1099

The Canadian Mineralogist
Vol. 44, pp. 1099-1107 (2006)

THE PYROPHANITE-GEIKIELITE SOLID-SOLUTION SERIES:
CRYSTAL STRUCTURES OF THE Mn;_,Mg,TiO3 SERIES (0 < x < 0.7)
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ABSTRACT

Members of the pyrophanite—geikielite solid-solution series, Mn;_,Mg,TiO3 (0 < x < 0.7 apfu Mg), were obtained by solid-
state synthesis at 1000°C at ambient pressure in air. In common with ilmenite, ternary Mn—Mg titanates adopt ordered R3 struc-
tures. The maximum solubility of Mg in MnTiO3 under the given conditions is considered to be ~0.6 apfu Mg, as compounds with
greater Mg content could not be synthesized. The structures of these titanates were refined by the Rietveld method from powder
X-ray-diffraction data. Within the solid-solution series, unit-cell parameters and unit-cell volumes decrease with increase in Mg
content. All compounds consist of distorted TiOg and AOg (A = Mn,Mg) octahedra, and in common with geikielite, pyrophanite,
and ilmenite (sensu lato), the TiOg octahedra are distorted to a greater degree than (Mn,Mg)Og. The extent of displacement
of (Mn,Mg) and Ti from the centers of their coordination polyhedra varies irregularly with increasing Mg content, reaching a
maximum for x = 0.1 and 0.2 apfu Mg. Entry of Mg?* into the V!A site results in “puckering” of layers consisting of TiOg octahedra
(less distorted) above and below planes parallel to (001), and decreased “puckering” of the AOg octahedra (more distorted). The
interlayer distance across the vacant octahedral site in the TiOg layer decreases regularly with entry of the smaller Mg?* cation
into the VA site. The absence of natural solid-solutions between geikielite and pyrophanite seems to be due to the contrasting
geochemistry of Mn and Mg rather than to crystallochemical reasons.

Keywords: pyrophanite, geikielite, titanate, order, ilmenite group, solid solution, distorted octahedra, crystal structure, Rietveld
refinement.

SOMMAIRE

Nous avons synthétisé les membres de la solution solide entre pyrophanite et geikielite, Mn;_ Mg, TiO3 (0 < x < 0.7 apfu Mg),
a I’état solide a 1000°C et pression ambiante dans I’air. Tout comme avec I’ilménite, les titanates ternaires de Mn—Mg adoptent
une structure ordonnée R3. Un maximum d’environ 0.6 apfu Mg peut étre accommodé dans le MnTiOs aux conditions employées;
nous n’avons pas réussi a synthétiser les composés analogues contenant plus de Mg. Nous nous sommes servis d’un affinement
de Rietveld des données obtenues par diffraction X sur poudre pour établir la structure de ces titanates. Dans cette série, les
parametres réticulaires et le volume de la maille diminuent a mesure qu’augmente la teneur en Mg. Ces compositions contiennent
toutes des octaedres TiOg et AOg (A = Mn,Mg) difformes, et tout comme dans la geikielite, la pyrophanite, et I’ilménite (sensu
lato), les octaedres TiOg sont plus difformes que les octaedres (Mn,Mg)Og. Le déplacement de (Mn,Mg) et Ti du centre de leurs
polyédres de coordinence varie de fagon irréguliére avec I’augmentation en Mg, et atteint son maximum pour x = 0.1 et 0.2 apfu
Mg. L’incorporation du Mg?* dans le site /A méne a un froncement des couches d’octaedres TiOg (rendus moins difformes) par
dessus et par dessous les plans paralléles a (001) et & une diminution du froncement des octaédres AOg (rendus plus difformes).
La distance intercouche pres de la lacune octaédrique dans la couche d’octaedres TiOg diminue réguliérement a mesure que le Mg,
de plus petit rayon, augmente dans le site V'A. L’absence d’exemples naturels de la solution solide entre geikielite et pyrophanite
semble attribuable aux différences dans le comportement géochimique de Mn et Mg plut6t qu’a une raison cristallochimique.

(Traduit par la Rédaction)

Mots-clés: pyrophanite, geikielite, titanate, ordre, groupe de I’ilménite, solution solide, octa¢dres difformes, structure cristalline,
affinement de Rietveld.
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INTRODUCTION

Ordered rhombohedral titanates, A>*TiO3 (where
VIA2*+ represents a first-row transition metal), are
isostructural with ilmenite sensu lato. The natural
titanates are ilmenite, pyrophanite, geikielite, and
ecandrewsite (A = Fe, Mn, Mg, and Zn, respectively).
These minerals are common accessories in primary
and secondary parageneses in many igneous and meta-
morphic rocks. Geikielite is an important accessory
in kimberlites, lamproites, mantle-derived ultramafic
xenoliths, and is also known in skarns developed at
the expense of dolostones. Pyrophanite is typical of
metamorphosed manganiferous rocks and evolved
siliceous and peralkaline silica-undersaturated rocks
and their postmagmatic derivatives (Deer et al. 1992,
Khomyakov 1995, Pekov 2001, Mitchell & Liferovich
2004a). The majority of natural titanates are repre-
sented by ferrous solid solutions involving the ilmenite
component, and data for iron-poor to iron-free varieties
are scarce.

In terms of isovalent diadochy at the site,
the ilmenite—ecandrewsite (Fe?*;_,Zn,TiO3), ilmenite
— pyrophanite — geikielite (Fej_[x4,;Mn,Mg,TiO3),
and pyrophanite — ecandrewsite + ilmenite (Mn_{c;y
Zn,Fe,TiOs, x >> y) continuous ordered solid-solutions
are known to exist in nature (Plimer 1990, Whitney et
al. 1993, Mitchell & Liferovich 2004a). Of these, the
Mg,_Zn,TiO5 series and Mn,_,Zn, TiO3 series have
been recently synthesized, and their crystal structures
characterized in detail (Liferovich & Mitchell 2004,
Mitchell & Liferovich 2004b). Here, we focus on the
solid-solution series between pyrophanite and geikielite.
The main objective of this study is to determine the
limit of solid solution between Mn and Mg in ilmenite-
structured titanates at 1000°C at ambient pressure in
air. In this contribution, we also describe the response
of the ordered R3 structure to the replacement of Mn?*
by the smaller Mg?* cation. This is the first systematic
study of the Mn;_ Mg, TiOj3 solid solution adopting the
R3 ilmenite structure.

VIA2+

BACKGROUND INFORMATION

Given the existence of natural manganoan ferroan
geikielite and magnesian ferroan pyrophanite, described
from carbonatites and jacupirangites occurring at the
Jacupiranga complex, Brazil (Gaspar & Wyllie 1983), a
perfect solid-solution between pyrophanite and geikielite
can be assumed. Magnesium and manganese have the
greatest difference in ionic radius (Shannon 1976) of
the cations that might adopt the ilmenite structure in
combination with Ti in natural systems, i.e. IRy >* =
VIRz:2 < VIRg 2 < VIR 2+ (0.72, 0.74, 0.78, and 0.83
A, respectively). This difference in radii might hinder
crystallization of pyrophanite—geikielite solid-solu-
tions in nature, although our reconnaissance study has
demonstrated the stability of intermediate compounds
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in the Mn;_ Mg, TiO3 and Mn,_,,Zn Mg, TiO3 series
(Liferovich & Mitchell 2005, 2006).

The Mn;_ Mg, TiO; series has not been previously
synthesized. The series is of interest to both geoscien-
tists and solid-state chemists because of the expected
strong distortion of AOg coordination polyhedra due to
replacement of YIMn?* by the relatively smaller Y'Mg?*.
By analogy with the extensive solid-solutions found
for the Fe; Mg, TiO3 [0 < x < 0.7 apfu Mg (atoms per
formula unit)], Fe;_.Mn, TiO3 (0 < x < 0.64 apfu Mn),
Mn,_Zn,TiO3 and Mg, Zn,TiO3 (0 < x < 0.8 apfu
Zn) (Deer et al. 1992, Mitchell & Liferovich 2004b,
Liferovich & Mitchell 2004, respectively), we expected
to find an extensive solid-solution between MnTiO3
and MgTiO:s.

In this paper, we describe the preparation and struc-
ture determination of the Mn;_ Mg, TiO; solid-solution
series over a range of the Goldschmidt tolerance factor
(1), which is a measure of the size mismatch between
the A and B cations and an anion for ternary compounds
(Goldschmidt 1926). These values range from 0.786
to 0.763 (Table 1) and are relatively high for ilmenite-
structured titanates, for which 7 is usually less than 0.75
(Mitchell 2002).

THE STRUCTURE OF ILMENITE

The ilmenite structure has a R3 rhombohedral cell.
It is an ordered derivative of the archetype corundum
structure (space group R3c) and has been considered in
detail by Mitchell & Liferovich (2004b, Fig. 1 therein).
Briefly, the ilmenite-type structure is adopted by an
ATiOj; titanate as a result of the ordered distribution
of A%* and Ti** cations in two-thirds of the octahedral
interstices available in sicp oxygen layers in cases where
VIR 2+ = VIRy*+, VIR, << Ro*, and the Goldschmidt
tolerance factor is close to 0.75 (Mitchell 2002). Thus
the ilmenite structure contains equal amounts of di- and
tetravalent cations, ordered along the layers and alter-
nating along the ¢ dimension of the unit cell. All the
cations are located on the threefold axes, and the only
variable positional parameter is z;. Deviation of z4 and
z1; from their theoretical values, !/3 and !/, respectively,
are indicative of “puckering” of cation layers above
and below planes parallel to (001) (Wechsler & Prewitt
1984). Cations in the ilmenite structure are displaced
from the centroids of octahedra, resulting in distortion
of the coordination polyhedra. In general, the AOq
polyhedron is significantly less distorted than the TiOg
polyhedron (Mitchell 2002).

Rhombohedral ternary titanates are known to
undergo compositionally and P7-driven polymorphic
modifications to structures similar to those of LiNbOj3
and GdFeOs (space groups R3¢ and Pbnm, respectively:
Syono et al. 1969, Ko & Prewitt 1988). These trans-
formations are complex, and their study is hindered by
kinetic factors and hysteresis effects (Mitchell 2002).
Discussion of possible complex interactions, such as
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TABLE 1. SELECTED REFINEMENT-PARAMETERS AND CRYSTALLOGRAPHIC
CHARACTERISTICS OF SYNTHETIC Mn, Mg TiO; SOLID-SOLUTION SERIES

AT AMBIENT CONDITIONS
MnTiO, x=0.1 x=02 x=03 «x=04 x=05 x=06 MgTiO,
VIR 2 A 0.83 0.82 0.81 0.80 0.79 0.78 0.76 0.72
t* 0.786 0.783 0.779 0.775 0.771 0.767 0.763 0.748
Refinement parameters
ATiO, % - 97.79 97.25 96.88 91.76 93.62  ~90 ~95
Other % - Rt2.21 Rt2.75 Rt3.12  Rt3.03 Rt1.46 Arm=5  Arm=5
phascs ArmS5.2]  Per 0.88
Arm 5.51

R,, - 14.30 13.24 13.16 13.28 13.39 14.16 13.37

bras - 2.96 2.86 2.30 3.02 2.68 295 4.57
GOF - 1.39 1.35 1.36 1.40 1.36 1.45 1.60
DW - 1.28 1.27 1.26 118 1.29 1.09 0.95

Unit-cell characteristics
a A 5.139(0) 5.1303(0) 5.1234(0) S5.1149(0) 5.1084(1) 5.1007(0) 5.0921(0) 5.0567(0)
c A 14.283(0)  14.2428(2) 14.2054(2) 14.1614(1) 14.1286(2) 14.0910(1) 14.0532(1) 13.9034(2)
cla 2.779 2.776 2.773 2.769 2.766 2.763 2.760 2.750
\% A 3267 324.648(6) 322.923(6) 320.856(6) 319.295(6) 317.490(4) 315.570(5) 307.883(6)
AQ, octahedron
<A-01> A 2.195(1)  2.199(10) 2.193(10) 2.180(10) 2.170(7) 2.162(7) 2.151(9) 2.088(7)
Vaos A 13.350 13.41 13.36 13.16 12.98 12.80 12.64 11.64
A-shift A 0.146 0.376 0373 0.150 0.140 0.132 0.131 0.158
Auoe 1.500 1.693 1.760 1.629 1.411 1.253 1.265 1.838
Ba06 101.58 97.96 95.43 91.18 89.13 92.14 88.39 75.62
TiO, octahedron

<Ti-O1> A 1.980(1) 1.969(10) 1.969(10) 1.970(10) 1.973(10) 1.973(7) 1.974(9) 2.005(7)
Vrios Al 9.97 9.80 9.81 9.82 9.86 9.85 9.86 10.39
Ti-shift A 0.186 0.191 0.201 0.189 0.196 0.190 0.186 0.206
Arion 2.731 2.844 3.178 2.787 2.996 2.861 2.750 3.405
Srios 69.69 70.74 68.91 68.99 68.94 70.31 71.80 61.74

The data of Kidoh er al. (1984) weic used for MnTiO;. VIR,>": average radius of cations in A site.
Mineral symbols: Rf: rutile, Per: periclase, Arm: armalcolite.

* Tolerance factor for ABO; compounds, 7= (R + R,) / [V2 (Ry + Rp)} (Goldschmidt 1926).

d;: The distance to the central atom. A, Polyhedron bond-length distortion (see text for details).
3, Bond-angle variance (see text for details). - No data available.

first-order and second-order Jahn-Teller effects and
“direct VIA2*— VIA2* interactions” (Goodenough 1960,
Kunz & Brown 1995) are beyond the scope of this
reconnaissance study.

ANALYTICAL METHODS

The synthesis was done in air from stoichiometric
amounts of high-purity oxides by routine solid-state
ceramic techniques. Analytical methods and the crystal-
structure refinement approach, together with the methods
for calculation of the crystallochemical parameters of
rhombohedral R3 structures, are described by Mitchell
& Liferovich (2004b) and Liferovich & Mitchell (2005).
Differences with respect to this work pertain to the
temperature of synthesis of the MgTiO3; end-member,
which could only be synthesized at 1200°C. We had

to use a lower temperature and 12-hours duration of
synthesis experiments for the Mn—Mg titanates instead
of the much longer times we typically used for other
titanates (i.e., 48 hr. sintering after 24 hr. calcination)
to avoid oxidation of Mn?*,

RESuLTS
Synthetic manganese—magnesium titanates

Our study demonstrated that synthesis of the
Mn,;_ Mg, TiO3 (0 < x < 0.7) solid-solution series with
x = 0.1 apfu Mg increments is possible at 1000°C
at ambient pressure in air. However, pyrophanite
(MnTiO3), geikielite (MgTiO3) and Mn;_ Mg, TiO3
compounds with 0.7 < x < 0.9 apfu Mg could not be
prepared at this temperature. The MgTiO3; end member,
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which does not form at 1000°C, was obtained at a
higher temperature (1200°C) and has crystallochemical
parameters (see below) similar to those previously
published by Wechsler & Von Dreele (1989). Attempts
to synthesize Mn-bearing geikielite with 0.7-0.9 apfu
Mg at temperatures ranging from 1000 to 1200°C failed.
We produced instead Mn.o4Mg.o6TiO3 titanate plus a
manganoan armalcolite-like phase, with the abundance
of armalcolite increasing with x. Consideration of these
“failed” experiments is beyond the scope of the present
paper. Quantitative energy-dispersion analyses (EDS)
show that all the Mn—Mg titanates obtained at 1000°C
approach ATiO; stoichiometry within the accuracy of
determination. The most magnesian titanate obtained in
our study (x = 0.6 apfu Mg) has the composition (wt.%):
17.9(0.1) MgO, 21.6(0.6) MnO, and 60.8(0.3) TiO,, for
a total of 100.3%.

The powder X-ray-diffraction patterns of all titanates
synthesized here contain reflections with %0/ (I odd)
resulting from the ordered distribution of A** and Ti**
in alternating layers of octahedra (Raymond & Wenk
1971). These reflections are forbidden for the fully
disordered corundum-type structure and LiNbOs-type
structure, and are not characteristic of either armal-
colite or rutile, which occur as minor impurities (<5
vol. %).

Some Bragg reflections of the armalcolite-like
phase [orthorhombic A*Ti,Os] are very close to or
overlap with the major reflections of the rhombohe-
dral titanate. Overlaps involve the (230), (240), (250),
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and (630) reflections of armalcolite, and (104), (113),
(024), and (030) reflections of ATiO3, respectively.
Unfortunately, these overlaps influence the accuracy
of the crystal-structure parameters determined by the
Rietveld method for the magnesium-rich titanates, and
lead to overestimation of the abundance of armalcolite
in armalcolite-bearing compounds (x = 0.5 and 0.6 apfu
Mg) as compared to modal analysis using back-scat-
tered electron (BSE) imagery. Nevertheless, the crystal-
structure parameters obtained for geikielite (MgTiO3)
associated with armalcolite (MgTi,0s) sensu stricto as
a minor phase are close to those previously published
by Wechsler & von Dreele (1989).

RIETVELD REFINEMENT AND GEOMETRY
OF THE CATION SITES

For Rietveld refinement, we used the atom coordi-
nates given by Kidoh et al. (1984) for synthetic MnTiO3
as a starting model. Figure 1 is a Rietveld refinement
plot for synthetic Mny7Mg3TiO; titanate. The occu-
pancy of the Y7A site was set in accordance with the
target solid-solution composition during the initial steps,
and refined at the final steps of the procedure, with the
total occupancy of the 7i and A sites constrained to be
unity. At a final step of the refinement procedure, we
attempted to refine occupancies of the V'A and VI7Ti
sites to test the possible entry of the divalent cation(s)
or Mn** and Mn** cations, if any, into the Y'7i position
and vice versa. These refinements converged easily (in
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FiG. 1.

Rietveld refinement plot (line) of the powder X-ray-diffraction data for Mng7Mg 3TiO3 at room temperature (dots).

Lower bars pertain to the peaks of rutile. The difference curves between observed and calculated profiles are plotted. For

agreement factors, see Table 1.
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a few steps) and did not induce statistically significant
changes in any of the refined parameters. The refined
occupancies of both octahedral sites do not deviate
from the target stoichiometry within the range of one
estimated standard deviations (e.s.d.), i.e., neither the
presence of Ti in the Y'A site or any of the divalent
cations or oxidized Mn in the V77 site is indicated within
the accuracy of the Rietveld method. Lack of detectable
Mn-for-Ti substitution in the ATiO3; compounds implies
the absence of significant oxidation of Mn to the smaller
Mn?* (VIR = 0.65 A) and Mn** (VIR = 0.53 A) cations.
These, if present, have to share a site with similar-sized
Ti** (VIR = 0.605 A) rather than with the significantly
larger Mn?* (VIR = 0.83 A) and Mg?* (VIR = 0.72 A;
radii from Shannon 1976). Thus we are confident that
manganese is not oxidized to higher valences in the
titanates synthesized and considered in this work.

The above implies that detectable disorder is absent
from compounds considered here, which agrees with
the presence in their XRD patterns of the sharp 40/ (I
odd) reflections (Fig. 2), which are known to result from
AZ*-Ti* ordering (Raymond & Wenk 1971). These
should become diffuse-to-absent in the case of disorder
of the octahedrally coordinated cations.

The refinement and unit-cell parameters, polyhedron
volumes, shifts (displacements) of VIA?* and VITi**
atoms from the centers of coordination polyhedra, and
parameters describing the distortion of coordination
polyhedra (see below) in the titanates synthesized
are summarized in Table 1. As expected, entry of the
smaller Mg2+ cation at the AQOg site results in a regular
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decrease in the unit-cell parameters and unit-cell
volume with increasing Mg content (Fig. 2).

Atom coordinates and isotropic displacement factors
are summarized in Table 2. Selected bond-lengths
and bond-angles within and outside of the first coor-
dination spheres of the A and Ti cations are listed in
Appendix 1.

We employ the Ag distortion index introduced by
Shannon (1976) to illustrate polyhedron distortion,
given as A, =1/n » 3{(r;— 7) / 7}* * 10°, where r; and 7
are individual and average bond-lengths in the polyhe-
dron, respectively. To characterize deviations from the
ideal bond-angles in regular octahedra, we calculate
the bond-angle-variance index {5, = 2[(6; — 90)%/(n
— 1)], where 6; are the bond angles at the central atom
(Robinson et al. 1971)}. The indices calculated and the
average bond-lengths are given in Table 1.

As might be expected, the <A—O> distance decreases
with increasing content of YIMg?*, whereas the <Ti-O>
distance increases (Table 1, Figs. 3a, b). The resulting
c/a value decreases smoothly with x (Table 1, Fig. 2).
These changes result in a decrease in the unit-cell
volume and unit-cell dimensions through the series,
in good agreement with the entry of the smaller Mg>*
cation into the layers of AOg octahedra. Polyhedron
volumes change antipathetically (Table 1, Figs. 3a,
b). The z coordinate of the A cations approaches the
theoretical value of one-third with increasing Mg-for-
Mn substitution. On the contrary, the z coordinate of
the Ti cations deviates from the theoretical value of
one-sixth with increasing x (Fig. 2). The change in z
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FiG. 2. Mn;_Mg,TiOj; series: variation of the unit-cell parameters and volumes with
composition. Note: error bars are less than the size of the dots employed for plotting

(Table 1).
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coordinate is in agreement with displacement of the A
cations from the center of the AOg coordination poly-
hedra (Table 1). The displacement of the Ti cations
also increases regularly (Table 1), as illustrated by the
parameter lzr; — '/4l, which describes the displacement
of VITi** from the ideal position, and which increases
with x (Fig. 2). Because of the greater displacement of
the A** cations, the layer consisting of AO4 octahedra
is more “puckered” above and below planes parallel
to (001) (Wechsler & Prewitt 1984) than the layer
composed of TiOg octahedra, but becomes less distorted
with increasing x, whereas there is an increase in the
“puckering” of the layer of TiOg octahedra above and
below planes parallel to (001). The A—A distance across
the vacant octahedral site in the TiOg layer decreases
with entry of the smaller Y"Mg?* cation into the A site
(Appendix 1).
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The synthetic Mn;_ Mg, TiO3 titanates contain
distorted coordination polyhedra similar to those
occurring in pyrophanite and ilmenite sensu lato. The
AQg octahedra exhibit less distortion than the TiOg
octahedra, as illustrated by bond-length-based indices
of distortion, Asos and Atios (Table 1). The overall
distortion of the AOg octahedra depends on the extent
of Mg-for-Mn substitution in the range 0.1 < x < 0.5,
and decreases with increasing x. For x above 0.5 apfu
Mg, the distortion remains constant. Distortion of the
TiOg octahedra is less dependent on VMn?* = ViMgZ*
diadochy. Indices of bond-angle variance (8¢) are less
sensitive to shrinkage of the AOg polyhedra and exhibit
an overall decrease with x (Fig. 3a). Indices of bond-
angle variance in the TiOg octahedron do not vary
significantly (Fig. 3b).
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TABLE 2. POSITIONAL PARAMETERS AND ISOTROPIC DISPLACEMENT
FACTORS (A% FOR SYNTHETIC Mn, Mg, TiO, SOLID-SOLUTION SERIES
AT AMBIENT CONDITIONS

Position Sample x y z B,
Vig MnTiO* 0 0 0.36002(1)
x=0.1 0 0 0.35970(10) 0.55(4)
x=0.2 0 0 0.35960(11) 0.58(4)
x=03 0 0 0.35888(12) 0.47(4)
x=04 0 0 0.35852(15) 0.44(5)
x=05 0 0 0.35891(13) 0.49(3)
x=06 0 0 0.35827(17) 0.46(4)
MgTiO, 0 0 0.35986(10) 0.47(4)
VITi MnTiO* 0 0 0.14758(1) -
x=0.1 0 0 0.14752(11) 0.42(4)
1=02 0 0 0.14741(11) 0.21(4)
x=03 0 0 0.14730(12) 0.19(4)
x=04 0 0 0.14694(14) 0.37(4)
x=0.5 0 0 0.14685(11) 0.27(3)
x=06 0 0 0.14632(14) 0.28(3)
MgTiO, 0 0 0.14590(10) 0.54(4)
o1y MATiO*  0.31890(10) 0.03100(10) 0.24393(3) -
x=0.1 0.31989(61)  0.03003(83) 0.24268(34) 0.46(6)
x=02 0.32138(60)  0.03023(82) 0.24304(29) 0.42(6)
x=03 0.31926(6)  0.02725(8)  0.24314(25) 0.28(6)
x =04 0.31943(59)  0.02780(82) 0.24401(24) 0.34(6)
x=05 0.31817(48) 0.02865(62) 0.24469(20) 0.53(5)
x=0.6 0.31649(54)  0.02532(73) 0.24459(22) 0.66(6)
MgTiO, 0.31915(51) 0.02141(74) 0.24575(22) 0.71(4)

* Single-crystal refinement data (Kidoh er a/. 1984).

CONCLUSIONS

The experimentally obtained limit of substitution
of Mn and Mg in the structures of Fe-free R3 titanates
is ~0.6 apfu Mg at 1000°C at ambient pressure in an
air atmosphere. The experimentally obtained range of
Goldschmidt tolerance factors for Mn-Mg titanates
adopting the ordered R3 structure at these conditions
ranges from 0.76 to 0.78 (Table 1). Given that MgTiO3
(t = 0.75) adopts the ilmenite structure at 1200°C, we
conclude that the limits of stability of the rhombohedral
titanates as predicted by the Goldschmidt tolerance
factor vary with respect to intensive parameters such as
temperature. The complete Mn;_ Mg, TiO3 series might
be successfully synthesized in an O,-free atmosphere
over the temperature range ~950°C < T < 1200°C.

The scarcity of natural iron-poor to iron-free rhom-
bohedral titanates of manganese and magnesium is
not due to crystallochemical limitations. The ilmenite-
structured Mn—-Mg solid solutions form in some exotic
mineral-forming environments depleted in Fe, which
are associated with silica-undersaturated ultramafic—
alkaline rocks found with carbonatite complexes such
as Jacupiranga (Gaspar & Wyllie 1983). To the best of
our knowledge, of these rocks, the most favorable for
crystallization of Fe-poor pyrophanite—geikielite solid-
solution series are the magnetite-poor magnesiocarbon-
atite and some rocks of the calciocarbonatite series.
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The deviation of the crystallographic characteris-
tics of the high-temperature MgTiO3; and MnTiO; end
members described by Kidoh ez al. (1984) from an
extrapolation of the trend obtained for the synthetic
titanates with 0.1 < x < 0.6 apfu Mg indicates that the
parameters of the R3 crystal structure are dependent on
the kinetics of synthesis.
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THE PYROPHANITE—GEIKIELITE SOLID-SOLUTION SERIES

APPENDIX 1. SELECTED BOND-LENGTHS (A) AND BOND-ANGLES (°)
OF SYNTHETIC Mn, Mg TiO; SOLID-SOLUTION SERIES AT AMBIENT CONDITIONS

MnTiO; x=01 x=02 x=03 x=04 x=05 x=0.6 MgTiO;
AQ, octahedron
3 x A-O1 A 2100 2.109(4) 2.101(4) 2.092(4) 2.088(3) 2.085(3) 2.074(3) 1.998(3)
3xA-0O1 A 2280 2.290(4) 2.285(4) 2.268(4) 2.251(3) 2.238(3) 2.227(4) 2.177(3)
3 x0-A-0 ¢ 7295 72.85 73.29 73.55 74.06 73.99 74.21 77.02
3 x 0-4-0 ° 9195 92.08 91.97 91.68 91.37 91.01 90.79 87.98
3 x 0-4-0 ° 8822 88.79 88.43 88.97 88.51 88.14 88.77 88.46
3x0-4-0 ¢ 10328  102.54  102.64 10229 10256  103.15 102.69 103.34
3 x0-4-0 ° 15833 15888  159.05  159.58  159.67  159.13  159.71 161.04
TiO; octahedron

3 x Ti-O1 A 1877 1.864(4) 1.858(4) 1.866(4) 1.865(4) 1.867(3) 1.870(4) 1.888(3)
3 x Ti-Ol A 2084 2.074(4) 2.080(4) 2.074(4) 2.081(4) 2.078(3) 2.077(3) 2.122(3)
3 x O-Ti-O ¢ 16201 162.18 16240 16242 16225 16192  161.78 16291
3 x O-Ti-O ° 8l.i4 81.92 81.96 81.81 81.30 81.25 81.42 84.24
3 x O-Ti-O ° 80.92 80.35 80.53 80.78 81.10 80.78 80.60 79.42
3 x O-Ti-O ° 9481 93.87 93.84 93.33 93.75 94.35 93.58 92.74
3 x O-Ti-O ° 10188 10252 10235 102.60 10236 102.15  102.66  101.64
A-Ti A 3034 3.022 3.014 2.996 2.989 2.988 2.978 2.946
A-A a A 3063 3.056 3.051 3.040 3.034 3.032 3.022 2.994
A-A b A 3999 3.996 3.989 3.997 3.998 3.976 3.084 3.968
Ti-Ti  a A 3017 3.012 3.008 3.004 3.001 2.997 2.995 2978
Ti-Ti b A 4216 4.202 4.188 4.172 4.152 4.138 4112 4.044
0-0 c A 2711 2.719 2.728 2.716 2.712 2.693 2.687 2.711
0-0 d A 3309 3.290 3.280 3.259 2.258 3.267 3.240 3.135
0-0 ¢ A 3150 3.169 3.157 3.131 3.107 3.085 3.064 2916
00 f A 3058 3.080 3.062 3.058 3.031 3.009 3.011 2.903
0-0 g A 2914 2.908 2.895 2.912 2.906 2.905 2.920 2.927
0-0 h A 2575 2.546 2.551 2.557 2.570 2.574 2.579 2.695
0-0 i A 2919 2.880 2.880 2.869 2.884 2.897 2.880 2.907
Ti-O-A j ° L1876 119.16 11950 11942  119.38 118.88 11891 12037
A-O-A k ° 8841 8791 88.03 88.32 88.63 88.99 89.21 91.54
Ti-O-Ti 1 ¢ 99.08 99.65 99.47 99.22 98.90 98.75 98.58 95.76
Ti-O-A m ° 12599 12634 126,13 12688 126,69 12643 12724  128.01
Ti-O-A n ° 8797 87.52 87.22 87.15 87.16 87.54 87.52 86.49
Ti-O-A o ¢ 1378 13650 13650 13599 13628  136.71 13588 13452

The data of Kidoh er al. (1984) were used for MnTiO,.

The metal-metal distances: g across shared edge between adjacent metal sites; b across the vacant octahedral

position.

The oxygen—oxygen distances: ¢ A-Ti shared face; d A site, face opposite the shared face; ¢ A site, shared edge;
fAsite, unshared edge; g Ti site, face opposite the shared face: & Ti site, shared edge; i Ti site, unshared edge.
Framework angles: j, m, and o at the shared vertex; & and [ at the shared edge: n shared face.
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