of interme-
diate composition of the grandite (andradite + grossu-
lar)—schorlomite—morimotoite series have also been
synthesized (Henmi et al., 1995). All attempts to syn-
thesize morimotoite have so far failed.

This publication presents thermodynamic charac-
teristics of titanium-bearing garnets that have been
obtained for the first time in experiments with natu-
rally occurring samples. Using our data, we have also
calculated the thermodynamic characteristics of the
end members of the isomorphic series schorlomite—
Vol. 60
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morimotoite. These values can be recommended to be
used in developing thermodynamic models for the ori-
gin of minerals and mineral assemblages with Ti-bear-
ing garnets in nature.
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