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ABSTRACT

Members of the pyrophanite–geikielite solid-solution series, Mn1–xMgxTiO3 (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 R3̄ 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 refi ned 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 TiO6 and AO6 (A = Mn,Mg) octahedra, and in common with geikielite, pyrophanite, 
and ilmenite (sensu lato), the TiO6 octahedra are distorted to a greater degree than (Mn,Mg)O6. 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 Mg2+ into the VIA site results in “puckering” of layers consisting of TiO6 octahedra 
(less distorted) above and below planes parallel to (001), and decreased “puckering” of the AO6 octahedra (more distorted). The 
interlayer distance across the vacant octahedral site in the TiO6 layer decreases regularly with entry of the smaller Mg2+ cation 
into the VIA 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 
refi nement.

SOMMAIRE

Nous avons synthétisé les membres de la solution solide entre pyrophanite et geikielite, Mn1–xMgxTiO3 (0 < x < 0.7 apfu Mg), 
à l’état solide à 1000°C et pression ambiante dans l’air. Tout comme avec l’ilménite, les titanates ternaires de Mn–Mg adoptent 
une structure ordonnée R3̄. Un maximum d’environ 0.6 apfu Mg peut être accommodé dans le MnTiO3 aux conditions employées; 
nous n’avons pas réussi à synthétiser les composés analogues contenant plus de Mg. Nous nous sommes servis d’un affi nement 
de Rietveld des données obtenues par diffraction X sur poudre pour établir la structure de ces titanates. Dans cette série, les 
paramètres réticulaires et le volume de la maille diminuent à mesure qu’augmente la teneur en Mg. Ces compositions contiennent 
toutes des octaèdres TiO6 et AO6 (A = Mn,Mg) difformes, et tout comme dans la geikielite, la pyrophanite, et l’ilménite (sensu 
lato), les octaèdres TiO6 sont plus difformes que les octaèdres (Mn,Mg)O6. Le déplacement de (Mn,Mg) et Ti du centre de leurs 
polyèdres de coordinence varie de façon irrégulière avec l’augmentation en Mg, et atteint son maximum pour x = 0.1 et 0.2 apfu 
Mg. L’incorporation du Mg2+ dans le site VIA mène à un froncement des couches d’octaèdres TiO6 (rendus moins difformes) par 
dessus et par dessous les plans parallèles à (001) et à une diminution du froncement des octaèdres AO6 (rendus plus difformes). 
La distance intercouche près de la lacune octaédrique dans la couche d’octaèdres TiO6 diminue régulièrement à mesure que le Mg, 
de plus petit rayon, augmente dans le site VIA. 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 plutôt qu’à une raison cristallochimique.

 (Traduit par la Rédaction)

Mots-clés: pyrophanite, geikielite, titanate, ordre, groupe de l’ilménite, solution solide, octaèdres difformes, structure cristalline, 
affi nement de Rietveld.
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INTRODUCTION

Ordered rhombohedral titanates, A2+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 ultramafi c 
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 VIA2+ site, 
the ilmenite–ecandrewsite (Fe2+

1–xZnxTiO3), ilmenite 
– pyrophanite – geikielite (Fe1–[x+y]MnxMgyTiO3), 
and pyrophanite – ecandrewsite ± ilmenite (Mn1–[x+y]
ZnxFeyTiO3, x >> y) continuous ordered solid-solutions 
are known to exist in nature (Plimer 1990, Whitney et 
al. 1993, Mitchell & Liferovich 2004a). Of these, the 
Mg1–xZnxTiO3 series and Mn1–xZnxTiO3 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 R3̄ structure to the replacement of Mn2+ 
by the smaller Mg2+ cation. This is the fi rst systematic 
study of the Mn1–xMgxTiO3 solid solution adopting the 
R3̄ ilmenite structure.

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. VIRMg

2+ ≈ 
VIRZn

2+ < VIRFe
2+ < VIRMn

2+ (0.72, 0.74, 0.78, and 0.83 
Å, 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 

in the Mn1–xMgxTiO3 and Mn1–2xZnxMgxTiO3 series 
(Liferovich & Mitchell 2005, 2006).

The Mn1–xMgxTiO3 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 AO6 coordination polyhedra due to 
replacement of VIMn2+ by the relatively smaller VIMg2+. 
By analogy with the extensive solid-solutions found 
for the Fe1–xMgxTiO3 [0 ≤ x ≤ 0.7 apfu Mg (atoms per 
formula unit)], Fe1–xMnxTiO3 (0 ≤ x ≤ 0.64 apfu Mn), 
Mn1–xZnxTiO3 and Mg1–xZnxTiO3 (0 ≤ x ≤ 0.8 apfu 
Zn) (Deer et al. 1992, Mitchell & Liferovich 2004b, 
Liferovich & Mitchell 2004, respectively), we expected 
to fi nd an extensive solid-solution between MnTiO3 
and MgTiO3.

In this paper, we describe the preparation and struc-
ture determination of the Mn1–xMgxTiO3 solid-solution 
series over a range of the Goldschmidt tolerance factor 
(t), 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 t is usually less than 0.75 
(Mitchell 2002).

THE STRUCTURE OF ILMENITE

The ilmenite structure has a R3̄ rhombohedral cell. 
It is an ordered derivative of the archetype corundum 
structure (space group R3̄c) and has been considered in 
detail by Mitchell & Liferovich (2004b, Fig. 1 therein). 
Briefl y, the ilmenite-type structure is adopted by an 
ATiO3 titanate as a result of the ordered distribution 
of A2+ and Ti4+ cations in two-thirds of the octahedral 
interstices available in hcp oxygen layers in cases where 
VIRA

2+ ≈ VIRTi
4+, VIRA << RO

2–, and the Gold schmidt 
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 c dimension of the unit cell. All the 
cations are located on the threefold axes, and the only 
variable positional parameter is zi. Deviation of zA and 
zTi from their theoretical values, 1/3 and 1/6, 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 AO6 
polyhedron is signifi cantly less distorted than the TiO6 
polyhedron (Mitchell 2002).

Rhombohedral ternary titanates are known to 
undergo compositionally and PT-driven polymorphic 
modifi cations to structures similar to those of LiNbO3 
and GdFeO3 (space groups R3c 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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fi rst-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 refi nement approach, together with the methods 
for calculation of the crystallochemical parameters of 
rhombohedral R3̄ 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 Mn2+.

RESULTS

Synthetic manganese–magnesium titanates

Our study demonstrated that synthesis of the 
Mn1–xMgxTiO3 (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 Mn1–xMgxTiO3 
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~0.4Mg~0.6TiO3 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 ATiO3 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) TiO2, for 
a total of 100.3%.

The powder X-ray-diffraction patterns of all titanates 
synthesized here contain refl ections with h0l (l odd) 
resulting from the ordered distribution of A2+ and Ti4+ 
in alternating layers of octahedra (Raymond & Wenk 
1971). These refl ections are forbidden for the fully 
disordered corundum-type structure and LiNbO3-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 A2+Ti2O5] are very close to or 
overlap with the major refl ections of the rhombohe-
dral titanate. Overlaps involve the (230), (240), (250), 

and (630) refl ections of armalcolite, and (104), (113), 
(024), and (030) refl ections of ATiO3, respectively. 
Unfortunately, these overlaps infl uence 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 (MgTi2O5) 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 refi nement, we used the atom coordi-
nates given by Kidoh et al. (1984) for synthetic MnTiO3 
as a starting model. Figure 1 is a Rietveld refi nement 
plot for synthetic Mn0.7Mg0.3TiO3 titanate. The occu-
pancy of the VIA site was set in accordance with the 
target solid-solution composition during the initial steps, 
and refi ned at the fi nal steps of the procedure, with the 
total occupancy of the Ti and A sites constrained to be 
unity. At a fi nal step of the refi nement procedure, we 
attempted to refi ne occupancies of the VIA and VITi 
sites to test the possible entry of the divalent cation(s) 
or Mn3+ and Mn4+ cations, if any, into the VITi position 
and vice versa. These refi nements converged easily (in 

FIG. 1. Rietveld refi nement plot (line) of the powder X-ray-diffraction data for Mn0.7Mg0.3TiO3 at room temperature (dots). 
Lower bars pertain to the peaks of rutile. The difference curves between observed and calculated profi les are plotted. For 
agreement factors, see Table 1.
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a few steps) and did not induce statistically signifi cant 
changes in any of the refi ned parameters. The refi ned 
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 VIA site or any of the divalent 
cations or oxidized Mn in the VITi 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 signifi cant oxidation of Mn to the smaller 
Mn3+ (VIR = 0.65 Å) and Mn4+ (VIR = 0.53 Å) cations. 
These, if present, have to share a site with similar-sized 
Ti4+ (VIR = 0.605 Å) rather than with the signifi cantly 
larger Mn2+ (VIR = 0.83 Å) and Mg2+ (VIR = 0.72 Å; 
radii from Shannon 1976). Thus we are confi dent 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 h0l (l 
odd) refl ections (Fig. 2), which are known to result from 
A2+–Ti4+ ordering (Raymond & Wenk 1971). These 
should become diffuse-to-absent in the case of disorder 
of the octahedrally coordinated cations.

The refi nement and unit-cell parameters, polyhedron 
volumes, shifts (displacements) of VIA2+ and VITi4+ 
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 AO6 site results in a regular 

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 fi rst coor-
dination spheres of the A and Ti cations are listed in 
Appendix 1.

We employ the �6 distortion index introduced by 
Shannon (1976) to illustrate polyhedron distortion, 
given as �n =1/n • �{(ri – r̄) / r̄}2 • 103, where ri and r̄ 
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 {�n = �[(�i – 90)2/(n 
– 1)], where �i 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 VIMg2+, 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 Mg2+ 
cation into the layers of AO6 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 

FIG. 2. Mn1–xMgxTiO3 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 AO6 coordination poly-
hedra (Table 1). The displacement of the Ti cations 
also increases regularly (Table 1), as illustrated by the 
parameter |zTi – 1/6|, which describes the displacement 
of VITi4+ from the ideal position, and which increases 
with x (Fig. 2). Because of the greater displacement of 
the A2+ cations, the layer consisting of AO6 octahedra 
is more “puckered” above and below planes parallel 
to (001) (Wechsler & Prewitt 1984) than the layer 
composed of TiO6 octahedra, but becomes less distorted 
with increasing x, whereas there is an increase in the 
“puckering” of the layer of TiO6 octahedra above and 
below planes parallel to (001). The A–A distance across 
the vacant octahedral site in the TiO6 layer decreases 
with entry of the smaller VIMg2+ cation into the A site 
(Appendix 1).

The synthetic Mn1–xMgxTiO3 titanates contain 
distorted coordination polyhedra similar to those 
occurring in pyrophanite and ilmenite sensu lato. The 
AO6 octahedra exhibit less distortion than the TiO6 
octahedra, as illustrated by bond-length-based indices 
of distortion, �AO6 and �TiO6 (Table 1). The overall 
distortion of the AO6 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 
TiO6 octahedra is less dependent on VIMn2+  VIMg2+ 
diadochy. Indices of bond-angle variance (�6) are less 
sensitive to shrinkage of the AO6 polyhedra and exhibit 
an overall decrease with x (Fig. 3a). Indices of bond-
angle variance in the TiO6 octahedron do not vary 
signifi cantly (Fig. 3b).

FIG. 3. Mn1–xMgxTiO3 series: variation of the volume of coordination polyhedra, their 
distortion parameters (see text), and displacement of the A and Ti cations from the 
centers of the coordination polyhedra with composition. Note: error bars for volumes 
of polyhedra are less than the size of symbol on the plot (Table 1).
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CONCLUSIONS

The experimentally obtained limit of substitution 
of Mn and Mg in the structures of Fe-free R3̄ 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 R3̄ 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 Mn1–xMgxTiO3 series might 
be successfully synthesized in an O2-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 ultramafi c–
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.

The deviation of the crystallographic characteris-
tics of the high-temperature MgTiO3 and MnTiO3 end 
members described by Kidoh et 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 R3̄ crystal structure are dependent on 
the kinetics of synthesis.
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