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ABsrRAcr

The stability of loveringite, Ca(Ca,Mn,Ti3.,Ti*)z,Ose, in the system Cao-MnO-Ti2o3-Tlo2 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 lOrs to 1tr18 ah.
At higher fugacities, the stable assemblage is rutile + pyrophanite + perovskite, whereas at lower fugacities,Ioveringite becomes
unstable relative to mixtures^of perovskite + pyrophanite + Mn Ti!,Os. Results of electron-microprobe anJyses and of
wet-chemical analyses for Ti3* show that the compositional variations in loveringite (in atoms per formula rriit, apfu) are
l . l  < Ca < 1.7 '  1.8 < Mn < 3.2,2.4 < Ti3*< 5.6 and,73.2 <Ti4*< l4.4.The dominant mode of  composi t ional  vbr iat ion
involves the charge-coupled mechanism of substitution Mn2+ + Ti4+- 2Ti3*. Crystal-chemical variations in synthetic
loveringite were studied using Riefveld refinement ofpowder X-ray data. The unit-cell parameters are strongly correlated
with the Ca and Mn contents. Calcium in excess of I apfu is ordered at the largest. octahedral site, MT. Samples with
higher Mn contents have Mn ordered atthe Ml site and ihe tetrahedral site Z. Strongly reduced samples, with iow man-
ganese contents, have Mn preferentially at the Z site, andTiv at Ml.

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

Somuann

Nous avons 6tudi6 la stabilit6 de la loveringite, Ca(Ca,Mn,Til',Tie)2rO38, dans le systbme CaO-MnO-TirO3-TiO, en fonc-
tion de la fugacitd de I'oxygbne .d 1100'C. On pr6pare la loveringite comme comp;s6 pur ou dominant d une fugacit6 de
I'oxygbne dans I'intervalle 1frr5 d l0-r8 atrn. Aux fugacit6s sup6rieures, l'assemblage stable est rutile + pyrop--hanite +
p6rovskite, tandis qu'aux fugacit6s plus faibles, la loveringite est ddstabilis6e au profit de m6langes de p6rovskite i pyrophanite
+ Mn Ti3-,o5. Les r6sultats d'analyses d la microsonde dlectronique et d'analyies chimiques par voie trumiae poui etrftir ta
teneur en Tik montrent que les variations en composition de la loveringite (eiprim6es en atom", par unit6 foimulaire; sont
1.1 < Ca < 1.7' 1.8 < Mn <3.2,2.4 <Tr3*< 5.6 et 13.2 < Ti+ < 1.4.4, Le mode dominant de variation en composirion implique
le m6canisme coupl6 Mn2* + Ti4+ 2Ti3*. Nous nous sommes servis d'affinements de donn6es de ditraction k par m6thode de
Rietveld pour 6tudier les variations cristallochimiques dans la loveringite synthdtique. Les parambtres r6ticulaires montrent une
forte corr6lation avec la teneur enCa et Mn. Le Ca d6passant un atome par unit6 ?'orrnulaire se trouve dans le site octaddrique
le plus spacieux, M1'.Les 6chantilIons contenant des teneus plus 6lev6es en Mn ont cet 6l6ment dans le site Ml et dans le site
t6tra6drique Z. Dans les 6chantillons fortement r6duits, ayani de faibles teneurs en manganBse, le Mn se trouve de pr6f6rence
dans le site I, et le Tih, dans le site Ml.

Mots-cl4s: loveringite, crichtonite, diffoaction X sur poudre, affinement par methode de Rierveld, i1m6nite.
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INrRoDUcrIoN

Loveringite, (Ca,rREE)(Il,Fe,Cr)21O3s, is a relatively
corlmon accessory titanate mineral in layered igneous
intrusions (Campbell & Kelly 1978). It is a member of the
crichtonite group of minerals, AB'T2O3B, having calcium
as the dominantA cation. In such structures, theA catiors
occupy l2-coordinated sites in a closest-packed ftamework
of oxygen atoms, with small cafions occupying four inde-
pendent octahedral sites, M, and a tetrahedral site, T (Grey
et al. 1976b). The variery of cation sites provides struc-
tural flexibility for fhe accommodation of a wide range of
elements, including uranirrm, 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 L988). The compositional adaptabiliry of
loveringite is further extended by the possibility of cal-
cium (andREE") occupying both the l2-coordinatedA
site and the largest of the octahedral sites, Ml. Full occu-
pancy of both the A and Ml sites by calcium has been
demonstrated in a structure refinement of the synthetic
phase CaflnoTi,uOra (Gatehouse & 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
sotd-solution series may be an imporrant 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
ilnenite (FeTiO3). ln Australi4 ilrnenite 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 er
aI. 1994), is a modification of the Becher process, and is
intended to improve the processing of ilrnenite concen-
trates containing impurities other than iron. In SRER a
borate flux is added 16 1fie 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 teste4 it was
found that a loveringite-type phase was p'resent in the re-
duction product. This phase was not attacked in the
leaching s0epo and so it represented a limitation in terms
of the quality of the synthetic rutile (SR) obtained.

Moffications 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).

Natural ilmenite feedstocks to the SR process connin
manganese as the major imfurity. 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-TiOz-:li2O3.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 B20,
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-TiOr-TlrO, at
oxygen fugacities in the range lOI4 to l0rEr afrn.

ExpsRir,,mIlrAL

Syntheses

The experimental procedures used for the phase
studies are similar to those used for our recently re-
ported study on synthetic lindsleyite, BaMn3TirsO36
(Peterson & Grey 1995). Starting materials for the
phase studies were analytical reagent CaCO3, Mn2O3
and TiO, (anatase form). The Mn2O3 was prepared by
thermal decomposition of reagent grade MnCl2'4H2O
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
ll00'C in controlled gaseous reducing atmospheres.
Oxygen fugacities in the range 10-14 to l0-rE's aEn were
established using mixtures of CO2 and H2 or H2O and
H2. The latler mixture was used at the lowest fugacities
to avoid carbon deposition. The samples were generally
given at least two heat treahents 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 ofboron was added, as either calcium borate or
Bp3. The purpose of this addition was two-fold: to more
closely reproduce the conditions pertaining to the SREP
process, where a borate flux is adde4 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
phaseso as identified by powder X-ray difftaction
(PXRD), are also reported in Table 1.
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Startjng Mbdure (wt%)
Sample log {O,) C0CO! Mn,O! TiOr B,O, A@ry phas@

TABLE L STARTING COMPCTSnONS OF ITOVERJNCrTE
A\D ACCESSORY PI{ASES IN EQTIILIBRATED PRODUCTS

Pow der X- ray -dffiaction stadie s

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 fungsten
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 PWl710 conholler and using a long fine-focus cop.
per tube operated at 40 kV and 4O mA. The diftactometer
was configured with a 1'divergent slit 0.2 mm receiving
slit, lo scatter slit, incident- and diffracted-beam
Soller slits, and a diffracted-beam curved graphite
monochromator.

For the Rietveld refinements, intensity data were
collected at22"C, from 10o to 150" 20, with a step size
of 0.025" and a variable counting time (VCT) strategy
(Madsen & HiIl 1994). The total counting time was
28.8 or 43.2ks per run. Powder-diffraction step-scan
intensities may be obtained from the Depository of
Unpublished Data, CISTI, National Research Council
of Canada, Ottawao Ontario KIA 0S2.

Rietveld refinements

l,east-squares refinements were carried out using the
Rieweld programs SR2 and SR5. These are local modi-
fications of the code by Hill & Howard (1986) and Wiles
& Young (1981), which take account ofVCT data sets
and quantitative phase-analysis of multiphase mixtures.
Profile-refinement paftuneters included a scale factor,
two pseudo-Voigt shape parameters , a20 zerc parmneter,
a three-term full-width at half-maximum function
(Caglioti et al.1958), calculated for nine half-widths on
either side of the peak maxima, a peak-asymmetry
parameter for peaks less than 50' 2e , 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 (Gatehotse et al.
1978). Assigmment of cation site-occupancies made use
of the relatively large differences in size between the
different cations Ca2* > Mn2* > Ti3* > 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(l), consistent
with previous single-crystal-refinement results for
Ca2ZnoTircO3s (Gatehouse & Grey 1983). Manganese
was assigned progressively to the M(1) site, then Z, then
M(2), depending on the amount available. Titanium
was ordered at the sites M(2) to M(4).Fvll occupancy
of all metal sites was maintained in the refinements for
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Analyses

Wavelength-dispersion X-ray analyses of phases in
polished cross-sections were carried out using a Cameca
Camebax elecffon microprobe operated at 15 kV and 20
nA. Rutile, TiO2 (TiKcr), manganese metal (MnKc) and
wollastonite, CaSiO, (CaKa) were used as standards.

The single-phase loveringite produced was analyzed,
for trivalent titaninm by dissolving the ground sample in
a H2SO, - FIF s6lntisn g6ntaining excess ferric iron, then
titrating the ferrous iron formed (Tik + Fek+ Ti+ + Fe2*)
against potassium dichromate. The method was catibrated
using reduced titanium oxides of known composition.
From tests, it was confirmed that manganese does not in-
terfere with the analyso for Ti$.

Selected 5amples were analyzed by X-ray fluores-
cence to check if the Ca:Mn:Ti contents in the oroducts
remained the same as were used in the starting mixtures.



766 THE CANADIAN MINERALOGIST

20.o 4 0 . 0 O U . U 8 0 . 0  1 0 0 . 0  1 2 0 . 0  1 4 0 . 0

Ftc. l. An example of the diffraction data used (sample 368). 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 Z 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-l-3
wtVo) of accessory phases rutile, perovskite (CaTiOr)
and pyrophanite (MnTiO3) were included h the refine-
ments. The final R,, and Rsvalues obtained were in the
ranges 9.6 to I6.2Vo and 2.8 to 5.2V0, respectively. Plots
of the difference between calculated and observed
intensities (Fig. l) showed no significant discrepancies.

REsuLTs aNo DtscusstoN

Phase equilibria

Experimental conditions that led to a loveringite-type
phase as the dominant phase are listed in Table l. 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 10-ta
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 lfrs atm to 1frr8 affn. AtflOr) = lfrrts
atrn, the phase assemblage comprised 6ainly perovskite
+ pyrophanite + M3O5,where M3O5 is a solid solution of
the type Mn,Ti3-,O5. The solid solution is formed by
substitution of the type 2Ti3* + Mn2* +Ti4. We have
previously reported on the stability field for this solid
solution as a function of oxygen fugacity at 1200"C
(Grey et aL l976a). It is worth noting that whereas
loveringite containing Mn2* needs strongly reducing
conditions (presence of Ti3*) for stability; we were also
able to prepare loveringite-type phases in the system Ca-
Mn-Ti-O under oxidizing conditions where both Mn2*
and Mn$ were present.

For calcium-rich and manganese-rich compositions,
perovskite and pyrophanite, respectively, were found as
coexisting phases with loveringite over the flrll range of
oxygen fugacities used. Rutile or reduced rutile phases were
also found to occur over the firll range of fugacities for the
titanium-rich compositions. M3O5 was found as an acces-
sory phase only at oxygen fugacities lower than 1Or7 atm,
and at the lower manganese and calcium contents in the
reaction mixnres' This is consistent with our p'revious snrd-
ies of the system MnG-TiOz-Tr2O3, which showed that
M3Os 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
TiuO,, and TioOr, 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 3Tia + ,ttr+ * 3:+(interstitial). Up to l.l wtVoB2O,
and 7 .5 wtVo Ti2O3 can be incorporated into rutile at
1100'C andatflO)r= l0-r7 atm (Grey et al. L997).The
coupled substitution ofboron and ftivalent titanium sta-
bilizes the rutile structure-type to oxygen fugacities that
are fwo orders of magnitude lower than occurs in the pure
sys[em Ti-O. Electron-microprobe studies showed that
the amount of boron incorporated into loveringite and the
other accessory phases (MrO5, pyrophanite, perovskite)
was at or below the limit of detection (0. I wtVo B 2O).

Electron-microprobe data and phase chemistry

Table 2 gives the results ofelectron-microprobe analy-
ses, presented as oxides, for loveringite phases formed in
the samples listed in Table l. The atomic formulae are also
given in Table 2, calculated on the basis of 38 oxygen at-
oms and with all metal a[om sites ful1y occupied, which is
consistent with the structural formula AM'T2O38. With
the manganese present only as Mnz* (Grey et al.
1976b), charge balance is achieved by adjusting the
Ti3+'Ti4+ ratio. The resulting calculated TiO2 and Ti2O3
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 lO}.SVo.
The range of TirO, calculated for loveringite is IO to 24Vo.
This can be compared with Ti2O3 ranges of 0 to 47Vo in
the binary system Ti-O, nd,22to 337o in Mn Ti3,O, for
equivalentranges ofoxygen fugacity (Grey et al.1974,
1976a).

The assignment of Tih and Ti+ fiom the elechon-mi-
croprobe data was checked by direct chemical analysis of
single-phase samples 1o. ginu1sn1 fitanium . Good agree-
ment was obtained bet',veen the measured and calculated
compositions, for example lO,6VoTr2O3 (measured) ver-
sw ll.2Vo Ti2O3 (calc.) in one sample, and22.4%oTi2O3
(measured) versus 23.3VoTr2O3 (calc.) for another. For the
sample that had the lowest combined Ca + Mn, ttre meas-
ured value of 20.4c/o TirO3 was significantly lower than
the calculated valueof 24.3VoTr2O3. This may indicate the
presence of cation vacancies in this sample.

The proportion of trivalent titanium, in atoms per
fonnula 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 particularflO)2 value, there is a
relatively wide spread of Ti3*, which relates to the
different amounts of manganese and calcirrm available,

TABLE 2. RESULTS oF ELECTRON-MICROPROBE ANALYSFJ (rvllo)
AND CAI,CIJIATED FORMIJILAE OF LOVERINGITE

) Tq TLO. MnO CsO rchl ca Mn

€d ,18.0 56.5
48d-Ptr -18.0 67.0
49d -18.0 6€.4
4% -18.0 66.1
4N -18.0 05.9
sft-Pph -f8.0 65.7
sfr -18.0 05.3
Sd-Pru "i8.0 @.6
73 -18.0 &.0
73 -1a.O U5
69LPph -18.0 85.8
osb -18.0 65.7
69b ,18.0 65.5
36b -18.0 R3.7
sb - i6.0 63.5
36b -18.0 63.5
36b -18.0 m3
73d-Pph -17.3 07.0
7U -17.3 U.7
73d-Pph -17.3 05.5
7U -17.3 63.7
7U -17.3 61.1
7A -17.3 65.5
7U -17.3 65.5
70d -17.3 06.6
14b -17.1 U.O
14b "17.1 63.6
29b -17.1 @2
2Ab -17.1 67.4
30a -17.1 66.7
3oa-Pph -17.1 &.1
33e -17.1 A5.7
4gb -16.7 8.5
49b -18.7 65.6
50 -16.7 60.8
5&r ,16.7 65.3
50 -16.7 67 2
sGPru '16.7 U.7
50 -16.7 67.f
71 1A.5 67.7
71-ltu -18.5 67.1
71"flw -16.5 O7.4
71 ,16.5 57.9
16a -16.5 67.6
60 -15.3 70.3
a0 -15.3 70.7
80 -15.3 69.7
6!r -15.3 70.0
69Pph '15.3 69.7
6&r -15.3 70.4
62 -15 3 69.0
t2 -153 70.1
a -15.3 693
61-r -15.3 70.1
61 - i5.3 69.5
61 n5 3 69.8
15a -15.0 11.1
fsb -15.0 70.2
15c -15.0 70.1

19.1 9.S 5 0 100. 1.€ 2.31 4.40 13.80
18.5 92 5.8 100. 1.72 2.15 4 13.88
20.3 9.5 5.0 101. 1.47 221 4.64 f3.68
15.4 0.6 5.1 100. 1.52 224 4.48 13.76
19.7 9.3 52 i00. 1.9 218 4.55 13.73
1S.9 9.7 4.8 100. 1.42 227 4.62 i3.69
20.1 9.6 4.7 99.A 1.41 22A 4.A7 13.67
18.8 S.8 5.2 100. 1.53 2.30 4.U 13.83
23 8.€ 4.4 99.5 1.3 2.O7 520 13.40
21.8 e2 4.4 S9.9 1.30 2.17 5.O7 13.47
19.9 8.9 4.7 100. 1.9 2.31 4.60 13.70
19.7 10.3 4.4 i00. 1.30 2.41 4.58 13.71
19.9 i0.6 41 100. 121 2AA 4.61 13.69
23.3 7.8 5.r  99.6 1.50 1.80 5.40 13.30
232 7.8 5.0 99.6 1.50 1.80 5.40 13.30
242 8.1 4.4 100. 1.30 1.90 5.60 1320
21.8 7.9 s.O 07.0 1.50 1.90 s20 13.40
16.7 10.8 4.6 101. 1.35 2.51 425 13.68
21.5 92 4.4 100. 1.30 2.17 5.06 13.47
19.8 10.3 42 9S.S 1h 2A3 4.81 13.70
22 9.1 42 992 125 2.16 519 13.41
2.1 S2 42 99.6 126 2.17 5j3 13.43
19.9 f0.5 4.1 100. 12 2t7 4.62 13.89
19.0 10.0 4.6 99.6 1.36 2.36 4.55 13.n
18.7 11.8 3.9 100. 1.15 2.70 4.30 13.85
2.3 9.5 3.8 99.6 1.15 225 520 13.40
212 92 4.3 98.3 1.30 220 5.00 13.50
18.0 11.9 3.8 99.9 1.10 2.80 420 13.90
17.3 12.1 3.7 i00. 1.10 2.gO 4.00 i4.00
18.1 11.7 3.7 100. 120 2.70 420 13.90
17.0 10.9 4.5 98.5 1.40 2.60 400 14.00
1E.9 11.0 4.0 S9.6 120 2.60 4.40 13.80
18.5 9.6 5.4 f00. 1.61 225 429 13.85
19.6 8.6 4.9 59.7 1.45 227 458 13.72
1E2 10.5 4.9 100. 1.4 2.4A 420 13.90
19.5 9.9 4.6 99.3 1.37 2.35 4.55 13.n
18.0 10.4 5. i  100. 1.51 2.42 4.14 13.93
202 10.O 42 99.O 127 2.36 4.72 13.U
17.4 10.4 52 100 1.54 2.4 4.04 13.98
14.6 12.1 4.2 100. 124 2.U 3.U 14.08
16.7 11.5 42 g9.S 126 2.80 3.89 14.06
17.1 11.9 4.1 100. 122 2 80 3.96 14.02
15.9 12.4 42 100. 124 2.n 3.67 14.16
1A.4 11.9 4.3 100. 1.30 2.80 3.80 14.10
11.5 132 5.3 f00. 1.5€ 3.10 2.87 14.66
11.1 13.3 5.4 100. 1.61 3.11 2.6 14.n
11.9 12.4 5.4 89.7 1.U 2.98 2.n U.t2
11.5 13.3 51 99.S 1.53 3.14 2.A7 M.aA
11.4 13.1 52 9g.A l.y 3.09 2.75 14.63
112 13.2 5.4 100. 1.59 3.11 2.60 14.70
13.6 12.3 5.1 100. 1.52 2.90 3.15 14.42
10.5 13.1 5.5 592 1.65 3j2 2.4A M.n
12.7 12.7 5.1 99.8 1.53 3.00 2.S5 14.52
11.7 12.5 5.4 100. 1.61 3.03 2.72 14.U
122 12.9 5.1 95.7 1.54 3.U 2.U 14.58
11.4 12.8 5.1 99.7 1.62 3.03 2.71 14.65
10.3 13.4 5.6 100. 1.66 3.16 2.38 14.81
11.4 13.0 5.4 100. 1.61 3.06 2.66 14.67
112 13.4 5.2 95.7 1.54 3.16 2.€0 14.70

Sr-fixs: Pph: MaTiOe Pw: Co'liOu r TiO6 f,w: iodim onrposition of lov{ingite
doF to thd ofth* odqisls.
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Ftc. 2. Concentration ofTix (n apfu) versus logflO) for syn-
thetic loveringite. The proportion ofTir'is calculated from
the electron-microprobe data on the basis of the formula
AMeT2O38.
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depending on the bulk composition and accessory
phases present. The spread ofTi3* contents decreases
considerably at the higher oxygen fugacities.

Loveringite was analyzed from different grains in
each sample, and from points adjacent to phase
boundaries witl 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 ofthe associ-
ated phases. A more likely explanation for the minor
compositional heterogeneity is a variation in element par-
titioning between loveringite and the borate-rich liquid
owing to volatilization of boron from liquid regions near
the surface of the sarnple 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 crystqlline borates was
found in PXRD patterns, and so it is assumed that the liq-
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 ftlnges are l5-29%o CaO, I&-35VoMnO,
1Vl27o TrO, and 3341Vo Bp3, with the MnO and CaO
inverselv correlated.

The electron-microprobe data for loveringite all lie
within the CaTiO.-MnTiO3-Ti2O3-TiO2 subsystem of
the quaternary system Ca-Mn-Ti-O. Figure 3 shows
tie lines lhking the various compositions of loveringite
and the associated accessory phases. The constraints
imposed by adherence to the crystallographic formula
AMrnTrOrsrequire that the loveringite compositions all
lie in a plane parallel to the CaTiOr-MnTiO3-Ti2O3
base of the quatemary subsystem. Within this plane, the
analyzed compositions are bounded by the four compo-
sitions Ca2Mn3Ti r7O38, Ca2MnTi1eO36, CaMnaTilTO3s
and CaMn2Ti'nOr, (Fig. 4). The observed ranges (in
apfu) are l.l to 1.7 for Ca, 1.8 to 3.2 for Mn and I7 .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, Ca2+ + Mn2+, C** +Tr+ + 2Tih
and Mn2* + Tia + 2Ti+. It is clear that ttre 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 Mnversus Ca(as apfu) (Figs. 5, 6). The calcu-
lation of the Ti3+ contents requires a 1:2 correlation of
Mn + Ca to Ti3*, but it imposes no restrictions on the
Ca-Mn correlations. The manganese content is much
more strongly correlated with Ti3* ( Fig. 5, slope = -2.1,

f = 0.88) than is Ca (slope = -{.1, I = 0.30), such that

FIc. 3. A representation of the quaternary system CaO-MnO-TrOrll2tizQ. The compo-
sitions of loveringite compositions, obtained ftom electron-microprobe analyses, are
represented as spheres with tie-lines to the other phases observed for each run.
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Frc. 4. A section through the quatemary system, bounded by the compositions Ca2Mn3Tir7O38, CarMnTi,eOrs, CaMnoTi,rO* and
CaMn2TireO3E. The compositions of synthetic loveringite obtained from the electron-microprobe analyses are shown. Ar-
rows indicate possible substitudon vectors.
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the dominant pattern of substitution is Mn2* + Tie for
2Tr3*.T:heMnversus Ca results (Frg. 6) are differenti-
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different symbols. Weak to moderate correlations are
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1 0=16'5 and l0-r7'3 atm (slope = -1.3 and -1,4, f = 0.23
and 0.60, respectively), but there are no cleat correla-
tions at the twofiOr) extremes.

G-- fl

tr
A

V Y
V
ttoa t- o

r .a 
br1'f." i\-

a

a a
a



'770

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.798'1,
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% TiOr. In contrast,
the combined tri- and tetravalent titanium oxides in our
synthetic samples, expressed as TiOr, are in the range
82to90Ea. However, considering only the TiO, compo-
nent, the range is 62 to 71Ea TiO2, which is consistent
with the published results for natural samples. This in-
dicates that TirO, is playing the same role as does
CrrO, + FetO. in the mineral samples.

Rieneld refinements : crystal chemistry

Loveringite has rhombohedral symmetry (R3), and its
structure is based on closest-packed layers of anions hav-
ing a nineJayer 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 CaOtr. The small metal atoms arc ordered in
one tetrahedral interstice and four different octahedral inter-
stices to give the (ideal) formula CaMDT2O31. The layered
nature of the arrangement ofpolyhedra is apparcnt in Fig-

Flc. 7. A polyhedron representation of the structure of
loveringite showing the layered arrangement of the coor-
dination polyhedra in this closest-packed oxide, with Ml
and M2 forming one layer, and the A-site, T, M3 and M4
polyhedra forming a double layer. The shading of the
polyhedra in the figure is as follows: A yellow, Z white,
Ml grey, M2 green, M3 b\rc, and M4 red.

ure 7, where a layer of octahedra composed of M(l) 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 Ti3* concentrations, are
compared in Table 3. The metal-atom site occupancies tn
the two samples are shown in Table 4, together with the
results of valence-sum calculations, obtained with the
empirical bondJength - bond-strength parameters of
Brown & Wu (1976). For the sample 9b, the assignment
of the largest cations progressively into the A, then Ml,
then , then M2 sites gave good agreement between the
calculated valence-sums and the formal valences of the
atoms occupyingthe M and I 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 I site only and with Ca + Ti3* 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 1 2-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
inCarZnaTi,uO,, (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 KlA 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, 7 and M sites. Given that
the error associated with the mean bondlengths is typi-
cally 0.01 A, ttt" only significant trend with
composition appears to be associated with the f site'
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TABLE 3, PARAMETERS OF REFINED STRUCTURT OF SYNTIIETIC LOVERINGITE.
SAMPLES 9b I O,) = l0 "'?atm] AND 36b [r(OJ = lf'&o arm]
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sEnplo 9b: c€16Mn11Tflz6l'j.'wos

a = 10.4200(1) A. c= 2o.s413 (2) A
U= 12.aoh, Rs= 4.5Vo

S€mplo 36b: c€1 5Mnr6-filr{lisGsos

a = 10.4027(2) A, c = 20.EE17 (5) A
R @ = 1 3 . 9 0 / 0 ,  R " = 5 . 2 %

B (A1 B (A1

T
M1
lvt2
An
M4

0 0 0
0 0 0.3098(2)
0 0 1 t 2

0.1864(3) 0.1463(3) 0.164s(2)
0.s12e(3) 0.2428(3) 0.3908(1)
0.07s3(3) 0.7604(4) 0.3eE8(1)

0.865(1) 0.002(1) 0.434s(5)
0.703(1) 0.500(1) 0.4406(5)
0.360(1) 0.259(1) 0.s586(5)
0.597(1) 0.s58(1) 0.5499(4)
0.0s2(1) 0.205(1) 0.3372(6)
0.370(1) 0.267(1) 0.3399(s)

0 0 0.2123(8)

2.3(2)
0.51(6)
0.6(1)

0.58(4)
0.s1(5)
0.57(s)

0 0
0 0
0 0

0.1854(4) 0.1434(4)
0.9133(s) 0.2429(5)
0.0749(5) 0.75E1(5)

o.871(2)
0.70e(2)
0.3s4(2)
0.5s7(2)
0.055(1)
0.370(1 )

0

2.7(3)
1.0(1)
o.7(2)
0.s1(5)
0.s5(e)
0.40(8)

0
0.3116(3)

1t2
0.16s3(2)
0.3904(2)
0.398S(2)

0.4329(6)
0.4445(61
0.5585(6)
0.5500(6)
o.3407(7]
0.3387(8)
0.212(1)

o.054(2)
0.s03(1)
0.259(21
0.s60(2)
o.2u(1\
0.269(1)

0

o l

04
o5

07

0.81(6) 0.5ec4

TABLE 4, BOND.VALENCE SUMS FOR SYNTIIETIC LOVERINGITE,
SAMPLES 9b t^O, = 10 rt2 atml AND 36b t^OJ = l0 'E0 atml

Samplg 9b: Ca1 6Mn31Tis26Ti4"14 ?Os

site occupancies

36b: Ca, uMn, 
"Ti$s4Ti4'j33os

Site o@pancies

A =  C a  2 . 0
I=  Mn 2 .o
M1 = 0.6Ca+0.4Mn 2.O
n/2 = 0.1Mn+O.sTi? +0.4Ti4. 3.3
ltf} = -lta' 4. 0
W=f ia"  4 .o

2.' l
2 .O

A A

? A

T = O.9Mn+0.'1Ti}
M1 = 0.5Ca+0.5Ti3'
M2 = 0.7'l'ie+O.3Ti4'
M3 = Tia'
M4 = Tia'

2.O 1.5
2. ' t  2.1
2.5 2.4
3.3 3.4
4.O 3.8
4.O 3.8

" fomal i"l€nce d metal dom si!e. b s: valene $m calculated with the pararnetem ofBrom & Wu (1976)

TABLE 5. RESTJLTS OF RIETVELD REFINEMENT OF SYNTHETIC LOVERINGITE.
AND MEAN BOND-DISTANCES (A) FOR TIIE POLYHEDRA

Ssmple

loS (O,) -152 -16.7 - 1 7 . 1-18.0

10.4052(2) 10.4074(2)
20.654E(6) 20.E439(6)
651.7 651.7
2.OU 2.003

-17.1

Ca (aptu) '1.6
Mr (aptu) 3.1
\ (aptu) 17.3

1 2  1 . 3  1 2
2.8 2.8 2.6
18.0 17.9 182

'15.4 S.6 162
52 2.A 4.E

1.s  1 .3  1 .2
1.E 2.7 2.0
14.7 18.0 1E.8

't3.s 162 '14.E
52 52 4.5

1 <

2.4 225
14.1 18.2

122 't 1.3
3.9 32

Rwp 12.4
RB 4.5

2.78 2.n 2.AO
2.02 2.01 2.O2
223 2.2 2.23
2.O1 2.00 2.00
'f .sE 1 .97 1.9E
1 .97 | .98 1 .97

2.A2 2.A1 2.79
2.O2 2.04 2.01
220 223 2.21
2.OO 2.O1 2.00
1.98  1 .9E 1 .97
1.98 1.97 1.98

2.04
223
2.O1
1.98
1.96

a @) 1o.42oo(1) 10.4105(1)
c (A) 2o.s413(2) 20.9163(4
y(A')' 6s6.35 s54.4
da 2.O1O 2.009

SOF" 1.0Mn 0.95Mn+0.0STl
I 0.6Ca+0.4Mn 0.5Cs+0.5Mn
lttl 0.1 1Mn+0.6L 1.0T1
M2 TI

<A{>- 2.78 2.77
< r.o> 2.o2 2.t2
<M4> 2.27 2.2A
<lv?24> 2.O2 2.02
<l'lt3-O> 1.57 1 .9S
<M4-O> 1.9E 1.95

10.40E1('l) 10.4027(4 10.4100(2)
20.9148(4) 20.8E17(6) 20.8€90(5)
654.0 652.3 053.5
2.009 2.OO7 2.0065

0.9Mn+0.1T1 0.9Mn+0.1T 1.oMn
0.55Ca+0.45Mn 0.5ca+0.5-Tl 0.3Ca+0.7Mn
1.0Ti 1.0Ti 1.011

1O.40U(2)
20.8582(6)

2.005

10.409S(2)
20.8694(6)

2.005

0.75Mn+025Ti 1.0Mn 1.0Mn 0.9Mn+0.1Ti
0.2Ca+0.3T1+0.5Mn 0.2Ce+0.8Mh 0.3Ce+0.7Mn 0.2Ca+0.6M
1.0Ti 1.0n 1.0T 1.0Ti

'V=volumeof rhombohedral  cel l .  *SOFforA=' l .ocaandforM3, M4=l .OTi foral t  samples.  . -meanesd-0.01A
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The <Ml-O> mean distance shows a moderate correla- two largest cations. The correlations for a, c and'<lull4>

tion with the amounts of Ca and Mn. The a and c are shown in Figures 8 and 9, respectively.
pamrneters are also correlated with the arnounts of these

a o

C -,;2o.il(4) + . I 7(3) Ca (aPtu)

20.42 20.90

c (A)

20.u

1 . 6

3  a E
d

3 t. l

1 . E

1.7

1 A

1 .2

1 . 1

o
.g
=
E
o
o
8
o

G

1 .0

10.400

10.420

10.418

10.414

10.414

10.412

10.410

10.408

10.406

10.4U

10.402

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

10.400 10.402 10.404 't0.406 10.408 10.410 10.412 10.414 10.416

a cell edge (obsrved)

Ftc. 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 (r'z=O.74), whereas (b) the a cell edge (also

in A) is related to the calcium and manganese content (l = 0.87).
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2.v

2.32

2.30

2.28

Q z.za
o

8 2.24

2.22

2.20

2.18

2.'16
2.20

CoNcLusrons

Synthetic loveringite phaseso Ca(Ca,Mn,Ti)r, Orr,
can be prepared in the system CaO-MnO-Ti2O3-TiO2
only at oxygen fugacities lower tlan about llra atm.
Single-phase (or close to single-phase) samples were
prepared in the oxygen fugacity range l0la to 10-18 atrn
and for compositions in the range l.l-1.7 apfu Ca. 1.&-
3.2 apfuMn,2.4-5.6 apfuTi3* and 13.2-14.4 apfuTi$.
The principal mode of compositional variation results
from the substitution Mn2* + Ti4 + llia+. For all com-
positions, calcium is ordered at both the A and Ml sites.
For compositions with low contents of trivalent tita-
nium, manganese is ordered atthe Ml and Z sites. For
the more strongly reducedo low-manganess samples,
manganese preferentially orders in the Z site, and triva-
lent titanium, in the Ml site. The principal compositional
difference befween 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, Ti2O3 plays the role of the
Fe2O3 and Cr2O, found in mineral samples.
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Observod

Ftc. 9. The Ml-O bond length (in A) is related to the amount of calcium and manganese
per formula unit by the equation given.
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