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ABSTRACT

A new hollandite-type titanate, henrymeyerite, occurs in a vein of tetra-ferriphlogopite — calcite — dolomite carbonatite of the
Kovdor alkaline ultramafic complex, Kola Peninsula, in Russia. The mineral was found in a single mineralized vug as acicular
crystals less than 0.2 mm in length. The crystals represent a combination of two tetragonal prisms and a bipyramid. Henrymeyerite
is opaque, black, and has an adamantine luster. In reflected light, the mineral is greyish brown and has a strong bireflectance.
Reflectance values R« and Rv are given for l over the interval 420—720 nm. Henrymeyerite is associated with dolomite,
fluorapatite, tetra-ferriphlogopite, rimkorolgite, catapleiite, collinsite, and pyrite. The composition of henrymeyerite, as deter-
mined by electron microprobe, is (wt.%): BaO 18.25, TiO2 67.78, FeO 9.20, Nb2O5 1.00, Ce2O3 0.56, La2O3 0.50, Na2O 0.40,
SiO2 0.37, K2O 0.05, CaO 0.02, sum 98.13. Stoichiometrically, this composition closely corresponds to the Ba—Fe end-member
of the cryptomelane group, BaFe2+Ti7O16. Henrymeyerite is tetragonal, space group I4/m, Z = 1, a 10.219(3), c 2.963(1) �, V
309.4(3) � 3. The crystal structure of the mineral was refined to R1 = 0.027 for 173 unique reflections with | Fo | ≥ 4sF using
single-crystal X-ray-diffraction data. The structure of henrymeyerite corresponds to the undistorted hollandite archetype; no
indication of splitting of the Ba site along [001] was observed. The available single-crystal data also indicate the absence of long-
range order of the Ba2+ cations within the structural tunnels. The mineral is named for Prof. Henry O.A. Meyer (1937—1995) in
honor of his contributions to the petrology and mineralogy of mantle-derived xenoliths and kimberlitic rocks.

Keywords: henrymeyerite, hollandite, cryptomelane group, carbonatite, Kovdor complex, Russia.

SOMMAIRE

Nous d�crivons ici la henrymeyerite, titanate apparent� � la hollandite, d�couvert dans un filon de carbonatite � t�tra-
ferriphlogopite — calcite — dolomite dans le complexe alcalin et ultramafique de Kovdor, p�ninsule de Kola, en Russie. Le min�ral
se trouve dans une seule cavit� tapiss�e de cristaux aciculaires nÕatteignant m�me pas 0.2 mm en longueur. La morphologie des
cristaux est une combinaison de deux prismes t�tragonaux et dÕune bipyramide. La henrymeyerite est opaque et noire, avec �clat
adamantin. En lumi�re r�fl�chie, le min�ral est brun gris�tre, et poss�de une forte bir�flectance. Les valeurs de r�flectivit� R« et
Rv sont fournies pour des longueurs dÕonde l sur lÕintervalle 420—720 nm. La henrymeyerite est associ�e � dolomite, fluorapatite,
t�tra-ferriphlogopite, rimkorolgite, catapl�iite, collinsite, et pyrite. Sa composition, d�termin�e par microsonde �lectronique
(% pond�raux), est: BaO 18.25, TiO 2 67.78, FeO 9.20, Nb2O5 1.00, Ce2O3 0.56, La2O3 0.50, Na2O 0.40, SiO2 0.37, K2O 0.05,
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CaO 0.02, pour un total de 98.13. Selon sa stoechiom�trie, la composition correspond au p�le Ba—Fe du groupe de la cryptomelane,
BaFe2+Ti7O16. La henrymeyerite est t�tragonale, groupe spatial I4/m, Z = 1, a 10.219(3), c 2.963(1) �, V 309.4(3) � 3. La structure
cristalline de ce min�ral a �t� affin�e jusquÕ� un r�sidu R1 = 0.027 en utilisant 173 r�flexions uniques avec | Fo | ≥ 4sF, les donn�es
de diffraction X �tant pr�lev�es sur cristal unique. La structure de la henrymeyerite correspond � celle de lÕarchetype non d�f orm�
de la hollandite. Il nÕy a aucune indication dÕun d�doublement du site Ba le long de [001]. Les donn�es disponibles indiquent a ussi
lÕabsence dÕune mise en ordre � longue �chelle des ions Ba 2+ dans les canaux de la structure. Nous honorons, par le nom choisi,
le professeur Henry O.A. Meyer (1937—1995), pour ses contributions � la p�trologie et la min�ralogie des x�nolithes d�riv�s du
manteau et des roches kimberlitiques.

(Traduit par la R�daction)

Mots-cl�s : henrymeyerite, hollandite, groupe de la cryptomelane, carbonatite, complexe de Kovdor, Russie.

INTRODUCTION

Members of the hollandite structural family have
been intensively studied over the last two decades as
potential repositories for industrial fission products
(Ringwood et al. 1979) and hosts of large-ion lithophile
elements in crustal and mantle rocks (e.g., Zhang et al.
1993, Foley et al. 1994). Crystal structures of most natu-
rally occurring hollandite-type oxides, collectively
known as the cryptomelane mineral group, have been
characterized in great detail. Exceptions are Ba—Fe
titanates of the general formula Bax(Fe2+,Fe3+,Ti)S8.0O16
(x … 1.1). These phases are relatively common in rock
types such as lamproites and agpaitic pegmatites (e.g.,
Mitchell 1995, Chakhmouradian & Mitchell 1999),
where they typically occur in minor amounts or form
intimate intergrowths with other minerals. Conse-
quently, it had not been previously possible to deter-
mine their crystal structures. In this work, we describe a
new hollandite-type mineral corresponding closely in
composition to the end-member BaFe2+Ti7O16, and give
a detailed characterization of its structure. We have
named this mineral henrymeyerite to honor Prof. Henry
O.A. Meyer (1937—1995) for his contribution to the pe-
trology and mineralogy of mantle-derived xenoliths and
kimberlitic rocks, and for his services to the mineral-
ogical community with the Mineralogical Society of
America and the International Mineralogical Associa-
tion. The mineral and the name henrymeyerite have been
approved by the Commission on New Minerals and
Mineral Names (CNMMN) of IMA (vote 99—016).
Type material is deposited at the Geological Museum
of the Kola Science Center in Apatity, Russia.

BACKGROUND INFORMATION

With the exception of akagan�ite [ b-FeO(OH,Cl)],
all naturally occurring cryptomelane-group minerals can
be divided into two chemically distinct subgroups,
manganates and titanates. The manganates have the gen-
eral formula AMn8(O,OH)16, and include several min-
eral species that differ in the population of the
eight-coordinated A-site (Na, K, Sr, Ba or Pb). The
subgroup of titanates consists of priderite [(K1.2Ba0.4)
(Fe1.1Mg0.2Ti6.7)S8.0O16] (Norrish 1954, Sinclair &

McLaughlin 1982) and four Ba-dominant phases with
either V3+ or Cr3+ replacing Ti in the octahedrally coor-
dinated B-site (Scott & Peatfield 1986, Szyma«nski 1986,
Xiong et al. 1989, Dmitriyeva et al. 1992). All mem-
bers of this subgroup crystallize with tetragonal sym-
metry, but typically show slight deviations from the
archetypal hollandite structure [a-MnO2 or TiO2 (H)]
(Zhang & Burnham 1994). These deviations are largely
due to splitting of the cation sites into two independent
positions (mannardite: Szyma«nski 1986) or incommen-
surate ordering of the A-site cations (ankangite: Wu et
al. 1990, Shi et al. 1991). However, most of the titan-
ates maintain the I4/m symmetry characteristic of the
undistorted structure.

On the basis of results of chemical analyses and syn-
thesis experiments, Norrish (1954) inferred the exist-
ence of a solid solution between K—Fe and Ba—Fe
hollandite-type titanates. He showed that the then newly
discovered mineral priderite is a K-dominant member
of this series. For the hypothetical Ba end-member, he
used the provisional name ÒBa-prideriteÓ. Subsequently,
a mineral of approximate composition (Ba0.7K0.1)
(Fe1.1Ti6.9)S8.0O16 was described from the Kovdor
carbonatite complex (Russia) as Òbarian prideriteÓ by
Zhuravleva et al. (1978). It is noteworthy that the min-
eral from Kovdor has an unusually low cation total in
the A site, possibly resulting from poor analytical data.
The term Òbarian prideriteÓ and its derivatives ( e.g.,
ÒBa—Fe-prideriteÓ) have been extensively used by Rus-
sian mineralogists to characterize hollandite-type phases
with a preponderance of Ba at the A site and Fe as a
major substituting element at the B site (MenÕshikov et
al. 1979, Lazebnik et al. 1985, Chakhmouradian &
Evdokimov 1997). In the Western mineralogical litera-
ture, these phases have been typically referred to as
Ba—Fe hollandite-type titanates (Mitchell & Bergman
1991) or ÒBa—Fe hollanditeÓ (Platt 1994, Chakhmoura-
dian & Mitchell 1999). Regardless of some terminolo-
gical differences, the authors of previously published
studies (MenÕshikov et al. 1979, Lazebnik et al. 1985,
Mitchell & Meyer 1989, Mitchell & Vladykin 1993,
Gaspar et al. 1994) have demonstrated that naturally
occurring priderite shows a wide range of compositions,
differing in K/Ba and Fe/Ti values. Mitchell & Meyer
(1989) and Mitchell (1995) suggested that the nomen-
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clature of naturally occurring hollandite-type titanates
should be redefined taking into account the existence of
two barium end-member compositions, BaFe2+Ti7O16
and BaFe3+

2Ti6O16. The hexatitanate end-member
BaFe3+

2Ti6O16 has been synthetically prepared in
several studies (e.g., Cheary et al. 1996, Loezos et al.
1999). Prior to this work, the compound BaFe2+Ti7O16
had not been synthesized, but compositionally similar
Ba—Mg titanates are well known (Dubeau & Edgar
1985, Fanchon et al. 1987, Cheary & Squadrito 1989).
Prior to our study, neither BaFe2+Ti7O16 nor
BaFe3+

2Ti6O16 had been approved as valid mineral spe-
cies by the Commission on New Minerals and Mineral
Names (CNMMN) of the International Mineralogical
Association.

OCCURRENCE AND PROPERTIES

Henrymeyerite occurs in a late-stage mineral assem-
blage associated with carbonatitic rocks of the Kovdor
alkaline ultramafic complex, Russia (~67°3ÕN,
~30°3ÕE). This complex belongs to a group of alkaline
intrusions of Devonian age situated along the ancient
Kovdor — Khibina — Ivanovka fault zone developed in
Precambrian basement of the Fennoscandian Shield
(Orlova 1993). The Kovdor intrusion is composed of
diverse plutonic ultramafic, melilitic, alkaline and
carbonatitic rocks emplaced in Archean gneisses of the
Belomorskaya suite (Kukharenko et al. 1965). At
Kovdor, carbonatites and associated phoscorites are
among the latest of the petrographic series, and cross-
cut all other rock types with the exception of nepheline
and cancrinite syenites. The phoscorites and carbo-
natites comprise a small intrusion and a system of veins
in the southwestern part of the complex, at the contact
between the earlier-formed clinopyroxenites, melteigite—
ijolites and fenites. The phoscorite—carbonatite unit is
now well exposed owing to extensive mining operations
in the Kovdor iron-ore pit.

Henrymeyerite was found in a vein of tetra-
ferriphlogopite — calcite — dolomite carbonatite exposed
at the +10 m horizon of so-called Òanomalous oresÓ.
These rocks contain abundant clinohumite and are be-
lieved to metasomatically replace primary phoscorites.
The metasomatism also resulted in crystallization of
uranoan pyrochlore, and hence, generally high (Òanoma-
lousÓ) radioactivity of these rocks. The henrymeyerite-
bearing carbonatite cross-cuts a metasomatized
phoscoritic rock composed of forsterite, clinohumite,
fluorapatite, magnetite, phlogopite and calcite. The
carbonatite vein has a nearly vertical dip and a thick-
ness of 20—30 cm; its outcropping portion is approxi-
mately 6 m long. Henrymeyerite was discovered in one
of several mineralized vugs within the carbonatite body.
The mineral is associated with dolomite, fluorapatite,
niobian anatase (?), tetra-ferriphlogopite, rimkorolgite
[Mg5Ba(PO4)4¥8H2O], catapleiite (Na2ZrSi3O9¥2H2O),
collinsite [Ca2Mg(PO4)2¥2H2O], and pyrite. Other vugs

were carefully examined for the presence of
henrymeyerite, but this search proved unsuccessful.
Hence, the amount of material available for our study
was limited to a few crystals.

Henrymeyerite forms well-developed acicular crys-
tals up to 0.2 mm in length and several tens of mm in
thickness. The crystals represent a combination of two
tetragonal prisms terminated by an obtuse tetragonal
bipyramid (Fig. 1). The most probable combination of
forms is {100}, {110} and {101}. Macroscopically, the
crystals are black and show a distinct adamantine lus-
ter. Henrymeyerite is opaque, and has a reddish brown
streak. The density of the mineral, as determined by
comparison with heavy liquids of known density
(Clerici solution), is 4.0(1) g/cm3. This value is in rea-
sonable agreement with a calculated density of 4.20(1)
g/cm3. Attempts to determine the micro-indentation
hardness were largely unsuccessful because the mineral
is very brittle and breaks into fine splinters even when
minimum loads are applied. Rough estimates of the
Mohs hardness range from 5 to 6. In reflected light,
henrymeyerite is greyish brown, and in samples oriented
lengthwise, it shows a weak bireflectance in shades of
brown. Reflectance measurements in the range 420—720
nm were made relative to a SiC standard using a MSF
10 spectrophotometer. The reflectance values for
henrymeyerite measured in air are given in Table 1.

COMPOSITION

The composition of henrymeyerite, determined us-
ing the same crystal as that characterized structurally,
was obtained using energy-dispersion spectrometry
(EDS) on a Hitachi 570 scanning electron microscope
equipped with a LINK ISIS analytical system incorpo-
rating a Super ATW Light Element Detector (133 eV
FwHm MnKa). EDS spectra were acquired for 180 sec-
onds (live time) with an accelerating voltage of 20 kV
and a beam current of 0.86 nA. Full ZAF corrections
were applied to the raw X-ray data. The following min-
eral standards were used for the chemical analysis of
henrymeyerite: benitoite (Ba), ilmenite (Fe, Ti), jadeite
(Na), wollastonite (Ca, Si), orthoclase (K), and loparite-
(Ce) (La, Ce, Nb). The accuracy of the method was con-
firmed by wavelength-dispersion electron-microprobe
analysis of K—Ba hollandite-type minerals, and REE-
bearing perovskite-type titanates using an automated
CAMECA SX—50 instrument located at the University
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of Manitoba (Mitchell & Vladykin 1993, Chakhmou-
radian & Mitchell 1998). Other elements present in
some hollandite-group titanates (Cr, V, Sr, Mn, Mg, Al,
Zr and Th) were sought but were not detected.

From Table 2, it is evident that henrymeyerite is a
Ba—Fe titanate with negligible amounts of other cations.
The Fe content in this mineral ranges from 9.0 to
9.5 wt.% FeO (total iron expressed as FeO), clearly
indicating that henrymeyerite corresponds to the
barium—iron heptatitanate BaFe2+Ti7O16 rather than to
the hexatitanate BaFe3+

2Ti6O16. When recalculated with
all Fe expressed as Fe2+, the formula of henrymeyerite
is (Ba0.96Na0.10K0.01REE0.05)S1.12(Fe2+

1.03Ti6.82Nb0.06
Si0.04)S7.95O16 and, thus, it closely approaches that of the
heptatitanate end-member. Unfortunately, the amount of
material available to us was insufficient to confirm the
divalent state of Fe in henrymeyerite by M�ssbauer
spectroscopy. Note that a small deficiency of cations
in the B site is probably an artifact resulting from the
presence of minor Ti3+ in the mineral (cf. X-ray
photoelectron-spectroscopy data of Myhra et al. 1988).

CRYSTAL STRUCTURE

Single-crystal diffraction studies of henrymeyerite
were done using a Bruker PLATFORM three-circle
diffractometer equipped with a SMART charge-coupled
device (CCD) detector with a crystal-to-detector dis-
tance of 5 cm. The CCD area detector allows simulta-

neous detection of X-ray intensities over slices of recip-
rocal space, facilitating examination of superstructures,
twinning, exsolution and defects in crystal structures
(Burns 1998). In comparison with conventional scintil-
lation detectors, the CCD detector offers improved sen-
sitivity to weak reflections, higher resolution and
reduced data-collection times. The X-ray-diffraction
data were collected on a crystal 0.06 2 0.2 mm in size,
using MoKa X-radiation and v scans, with framewidths
of 0.03° and 60 s spent counting for each frame. More
than a hemisphere of three-dimensional data was col-
lected for 0 ≤ 2u ≤ 56.44° in approximately 24 hours.
The data were integrated using the Bruker program
SAINT, and corrections for Lorentz, polarization, and
background effects were applied. An empirical correc-
tion for absorption was performed using intensities of
equivalent reflections with the crystal modeled as an
ellipse. The unit-cell dimensions refined by least-
squares techniques are a 10.219(3), c 2.963(1) � and V
= 309.4(3) � 3. A total of 1982 reflections were col-
lected, of which 219 reflections were unique, with 173
classed as observed (| Fo | ≥ 4sF).

Scattering curves for neutral atoms, as well as
anomalous dispersion corrections, were taken from the
International Tables for X-ray Crystallography (Ibers
& Hamilton 1974). The Bruker SHELXTL Version 5
system of programs was used for the determination and
refinement of the crystal structure. Systematic absences
and reflection statistics indicated the space group I4/m,

FIG. 1. Slender prismatic crystals of henrymeyerite intergrown with stubby hexagonal
prisms of fluorapatite and dolomite rhombohedra. Width of field of view is ca. 0.2 mm.
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corresponding to the archetypal hollandite structure. A
model that included refined positional parameters and
anisotropic displacement parameters gave a final R1
value of 0.027 for 173 reflections with |Fo| ≥ 4sF. In the
final cycle of refinement, the peaks in the difference-
Fourier maps were below 0.64 e/� 3. Importantly, the
difference-Fourier map showed no indication of split-
ting of the Ba site (00H) along [001]. Relatively high
displacement-parameters for Ba [Ueq = 0.0296(5) � 2]
signify positional disorder at the 2b site.

The final atomic coordinates, anisotropic displace-
ment parameters and selected interatomic distances for
henrymeyerite are given in Table 3. The mean (B—O)
distance observed is close to that expected from the
chemical composition of the mineral (1.982 and 1.979
�, respectively). Observed and calculated structure-fac-
tors for henrymeyerite (Table 4) may be obtained from
the Depository of Unpublished Data, CISTI, National
Research Council, Ottawa, Ontario K1A 0S2, Canada.
The refined structural parameters were used to generate
a calculated powder-pattern for the mineral (Table 5),
as the amount of material available to us was insuffi-
cient to measure the actual pattern.

The structure of henrymeyerite shown in Figure 2,
consists of edge-sharing (Ti,Fe)O6 octahedra forming
double chains along [001]. These chains form tunnels
approximately 4.8 � across by sharing corners avail-
able for bonding. In common with other hollandite-type
compounds (e.g., Zhang et al. 1993), the six-coordinated
polyhedra are distorted, having the four shared edges
[2 2 O(1)—O(1’) and 2 2 O(1)—O(2)] significantly
shorter than those unshared (Table 3). The tunnels
accommodate Ba and minor amounts of other large
cations. Note that in henrymeyerite, Ba enters only the
2b site, whereas the 4e positions remain vacant. In com-
mon with redledgeite [Ba(Cr,Fe3+,V)2Ti6O16], the small
distance between the adjacent 2b sites along [001]
(~ 2.97 �) prohibits more than approximately half of
these positions to be occupied by Ba (Szyma«nski 1986,
Foley et al. 1997). In tetragonal hollandite-type phases
with a significant excess of large cations over one atom
per formula unit (apfu), this excess is accommodated in
the Òoff-centerÓ 4 e site displaced along [001] relative
to 2b (e.g., priderite: Post et al. 1982, Sinclair &
McLaughlin 1982).

617 38#3-juin00-2150-06 27/07/00, 11:19621



622 THE CANADIAN MINERALOGIST

The absence of superstructure reflections suggests
that the structure of henrymeyerite is devoid of long-
range ordering of the Ba2+ cations within the tunnels.
As only about one half of the A sites can be occupied in
Ba-dominant hollandites, some of these structures de-
velop a commensurate long-range ordering along [001].
Among titanates, an ordered arrangement of Ba cations
and vacancies in the tunnels has been described in a
ÒBa—Ti hollanditeÓ from the Tian Shan Mountains
(Dmitriyeva et al. 1992) and the synthetic compound
Ba1.2Mg1.2Ti6.8O16 (Fanchon et al. 1987). In both these
cases, the ordering represents the regular sequence
...Ba—Ba—M—Ba—M..., and results in a quintupled
supercell along the corresponding axis (ca. 14.8—14.9
�). It is noteworthy that this sequence yields the maxi-
mum occupancy of A sites by Ba, i.e., approximately
1.33 apfu (Foley et al. 1997).

SYNTHETIC BaFe2+Ti7O16

A synthetic analogue of henrymeyerite was prepared
using the ceramic technique from stoichiometric quan-
tities of BaCO3, FeTiO3 and TiO2 (high-purity grade).
The reagents were dried at 150°C for 24 h, and then
mixed and ground in an agate mortar. The mixture was
calcined at 1000°C and, after regrinding, heated at
1300°C in air for 48 hours. The composition of the ce-
ramic powder sample was determined using the same
methods, operating conditions and standards as those
described above for henrymeyerite. The synthetic
sample consists of relatively large (≤40 mm) crystals of
Ba—Fe titanate intergrown with smaller grains of rutile.
Compositionally, the Ba—Fe titanate approximates the
ideal formula BaFe2+Ti7O16 (Table 2, anal. 4). Recalcu-
lation of the average electron-microprobe data for this
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