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ABSTRACT

A new hollandite-type titanate, henrymeyerite, occurs in a vein of tetra-ferriphlogopite — calcite — dolomite carboratite of th
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. Henrymeyeri
is opaque, black, and has an adamantine luster. In reflected light, the mineral is greyish brown and has a strong bireflectance
Reflectance valueR. andR,, are given forA over the interval 420-720 nm. Henrymeyerite is associated with dolomite,
fluorapatite, tetra-ferriphlogopite, rimkorolgite, catapleiite, collinsite, and pyrite. The composition of henrymeyeriter-as de
mined by electron microprobe, is (wt.%): BaO 18.25,;16@.78, FeO 9.20, NBs 1.00, CeO3 0.56, LaO3 0.50, NaO 0.40,

Si0, 0.37, KO 0.05, CaO 0.02, sum 98.13. Stoichiometrically, this composition closely corresponds to the Ba—Fe end-member
of the cryptomelane group, Ba¥&i-O16 Henrymeyerite is tetragonal, space grodim, Z = 1,a 10.219(3) ¢ 2.963(1) AV

309.4(3) R. The crystal structure of the mineral was refine@kte= 0.027 for 173 unique reflections witF{| > 4o 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 disgnce of
range order of the Bacations 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 décrivons ici la henrymeyerite, titanate apparenté a la hollandite, découvert dans un filon de carbonatite a tétra-
ferriphlogopite — calcite — dolomite dans le complexe alcalin et ultramafique de Kovdor, péninsule de Kola, en RussialLe minér
se trouve dans une seule cavité tapissée de cristaux aciculaires n’atteignant méme pas 0.2 mm en longueur. La morphologie des
cristaux est une combinaison de deux prismes tétragonaux et d’'une bipyramide. La henrymeyerite est opaque et noire, avec éclat
adamantin. En lumiére réfléchie, le minéral est brun grisatre, et possede une forte biréflectance. Les valeurs deRgé#ectivité
R, sont fournies pour des longueurs d’ondgir I'intervalle 420—720 nm. La henrymeyerite est associée a dolomite, fluorapatite,
tétra-ferriphlogopite, rimkorolgite, catapléiite, collinsite, et pyrite. Sa composition, déterminée par microsonde électronique
(% pondéraux), est: BaO 18.25, Ti67.78, FeO 9.20, NBs 1.00, CgO3 0.56, LaO3 0.50, NaO 0.40, SiQ 0.37, KO 0.05,

§ E-mail addressrmitchel@gale.lakeheadu.ca



618 THE CANADIAN MINERALOGIST

Ca0 0.02, pour un total de 98.13. Selon sa stoechiométrie, la composition correspond au pdle Ba—Fe du groupe de la ¢ryptomelane
BaFé*Ti;O1 La henrymeyerite est tétragonale, groupe spdtial Z = 1,a10.219(3)¢ 2.963(1) AV 309.4(3) R. La structure

cristalline de ce minéral a été affinée jusqu’a un réRidu0.027 en utilisant 173 réflexions uniques aveg| B 4o, les données

de diffraction X étant prélevées sur cristal unique. La structure de la henrymeyerite correspond a celle de I'archetgp@é@on déf

de la hollandite. Il n'y a aucune indication d’'un dédoublement du site Ba le long de [001]. Les données disponibles irsfiguent a
I'absence d’une mise en ordre & longue échelle des idngiBas les canaux de la structure. Nous honorons, par le nom choisi,

le professeur Henry O.A. Meyer (1937-1995), pour ses contributions & la pétrologie et la minéralogie des xénolithes dérivés du
manteau et des roches kimberlitiques.

(Traduit par la Rédaction)

Mots-clés henrymeyerite, hollandite, groupe de la cryptomelane, carbonatite, complexe de Kovdor, Russie.

INTRODUCTION McLaughlin 1982) and four Ba-dominant phases with
either \A* or C* replacing Ti in the octahedrally coor-
Members of the hollandite structural family havedinatedB-site (Scott & Peatfield 1986, Szymski 1986,
been intensively studied over the last two decades X¥®ng et al. 1989, Dmitriyevaet al. 1992). All mem-
potential repositories for industrial fission productders of this subgroup crystallize with tetragonal sym-
(Ringwoodet al.1979) and hosts of large-ion lithophilemetry, but typically show slight deviations from the
elements in crustal and mantle rocksy( Zhanget al. archetypal hollandite structure-MnO, or TiO, (H)]
1993, Foleyet al.1994). Crystal structures of most natu{Zhang & Burnham 1994). These deviations are largely
rally occurring hollandite-type oxides, collectivelydue to splitting of the cation sites into two independent
known as the cryptomelane mineral group, have bepositions (mannardite: Szymski 1986) or incommen-
characterized in great detail. Exceptions are Ba—Eerate ordering of tha-site cations (ankangite: W\at
titanates of the general formula, @&, Fe*, Ti)sg 016 al. 1990, Shiet al. 1991). However, most of the titan-
(x= 1.1). These phases are relatively common in rogtes maintain thé4/m symmetry characteristic of the
types such as lamproites and agpaitic pegmattes ( undistorted structure.
Mitchell 1995, Chakhmouradian & Mitchell 1999), On the basis of results of chemical analyses and syn-
where they typically occur in minor amounts or fornthesis experiments, Norrish (1954) inferred the exist-
intimate intergrowths with other minerals. Conseence of a solid solution between K-Fe and Ba-Fe
quently, it had not been previously possible to detehollandite-type titanates. He showed that the then newly
mine their crystal structures. In this work, we describediscovered mineral priderite is a K-dominant member
new hollandite-type mineral corresponding closely iof this series. For the hypothetical Ba end-member, he
composition to the end-member B&F&,0,¢, and give used the provisional name “Ba-priderite”. Subsequently,
a detailed characterization of its structure. We hawe mineral of approximate composition B o.1)
named this minerddenrymeyeritéo honor Prof. Henry (Fey 1Tis.g)s8.0016 Was described from the Kovdor
O.A. Meyer (1937-1995) for his contribution to the peearbonatite complex (Russia) as “barian priderite” by
trology and mineralogy of mantle-derived xenoliths andhuravlevaet al. (1978). It is noteworthy that the min-
kimberlitic rocks, and for his services to the mineraleral from Kovdor has an unusually low cation total in
ogical community with the Mineralogical Society ofthe A site, possibly resulting from poor analytical data.
America and the International Mineralogical Associathe term “barian priderite” and its derivativesd,
tion. The mineral and the name henrymeyerite have be@&a—Fe-priderite”) have been extensively used by Rus-
approved by the Commission on New Minerals ansian mineralogists to characterize hollandite-type phases
Mineral Names (CNMMN) of IMA (vote 99-016). with a preponderance of Ba at tAesite and Fe as a
Type material is deposited at the Geological Museumajor substituting element at tBesite (Men’shikovet

of the Kola Science Center in Apatity, Russia. al. 1979, Lazebniket al. 1985, Chakhmouradian &
Evdokimov 1997). In the Western mineralogical litera-
BACKGROUND INFORMATION ture, these phases have been typically referred to as

Ba—Fe hollandite-type titanates (Mitchell & Bergman

With the exception of akaganéitg-FeO(OH,Cl)], 1991) or “Ba—Fe hollandite” (Platt 1994, Chakhmoura-
all naturally occurring cryptomelane-group minerals cadian & Mitchell 1999). Regardless of some terminolo-
be divided into two chemically distinct subgroupsgical differences, the authors of previously published
manganates and titanates. The manganates have the gardies (Men’'shikowet al. 1979, Lazebnilet al. 1985,
eral formulaAMng(O,0OH)6, and include several min- Mitchell & Meyer 1989, Mitchell & Vladykin 1993,
eral species that differ in the population of th&asparet al. 1994) have demonstrated that naturally
eight-coordinated?-site (Na, K, Sr, Ba or Pb). The occurring priderite shows a wide range of compositions,
subgroup of titanates consists of priderite [fBay4) differing in K/Ba and Fe/Ti values. Mitchell & Meyer
(Fe1.aMgo.2Ti6.7)s8.0016] (Norrish 1954, Sinclair & (1989) and Mitchell (1995) suggested that the nomen-
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clature of naturally occurring hollandite-type titanatewere carefully examined for the presence of
should be redefined taking into account the existencetoénrymeyerite, but this search proved unsuccessful.
two barium end-member compositions, B&F&0.s Hence, the amount of material available for our study
and BaFé"TigO16. The hexatitanate end-membemwas limited to a few crystals.
BaFe&*,TigO16 has been synthetically prepared in  Henrymeyerite forms well-developed acicular crys-
several studiese(g, Chearyet al. 1996, Loezo®t al. tals up to 0.2 mm in length and several teng.of in
1999). Prior to this work, the compound B&A&,0,6 thickness. The crystals represent a combination of two
had not been synthesized, but compositionally similéetragonal prisms terminated by an obtuse tetragonal
Ba—Mg titanates are well known (Dubeau & Edgabipyramid (Fig. 1). The most probable combination of
1985, Fanchoet al. 1987, Cheary & Squadrito 1989).forms is {100}, {110} and {101}. Macroscopically, the
Prior to our study, neither BaF&i;0;5 nor crystals are black and show a distinct adamantine lus-
BaFée*,TigO.6 had been approved as valid mineral speer. Henrymeyerite is opaque, and has a reddish brown
cies by the Commission on New Minerals and Mineratreak. The density of the mineral, as determined by
Names (CNMMN) of the International Mineralogicalcomparison with heavy liquids of known density
Association. (Clerici solution), is 4.0(1) g/cfn This value is in rea-
sonable agreement with a calculated density of 4.20(1)
OCCURRENCEAND PROPERTIES glcn®. Attempts to determine the micro-indentation
hardness were largely unsuccessful because the mineral
Henrymeyerite occurs in a late-stage mineral asseis-very brittle and breaks into fine splinters even when
blage associated with carbonatitic rocks of the Kovdaninimum loads are applied. Rough estimates of the
alkaline ultramafic complex, Russia (~®/N, Mohs hardness range from 5 to 6. In reflected light,
~30°3’E). This complex belongs to a group of alkalindnenrymeyerite is greyish brown, and in samples oriented
intrusions of Devonian age situated along the ancielengthwise, it shows a weak bireflectance in shades of
Kovdor — Khibina — Ivanovka fault zone developed ibrown. Reflectance measurements in the range 420-720
Precambrian basement of the Fennoscandian Shielth were made relative to a SiC standard using a MSF
(Orlova 1993). The Kovdor intrusion is composed 010 spectrophotometer. The reflectance values for
diverse plutonic ultramafic, melilitic, alkaline andhenrymeyerite measured in air are given in Table 1.
carbonatitic rocks emplaced in Archean gneisses of the
Belomorskaya suite (Kukharenkat al. 1965). At ComPOSITION
Kovdor, carbonatites and associated phoscorites are
among the latest of the petrographic series, and cross-The composition of henrymeyerite, determined us-
cut all other rock types with the exception of nephelineg the same crystal as that characterized structurally,
and cancrinite syenites. The phoscorites and carbwas obtained using energy-dispersion spectrometry
natites comprise a small intrusion and a system of veif(8DS) on a Hitachi 570 scanning electron microscope
in the southwestern part of the complex, at the contauipped with a LINK ISIS analytical system incorpo-
between the earlier-formed clinopyroxenites, melteigiterating a Super ATW Light Element Detector (133 eV
ijolites and fenites. The phoscorite—carbonatite unit BwHmM MnKa). EDS spectra were acquired for 180 sec-
now well exposed owing to extensive mining operationands (live time) with an accelerating voltage of 20 kV
in the Kovdor iron-ore pit. and a beam current of 0.86 nA. Full ZAF corrections
Henrymeyerite was found in a vein of tetrawere applied to the raw X-ray data. The following min-
ferriphlogopite — calcite — dolomite carbonatite exposeeral standards were used for the chemical analysis of
at the +10 m horizon of so-called “anomalous oreshenrymeyerite: benitoite (Ba), ilmenite (Fe, Ti), jadeite
These rocks contain abundant clinohumite and are H&la), wollastonite (Ca, Si), orthoclase (K), and loparite-
lieved to metasomatically replace primary phoscoritefCe) (La, Ce, Nb). The accuracy of the method was con-
The metasomatism also resulted in crystallization éfmed by wavelength-dispersion electron-microprobe
uranoan pyrochlore, and hence, generally high (“anomanalysis of K—-Ba hollandite-type minerals, aREE
lous”) radioactivity of these rocks. The henrymeyeritebearing perovskite-type titanates using an automated
bearing carbonatite cross-cuts a metasomatiz€AMECA SX-50 instrument located at the University
phoscoritic rock composed of forsterite, clinohumite,
fluorapatite, magnetite, phlogopite and calcite. The
carbonatite vein has a nearly vertical dip and a thick- TABLE 1. REFLECTANCE VALUES (%) FOR HENRYMEYERITE
ness of 20—30 cm; its outcropping portion is approxi=
mately 6 m long. Henrymeyerite was discovered in orfe™
of several mineralized vugs within the carbonatite bodyzo 130 142 s 116 126 60 113 138
The mineral is associated with dolomite, fluorapatitdt 155 155 30 114 120 0 112 144
niobian anatase (?), tetra-ferriphlogopite, rimkorolgitae 119 123 600 114 129 720 112 145
[MgsBa(PQ)4+8H.0], catapleiite (N&ZrSiz0g*2H,0), 3% }}g };Z gﬁg }}j o2
collinsite [CaMg(POy)2*2H,0], and pyrite. Other vugs i i i '

Ra R, A, nm R, R A, nm R, R.
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Fic. 1. Slender prismatic crystals of henrymeyerite intergrown with stubby hexagonal
prisms of fluorapatite and dolomite rhombohedra. Width of field of viexa.i8.2 mm.

of Manitoba (Mitchell & Vladykin 1993, Chakhmou- neous detection of X-ray intensities over slices of recip-
radian & Mitchell 1998). Other elements present imocal space, facilitating examination of superstructures,
some hollandite-group titanates (Cr, V, Sr, Mn, Mg, Atwinning, exsolution and defects in crystal structures
Zr and Th) were sought but were not detected. (Burns 1998). In comparison with conventional scintil-
From Table 2, it is evident that henrymeyerite is ktion detectors, the CCD detector offers improved sen-
Ba—Fe titanate with negligible amounts of other cationsitivity to weak reflections, higher resolution and
The Fe content in this mineral ranges from 9.0 teeduced data-collection times. The X-ray-diffraction
9.5 wt.% FeO (total iron expressed as FeO), cleartiata were collected on a crystal 0.060.2 mm in size,
indicating that henrymeyerite corresponds to thesing MKa X-radiation and» scans, with framewidths
barium—iron heptatitanate Baf&i-O;¢ rather than to of 0.03 and 60 s spent counting for each frame. More
the hexatitanate BaFeTigO16 When recalculated with than a hemisphere of three-dimensional data was col-
all Fe expressed as #gethe formula of henrymeyerite lected for 0< 20 < 56.44 in approximately 24 hours.
i (Bay.geNap 10K0.01RER.05)s1.1AF€*1.0aTisedNbgos The data were integrated using the Bruker program
Sio.0g)37.90016aNnd, thus, it closely approaches that of thEAINT, and corrections for Lorentz, polarization, and
heptatitanate end-member. Unfortunately, the amountledickground effects were applied. An empirical correc-
material available to us was insufficient to confirm théon for absorption was performed using intensities of
divalent state of Fe in henrymeyerite by Mdssbauequivalent reflections with the crystal modeled as an
spectroscopy. Note that a small deficiency of catiorelipse. The unit-cell dimensions refined by least-
in the B site is probably an artifact resulting from thesquares techniques ad0.219(3)¢ 2.963(1) A and/
presence of minor Pt in the mineral ¢f. X-ray = 309.4(3) R. A total of 1982 reflections were col-
photoelectron-spectroscopy data of Myhtal.1988). lected, of which 219 reflections were unique, with 173
classed as observed(| = 4oF).
CRYSTAL STRUCTURE Scattering curves for neutral atoms, as well as
anomalous dispersion corrections, were taken from the
Single-crystal diffraction studies of henrymeyeritdnternational Tables for X-ray Crystallograpiibers
were done using a Bruker PLATFORM three-circl& Hamilton 1974). The Bruker SHELXTL Version 5
diffractometer equipped with a SMART charge-coupledystem of programs was used for the determination and
device (CCD) detector with a crystal-to-detector disefinement of the crystal structure. Systematic absences
tance of 5 cm. The CCD area detector allows simultand reflection statistics indicated the space gidim,
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TABLE 2. COMPOSITION OF HENRYMEYERITE, ITS SYNTHETIC ANALOGUE, AND
THEORETICAL COMPOSITIONS OF END-MEMBER Ba-Fe HOLLANDITE-GROUP TITANATES

HENRYMEYERITE BaFe”TiO;s  BaFe’,TisO1s  SYNTHETIC
Oxide Mean* Range Standard SAMPLE**
(wt.%) (wt.%) deviation

Na,0 0.40 0.28-0.55 0.07 - - -
K,0 0.05 0.01-0.08 0.02 - - -
CaO 0.02 0.00-0.06 0.02 - - -
BaO 18.25 17.47-19.20 0.61 19.54 19.35 20.66
La,05 0.50 0.15-0.87 0.32 - - -
Ce,04 0.56 0.21-0.88 0.22 - - -
Fe,04 - - - - 20.15 -
FeO 920t 897946t  0.16 9.16 - 10.34%
TiO, 67.78  66.94-69.04 0.66 71.30 60.50 69.00
Si0, 0.37 0.27-0.58 0.09 - - -
Nb,Os 1.00 0.64-1.39 0.21 - - -
Total 98.13 100.00 100.00 100.00
Structural formulae calculated on the basis of 16 atoms of oxygen

Na 0.10 - - -
K 0.01 - - -
Ca - - - -
Ba 0.96 1.00 1.00 1.07
La 0.02 - - -
Ce 0.03 - - -
p| 1.12 1.00 1.00 1.07
Fe 1.03 1.00 2.00 1.14
Ti 6.82 7.00 6.00 6.86
Si 0.04 - - -
Nb 0.06 - - -
zB 7.95 8.00 8.00 8.00

* Average of 8 microprobe analyses.
** Synthetic analogue of henrymeyerite, average of 11 microprobe analyses (normalized).
t Total Fe expressed as FeO.

corresponding to the archetypal hollandite structure. A The structure of henrymeyerite shown in Figure 2,
model that included refined positional parameters amnsists of edge-sharing (Ti,Fg)Octahedra forming
anisotropic displacement parameters gave a fjal double chains along [001]. These chains form tunnels
value of 0.027 for 173 reflections witk| = 4o. Inthe approximately 4.8 A across by sharing corners avail-
final cycle of refinement, the peaks in the differenceable for bonding. In common with other hollandite-type
Fourier maps were below 0.&A3. Importantly, the compoundsé€.g, Zhanget al. 1993), the six-coordinated
difference-Fourier map showed no indication of splitpolyhedra are distorted, having the four shared edges
ting of the Ba site (0@) along [001]. Relatively high [2 X O(1)-O(1') and 2x O(1)-O(2)] significantly
displacement-parameters for Baef; = 0.0296(5) Al shorter than those unshared (Table 3). The tunnels
signify positional disorder at thév3ite. accommodate Ba and minor amounts of other large
The final atomic coordinates, anisotropic displacezations. Note that in henrymeyerite, Ba enters only the
ment parameters and selected interatomic distances 2brsite, whereas theegositions remain vacant. In com-
henrymeyerite are given in Table 3. The me@rQ) mon with redledgeite [Ba(Cr,EgV),TigO:4], the small
distance observed is close to that expected from tHistance between the adjacemt gites along [001]
chemical composition of the mineral (1.982 and 1.97@ 2.97 A) prohibits more than approximately half of
A, respectively). Observed and calculated structure-faihese positions to be occupied by Ba (Szyska1986,
tors for henrymeyerite (Table 4) may be obtained frofoleyet al. 1997). In tetragonal hollandite-type phases
the Depository of Unpublished Data, CISTI, Nationalvith a significant excess of large cations over one atom
Research Council, Ottawa, Ontario K1A 0S2, Canadper formula unitgpfu), this excess is accommodated in
The refined structural parameters were used to genertite “off-center” 4 site displaced along [001] relative
a calculated powder-pattern for the mineral (Table 5 2b (e.g, priderite: Postet al. 1982, Sinclair &
as the amount of material available to us was insuffidcLaughlin 1982).
cient to measure the actual pattern.
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TABLE 3. FINAL POSITIONAL AND DISPLACEMENT PARAMETERS (A%) AND
SELECTED INTERATOMIC DISTANCES FOR HENRYMEYLRITE

Wyckoff
Atom position s.o.f X ¥y z Ug* U Us; s U
Ba 26 0.54 0 4 /2 0.0296(5) 0.0290(6) 0.0290(6) 0.0310(9) O

TisFe 8k 100  0.349858) 0.166048) ©  00090(3) 0.0090(5) 00121(5) 0.0060(4) 0.0021(4)
o) 8 100 015583 02037%3) 0  00LIX7) 00102) 00152) 00092)  0.000(1)

0@y 8 100  05390(3) 0.1672(3) 0  001158) 0010@2) 00132) 0012(2)  0.000(1)

Ba-O(1) (x8) 3.01003) A O)-0(1) 2963(2) A
Ti-O(1) (x2) 1.992(2) A 0(2)-0(2) 296323 A
Ti-O(19) 2.019(3) A O(D-0(2) (x2) 23810(3)A
Ti-0(2) (x2) 1.977(2) A 0(2)-0(2) (x2)  2.890(3) A
Ti-0(2" 1.9333) A 02)-0(1) (x2)  2.881(3)A
(Ti-O)mean 1.982(2) A 0(1)-0(1) (x2)  2.607(3) A

0(1)-0Q2) (x2)  2.6322) A

*Ueg = 13(EL,Ua*a*aa), U and Uss = 0 for all atoms.

The absence of superstructure reflections suggests SvNTHETIC BaF€&*Ti;O16
that the structure of henrymeyerite is devoid of long- ) )
range ordering of the BAcations within the tunnels. A synthetic analogue of henrymeyerite was prepared
As only about one half of thesites can be occupied in using the ceramic technique from stoichiometric quan-
Ba-dominant hollandites, some of these structures déies of BaCQ, FeTiQ;and TiG (high-purity grade).
velop a commensurate long-range ordering along [00d]he reagents were dried at 280for 24 h, and then
Among titanates, an ordered arrangement of Ba catiofxed and ground in an agate mortar. The mixture was
and vacancies in the tunnels has been described igadcined at 1000 and, after regrinding, heated at
“Ba—Ti hollandite” from the Tian Shan Mountainsl300’C in air for 48 hours. The Composition of the ce-
(Dmitriyeva et al. 1992) and the synthetic compoundamic powder sample was determined using the same
Bay ;Mg »Tis.¢016 (Fanchoret al. 1987). In both these metho_ds, operating conditions and_standards as thc_:se
cases, the ordering represents the regular sequeH€égcribed above for henrymeyerite. The synthetic
...Ba—Baf]-Ba-{1..., and results in a quintupledSample consists of relatively larged0 um) crystals of
supercell along the corresponding axia.(14.8-14.9 Ba-Fe titanate intergrown with smaller grains of rutile.
A). It is noteworthy that this sequence yields the maxizompositionally, the Ba—Fe titanate approximates the

mum occupancy of sites by Baj.e. approximately ideal formula BaF&Ti;Oxs(Table 2, anal. 4). Recalcu--
1.33apfu (Foleyet al. 1997). lation of the average electron-microprobe data for this

TABLE 5. X-RAY POWDER DIFFRACTION DATA FOR HENRYMEYERITE AND ITS SYNTHETIC ANALOGUE

HENRYMEYERITE*  SYNTHETIC HENRYMEYERITE* SYNTHETIC
SAMPLE SAMPLE .

I d(A) I d(A) h ok Iae d(A) I dA) h ok !
3 7.226 1 1 0 <1 1.682 3 1.671 5 01
9 5.109 2 0 0 1 1.682 4 3 1
15 3.613 20 3.57 2 20 1 1.616 4 1.598 620 + 260
100 3.232 100 319 310+ 130 33 1.598 31 1.587 521 +251
10 2.846 8 2850 1 0 1 10 1481 10 1485 00 2
4 2.555 3 2.526 4 0 O 6 1.461 10 1.450 611 + 161
34 2.486 20 2483 211+121 <1 1.445 2 1.430 5 50
18 2285 13 2259 420 + 240 1 1445 <l 1430 1 70
40 2.236 40 2227 3 0 1 <1 1417 1 1.402 4 6 0
11 2.048 5 2.039 321+231 26 1.405 20 1.394 541 +451
6 2.004 7 1.982 510+ 150 1 1.371 <l 1372 2 2 2
31 1.901 29 1.891 411 + 141 4 1.355 631 +361
6 1.806 8 1.787 4 4 0 12 1.347 9 1.347 312+132
4 1.753 2 1734 530 +350 8 1.342 730+ 370
22 1.703 17 1.684 6 0 0 2 1310 7 0 1

* Pattern was calculated on the basis of single-crystal refinement data and chemical composition of henrymeyerite using
the program FULLPROF.



HENRYMEYERITE, A Ba-Fe TITANATE FROM KOVDOR 623

Fic. 2. Polyhedral representation of the structure of henrymeyerite, perspective view approximately along [001]. Note double-

chain walls of (Ti,Fe)@octahedra (green) forming large and small square tunnels along [001]. Within the large tbnnels, 2
positions partially occupied by Ba are denoted by purple circles.

compound on the basis of 16 atoms of oxygen and a@sid its analogue probably arises from differences in
suming complete occupancy at Bisite shows that iron degree of polyhedron distortion. A detailed structural
was partially oxidized to Fé during the synthesis. study of synthetic BaF&Ti-Os¢is currently under way.
However, the proportion of the hexatitanate component

BaFe*,TigOys is relatively small (~ 7 mol.%), and can Discussion
be disregarded.
The XRD powder pattern of synthetic B&FEi;O1¢6 Toillustrate relationships among henrymeyerite and

(Table 5) was obtained on a Philips 3710 diffractometether known cryptomelane-group Ba titanates, we used
using CKa radiation. The diffractometer was operatedhe diagram based on four major elements substituting
at 40 kV and 30 mA in a step-scan mode. The pattefor Ti in theB sites: Fe, V, Cr and Nb (Fig. 3). No dis-
does not show splitting ohk0) reflections, indicating tinction was made between?eand Fé*, as the over-
that the symmetry of synthetic B &i,O¢ is tetrago- whelming majority of studies do not provide any
nal. The unit-cell parameters calculated by least-squagsectroscopic data. Data plotted in Figure 3 indicate that
techniquesd 10.099(2)c 2.9684(6) A] are in reason- Ba—Fe, Ba—Cr and Ba—V end-members of the crypto-
able agreement with the parameters obtained for theelane group probably form extensive solid-solutions,
single crystal of henrymeyerite. Note that the parameteith the general formula Baa[Fe?* (Fe**,V3,Cré%),

ais sensitive to axial elongation of tB&g octahedra; Tigyy]O16 Where 0 x< 1 and <y < 2. The corre-
hence, some discrepancy arbetween henrymeyerite sponding end-member compositions are redledgeite
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Fe

Nb

"Ba-Fe HOLLANDITE" and
"Ba-PRIDERITE"

Orangeites: Lamproites:

% HENRYMEYERITE 4 Sover North m Prairie Creek
® REDLEDGEITE v ¢ Besterskraal & Smoky Butte
© ANKANGITE v

© MANNARDITE

Lace Sisco
iny Star O Argyle
Miscellaneous:

@ Tian Shan

B Schryburt Lake

Fic. 3. Compositions (at.%) of cryptomelane-group titanate minerals in terms of different
B-site cations (excluding Ti). (a) Quaternary plot in terms of Cr—Fe—Nb-V; (b) detailed
view of the shaded area. This diagram incorporates only Ba-dominant compositions;
priderite and structurally unassigned phases with K/Ba > 1.0 are not shown. Data corre-
sponding to henrymeyerite are from this study; other data were taken from Gatthouse
al. (1986), Scott & Peatfield (1986), Mitchell & Meyer (1989), Xioetgal. (1989),
Mitchell & Bergman (1991), Dmitriyevat al. (1992), Platt (1994), Mitchell (1995),
and Foleyet al. (1997). Note that hollandite-type minerals from some localitigs,

Murun and Pegmatite Peak (Mitchell & Vladykin 1993, Chakhmouradian & Mitchell
1999) lack detectable Cr, V and Nb; their compositions plot at the Fe apex of the dia-
gram.

(BaCrTigO16), mannardite [(Ba*hO)V,TigO16], slightly from the archetypal structure depending on the
henrymeyerite (BaF&Ti-O16), and Ba—Fe hexatitanatepresence or absence of®imolecules and Ba ordering
BaFe*,TigO16. These end-members, with a possible tunnels.

exception of BaF¥,TigO16, crystallize with tetragonal In common with cryptomelane-group minerals from
symmetry (Scott & Peatfield 1986, Foley al. 1997, other carbonatite occurrences (Gasgaal. 1994, Platt
this work). Synthetic hollandites approachindl994), henrymeyerite contains appreciable Nb (up to
BaFée*,TigO.6in composition may be tetragonddfm: 1.4 wt.% NBOs). Other evolved silica-undersaturated
Mitchell & Chakhmouradian, unpubl. data) or monofocks such as agpaitic nepheline syenites and Group-II
clinic (I2/m: Loezoset al. 1999). Note that mannardite,kimberlites (orangeites) may also contain Nb-rich
which plots near the V apex of the diagram (Fig. 3priderite or related phases (Men’'shiket al. 1978,
contains significant amounts of moleculai{ and has Mitchell 1995). The highest Nb contents (up to 6.8 wt.%
thel4,/a symmetry (Scott & Peatfield 1986, Szyns&i Nb,Os or 0.40apfu Nb) have been observed for
1986). An unnamed “Ba—Ti hollandite” described byollandite-group titanates in orangeites from the Star
Dmitriyevaet al. (1992) contains high levels of Cr, Femine and Besterskraal, South Africa (Mitchell & Meyer
and Mg, and has a reduced tetragonal symmé#y (1989, Mitchell 1995). Hollandite-type minerals do not
owing to commensurate ordering of Ba cations imasily incorporate pentavalent cations, as these cations
tunnels. Hence, the “quaternary” hollanditesncrease the total positive charge of the structural frame-
Ba1/a[FE¥*«(Fe**,V3*,CrP*)Tig 4, ]O16 probably crys- work and prohibit accommodation of K and Ba in tun-
tallize with tetragonal symmetry, but may deviataels. It is noteworthy that several hollandites with
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pentavalent Sb have been synthetically prepared & MrcHELL, R.H. (1998): Compositional variation

(e.g, KoFesSh016: Zhang & Burnham 1994), and the of perovskite-group minerals from the Khibina Complex,

existence of similar Nb compounds in nature cannot be Kola Peninsula, Russi@an. Mineral.36, 953-970.

ruled out. However, Figure 3 demonstrates that coupled
EP— f + + +

substitutions such as 2Tie NB** + Fé* and 2T#" & stages in the evolution of accessory Sr, REE, Ba and

> T ang.
Nb>* + Cr* probably have a limited significance for Ny rineralization in nepheline-syenite pegmatites at

naturally occurring hollandite-type phases crystallizing  pegmatite Peak, Bearpaw Mts, Montaidineral. Petrol.
at low to moderate pressures. 67, 85-110.

The conditions of crystallization of henrymeyerite
are difficult to assess. Mineralized vugs and fractur@seary, R.W. & SQuabriTo, R. (1989): A structural analysis
are common in the central and eastern parts of the of barium magnesium hollanditecta Crystallogr.B45,
Kovdor phoscorite—carbonatite unit, where the rocks 205-212.
ur_]derw_ent extensive cataclas_is and_ hydrothermal alter- FoMPsoN R. & WATSOoN. P. (1996): Characteris-
ation (I__IferOVIChet al. 1.998)' Circulation of hydrother- m£he monoglinic—tetragonél tregnsitio)n and the order—
mal fluids was tectonically (_:ontrolled by a system of disorder transition in barium hollanditellater. Sci.
northeast- and north-trending faults. In the zone of rorym228-231, 777-782.
cataclasis and alteration, cavernous dolomite
carbonatites host the greatest diversity of minerals, som@itriveva, M.T., RasTsveTAEVA, R.K., BoLoTINA, N.V. &
of which (rimkorolgite, krasnovite, girvasite, Novcoropova M.N. (1992): Crystal chemistry of natural
kovdorskite and juonniite) have been thus far described Ba-(Ti.V,Cr,Fe,Mg,Al)-hollanditeDokl. Acad. Sci. USSR,
only at Kovdor. The composition of henrymeyerite and Earth Sci. Sec826 158-162.
other late-stage phases from the mineralized vugs o .
clearly indicates that the parental hydrothermal fluitf" 2" “s?{ém&g&')?f% A-BDél\algrgsg P&?ﬁé'rtael Sl\tﬂa;’"%'”
was enriched in Ba, Nb, Sr, Sc and Zr. Liferovéttal. 603-g06. gl e~baMg e - Mag-4s,
(1998, 1999) suggested that these incompatible elements
were mobilized from the wallrock phoscorites angtancron, E., Vicat, J., Hobeau, J.-L., WoLFERS P., Qui, D.T.
carbonatites by the fluid. The abundance of phosphates& StroseL, P. (1987): Commensurate ordering and
in the mineralized vugs attests to a high activity of domains in the barium titanium magnesium oxide
(POy)%ions in the fluid, which decreased progressively (Bai2TiggMgi1201¢) hollandite.Acta Crystallogr.B43,
with increasing alkalinity in the system (Kukharemto ~ 440- 448.
al. 1965). According to Liferovictet al. (1998), the
hydrothermal alteration of dolomite carbonatites pro
ably took place in the temperature range 1602230

& (1999): Primary, agpaitic and deuteric

B:_OLEY, J.A., HUGHES, J.M. & DREXLER, J.W. (1997):
Redledgeite, BE[Cr,Fe,VF*Tig 20016 the l4/m struc-
ture and elucidation of the sequence of tunnel Ba cations.
Can. Mineral.35, 1531-1534.
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