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THE PYROPHANITE–ECANDREWSITE SOLID-SOLUTION:
CRYSTAL STRUCTURES OF THE Mn1–xZnxTiO3 SERIES (0.1 ≤ x ≤ 0.8)
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ABSTRACT

The crystal structure of members of the pyrophanite–ecandrewsite solid-solution series, Mn1–xZnxTiO3 (0.1 ≤ x ≤ 0.8 apfu),
synthesized by ceramic methods in air at ambient pressure, has been characterized by Rietveld analysis of powder X-ray-diffrac-
tion patterns. All of these compounds crystallize with the ilmenite structure and adopt space group R3̄. The maximum solubility
of Zn in MnTiO3 is considered to be ~0.8 apfu Zn, as compounds with greater Zn content do not form. Data are given for cell
dimensions and atom coordinates, together with bond lengths, volumes and distortion indices for all coordination polyhedra.
Within the solid-solution series, unit-cell parameters and volumes decrease linearly from those of MnTiO3 with increasing ZnTiO3
content. All compounds consist of distorted AO6 and TiO6 polyhedra, and, in common with pyrophanite and ilmenite, the former
are the more distorted. Displacement of (Mn,Zn) and Ti from the centers of their coordination polyhedra increases with increasing
Zn content. The interlayer distance across the vacant octahedral site in the TiO6 layer decreases with entry of the smaller Zn cation
into the AO6 octahedra. The synthetic titanates are analogues of iron-free manganoan ecandrewsite and zincian pyrophanite
occurring in peralkaline syenites at Pilansberg, in South Africa, and Poços de Caldas, in Brazil.
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SOMMAIRE

Nous avons determiné la structure cristalline de membres de la solution solide pyrophanite–ecandrewsite, Mn1–xZnxTiO3 (0.1
≤ x ≤ 0.8 apfu), synthétisée selon des méthodes céramiques dans l’air à pression ambiante, par affinement de Rietveld de données
obtenues par diffraction X sur poudres. Tous ces composés cristallisent avec la structure de l’ilmenite et adoptent donc le groupe
spatial R3̄. La solubilité maximum de Zn dans le MnTiO3 serait environ 0.8 apfu Zn, parce que des composés ayant une teneur
plus élevée de Zn ne se sont pas formés. Nous fournissons les données requises pour décrire les paramètres réticulaires, les
coordonnées des atomes, les longueurs des liaisons, et les volumes et les indices de distorsion de tous les polyèdres de coordinence.
Dans la solution solide, les paramètres réticulaires et les volumes de la maille élémentaire diminuent de façon linéaire à partir de
ceux de MnTiO3 à mesure que la proportion de ZnTiO3 augmente. Tous ces composés contiennent des polyèdres de coordinence
AO6 et TiO6 difformes; tout comme pour la pyrophanite et l’ilménite, le polyèdre AO6 est le plus difforme des deux. Le
déplacement de (Mn,Zn) et de Ti des centres des polyèdres de coordinence augmente avec l’augmentation de la proportion du Zn.
La distance intercouche traversant la lacune dans le site octaédrique de la couche d’octaèdres TiO6 diminue à mesure que le Zn
entre dans le site A des octaèdres AO6. Les titanates synthétiques sont les analogues de l’ecandrewsite manganifère dépourvue de
fer et de la pyrophanite zincifère que nous retrouvons dans les syénites hyperalcalines à Pilansberg, en Afrique du Sud, et à Poços
de Caldas, au Brésil.

(Traduit par la Rédaction)

Mots-clés: ecandrewsite, pyrophanite, titanate, ordre, groupe de l’ilménite, octaèdre difforme, structure cristalline, affinement de
Rietveld.
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INTRODUCTION

Mitchell & Liferovich (2004) have recently reported
the first occurrence in igneous rocks of minerals belong-
ing to the ecandrewsite (ZnTiO3) – pyrophanite
(MnTiO3) solid-solution series. It was assumed that
these minerals belong to the ilmenite group and adopt
the space group R3̄. Unfortunately, most of the crystals
are complexly zoned on a micrometer scale, and it was
not possible to obtain material suitable for determina-
tion of their crystal structures. Surprisingly, crystal-
structure data for this solid-solution series are not avail-
able. Accordingly, we have synthesized analogues of the
natural materials to determine their crystal structure and
the crystallochemical effects of the replacement of Mn2+

by the smaller Zn2+ cation. This work is the first inves-
tigation of the synthetic Mn1–xZnxTiO3 solid solution.

BACKGROUND INFORMATION

Natural titanates of Zn and Mn

The compositions of naturally occurring representa-
tives of minerals in the system FeTiO3–MnTiO3–
ZnTiO3 are plotted in Figure 1. The natural samples
form near-complete (Mn1–xZnx)TiO3 and (Fe1–xZnx)
TiO3, and continuous (Fe1–xMnx)TiO3 solid-solution
series.

Individual crystals and complex aggregates represen-
tative of the extensive ecandrewsite – pyrophanite

FIG. 1. Composition of ecandrewsite and related ilmenite-group minerals in terms of the
proportions of Zn–Mn–Fe (mol.%). Samples 1–3: consecutive generations from
lujavrite, Pilansberg sodic peralkaline complex, South Africa, from early ecandrewsite
to late pyrophanite (Mitchell & Liferovich 2004); 4 Poços de Caldas lujavrite, Brazil (in
prep.); 5 kyanite schist, Death Valley, California (Whitney et al. 1993); 6 syenite and
material from miarolitic cavities in peralkaline rhyolite, Cape Ashizuri, Japan
(Nakashima & Imaoka 1998); 7 material from miarolitic cavities in the Kuiqi alkaline
granite, Fujian, China (Suwa et al. 1987); 8 type-locality ecandrewsite from siliceous
metasedimentary units, Melbourne Rockwell mine, Little Broken Hill (Birch et al.
1988); 9 San Valentin mine (Birch et al. 1988).



PYROPHANITE–ECANDREWSITE SOLID SOLUTIONS 1873

(± ilmenite) solid-solution series have been recognized
recently in highly evolved nepheline syenite (lujavrite)
from the Pilansberg peralkaline complex, in South Af-
rica, and similar trachytoid sodic peralkaline syenite
from the Poços de Caldas complex, in Brazil (Mitchell
& Liferovich 2004).

Ecandrewsite–ilmenite solid solutions typically oc-
cur in metamorphic rocks of a low to middle grade of
metamorphism (Whitney et al. 1993), although zincian
manganoan ilmenite and ferroan zincian pyrophanite are
found lining miarolitic cavities in peralkaline granite
and rhyolite (Suwa et al. 1987, Nakashima & Imaoka
1998). Ternary compositions with near-equal amounts
of Mn, Fe, and Zn are not known to exist in nature. In
addition, only very limited [vi]Mg-for-[vi]Zn diadochy is
observed in the natural examples (Mitchell & Liferovich
2004). Given that [vi]RMg ≈ [vi]RZn < [vi]RFe < [vi]RMn
[0.72, 0.74, 0.78, and 0.83 Å for divalent cations, re-
spectively (Shannon 1976)], this compositional gap
seems to result from the different geochemical behavior
of Mg, Fe2+, Mn2+ and Zn, rather than for crystallo-
chemical reasons.

Ternary titanates: structural outline

The ilmenite structure is an ordered derivative of the
aristotype corundum structure (Barth & Posnjak 1934).
Typically, the ilmenite structure is adopted by A2+B4+O3
compounds, where [vi]RA is close to [vi]RB and [vi]RA is
much smaller than the radius of the oxygen anion, re-
sulting in a Goldshmidt tolerance factor higher than 0.75
(Mitchell 2002). The ilmenite structure is based on lay-
ers of hexagonally close-packed atoms of oxygen with
cations occupying two thirds of the available octahe-
dral interstices. In contrast to the fully disordered co-
rundum structure (space group R 3̄c), the ilmenite
structure results from equal amounts of divalent and
tetravalent cations, which are ordered at the octahedral
sites, and alternate along the c dimension of the unit cell.
A pair of AO6 (A = Fe2+, Mg, Mn, Zn, Co, or Ni) and
TiO6 octahedra share a (001) face, and each octahedron
in the ilmenite structure shares an edge with the same
type of octahedron and three edges with the other octa-
hedra (Fig. 2a). The stacking sequence of cations along
[001]h of this structure is A–Ti–�–Ti–A–�, and Ti–Ti–
� or A–A–� parallel to (111), resulting in a R3̄ rhom-
bohedral cell.

In common with corundum, cations in the R3̄ struc-
ture are displaced from the centers of both octahedra,
resulting in distortion of the coordination polyhedra.
Various styles of distortion are known for ilmenite-
structure compounds. The AO6 polyhedron may be more
distorted than the BO6 polyhedron or vice versa, e.g., in
ilmenite sensu stricto, distortion of the FeO6 octahedron
is significantly lower than that of the TiO6 octahedron
(Mitchell 2002). As both cation sites lie on threefold
axes, each one has a single variable atomic positional
parameter, z. Deviations of z from 1/3 and 1/6 for the A

and Ti atoms, respectively, are indicative of “pucker-
ing” of cation layers above and below planes parallel to
(001) (Wechsler & Prewitt 1984).

Further distortion of the corundum structure in
A2+B4+O3 compounds can be driven by an increase in
intensive parameters (P, T). The distortion can result in
a phase transition to a structure with the A–B–�–A–B–
� stacking sequence, both along and orthogonal to
[001]h, with the A2+ and B4+ cations occupying alternat-
ing layers. The structure has a R3c rhombohedral cell
and is referred to as the lithium niobate (LiNbO3) struc-
ture. This hettotype (Mitchell 2002) differs in the mode
of connection of octahedra from that occurring in the
ilmenite structure (Fig. 2b).

With increasing pressure, ilmenite and lithium
niobate ABO3 compounds can undergo a phase transi-
tion to a Pbnm-structured perovskite isostructural with
GdFeO3 (Linton et al. 1999). Phase transformations
between the ilmenite, lithium niobate and perovskite
structures are complex, and their study is hindered by
kinetic factors and hysteresis effects (Mitchell 2002).

Pyrophanite is isostructural with ilmenite at ambient
pressure, but at high pressure, it undergoes a phase tran-
sition to the lithium niobate structure (Syono et al. 1969,
Ko & Prewitt 1988). The only crystal-structure study of
natural ecandrewsite is that of the holotype, with the
composition of Zn0.59Fe0.24Mn0.17TiO3 (Gatehouse &
Nesbit 1978). This mineral was found to be isostructural
with R3̄ ilmenite (Birch et al. 1988). The space group
of synthetic ZnTiO3 is given as R3̄ by Bartram &
Slepetys (1961) and as R3c at unspecified conditions in
the JCPDS Powder Diffraction File database (Card No.
26–1500). The former is very poorly defined (RBragg =
13.5%), and the latter is unlikely to be correct at ambi-
ent conditions. Our experimental study shows that
ZnTiO3 cannot be formed in air at ambient pressure over
the temperature range 700–1300°C. Consequently, we
were unable to determine the unit-cell dimensions and
space group actually adopted by the ZnTiO3 end-mem-
ber. Because of the poor quality of data given by
Bartram & Slepetys (1961), we consider that the crystal
structure of ZnTiO3 is not well established and is thus
not considered further in the discussion below.

EXPERIMENTAL AND ANALYTICAL METHODS

Zinc–manganese titanates were synthesized from
stoichiometric amounts of high-purity MnCO3, ZnO,
Fe2O3, and TiO2 (all Aldrich Chemical Co.) by solid-
state ceramic techniques. The reagents, dried at 120°C
(with exception of MnCO3, which was kept at 95°C to
avoid decomposition) for several days, were mixed,
ground in an agate mortar under acetone, and calcined
in air for 12 h at 800°C. Graphite was used to maintain
Mn in the reduced (divalent) state. After regrinding, the
samples were pelletized at a pressure 10 tonnes per
square centimeter, and then sintered in air for 24 h at
900°C.
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The compositions of all titanates formed were as-
sessed using a JEOL JSM–5900 scanning electron mi-
croscope (SEM) by back-scattered electron imagery
(BSE) and quantitative energy-dispersion analysis
(EDS). Step-scanned powder X-ray-diffraction (XRD)
patterns of the products were obtained at room tempera-
ture using a Philips 3710 diffractometer (T = 20°C; ra-
diation CuK�; 2� range 9°–145°, �2� step 0.02°;
counting time per step 4 s) with APD powder-diffrac-
tion software.

The XRD patterns were inspected using the Bruker
AXS software package EVA to identify the phases
present and to confirm that R3̄-structured compounds
had been produced. Data were further analyzed by
Rietveld methods using the Bruker AXS software pack-
age TOPAS 2.1 operated in the fundamental parameters
mode (Kern & Coelho 1998). Depending upon the pres-
ence of impurities, the number of TOPAS 2.1 refined
variables ranged up to 45 independent parameters.

These included: zero corrections, scaling factors, cell
dimensions, positional coordinates of atoms, preferred
orientation corrections, crystal size, strain effects, and
isotropic thermal parameters. The occupancy factors of
all sites were set to 1, except for that of the mixed-occu-
pancy octahedral site A, which was set in accordance
with initial mixture composition as confirmed by SEM–
EDS analysis. Attempts to refine the occupancy of the
B site assuming entry of Mn3+, Mn4+, or Zn did not in-
dicate their presence within the limits of accuracy of the
determination by Rietveld methods.

The ATOMS 6.0 software package (Dowty 1999)
was used to determine interaxial angles describing the
distortion of coordination polyhedra and selected bond-
lengths. The IVTON 2.0 program (Balić- Žunić &
Vicković 1996) was employed to characterize the coor-
dination spheres of the cations, volumes of coordina-
tion polyhedra, and displacements of cations from the
centers of coordination polyhedra.

FIG. 2. Projections onto the (11̄0) plane of portions of the structures of: (a) R3̄ synthetic manganoan ecandrewsite
(Mn0.3Zn0.7TiO3), obtained in the present study, (b) high-pressure modification of MnTiO3 isostructural with R3c LiNbO3
[data taken from Ko & Prewitt (1988)], illustrating the order and disposition of the face- and corner-sharing octahedra.
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RESULTS

Synthetic zinc–manganese titanates

Our study demonstrates that synthesis of the Mn1–x
ZnxTiO3 (0.1 ≤ x ≤ 0.8) solid-solution series is possible
at ambient pressure in air. However, end-member
pyrophanite (MnTiO3), ecandrewsite (ZnTiO3), and
Zn0.9Mn0.1TiO3 titanate were not formed under our con-
ditions of synthesis in the temperature range 700–
1300°C. (N.B.: Commercially available compounds
considered by their distributors to be pure ZnTiO3 and
MnTiO3 were shown by our X-ray-diffraction methods
to be merely mixtures of spinel and oxide matching the
ecandrewsite and pyrophanite stoichiometries, respec-
tively: caveat emptor).

Synthesis of Fe-bearing titanates also was under-
taken, but was unsuccessful under our conditions of
synthesis. These compounds might be analogues of
naturally occurring zincian manganoan ilmenite, zincian
ferroan pyrophanite, and ecandrewsite–ilmenite solid
solutions (Fig. 1). We also attempted to synthesize the
ternary Fe1/3Mn1/3Zn1/3TiO3 compound. Various com-
binations of initial components were used, e.g., FeTiO3,

FeCO3 + graphite, Fe2O3 + graphite, Femetal + Fe2O3,
etc. None of these Fe-bearing mixtures produced rhom-
bohedral titanates even if we use as a starting material
R3̄-structured Mn–Zn titanates doped with as little as
0.05 apfu Fe. In contrast, quenched synthetic Zn1/2Mg1/

2TiO3, Zn1/3Mg1/3Mn1/3TiO3, and Mg1/2Mn1/2TiO3 titan-
ates readily adopt the ordered R3̄ ilmenite structure at
1000–1050°C at ambient pressure (in prep.).

The powder X-ray-diffraction patterns of all mem-
bers of the synthetic Mn1–xZnxTiO3 (0.1 ≤ x ≤ 0.8) solid
solution (e.g., Fig. 3), contain reflections with (h0l; l
odd) resulting from the ordered distribution of A2+ and
Ti4+ in alternate layers of octahedra (Raymond & Wenk
1971). These reflections are forbidden for the fully dis-
ordered R3̄c corundum-type structure and the R3c
LiNbO3 structure.

For the Rietveld refinement, we used the atom coor-
dinates given by Kidoh et al. (1984) for pyrophanite as
a starting model. Figure 3 shows the result of a Rietveld
refinement of the synthetic titanate Mn0.3Zn0.7TiO3. The
crystallochemical characteristics of the synthesized ti-
tanates are summarized in Table 1, in conjunction with
data for synthetic pure MnTiO3 (Kidoh et al. 1984) and
FeTiO3 (Wechsler & Prewitt 1984). As expected, our

FIG. 3. Rietveld refinement plot (line) of the X-ray powder-diffraction data for Mn0.3Zn0.7TiO3 at room temperature (dots). The
vertical bars indicate the Bragg reflections allowed for ordered ilmenite structure (upper row) and the minor phases, rutile and
spinel (middle and bottom bars, 1.9 and 2.0 wt.%, respectively). The difference curves between observed and calculated
profiles are plotted. For the agreement factors, see Table 1.
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study shows that entry of the smaller Zn2+ cation at the
A(Mn,Zn) site results in a regular decrease of the unit-cell
parameters and unit-cell volume with increasing Zn
content (Fig. 4).

Atom coordinates and isotropic thermal parameters
are summarized in Table 2. Bond lengths within coor-
dination octahedra, polyhedra volumes, displacements

(shifts) of [vi]A2+ and [vi]Ti4+ atoms from the centers of
coordination polyhedra and bond-length distortion in-
dices for representative compounds are listed in Table
3, with comparative data for synthetic MnTiO3 (Kidoh
et al. 1984) and FeTiO3 (Wechsler & Prewitt 1984).
Selected bond-lengths and framework angles are given
in Appendix 1.

CRYSTAL CHEMISTRY

We employ the distortion index introduced by
Shannon (1976) to illustrate bond-length distortion in
the polyhedra . The index is defined as �n = 1/n • �{(ri
– r̄) / r̄}2 • 103, where ri and  r̄ are individual and aver-
age bond-lengths in the polyhedron, respectively. To
characterize deviations from the ideal bond-angles in
regular octahedra, we calculate the bond-angle variance
index, �n, where �n = [� (�i – 90)2]/(n – 1), and �i are
the bond angles at the central atom of an octahedron
(Robinson et al. 1971). The indices calculated, plus
bond-angles within coordination polyhedra, are given
in Table 4.

As expected, the <A–O> and <Ti–O> distances
(Table 3) decrease with increasing x, resulting in a lin-
ear decrease of the unit-cell dimensions and unit-cell
volume through the series (Table 1, Fig. 4). Polyhedron
volumes change in a similar manner, with the exception
of the most Zn-rich titanate, Mn0.2Zn0.8TiO3, which ex-
hibits a slightly low volume for the TiO6 octahedron and
a somewhat high volume for the AO6 octahedron

FIG. 4. The Mn1–xZnxTiO3 series: variations of the unit-cell
parameters and unit-cell volume with composition. Data
for x = 0 are from Kidoh et al. (1984). Note that the error
bars are less than the size of dots employed in the plot
(Table 1).



PYROPHANITE–ECANDREWSITE SOLID SOLUTIONS 1877

(Table 3, Figs. 5a, b). With increasing x, the zA and zTi
coordinates deviate antipathetically from the values of
1/3 and 1/6, respectively (Table 2). This feature indicates
increasing deformation of both AO6 and TiO6 coordina-
tion polyhedra, which can be referred to as “puckering”
of cation layers above and below planes parallel to (001)

(Wechsler & Prewitt 1984). The change in z coordinate
is in agreement with the calculated shift of the atoms
from the centers of the coordination polyhedra (Table 3,
Figs. 5a, b). As the | 1/3 – zA

2+ | values are significantly
less than those of |1/6 – zTi

4+|, the layer consisting of TiO6
octahedra is considerably more deformed than the layer
composed of AO6 octahedra. The A–A distance across
the vacant octahedral site in the TiO6 layer decreases
with entry of the smaller [vi]Zn2+ cation into the A site.
The A–Ti distance between nearest metal sites also de-
creases with x (Appendix 1).

The Mn1–xZnxTiO3 series consist of coordination
polyhedra that are distorted in a manner similar to those
occurring in pyrophanite and ilmenite. The AO6 octahe-
dra exhibit a lesser degree of distortion than the TiO6
octahedra, as illustrated by indices of bond-length dis-
tortion (Table 3, Fig. 5). Overall distortion of the AO6
and TiO6 octahedra depends on the extent of Zn-for-Mn
substitution and increases with increasing Zn. Indices
of bond-angle variance are less sensitive to entry of
[vi]Zn2+ at the A site and vary irregularly (Table 4).

Whereas the unit-cell parameters and volumes of the
compounds in the pyrophanite–ecandrewsite solid so-
lution evolve linearly (Fig. 4), the overall trends of
crystallochemical characteristics are complicated by the
anomalies observed for the Zn-rich titanate (Mn0.2Zn0.8
TiO3). As further increases in Zn content result in a
collapse of the ilmenite structure to a mixture of spinel
and rutile (± an armalcolite-like titanate), we assume the
Mn0.2Zn0.8TiO3 compound to be metastable. Note that
natural iron-free manganoan ecandrewsite from the
Pilansberg complex (Mitchell & Liferovich 2004) con-
tains a maximum of 0.78 apfu Zn (Fig. 1). Further entry
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of Zn2+ (up to 0.81 apfu Zn) into the A site of natural
ecandrewsite seems to be possible only in conjunction
with Fe2+ (Fig. 1). In this case, the capacity of the struc-
ture of manganoan ecandrewsite for Zn is increased by
the dimensional effect of the coentry of the larger Fe2+

ion [[vi]R = 0.78 Å (Shannon 1976)] at the A site, result-
ing in an increase in the average ionic radius of the
[vi]A2+ cations. Consequently, this coentry decreases the
Goldschmidt tolerance factor in the most zincian natu-
ral Fe–Mn–Zn titanate known, to the range tolerable for
the ilmenite structure. This observation is supported by
the larger, but still limited, capacity for Zn in Mn-poor
ilmenite–ecandrewsite solid-solutions occurring in
pelitic schists (Whitney et al. 1993). Ecandrewsite from
Death Valley, California, contains up to 0.85 apfu Zn
(Fig. 1). The most zincian composition described from
that locality has a total of 1.04 apfu (Fe + Zn), implying

that some Fe must be oxidized and enters the [vi]Ti4+

sites, thus demonstrating incipient instability of the
structure, and suggesting that this compound is meta-
stable in a similar manner to Zn0.8Mn0.2TiO3.

CONCLUSIONS

The experimentally obtained limit of substitution of
Zn for Mn in the structure of Fe-free pyrophanite is ca.
0.8 apfu Zn at ambient pressure. This limit is in good
agreement with the composition of natural iron-poor to
iron-free manganoan ecandrewsite occurring in the
subvolcanic Pilansberg lujavrites (highly evolved
hypersolvus trachytic nepheline syenites), South Africa
(Fig. 1, Mitchell & Liferovich 2004). The empirical
range of the Goldschmidt tolerance factors for ABO3
titanates of the first-row transition metals adopting or-

FIG. 5. The Mn1–xZnxTiO3 series: variation in the volume of coordination polyhedra, their
distortion parameters (see text), and displacements of the A and Ti cations from the
centers of the coordination polyhedra with composition. Data for pyrophanite and
ilmenite are adopted from Kidoh et al. (1984) and Wechsler & Prewitt (1984), respec-
tively.
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dered R3̄ structures at ambient conditions is 0.78–0.76.
Adoption of a R3̄ structure by the ZnTiO3 end member
composition at ambient conditions has not been con-
firmed in our study, as this compound could not be syn-
thesized.
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