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ABSTRACT

The stability of loveringite, Ca(Ca,Mn,Ti**, Ti*), O, in the system CaO-MnO-Ti,0,-TiO, was studied as a function of OXy-
gen fugacity at 1100°C. Loveringite was prepared as a pure or dominant phase at oxygen fugacities in the range 10-'5 to 10~ atm,
At higher fugacities, the stable assemblage is rutile + pyrophanite + perovskite, whereas at lower fugacities, loveringite becomes
unstable relative to mixtures of perovskite + pyrophanite + Mn,Ti, ,Os. Results of electron-microprobe analyses and of
wet-chemical analyses for Ti** show that the compositional variations in loveringite (in atoms per formula unit, apfu) are
L1<Ca<1.7,1.8<Mn<3.2,24 <Ti**< 5.6 and 13.2 < Ti* < 14.4. The dominant mode of compositional variation
involves the charge-coupled mechanism of substitution Mn?* + Ti* = 2Ti%*. Crystal-chemical variations in synthetic
loveringite were studied using Rietveld refinement of powder X-ray data. The unit-cell parameters are strongly correlated
with the Ca and Mn contents. Calcium in excess of 1 apfu is ordered at the largest octahedral site, M1. Samples with
higher Mn contents have Mn ordered at the M1 site and the tetrahedral site T. Strongly reduced samples, with low man-
ganese contents, have Mn preferentially at the T site, and Ti* at M1.

Keywords: loveringite, crichtonite, powder diffraction, Rietveld refinement, ilmenite.

SOMMAIRE

Nous avons étudi€ la stabilité de la loveringite, Ca(Ca,Mn,Ti*, Ti*), Oy, dans Ie systime CaO-MnO-Ti,0,-TiO, en fonc-
tion de la fugacité de 1’oxygdne & 1100°C. On prépare la loveringite comme composé pur ou dominant 2 une fugacité de
I'oxygene dans I’intervalle 1075 3 107" atm. Aux fugacités supérieures, ’assemblage stable est rutile + pyrophanite +
pérovskite, tandis qu’aux fugacités plus faibles, la loveringite est déstabilisée au profit de mélanges de pérovskite + pyrophanite
+Mn,Ti; ,O;. Les résultats d’analyses 2 la microsonde €lectronique et d’analyses chimiques par voic humide pour établir la
teneur en Ti* montrent que les variations en composition de la loveringite (exprimées en atomes par unité formulaire) sont
1.1<Ca<1.7,1.8<Mn<3.2,24 <Ti**< 5.6 et 13.2 < Ti* < 14.4, Le mode dominant de variation en composition implique
le mécanisme couplé Mn?* + Ti**= 2Ti**. Nous nous sommes servis d’affinements de données de diffraction X par méthode de
Rietveld pour étudier les variations cristallochimiques dans la loveringite synthétique. Les paramefres réticulaires montrent une
forte corrélation avec la teneur en Ca et Mn. Le Ca dépassant un atome par unité formulaire se trouve dans le site octaédrique
le plus spacieux, M1. Les échantillons contenant des teneurs plus élevées en Mn ont cet élément dans le site M1 et dans le site
tétraédrique 7. Dans les échantillons fortement réduits, ayant de faibles teneurs en manganése, le Mn se trouve de préférence
dans le site T, et le Ti**, dans le site M1.

Mots-clés: loveringite, crichtonite, diffraction X sur poudre, affinement par méthode de Rietveld, ilménite.
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INTRODUCTION

Loveringite, (Ca,REE)(Ti,Fe,Cr)y Osg, is a relatively
common accessory titanate mineral in layered igneous
intrusions (Campbell & Kelly 1978). It is a member of the
crichtonite group of minerals, AB,yT505, having calcium
as the dominant A cation. In such structures, the A cations
occupy 12-coordinated sites in a closest-packed framework
of oxygen atoms, with small cations occupying four inde-
pendent octahedral sites, M, and a tetrahedral site, T'(Grey
et al. 1976b). The variety of cation sites provides struc-
tural flexibility for the accommodation of a wide range of
elements, including uranium, thorium, zirconium and the
rare-earth elements (REE). This flexibility has led to the
consideration of loveringite-type phases as host phases
for the immobilization of radionuclides in nuclear waste
(Buykx et al. 1988). The compositional adaptability of
loveringite is further extended by the possibility of cal-
cium (and REE) occupying both the 12-coordinated A
site and the largest of the octahedral sites, M1. Full occu-
pancy of both the A and M1 sites by calcium has been
demonstrated in a structure refinement of the synthetic
phase Ca,Zn,Ti Oy (Gatechouse & Grey 1983).
Loveringite has been shown to be stable at high pressures
(30 kbar at 1000°C) by Green & Pearson (1987), who
have suggested that the loveringite — davidite (A = REE)
solid-solution series may be an important accessory re-
pository for the rare-earth elements in the upper mantle.

The present study of synthetic loveringite developed
from laboratory work on a new process to upgrade
ilmenite (FeTiO,). In Australia, ilmenite is commercially
upgraded to synthetic rutile (SR) by the Becher process
(Becher et al. 1965). The process involves reduction of
the ilmenite with coal at ~1100-1150°C to give metallic
iron plus titanium oxides, followed by accelerated rust-
ing and removal of the iron. The new process, called
SREP (Synthetic Rutile Enhancement Process; Ellis ef
al. 1994), is a modification of the Becher process, and is
intended to improve the processing of ilmenite concen-
trates containing impurities other than iron. In SREP, a
borate flux is added to the ilmenite during reduction.
Fluxes tested include ulexite, colemanite, kernite,
hydroboracite, kurnakovite, inderite and szaibelyite. The
flux incorporates the impurity elements and allows them
to be removed easily by leaching, after the iron-removal
step. When fluxes containing calcium were tested, it was
found that a loveringite-type phase was present in the re-
duction product. This phase was not attacked in the
leaching step, and so it represented a limitation in terms
of the quality of the synthetic rutile (SR) obtained.

Modifications to the SREP process to avoid or mini-
mize the formation of loveringite requires a knowledge
of the stability field of the loveringite-type phase. In
designing an experimental program to determine the
phase-stability domain of loveringite, use was made of
published information on the chemical reactions in-
volved in the Becher SR process (Grey & Reid 1974).
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Natural ilmenite feedstocks to the SR process contain
manganese as the major impurity. In the strongly reduc-
ing conditions used, most of the iron oxide is converted
to the metal, and MnO then becomes a phase-control-
ling component in the reduced oxide assemblage. At
the same time, a significant proportion of the titanium
is reduced to the trivalent state. To a good approxima-
tion, the phase assemblages present in the reduced
oxide product can then be described within the phase
system MnO-TiO,~Ti,0,. We have previously reported
phase relations in this system as a function of the fu-
gacity of oxygen (Grey et al. 1976a). By including CaO
as a component, these studies can be extended to include
a loveringite-type phase. The temperature (1100°C) and
reducing conditions used were chosen to be relevant to
SREP operating conditions, and a small amount of B,O,
was added to simulate the borate flux. We report here the
preparation and phase chemistry of synthetic loveringite
phases formed in the system CaO-MnO-TiO,~Ti,0; at
oxygen fugacities in the range 10~ to 107"** atm.

5
EXPERIMENTAL

Syntheses

The experimental procedures used for the phase
studies are similar to those used for our recently re-
ported study on synthetic lindsleyite, BaMn;Ti g0
(Peterson & Grey 1995). Starting materials for the
phase studies were analytical reagent CaCO;, Mn, 0O,
and TiO, (anatase form). The Mn,O, was prepared by
thermal decomposition of reagent grade MnCl,*»4H,0
in air at 600°C. Weighed mixtures of the starting mate-
rials were pressed into 2 g pellets and contained in
molybdenum foil boats for heating experiments at
1100°C in controlled gaseous reducing atmospheres.
Oxygen fugacities in the range 107 to 10'*% atm were
established using mixtures of CO, and H, or H,O and
H,. The latter mixture was used at the lowest fugacities
10 avoid carbon deposition. The samples were generally
given at least two heat treatments at a particular oxygen
fugacity, with intermediate grinding. Many of the com-
positions were re-equilibrated at different oxygen
fugacities.

For the majority of the synthesis experiments, a small
amount of boron was added, as either calcium borate or
B,0;. The purpose of this addition was two-fold: to more
closely reproduce the conditions pertaining to the SREP
process, where a borate flux is added, and to aid the crys-
tal growth of the equilibrium phases so they could be
unambiguously analyzed by electron-microprobe tech-
niques. The starting compositions and equilibration
conditions used are reported in Table 1. Conditions are
given only for those runs where loveringite is a dominant
phase in the equilibrated product. Associated minor
phases, as identified by powder X-ray diffraction
(PXRD), are also reported in Table 1.
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TABLE 1. STARTING COMPOSITIONS OF LOVERINGITE,
AND ACCESSORY PHASES IN EQUILIBRATED PRODUCTS

Starting Mixture (wt%)
Sample log f0,) CaCO, Mn0O, TiO, B,0, Accessory Phases
73 -18.0 6.8 107 803 22 M0, (minor) Pph (trace}
69  -18.0 6.8 137 773 22 M0, (minor), Pph (minor)
36b -18.0 70 7.8 852 0 Ti.0, (trace)
49d -18.0 8.8 9.7 793 22 Prv(trace)
50d -18.0 8.8 10.7 783 2.2 Pph (trace), Prv(trace)
51d -18.0 8.8 11.7 772 22 Pph (minor), Prv(minor)
52d -180 88 127 76.3 2.2 Pph (minor), Prv(minor)
53d -18.0 8.8 13.7 753 2.2 Pph (miror), Prv (minor)
73d -17.3 6.8 10.7 80.3 22 (pure loveringite)
70d -17.3 6.8 127 783 22 MnTiQ, (minor)
6od 173 6.8 137 773 22 M0, (trace), Pph (minor)
8b -17.1 6.8 9.7 83.5 0 (pure loveringite)
33a -17.1 68 12.0 812 0 M, 0 (trace), Pph (trace)
14b -17.1 7.0 8.9 84.1 0 Ti Oy (truce)
2 -7 73 120 807 0 Pph (trece), Prv(trace)
308 -17.1 8.4 110 806 0 Pph (trace), Prv (minor)
49b -16.7 8.8 9.7 793 22 rutile (trace), Prv (frace)
50 -16.7 8.8 10.7 783 22 rutile (trace)
51 -16.7 8.3 1.7 772 22 rutile (trace)
54c -16.7 88 147 743 22 Pph (minor), Prv (minor)
71 -16.5 6.8 IL7 793 0 rutile (>minor)
182 -16.5 9.5 11.0 79.5 0 Prv(minor), Pph (trace)}
60 -15.3 88 9.7 79.3 22 rutile (>minor)
61 -15.3 8.8 10.7 78.3 22 rutile (minor)
62 -15.3 8.8 1.7 773 2.2 qutile (>minor)
63 -15.3 838 127 763 22 rutile (>minor), Pph
(trace)
64 -15.3 88 13.7 753 22 rutile (minor), Pph (trace)
65 -153 838 14.7 74.3 22 rutile (minor), Pph (minor)
9 152 8.6 136 778 0 (pure loveringite)
ag 152 90 137 711 0 (pure loveringite)
15¢ -15.0 6.5 125 799 11 rutile (>minor), Pph
(minor)
15b -15.0 9.7 103 789 11 rutile (>minor), Prv
(minor)
i5a -15.0 9.7 15.4 738 1.1 rutile (minor), Pph (minor)

Pph=pyrophanite, Prv=perovskite, trace=<2%, minor=2-10%

Analyses

Wavelength-dispersion X-ray analyses of phases in
polished cross-sections were carried out using a Cameca
Camebax electron microprobe operated at 15 kV and 20
nA. Rutile, TiO, (TiKo), manganese metal (MnKa) and
wollastonite, CaSiO; (CaKa) were used as standards.

The single-phase loveringite produced was analyzed
for trivalent titanium by dissolving the ground sample in
a H,SO, — HF solution containing excess ferric iron, then
titrating the ferrous iron formed (Ti* + Fe**= Ti* + Fe*)
against potassium dichromate. The method was calibrated
using reduced titanium oxides of known composition.
From tests, it was confirmed that manganese does not in-
terfere with the analyses for Ti**.

Selected samples were analyzed by X-ray fluores-
cence to check if the Ca:Mn:Ti contents in the products
remained the same as were used in the starting mixtures.
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Powder X-ray-diffraction studies

PXRD was used for the routine identification of
phases in the equilibrated products and to provide in-
tensity data for structure refinements by the Rietveld
method (Rietveld 1969). Samples for PXRD were pre-
pared by grinding the reaction pellets in a tungsten
carbide mill and back-pressing the powders into an
aluminum sample holder. Measurements of diffracted
intensities were made using a Philips 1050 goniometer
with a PW1710 controller and using a long fine-focus cop-
per tube operated at 40 kV and 40 mA. The diffractometer
was configured with a 1° divergent slit, 0.2 mm receiving
slit, 1° scatter slit, incident- and diffracted-beam
Soller slits, and a diffracted-beam curved graphite
monochromator.

For the Rietveld refinements, intensity data were
collected at 22°C, from 10° to 150° 28, with a step size
of 0.025° and a variable counting time (VCT) strategy
(Madsen & Hill 1994). The total counting time was
28.8 or 43.2 ks per run. Powder-diffraction step-scan
intensities may be obtained from the Depository of
Unpublished Data, CISTI, National Research Council
of Canada, Ottawa, Ontario K1A 0S2.

Rietveld refinements

Least-squares refinements were carried out using the
Rietveld programs SR2 and SRS. These are local modi-
fications of the code by Hill & Howard (1986) and Wiles
& Young (1981), which take account of VCT data sets
and quantitative phase-analysis of multiphase mixtures.
Profile-refinement parameters included a scale factor,
two pseudo-Voigt shape parameters, a 20 zero parameter,
a three-term full-width at half-maximum function
(Caglioti ez al. 1958), calculated for nine half-widths on
either side of the peak maxima, a peak-asymmetry
parameter for peaks less than 50° 26 , and unit-cell
parameters. The background was modeled using a
five-parameter polynomial fit. Scattering curves for
neutral atoms were taken from International Tables
for X-ray Crystallography (1974).

Refinements were initiated using the reported
atomic coordinates for loveringite (Gatehouse ef al.
1978). Assignment of cation site-occupancies made use
of the relatively large differences in size between the
different cations Ca?* > Mn* > Ti** > Ti** and the
known relative volumes of the cation sites from pub-
lished work (Gatehouse et al. 1979). Calcium was
assigned to the A site. If the microprobe results showed
more than one Ca per formula unit, the excess calcium
was assigned to the largest M site, M(1), consistent
with previous single-crystal-refinement results for
Ca,Zn,Ti ;4054 (Gatehouse & Grey 1983). Manganese
was assigned progressively to the M(1) site, then 7, then
M(2), depending on the amount available. Titanium
was ordered at the sites M(2) to M(4). Full occupancy
of all metal sites was maintained in the refinements for
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FIG. 1. An example of the diffraction data used (sample 36B). The variable-counting-time
data and calculated line are indistinguishable in this plot. The lower line represents the
observed counts minus the calculated counts.

most samples. However, for samples prepared under
strongly reducing conditions, and containing the lowest
contents of cacium and manganese, site-occupancy re-
finements suggested variations to the above scheme of
order, including incomplete occupancy of the T site. In
these samples, the site occupancies were established
using both site-occupancy refinements and valence-sum
calculations. The isotropic displacement parameters for
the oxygen atoms were constrained to be equal in the
refinements while individual values of B for the metal
atoms were refined. The small amounts (typically~1-3
wt%) of accessory phases rutile, perovskite (CaTiO,)
and pyrophanite (MnTiO,) were included in the refine-
ments. The final R,,, and R;, values obtained were in the
ranges 9.6 to 16.2% and 2.8 to 5.2%, respectively. Plots
of the difference between calculated and observed
intensities (Fig. 1) showed no significant discrepancies.

RESULTS AND DISCUSSION
Phase equilibria

Experimental conditions that led to a loveringite-type
phase as the dominant phase are listed in Table 1. Small
amounts of accessory phases that were in equilibrium
with loveringite at the conditions used (identified by
PXRD)} are also reported in Table 1. Strongly reducing
conditions, with oxygen fugacities lower than 1014
atm, were required to stabilize loveringite. At less re-
ducing conditions, loveringite was unstable relative to

the phase assemblage rutile + perovskite + pyrophanite.
Similar behavior, i.e., stability only at low oxygen fu-
gacities, was found for synthetic lindsleyite in the system
Ba—Mn-Ti—O (Peterson & Grey 1995). Loveringite was
formed as a single or dominant phase at oxygen fugaci-
ties in the range 10-% atm to 107 atm. At {O,) = 10783
atm, the phase assemblage comprised mainly perovskite
+ pyrophanite + M50s, where M;0; is a solid solution of
the type Mn,Ti,_,O;s. The solid solution is formed by
substitution of the type 2Ti**= Mn?" +Ti*. We have
previously reported on the stability field for this solid
solution as a function of oxygen fugacity at 1200°C
(Grey et al. 1976a). It is worth noting that whereas
loveringite containing Mn? needs strongly reducing
conditions (presence of Ti**) for stability; we were also
able to prepare loveringite-type phases in the system Ca—
Muo-Ti-O under oxidizing conditions where both Mn?*
and Mn** were present.

For calcium-rich and manganese-rich compositions,
perovskite and pyrophanite, respectively, were found as
coexisting phases with loveringite over the full range of
oxygen fugacities used. Rutile or reduced rutile phases were
also found to occur over the full range of fugacities for the
titanium-rich compositions. 505 was found as an acces-
sory phase only at oxygen fugacities lower than 107 atm,
and at the lower manganese and calcium contents in the
reaction mixtures. This is consistent with our previous stud-
ies of the system MnO-TiO,-Ti,0,, which showed that
M,0s is unstable relative to an assemblage of reduced rutile
+ pyrophanite for x > 0.65 (Grey et al. 1976a).
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An interesting observation from Table 1 is that for
borate-free compositions, excess TiO, led to the forma-
tion of accessory reduced rutile-type phases such as
TigO; and Ti,O;, whereas for all the runs incorporating
a borate flux component, the only titanium oxide ob-
served by PXRD is rutile. This observation can be
explained by incorporation of boron into the rutile
structure by a charge-compensation mechanism given
by 3Ti*" = 3Ti* + B*(interstitial). Up to 1.1 wt% B,O,
and 7.5 wt% Ti,O, can be incorporated into rutile at
1100°C and at f{O), = 107" atm (Grey et al. 1997). The
coupled substitution of boron and trivalent titanium sta-
bilizes the rutile structure-type to oxygen fugacities that
are two orders of magnitude lower than occurs in the pure
system Ti—O. Electron-microprobe studies showed that
the amount of boron incorporated into loveringite and the
other accessory phases (M,0s, pyrophanite, perovskite)
was at or below the limit of detection (0.1 wt% B,0,).

Electron-microprobe data and phase chemistry

Table 2 gives the results of electron-microprobe analy-
ses, presented as oxides, for loveringite phases formed in
the samples listed in Table 1. The atomic formulae are also
given in Table 2, calculated on the basis of 38 oxygen at-
oms and with all metal atom sites fully occupied, which is
consistent with the structural formula AM,,T,055. With
the manganese present only as Mn?* (Grey et al.
1976b), charge balance is achieved by adjusting the
Ti*":Ti* ratio. The resulting calculated TiO, and Ti,O,
contents are shown in Table 2. The calculated distribu-
tion of tri- and tetravalent titanium results in analytical
totals that are predominantly in the range 99.5 to 100.5%.
The range of Ti,0, calculated for loveringite is 10 to 24%.
This can be compared with Ti,O; ranges of 0 to 47% in
the binary system Ti—O, and 22 to 33% in Mn,Ti, ,O; for
equivalent ranges of oxygen fugacity (Grey et al. 1974,
1976a).

The assignment of Ti* and Ti** from the electron-mi-
croprobe data was checked by direct chemical analysis of
single-phase samples for trivalent titanium . Good agree-
ment was obtained between the measured and calculated
compositions, for example 10.6% Ti,O; (measured) ver-
sus 11.2% Ti,O; (calc.) in one sample, and 22.4% Ti,0,
(measured) versus 23.3% Ti,0; (calc.) for another. For the
sample that had the lowest combined Ca + Mn, the meas-
ured value of 20.4% Ti,0, was significantly lower than
the calculated value of 24.3% Ti,0;. This may indicate the
presence of cation vacancies in this sample.

The proportion of trivalent titanium, in atoms per
formula unit (apfu), is shown as a function of {O), in
Figure 2. The values range from 2.4 apfu at the least
reducing conditions to 5.6 apfu at the lowest oxygen
fugacity used. At any particular {O), value, there is a
relatively wide spread of Ti**, which relates to the
different amounts of manganese and calcium available,
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TABLE 2. RESULTS OF ELECTRON-MICROPROBE ANALYSES (wt%)
AND CALCULATED FORMULAE OF LOVERINGITE

sample  jogf0,) TIO, T,O0, MmO CaO total Ca Mn TT° ™
49d 18.0 665 181 9.9 50 100. 148 231 440 13.80
48d-Prv -18.0 670 185 92 58 100. 172 215 425 13.88
4 -180 684 203 95 50 101. 147 221 464 13.68
49d -18.0 661 184 0.6 51 100. 152 224 448 13.76
4 -180 658 107 2.3 52 100. 154 218 455 13.73
50d-Pph -180 857 189 8.7 48 100. 142 227 462 13.69
-18.0 653 20.1 9.8 47 996 141 228 467 1367

50d-Prv -180 686 188 9.8 52 100. 153 230 434 13.83
73 -18.0 640 223 8.8 44 885 133 207 520 13.40
73 -180 845 218 :¥3 44 999 130 217 507 1347
69b-Pph -180 858 199 88 47 100. 138 231 460 13.70
b -180 65 197 103 44 100, 130 241 458 13.71
89b -180 B8535 198 106 41 100. 121 248 461 13.69
36b -180 637 233 7.8 51 998 150 180 540 13.30
36b -18.0 636 232 7.8 50 996 150 1.80 540 13.30
36b -18.0 635 242 8.1 44 100. 130 190 5860 1320
36b ~180 623 218 79 50 070 150 190 520 13.40
73d-Pph -17.3 070 187 108 46 101, 135 251 429 13.868
-17.3 847 218 92 44 100. 130 217 506 1347

73d-Pph -17.3 855 198 103 42 999 126 243 461 13.70
-17.3 637 222 9.1 42 992 125 216 5.19 13.41

73d -17.3 641 221 92 4 986 126 217 5.13 13.43
70d -173 655 199 105 41 100, 122 247 462 13.69
70d -17.3 655 1968 100 46 9896 136 236 4.55 13.72
70d -173 668 187 116 39 100. 115 270 4.30 13.85
14h 171 840 223 95 38 996 115 225 520 13.40
14b -17.1 636 212 92 43 83 130 220 5.00 13.50
29b -17.1 2 180 119 38 999 110 280 420 13.90
29b -17.1 674 173 121 37 100. 110 260 4.00 14.00
30a ~171 667 18.1 11.7 37 100. 120 270 420 13.90
30a-Pph -171 681 17.0 109 45 885 140 260 400 14.00
33a -17.1 657 188 110 40 998 120 260 440 13.80
40b -18.7 685 185 2.6 54 100. 161 225 428 13.85
49b -187 658 1986 8.6 49 997 145 227 456 13.72
50 -1867 668 182 10.3 48 100. 144 2468 420 13.90
50-r 167 853 185 9.9 46 993 137 235 455 13.72
50 -16.7 672 180 104 51 100. 51 242 414 13.93
50-Prv -16.7 647 202 100 42 890 127 236 472 1364
50 <167 671 174 104 52 100 54 244 404 13.28
k! -85 677 166 121 42 100. 124 284 384 14.08
71-lux -185 671 167 118 42 990 126 280 3.89 14.06
71-flux -185 674 171 11.9 41 100, 122 280 398 14,02
71 -165 679 158 124 42 100. 124 202 367 14.16
18a -16.5 B78 164 118 43 100. 130 280 3.80 14,10
60 153 703 115 132 53 100. 158 310 287 14.66
80 -183 707 111 133 54 100. 161 311 256 14.72
80 -153 697 119 128 54 897 164 298 277 1462
63-r -153 700 115 133 51 998 153 314 267 14.66
63-Pph -153 687 118 131 52 998 154 309 275 14.63
83-r -153 704 112 132 54 100. 159 311 280 14.70
62 -153 690 136 123 81 100. 152 280 315 14.42
62 153 701 105 131 55 B92 165 312 246 14.77
62 153 @893 127 127 51 998 153 300 295 14.52
B1-r -153 701 117 128 54 100, 161 303 272 14.64
61 153 685 122 128 51 997 154 3.04 284 14.58
61 -153 698 118 128 54 997 162 303 271 14.65
15a -180 711 103 134 56 100. 166 3.16 238 14.81
15b -150 702 114 13.0 54 100. 161 306 286 1467
15¢ -150 701 112 134 52 997 154 316 260 1470

Suffixes: Pph: MnTiO,, Prv: CaTiO, r: TiO,, flux: indicates composition of loveringite
close to that of these materials.

@
o

o
»

o
o
T
se o e
.
I

w & A
W o (<]
T T
aesens
. -
.
oe o o
°me
!

Ti ** per formula unit (calculated)
©
o

N
o«
T

It I

-18 -17 -16 -15 -14
log f(O,)

g
., 0
LT
©
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thetic loveringite. The proportion of Ti** is calculated from
the electron-microprobe data on the basis of the formula
AM,T,05.
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depending on the bulk composition and accessory
phases present. The spread of Ti** contents decreases
considerably at the higher oxygen fugacities.

Loveringite was analyzed from different grains in
each sample, and from points adjacent to phase
boundaries with accessory phases (Table 2), to illus-
trate the compositional variation within individual
samples. The points adjacent to phase boundaries are
indicated by an abbreviated suffix that denotes the acces-
sory phase. There are small compositional variations
within individual samples, but the variations do not appear
to be systematically related to the character of the associ-
ated phases. A more likely explanation for the minor
compositional heterogeneity is a variation in elerent par-
titioning between loveringite and the borate-rich liquid
owing to volatilization of boron from liquid regions near
the surface of the sample pellets. This was confirmed by
scanning electron microscopy on sectioned pellets. The
quenched borate liquid was observed to be distributed in
interstices between titanate grains, and was depleted near
the pellet surfaces. No evidence of crystalline borates was
found in PXRD patterns, and so it is assumed that the lig-
uid borate was converted to a glass phase during
quenching of the reaction products. The composition of
the borate glass varies considerably in the various sam-
ples: observed ranges are 15-29% CaO, 18-35% MnO,
10-12% TiO, and 33-41% B,0;, with the MnO and CaO
inversely correlated.

TiO,
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The electron-microprobe data for loveringite all lie
within the CaTiO,—-MnTiO,-Ti,0~TiO, subsystem of
the quaternary system Ca—Mn-Ti-O. Figure 3 shows
tic lines linking the various compositions of loveringite
and the associated accessory phases. The constraints
imposed by adherence to the crystallographic formula
AM,,T,O4 require that the loveringite compositions all
lie in a plane parallel to the CaTiO;-MnTiO5-Ti,0;4
base of the quaternary subsystem. Within this plane, the
analyzed compositions are bounded by the four compo-
sitions Ca,Mn;Ti,,055, Ca,;MnTi 5055, CaMn,Ti;;054
and CaMn,Ti,,0,s (Fig. 4). The observed ranges (in
apfu) are 1.1 to 1.7 for Ca, 1.8 to 3.2 for Mn and 17.2
to 18.8 for Ti. In Figure 4, arrows indicate the directions
in which the analytical points would be arranged if the
substitutions followed each of the three possible cation-
substitution schemes, Ca* = Mn?*, Ca?* +Ti* = 2Ti*
and Mn* + Ti* = 2Ti*. It is clear that the spread of ana-
lytical points is not consistent with a single scheme of
substitution.

Further information on the nature of the cation sub-
stitutions is obtained from plots of Mn and Ca versus
Ti* and Mn versus Ca (as apfu) (Figs. 5, 6). The calcu-
lation of the Ti** contents requires a 1:2 correlation of
Mn + Ca to Ti**, but it imposes no restrictions on the
Ca—Mn correlations. The manganese content is much
more strongly correlated with Ti** ( Fig. 5, slope =-2.1,
2 = 0.88) than is Ca (slope = -0.1, ¥* = 0.30), such that

172 Ti,05

FIG. 3. A representation of the quaternary system CaO-MnO-TiO,~1/2Ti,0;. The compo-
sitions of loveringite compositions, obtained from electron-microprobe analyses, are
represented as spheres with tie-lines to the other phases observed for each run.
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CaMn,Ti; TiOss
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HIG. 4. A section through the quaternary system, bounded by the compositions Ca,Mn;Ti ;035, Ca,MnTi 6054, CaMn,Ti ;035 and
CaMn,Ti;40s5. The compositions of synthetic loveringite obtained from the electron-microprobe analyses are shown. Ar-

rows indicate possible substitution vectors.
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F1G. 5. Plots of concentration of Mn versus that of Ti*+ (filled
circles) and of Ca versus that of Ti3+ (open circles). Re-
sults, in apfu, are from electron-microprobe analyses.

the dominant pattern of substitution is Mn?* + Ti** for
2Ti*. The Mn versus Ca results (Fig. 6) are differenti-
ated with respect to the experimental f{O,) by using
different symbols. Weak to moderate correlations are

35 T T T

»
(=]

Mn per 22 atoms
N
[+)]

1.0 12 14 18 1.8 2.0
Ca per 22 atoms

FiG. 6. Plots of concentration of Mn versus that of Ca (in apfu)
from electron-microprobe analyses. Open square: {O,) =
10-153 or 10-159, open triangle: {O,) = 10-163, solid trian-
gle: £0,) = 10-173, and solid circle: {O,) = 10-!8 atm.

present in the results at intermediate f{O,) values of
107165 and 10~ atm (slope = —1.3 and 1.4, 2 = 0.23
and 0.60, respectively), but there are no clear correla-
tions at the two f{O,) extremes.
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Comparison of the compositions of the synthetic
loveringite prepared in this study with compositions
reported in the literature shows that the major differ-
ence is the much higher titanium content of the
synthetic samples. Natural occurrences of loveringite
are generally found in igneous layered complexes. Pub-
lished electron-microprobe results (Lorand et al. 1987,
Campbell & Kelly 1978, Cameron 1978) on samples
from a number of localities show that the titanium con-
tents are in the range 56 to 73 wt% TiO,. In contrast,
the combined tri- and tetravalent titanium oxides in our
synthetic samples, expressed as TiO,, are in the range
82 to 90%. However, considering only the TiO, compo-
nent, the range is 62 to 71% TiO,, which is consistent
with the published results for natural samples. This in-
dicates that Ti,O; is playing the same role as does
Cr,0; + Fe,0; in the mineral samples.

Rietveld refinements: crystal chemistry

Loveringite has rhombohedral symmetry (R3), and its
structure is based on closest-packed layers of anions hav-
ing a nine-layer stacking sequence (hhchhchhc...).
Calcium atoms are ordered in sites where a closest-packed
anion is missing from the c-stacked layers to give a layer
composition CaOy,. The small metal atoms are ordered in
one tetrahedral interstice and four different octahedral inter-
stices to give the (ideal) formula CaM ,T,05,. The layered
nature of the arrangement of polyhedra is apparent in Fig-

Fig. 7. A polyhedron representation of the structure of
loveringite showing the layered arrangement of the coor-
dination polyhedra in this closest-packed oxide, with M1
and M2 forming one layer, and the A-site, 7, M3 and M4
polyhedra forming a double layer. The shading of the
polyhedra in the figure is as follows: A yellow, T white,
M1 grey, M2 green, M3 blue, and M4 red.
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ure 7, where a layer of octahedra composed of M(1) and
M(2) alternates with a double layer containing the T,
M(3) and M(4) sites.

The crystal-chemical variations in synthetic loveringite
were studied by carrying out Rietveld refinements on se-
lected samples that consist of a single phase or contain
only small amounts of accessory phases. The samples
were selected to cover the full range of compositional
variations. Given the limitations of PXRD data for such
complex structures, and the similar electron scattering
by Ca, Mn and Ti, refinement of metal-atom site
populations was of limited value. Use was made of the
known relative sizes of the different sites from pub-
lished results on refined loveringite-related structures
to assign site occupancies, as described in the Experi-
mental section. The number of Ca, Mn and Ti atoms to
be distributed was obtained from the electron-micro-
probe results, or from the XRF analyses for single-phase
samples.

Refined parameters for the samples 36b and 9b, hav-
ing near-maximum and minimum Ti** concentrations, are
compared in Table 3. The metal-atom site occupancies in
the two samples are shown in Table 4, together with the
results of valence-sum calculations, obtained with the
empirical bond-length — bond-strength parameters of
Brown & Wu (1976). For the sample 9b, the assignment
of the largest cations progressively into the A, then M1,
then T, then M2 sites gave good agreement between the
calculated valence-sums and the formal valences of the
atoms occupying the M and T sites. However, for the
strongly reduced sample 36b, having the lowest Mn
content, a closer agreement between calculated and
formal valence-states was obtained with the manganese
ordered in the T site only and with Ca + Ti** occupying
the M1 site. The valence-sum calculations gave poor
agreement with the formal valence for calcium in the A
site for both samples. The divalent calcium is too small
to occupy the center of the 12-coordinated site, and pre-
sumably takes up various positions slightly displaced
from the center to satisfy its coordination requirements.
This is reflected for the isotropic temperature-factor for
the A site, as shown in Table 3, and previously observed
in Ca,Zn,Ti (055 (Gatehouse & Grey 1983).

Refinement indices, unit-cell data and site occupan-
cies are given in Table 5 for a range of loveringite
compositions. Full data concerning the refinements of
all samples are available from the Depository of Un-
published Data, CISTI, National Research Council,
Ottawa, Ontario K1A 0S2. The site occupancies that
gave the best overall fit to the data are given in Table 5.
They must be considered with caution owing to the
limitations of the PXRD data for refinement of such
complex structures.

In Table 5 are listed average bond-lengths for the
polyhedra containing the A, T and M sites. Given that
the error associated with the mean bond-lengths is typi-
cally 0.01 A, the only significant trend with
composition appears to be associated with the T site.
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TABLE 3. PARAMETERS OF REFINED STRUCTURE OF SYNTHETIC LOVERINGITE,
SAMPLES 95 [{0,) = 102 atm] AND 36b [{0,) = 10-*° atm]

Sample 9b: Ca, Mny TP, 4 Ti" 4,05

a=10.4200(1) A, ¢=20.8413 (2) A

Rep = 12.4%, R, = 4.5%

Sample 36b: Cay Mn 4T (Ti* 13505

a=10.4027(2) A, c=20.8817 (5) A

Ry =13.9%, R,=52%

Site x y z B(Ay x ¥ z B(AY)
A 0 0 0 2.3(2) 0 0 0 2.7(3)
T 0 0 0.3088(2) 0.51(8) 0 0 0.3116(3) 1.0(1)
m 0 0 172 0.6(1) 0 0 12 0.7(2)
M2 0.1884(3) 0.1463(3) 0.1845(2)  0.58(4) 0.1854(4) 0.1434(4) 0.1653(2)  0.51(5)
Ma 0.9129(3) 0.2428(3) 0.3808(1)  0.51(5) 0.9133(5) 0.2429(5) 0.3904(2)  0.55(9)
M4 0.0753(3) 0.7604(4) 0.3988(1)  0.57(5) 0.0749(5) 0.7581(5) 0.3989(2)  0.40(8)
o1 0.865(1)  0.082(1) 0.4345(5)  0.81(6) 0.871(2)  0.054(2) 04329(6)  0.59(7)
02 0.703(1)  0.500(1) 0.4406(5) " 0.708(2)  0.503(1)  0.4445(6) -
03 0.360(1)  0.259(1) 0.5586(5) " 0.354(2)  0.259(2)  0.5585(8) "
04 0.597(1)  0.558(1) 0.5499(4) " 0.597(2)  0.580(2)  0.5500(8) .
05 0.052(1)  0.205(1) 0.3372(6) - 0.055(1)  0.204(1)  0.3407(7) -
06 0.370(1)  0.267(1) 0.3399(5) - 0.370(1)  0.289(1)  0.3387(8) -
o7 0 0 0.2123(8) - [} [ 0.212(1) =
TABLE 4. BOND-VALENCE SUMS FOR SYNTHETIC LOVERINGITE,
SAMPLES 9 [RO,) = 1052 atm] AND 36b [{0,) = 107%° atm]

Sample 9b: Ca, Mn, , Ti*, (Ti® , ;04 360 Ca,gMn, ¢TI Ti*" 13,05,

Site occupancios g° s? Site occupancies s° s?

A=Ca 2.0 1.6 A=Ca 2.0 1.5

T=Mn 2.0 2.1 T = 0.9Mn+0.1TF 2.1 2.1

M1 = 0.6Ca+0.4Mn 2.0 20 M1 = 0.5Ca+0.5Ti3" 25 24

M2 = 0.1Mn+0.5Ti* +0.4Ti* 3.3 33 M2 = 0.7TP*+0.3Ti* 33 3.4

M3 =Ti* 40 3.8 M3 = Ti* 4.0 3.8

M4 =T 4.0 38 M4 = Ti* 40 38

* formal valence at metel atom site, °s: valence sum calculated with the parameters of Brown & Wu (1976).

TABLE 5. RESULTS OF RIETVELD REFINEMENT OF SYNTHETIC LOVERINGITE,

AND MEAN BOND-DISTANCES (A) FOR THE POLYHEDRA
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Sampig 9b 50 49b 36b 30e 8b 28b 18a 33a

log i0,)  -152 -16.7 -16.7 -18.0 -17.1 7.1 171 -16.5 174

Ca (apfu) 18 15 155 1.5 1.3 1.2 12 13 12

Mn (apfu) 341 24 225 1.8 27 2.0 28 28 26

T (apfu) 17.3 18.1 182 18.7 180 18.8 18.0 179 182

Rwp 124 122 13 13.9 162 14.8 15.4 9.6 162

Rs 45 39 32 52 52 45 52 238 48

a(d) 10.4200(1) 10.4105(1) 10.4081(1) 104027(2)  10.4100(2) 10.4034(2) 10.4099(2) 10.4052(2) 10.4074(2)
c ) 20.8413(2)  20.9163(4) 20.9148(4) 20.8817(6) 20.8890(5)  20.8582(6) 20.8694(6) 20.8548(6)  20.8439(6)
vAy" 656.35 854.4 654.0 652.3 8535 851.7 653.3 651.7 651.7

c/a 2010 2.009 2.008 2.007 2.0065 2.005 2.005 2,004 2.003
SOF* 1.0Mn 0.95Mn+0.05T1  0.8Mn+0.1Ti 0.9Mn+0.1TT  1.0Mn 0.75Mn+0.25Tj 1.0Mn 1.0Mn 0.9Mn+0.1Ti
T 0.6Ca+0.4Mn 0.5Ca+0.5Mn 0.55Ca+0.45Mn  0.5Ca+0.5TI 0.3Ca+0.7Mn 0.2Ca+0.3T+0.5Mn 0.2Ca+0.8Mn 0.3Cat0.7Mn  0.2Ca+0.8M
M 0.11Mn+0.89 1.0Ti 1.0T 1.0Ti 1.0M 1.0T 1.0M 1.0m 1.0T

M2 Ti

<A-O>* 278 277 2.76 2.82 2.8 2.79 278 277 2,80
<T-0> 202 202 2.04 2.02 2.04 2.01 2.02 2.01 2.02
<M1-O> 227 226 223 220 223 221 223 222 223
<M2-O> 2,02 202 2,01 200 201 200 201 2.00 2.00
<M3-0> 1.97 1.8 1.98 1.98 1.98 1.97 1.08 1.97 1.98
<M4-O> 1.98 1.95 1.88 1.98 1.97 1.98 1.97 1.98 1.97

*V = volume of rhombohedral cell. “*SOF for A = 1.0Ca and for M3, M4 = 1.0Ti for all samples. **mean esd ~ 0.01A
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The <M1-O> mean distance shows a moderate correla-
tion with the amounts of Ca and Mn. The a and ¢
parameters are also correlated with the amounts of these
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two largest cations. The correlations for a, c and <M1-O>
are shown in Figures 8 and 9, respectively.

1.8

1.7

1.6

Ca (apfu)
P
1

1.4

1.3 H

1.2

1.4 -

1.0 T T T

C_,=20.64(4) + .17(3) Ca (apfu)

20.82 20.84 20.86 20.88

10.420

T
20.90
c @A

T T T

20.02 20.94 20.96 20.98
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a cell edge (calculated)
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10.402 ‘

10.400 . T ; ,

a,,,=10.362(6) + 0.15(3) Ca + 0.10(6)Mn

b
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a cell edge (observed)

FIG. 8. The unit-cell parameters of the hexagonal cell are related to the amount of calcium
and manganese found in the structure. (a) The c cell edge (in A) is most closely related
to the amount of calcium in the structure (72= 0.74), whereas (b) the a cell edge (also
in A) is related to the calcium and manganese content (72 = 0.87).
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2.34
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2.32

2.30

2.28

2.26 —

2.24

Calculated

222

2.20

2.18

2.16 T T T Y

(M1-0),,,.=1.94(6) + 0.10(3) Ca + 0.06(2) Mn

2.16 2.18 2.20 222

224
Observed

T T T T

226 2.28 2,30 232 234

Fia. 9. The M1-O bond length (in A) is related to the amount of calcium and manganese

per formula unit by the equation given.

CONCLUSIONS

Synthetic loveringite phases, Ca(Ca,Mn,Ti),,053,
can be prepared in the system CaO-MnO-Ti,0,-TiO,
only at oxygen fugacities lower than about 10-* atm.
Single-phase (or close to single-phase) samples were
prepared in the oxygen fugacity range 10~ to 10-'8 atm
and for compositions in the range 1.1~1.7 apfu Ca, 1.8—
3.2 apfu Mn, 2.4-5.6 apfu Ti** and 13.2-14.4 apfu Ti*.
The principal mode of compositional variation results
from the substitution Mn?* + Ti** = 2Ti**. For all com-
positions, calcium is ordered at both the A and M1 sites.
For compositions with low contents of trivalent tita-
nium, manganese is ordered at the M1 and T sites. For
the more strongly reduced, low-manganese samples,
manganese preferentially orders in the 7 site, and triva-
lent titanium, in the M1 site. The principal compositional
difference between the synthetic phases and natural oc-
currences of loveringite is the much higher titanium
contents of the synthetic material. In the strongly re-
duced synthetic samples, Ti,O; plays the role of the
Fe,0; and Cr,0, found in mineral samples.
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