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AssrRAcr

NeZilovite, ideally PbZn2(Mna,Ti4)2F%Ole, is a newly recognized member of the magnetoplumbite group from NeZilovo,
FYR Macedonia. It forms blaclg magnetic crystals up to I mm with a tabular, hexagonal outline. Electron-microprobe analyses
yieldedPbO 19.01, CaO 0.03, Sb2O5 0.25,ZnO 13.23,Fe2Q 41.96, Mn2O3 7.13, MnO2 11.01, TiO2 2.84, N2O34.52,
MgO 0.08, total 100.06 tttt.Vo. Tlte mineral is optically anisotropic and bireflectant. Reflectance values (fto7o) obtained in air
and oil are: 23.8, 10.0 (470 nm), 22.4, 8.8 (546 nm) 21.7, 8.3 (589 nm) and 20J, 7 .7 . (650 nm). D"4. = 5.69(l) gcm-3 and
VHN25 = 735. The strongest reflections in the powder XRD pattern ld n A (Illi(hkt)l me: 3.81 1(100)(006), 2.858(75X008),
2.745(50)(107), 11.39(4s)(002), 2.605(3qOI4) and 1.636(3Q)(0,0,14). The crystal structures of natulal magnetoplumbite
la 5.902(2), c 23.185(8) Al, hibonite [a 5.613(l), c 22.285(8) A] and neZilovite [a 5.849(1), c 22.809(2) A] have been refined
in the space grotp P63/mmc to R indices of 6.9To, 5.3Vo and 4.5Vo, respectively, using MoKo single-crystal X-ray-diffraction
data. The general formula for the magneroplumbite-group minerals is AI61(MDtslQil2)t41Qrtr2l6')Qaq2l6l(M5)6oo, with Z = 2.
An importaat common feature is the tendency of It12* and il445* ions, hosted by these minerals, to order onto the M3 and
M4 sites, respectively; for neZilovite, almost complete occupancy of M3 by Zn is demonstrated, which forms the basis
for naming a new species. Al3+ strongly prefers Ml. Miissbauer spectral data show that neZilovite is paramagnetic at toom
temperature; they also support the present model of cation distribution.

Keywords: magnetoplumbite, hibonite, neiilovite, new mineral species, cation ordering, Mdssbauer spectrum, FYR Macedonia

Somaann

La neZilovite, de composition iddale PbZn2(Mna,TifrFqOle, est un membre nouvellement 6tabli du groupe de la
magn6toplumbite, d6couvert i NeZilovo, en R6publique mac6donienne de I'ancienne Yougoslavie. Elle se pr6sente en cristaux
noirs et magn6tiques, en tablettes hexagonales atteignant le millimdtre. Les analyses i la nicrosonde 6lectronique ont donn6:
PbO 19.01, CaO 0.03, Sb2O5 0.25, ZnO 13.23,FerO341.96, Mn2O3 7.13, MnO2 11.01, TiO22.84, AJ2O34.52, MgO 0.08,

I E-mail address: mi-dan@nrm.se



1288 TI{E CANADIAN MINERALOGIST

tatal l0O.06Vo (en poids). Le mindral est optiquement anisotrope et bhdflectant. les valeurs de la rdflectance (JRo7o), mesur6es
dans I'air et dans l'huile, sont: 23.8, 10.0 (470 nn),22.4,8.8 (546 mn) 21.7,8.3 (589 nm) and 20J,7.7. (650 nm).
D"a" = 5.69(1) g'cm-3 et W{25 = 735. Les raies les plus intenses du clichd de diffraction X (m6thode des poudres)
ld en A Qn)(h0l sonr 3.811(100)(006), 2.8s8(75X008), 2.745(50)(107), 11.39(4s)(902),2.605(40X114) et 1.636(30X0,0,14).
lrs structures cristallines de la magn6toplumbite naturelle ta 5.902(2), c 23.185(8) Al, hibonite ta 5.613(1), c 22.285(8) Al et
neZilovite [a 5.849(1), c 22.809(2) A] ont 6t6 affindes par diffraction X sur cristaux uniques dans le groupe spatial PQlmmc,
jusqu'i un r6sidu R de 6.9, 5.3 et4,SVo, respectivement, en utilisant un rayonnement MoKcr. La formule g6ndrale des min6raux
du groupe de la magn6toplumbite estAt6l(MDt5l(M2)L4l(M3)2l6lQ/Iqzl6t(M5)6oel a,vec Z = 2. Dans ces minfmux, les ions ll*
et M&J+ ont une tendance h se concentrer dans les sites M3 et M4, respectivement; dans le cas de la neZilovite, nous montrons
que le Zn occupe presque uniquement la position M3, ce quri nous permet de la proposer comme espbce nouvelle, Pax contre,
A13+ montre une forte pr6fdrence pour les sites Ml. I.es specres de Mdssbauer montrent que la neZilovite est paramagn6tique
i temffrature ambiante; les implications de ces donndes spectroscopiques appuient notre moddle de la distribution des
cations.

(Traduit par la Rddaction)

Mots-clCs: magnetoplumbite, hibonite, neZilovite, nouvelle espdce min6rale, mise en ordre des cations, spectre de Miissbauer,
Rdpublique macddonienne de I'ancienne Yougoslavie.

INTRoDUcUoN

The present study started with the discovery of an
unusually Zn-ich magnetoplumbite-related mineral
from NeZilovoo FYR Macedonia @ermane* et al.
1993) and new compositional data obtained for
magnetoplumbite (Holtstam 1994a). Following a
structural description of the zincian phase (Bermanec
& Sdavnidar 1993), a proposal for a new mineral with
the name ne novite was submitted to the Commission
on New Minerals and Mineral Names (CNMMN)
of the IMA and approved (CNMMN #94-{20). Parts of
the holofype specime[ are preserved in the collections
of the Natural History Museum, Zageb (catalog
#600:ZAG;8425MP1), Royal Ontario Museum,
Toronto (#M46312) and the Swedish Museum of
Natural History, Stockhohn (#940002).

The structure of magnetoplumbite-group minerals,
of general formula AMDO9, was originally solved
by Adelskiild (1938), and subsequently refined by
Obradors et al. (1985) and Moore et al. (1989), among
others. It is based on ten layers of approximately
closest-packed oxygen atoms perpendicular to c in the
hexagonal cell. Two of these layers contain large A
cations (usually Pb, BA Sr or Ca) proxylng for every
fourtl oxygen atom. The sequence can be expressed as
('chhhcchhhc), where c and h symbolize cubic and
hexagonal closest-packed layers, respectively. The
small M3+ ions are distributed over five independent
interstitial sites, three with octahedral, one with
tetrahedral and one with trigonal bipyramidat (5-fold)
coordination. The cubic close-packed layers constitute
blocks that have the spinel (,! = lM6OBl2\ sffucture.
These are interlayered between blocks having the
hexagonal close-packed character R (= IAM6O')2).
Thus the repeat is written RSR'S', where R'and,S'are
rotated 180o around c relative the two fust blocks. The

structure type is an essential element in the members of
the protfic hexagonal fenite family (e.g.,Kobn et al.
r97r).

A variety of cations is accommodated by magneto-
plumbite (Burke 1980, Holtstam 1994a) and the
isotypic mineral hibonite Qvlaaskant et a/. 1980), which
nonnally deviate significantly from their ideal end-
member compositions (PbFe12O1e and CaAl12O1r,
respectively). With the rare exception of some
meteoritic examples of hibonite (Allen er al. 1980),
magnetoplumbite-group minerals are found to contain
significant amounts of divalent as weu as tefavalent
and pentavalent cations occupying intentitial M sites.
The mantle-derived phases yimengite, K[Ti3Cr5Fq
MgzlOrs (Dorg et al. 1983), and hawthorneite,
Ba[Ti3CraFeaMg]O1e (Haggerty et al. 1989), are
examples of highly substituted members.

The formal description of the new mineral has been
complemented with crystal-structure refilemetrts of
magnetoplumbite (Lengban, Sweden) and hibonite
(Madagascar) to obtain additional information about
the intracrystalline behavior of the different cations in
the members of crustal origin.

Epnnnrnr,trAl

The chemical composition of hibonite from
Madagascar (Royal Ontario Museum catalogue
#M23764) was determined by means of electron-
microprobe analyses performed at the Canadian
Museu.m of Nature on a JEOL 733 electron microprobe
with Tracor Northern Task automation at an operating
voltage of 15 kV and a beam current of 20 nA.
Synthetic chrysoberyl was used as a standard for Al,
rutile for Ti, diopside for Mg, Ca and Si, almandine for
Fe, and rare-earth-element (REE) phosphate for the
REE. T\e sample was also checked for U, K B& Pb,



TABLE IA- CHEMICAL DATA FOR NEZII,OVTIE O) AND
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Ma,Z^, Cr, h and Gd, which were found to be below
the detection limit. Chemical data for magnetoplumbite
(#910051 in Holtstam L994a) and neZilovite
@ermanec et al. L993) have been obtained by electron-
microprobe analysis as well. The chemical formulae
were calculated on the basis of 13 cations
(fables lA, B).

X-ray-diffraction data sets were collected up to 30"0
on a Philips 1100 single-crystal diffractometer using
filtered MoKcr radiation. Intensity data were
empirically corrected for absorption with the \t-scan
method. Data reduction, including corrections for
background, Lorentz and polarization effects, was
performed by the SDP program system @nraf-Nonius
1983). Scattering factors for neutral atoms were
taken from the International Tables for X-ray
Crystallography (Ibers & Hamilton 1974), and the
refinements were done in the space group P63lmmc
with the program SIIELX-76 (Sheldrick 1976) using
the atomic positions of Moore et al. (1989) as a starting
point. A unit-weight weighting scheme was employed.
The choice of the space-group symmetry is firlly
supported by the outcome of the structural refinements
and is in agxeement with previous studies. Further
experimental details are glyen in Table 2.

Reflectance spectra of neZilovite were obtained with
spectrophotometric measurements (10-nm intervals)
performqd at normal incidence in air and oil
(Zeiss, Np = 1.515). Silicon carbide (Z,eiss no. 472)
was used ris a standard.

A spectiometer system comprising, 1.a., a 57Co(ith)

source with a nominal strength of 50 mCi, a propor-
tional counter and a multi-channel analyzer, was used
to obtain 57Fe transmission Mtissbauer data for
neZilovite. Two mirror-image spectra with a velocity
span of 14,3 mrn/s were collected at room temperature
over 1024 channels. The Fe concentration of tle
powder absorber (mineral + transoptic powder) was
-3 mglcm?. An ct-iron foil was used for velocity
calibration and as centroid-shift reference. Spectra
were reduced (folded) and fitted using new versions of
the MDR and MDA progr:um (Jemberg & Sundqvist
1983). Owing to software and computer limitations, the
final analysis was carried out on a spectrum with
256 "channels" (data points).

TABI.E Z CRYSTAL STRUCTLIRE ANALYTICAL DATA

MagEobplEEble

Pbo 19.01
BaO 0.00
CaO 0.03
sbzos 0.25
7f,P 13.23
F%q 41.96
Ivtno
I\4n2q 7.13
IUnq 11.01
rq 2.84
Ar2q 4.s2
I,IgO 0.08

Pb 0.99
Ba 0.00
Ca 0.01
sb 0.02
Zn 1.89
Fe 6. i1
NInz*
Mn$ l.o5
Mtr4+ t.47
It 0.41
Al 1.03
Mc 0.02

13.00Total 100.06

18.02
0.36

7.66
0.10

6t.40
5.35
5.73

0,10
0.00
0.84

99.J6

0,98
0.02

0.58
0.01
9.34
0.92
0.88

o.o2
0.00
o.25

13.00

malno. 7 L4 38 65 68 72 95 @

hovenance ofthe sanples: netilovite is from NeZilovq FYR
Matedonia and rDagneloplumbite is from Lngbqn, Sweden.

TABLE 18. REPRE.SENTATIVB RESLILIS OF CHEMICAL ANALYSES OF
HIBONITE

EL% odde

CaO 7.12 7.03 6.61 7.00 6.87 6.82 6.w 6.80
I,1gO 2.79 2.74 2.92 3.24 3.24 3.29 2.7t 2.99
Iarq O.52 0.49 0.82 0.60 0.69 0.57 1.12 0.77
@rq 0.90 1.04 t.43 t.02 1.14 t.17 2.41 1.30
NduQ 0.33 0.00 0.31 0.00 0.33 0.@ 0.35 0.19
F%q 3.n 3.4O 3.36 3.29 3.30 3.31 3.O7 3.29
AI2(}3 78.01 78.45 77.4A 75.97 76.88 76.66 78.32 77.38
1lo2 5.a4 5.16 5.?',1 6.61 6.51 6.72 4.U 5.66
siq 0.59 0.57 0.48 o.43 0.40 0.40 0.49 0.48
rro2 l.zt t.20 1.11 0,93 0.78 0.97 0.12 0.99

Toral 99.78 100.08 99.87 99.09 100.14 99.91 1m.10 9.85

fomdr propoillo$.

c&+ 0.89
Mg} o.49
k3+ o.oz
C€3r 0.04
Nd3+ 0.01
Felr o.29
Al3+ 10.72
Ti4f 0.44
si4r 0.07
Th4+ 0.03

0.87 0.84 0.88
0.47 0.51 0.57
0.o2 0.ot 0.03
0.04 0.06 0.04
0.00 0.01 0.00
0.30 0.30 0.29

10.74 10.69 10.53
0.45 0.n 0.58
0.07 0.06 0.05
0.03 0.03 0.02

0.86 0.E5
0.56 0.s'7
0.03 0.02
0.05 0.05
0.01 0.@
o.29 0.29

10.56 10.55
o.57 0.59
0.05 0.05
o.v2 0.03

0.76 0.E5
0.47 0.52
0.07 0.03
0.10 0.06
0.01 0.01
0.27 0.29

10.85 10.66
0.37 0.50
0.06 0.06
0.42 0.03

c (A)
c (A)
vrA3)
z
Teqqrnre (K)
Iotal m. of Ffl.
Untque Ffl. t> 3o(4
Anisropic thmal

paEreers fo!
Final n

Norllovlt€

5.849(l)
22.849Q)
67s.8Q)

lm
1375
268

s.992(2) 5.613(1)
23.185(8) 22.285(8)
69.416) 608.0(s)

a ,

298 294
t973 3747
453 391

d l M

0-053
Pb, lv(l, Ol, 02, 03 Pb lf3, M4, l*t, ol, 02

0.045 0.069'based on 13 caiio6.
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REsrrlTs

General description of neklovite

NeZilovite occurs in pink dolomitic marble from a
Precambrian metamorphic complex of gueisses, schists
and marbles in the NeZilovo area (the so-called "Mixed
Series"), belonging to the Pelagonian massif. The
mineral is associated with plagioclase, chlorite,
phlogopite, cymrite, talc, piemontite, barite,
hedyphane, braunite, gahnite, franklinite and hematite.
It was discovered, together with the other phases listed,
in the residue after acid-freatment (0.05 M HCI) of
pieces of the marble. The paper of Betmanec et al.
(1993) offen more details on the locality. The crystals
are about 0.2 to I mm in size. They are thin tabular on
{0001} and have subordinate hexagonal prism faces.
The simple habit resembles that of hematite, but
neZilovite has a dark brown or nearly black streak and
is magnetic. Cleavage is prominent parallel to (0001).
The microhardness (VIINrr) value i's 735 (range
s99-847\.

NeZilovite is opaque, black, and without visible
intemal reflections. It is anisotropic, bireflectant and
nonpleochroic. Reflectance values obtained on an
isotropic section of the mineral are shown in Table 3.
The overall reflectance is somewhat lower than that of
magnetoplumbite (Criddle & Stanley 1993), a uniaxial,
optically negative mineral, and there is also a slight
difference in the dispersion (Fig. 1).

TABLE 3. REFLECTANCE DATA (Ro7o) FoR
Nrin-ovrrs

I (nm) air oil I (nm) air

8.7
8.5
8.3
9 , )

8.0
7.8
7.7
7.6
7.5
1.4

400
420
440
4Q
470
480
5m
524
5zm
546

25.7 11.6
25.r  I  l . l
24.7 tO.1
24.1 10.2
23.8 10.0
t ?  <  o  7

23.t 9.5
22.8 9.2
22.5 8.9
22.4 8.8

560 22.2
580 21.8
589 21,7
600 2r.5
620 2l.l
64fi 20.8
650 20.7
660 20.6
680 20.3
7m 20.2

Results of electron-microprobe analyses show that
there is little intragranular variation in composition,
which is significantly different from that of magneto-
plumbite (Table lA). A substantial amount of Mn#
must be assumed to be present to charge-balance the
formula. The weight loss experienced during thermal
experiments, earlier erroneously interpreted as a
dehydration reaction (Berrnanec et al.1993), possibly
reflects a reduction of MnO,.

The powder X-ray-diffriction pattem of neZilovite
is given in Table 4. It is a hexagonal mineral, space-
group symmetry P63lmmc, *iq the unit-cell
parameters a 5.854(1), c 22.882(6) A, y 679.1(5) A3

30

25

20

: - - \
'&lI- - _ _

s
tr

15

10

Ftc. l. Reflectance spectra of
nelilovite (solid line) and
maguetoplumbite (broken
lines).

500 600

Wavelength (nm)
400 700



TABLE 4. X-RAY POWDER.DIFFRACTION DATA
FORNdN,oVITE

4u(A) /obs 4*r"(A)'
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(I\4aaskant er a/. 1980, Rakotondrazafy et al. 1996),but
the crystal-chemical details deserve more aftention.
Total iron is given as Fe2O3, although it is clear that a
portion of the element is in the divalent state. This is
evidenced by the stoichiometric relations (assuming
fuIl occupancy of O positions) and by recent spectro-
scopic measurements on similar material (Holtstam
1996). The magnetoplumbite sample (data based on
nine point-analyses) is rich in Mn, Sb and Mg. To
obtrin electroneutrality in the formula, Mn must be
partitioned between the tri- and divalent states.

The main chemical variations of the members of
the magnetoplumbite group can be described by the
general schemes of substitution tr4t3+ = !1[3+ (e.g., Fe =
N\ ItP* + M* = 2fuIz* atdzilP* + IE* = 3lvf*. For
hibonite, there is also some replacement in the A
position via coupled RER+ + IuP* = C** + Al3+
(cl Rakotondrazafy et al. 1996). The chemical data
also seem to indicate nonstoichiometry in the hibonite
sample studied, manifested as a deficiency in A-type
cations. Comparable results were recorded by Santosh
et al. (1991) for REE-rich as well as .REE-poor
compositions of zoned, terrestrial hibonite. High-
resolution transmission electon microscopy studies
of meteoritic hibonite indicate that this kind of
nonstoichiometry could be related to stacking disorder
(Keller l99l), but the possibility of vacancies cannot
be dismissed. In the present study, we have not been
able to resolve this question. If, however, Th+ is
also assigned to A, which is justifiable on the basis of
its ionic size and well-known preference for higher
coordination geometries, the average deficiency is
only 0.02 atoms per fonnula umt, (apfu) and could
not be expected to have a dramatic effect on the X-ray
data.

Parts of the hibonite crystals show iregular optical
zotri.g. In thin sections cut parallel to the c axis, there
are in some cases twin-like lamellar structures, the
different lamellae extinguishing in slightly different
positions. Precession photographs of fragments with
these features, however, indicated that they are single
crystals. There is also no discernable chemical
variation that correlates with this zonation.

C ry stal- structure refinements

Cell parameters refined from the single-crystal
diffraction data are given in Table 2, along with the
final R values. The unit-cell volume of magneto-
plumbite is slightly greater than that of neZilovite; the
most important chemical differences that could explain
this fact are the higher contents ofAl and Zn and lower
contents of Fe and Mn2+ in neZilovite. The relatively
poor result of the refinement of magnetoplumbite is in
part due 16 aa imperfect crystal, with many minute
solid inclusions present; the sample was selected on the
basis of its composition rather than on the quality of
the crvstal.

1t.39 45
5.69 ls
5.06 1
4.95 10
4.63 8
4.22 5
3.811 100
3.396 s
3.085 I
2.925 2A
2.858 7s
2.745 50
2.@5 40
2.534 5
2.518 <1
2.491 1
2.473 1
2.407 25
2.287 5
2.275 <t
2.218 10
2.114 I
2.087 I
1.9240 8
1.9058 5

r.8561 I
r.1999 5

1.6940 2

t.6545 t0
1.6361 30
1.6208 5
1.6089 l0
1.5535 1
1.4633 l0

n.44
5.72
5.07
4.95
4.63
4 ) 7

3.814
3.397
3.M8
2.9n
2,864
2.747
2.6M
2.535
2.519
2,491
2.475
2.406
2.288
2.273
2.217
2 . | l
2.086
t.9245
1.9095
1.9068
1.8584
1.8027
t.7951
1.6985
1.6899
1.6531
1.6344
t.6207
1.6080
1.5556
't.4635

0
0

0
1
1
I
0
I
I
2
2
I
2
2
0
I
2
2
I
I
2
0
2
I
2
2

z
0
J

2
I
2

2
4
0
I

J

o

J

6
0
8

4
0
I
I

2

l0
9
5
6

l0
1 l
I

12
J

10
9

l0
0

t+
4

l 1
14
0

* calculated on the basis ofthe rcfined hexagonal unit-
cell parameters a = 5.354(1) A and c = n.5826, L

(refined from the powder data), and Z = 2. The
calculated density, based on the above unit-cell volume
and the empirical chemical formula (Table 1A), is
5.69(l) g/cm3.

Data for hibonite and magnetoplumbite

About 100 electron-microprobe analyses were
performed on hibonite (Iable 1B) in order to study the
pattern of chemical zoning. The more significant
variations are found for the Mg, Ca, Ti and REE
contents. There are no large differences between the
present and earlier data for Madagascar hibonite
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TABI.E5. ATOM COORDINATES ANDI1IERMALPARAMEIERS FOR TIIE REFINED
STRUCTURES

TABLE 6. SELBCIM BOND DFTANCES (A) INNEAT'VIIE, MAG'.BTOPLUMBITE

ANDHIBOMIE

B^ Nozllovlte

NdiloYtta
P b u
Ml 24 17.2
M2 4e E2
M3 4f 292
M4 4J .O
M5 12L n.8
Ol 4e
a 4 f
03 6h
04 tu
05 ru

MagE€topl@blte
P b u

2n
0
0
IB

0.1677(3)
0
1B
0.361(4)
0.145{l)
0lJn4
I

0
0
IB
2n
0.1667(3)
0
tn
0.375(4)
0.l i l(r)
0J03(5)

:
2nl
0
0 "
IB
2J3
0,1679(2)
0
tn
0s62\4)
0.r53(4)
0.5043(5)

IB IA
0 0
0 025s(4)
2j3 0.vn2Q)
tB 4.1893(r)
0J354(5) 4.1063(r)
0 0.1512(8)

{.0598(8)
0.160(2) 314
o.2ry4 os523(4')
4.5024{l) 0351(4)

IB
0
0
2n
1B
0333J(6)
0

0.rry2)
0.30r(2)
.0Jol(t

75
0.6
0.2
OJ
OJ
0.2

0.6

0.8
1 .1

'7.4

0.3
0.6
0.7
0.6
0.6

0.8
0.9
01
0.9

2.E
0.5
l . l

0.7
0.E
o.4
0.7
0.8
2.3
t.0
0.9

1.8v2

w

1.978

I\,5

o l
o l '
02
03 6x2.Y2A0) 3x1.840(18)
04 6 x 1.89,1(9)
OS 6x2.Us('7)

I x 1.983(10)

lxl.985(8) lxl.985(9)
3x2nnQ4)

3 x 1.989(9) 2x2.Ol8(9)
3xr94qq 2\L942(9)

I x 2.047(18)
Ll \2.46Q)1

av@gs: 2.8E6 I .894

Magrctoplublte

Ml 2a
Nn 4e
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A table of the observed and calculated structure-
factors is available from the Depository of
Unpublished Data, CISTI, National Research Council
of Canada Ottawa Ontario KIA 0S2. Table 5 shows
the final atomic positional parameters for all three
samples investigated, and in Table 6 the most relevant
metal-O bond distances are siven. The neZilovite data
of Bermanec A Seavnifar (iSS:) are reproduced here
for the sake of completeness. The refined scat0ering
powers for each site (Table 5) show that the M3 and M4
sites have acgommodated the comparatively heavier
elements, i.e., 7n (neZilovite), Sb (magnetoplumbite),
Fe and Ti (hibonite).

The A site is almost completely occupied by Pb in
magnetoplumbite and neXlovite; Ba and Ca are only
minor substituents. The Ca-REE substitution in
hibonite is reflected in a high site-scaftering value
(22.0 e).

Mdssbauer data

The Mtlssbauer spectrum of neZilovite consists of

1.948 1.919

two resolved pairs of lines" fitted to two doublets
Grg. 2). The 2g2 value converged at 1.9. The hyperfine
parameters CS (centroid shift), QS (quadrupole
splitting) and f (line width) obtained for the subspectra
are given in Table 7. Uncertainties are probably less
than 10.02 mm/s. The intensities are given as the
specific absorption-area relative to the total absorytion-
area.

TABIE 7. 57FE MOSSBAUER PARAMETERS FOR
Nrfu.ovrre

Subspectrum CS QS I Int€nsity

I
tr

o.29
0.35

t .73
o.47

0.36 lIVo
0.35 89Vo
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are discussed. A table with average bond-distances in
the refined sffuctures and related synthetic compounds
is given to facilitate the discussion (Table 8).

A site

TheA site, located in the central part ofthe R blocls,
has 12-fold coordination with oxygen, with two
independent bond-distances. The average A-O contacts
seem to be relatively independent of the actual
species occupying the site; <A-O> is in the range of
2.89-2.91 A and 2.75-2.78 A for the ferrites and
aluminates, respectively. This merely reflects the
rigidity ofthe closest-packed array. As a consequence,
relatively small cations located at this position become
underbonded, For CaAlrrOte, the bond-valence sum

DncussIoN

Previously, only the contents of large cations (Ba,
Pb, Ca, K) have been used to distinguish the different
members of the magnetoplumbite group. There are,
however, large variations in the concentrations of
metal ions located atthe M positions, which affect the
properties of these compounds (cell dimensions,
optical properties, magnetic behavior). The high
concentration of Zn n the mineral from NeZilovo led
us to divide the minerals of the group further. It was
suspected thatzn2+ is confined to the tetrahedral sites;
this has been confirmed by structural refinements
(Bermanec A Seavnfar 19931 the present work). In the
following, the general chemical-crystallographic
properties and cation populations of the different sites

TABI.E 8. AVERAGE M.O DISTANCES IN MAGNETOPLIJMBIE-TYPE COMPOT'NDS

A 1 2
Ml 6
Ifr, 4+1*
Ml 4
M 4 6
M 5 6

2.886 2.900 2.778 2.889
1.894 t.976 1.886 1.968
1.892 1.965 1.834 1.967
1.988 1.966 r.8M 1.992
2.0t2 1.997 1.948 r.986
1.978 2.016 t.919 1.989

2.900 2.909 2.74'7 2.781
1.998 2.000 1.879 1.879
1.942 1.932 1,.824 1.839
1.888 1.894 r.799 1.806
2.A07 2.021 1.906 1.923
2.017 2.028 1.907 r.907

l. neZilovite 2. magnetoplumbite 3. hibonile (this work); 4, hawthomeite (Grcy et aL L987),

5. PbFe12O1e (Moore et al. L989);6.BaFe12O19 (Obradors et al. 1985);7. CaA!2O1-9
(Utsunomiya er aL i988); 8. PbAl12O19 (Iyi et al. l9%).
* onlv the four shonest distances are taken into accounl
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(Brown & Altermatt 1985) is 1.46 valence units (va),
whereas a value much closer to the expected formal
charge of the ion is obtained for the Pb analogue
(1.97 vu).

There is no evidence in any of three refined
structures for displacement of the A cation from its
special position at (Lh, %, Yt), as has been observed in
synthetic end-member magnetoplumbite @loorc et aI.
1989). In fact" this feature, ascribed to lone-pair effects
of Pbz+ by Moore et al. (1989), seems to be restricted
to Pb ferrites with a low degtee of substitution, such as
plumboferrite (Holtstam et al. 1995).

MI site

T\e Ml octahedra, belonging to the S blocks, are
very regular (7m point symmetry). Ml is also the
smallest six-coordinated site in terms of interatomic
distances, with M!-O4 ranging from 1.88 A
(aluminate) to 2.00 A (fenite). The remarkably short
distance (1.89 A) in neZilovite indicates that this site
hosts most of the Al contents of the mineral. The
assumption is supported by the site-scattering value
obtained (17 e). There is no indication of significant
replacement of Al at this position in hibonite, either.
This behavior of Al seems to be a general properry of
the group. The ordering of Al has been demonstrated,
for example, by structure refinements of powder
samples in the Sr(Al,Fe)12Ore solid-solution series
(Sandiumenge et al. 1988) and by recent 57Fe nuclear
magnetic resonance studies of Al-substituted synthetic
magnetoplumbite (Stdpdnkovd et al. 1994). This
preference is probably merely a function of ionic size.
Note that the incorporation of comparatively large
cations (see below) at the neighboring M3 site, which
also coordinates to 04, is expected to reduce Ml44
distances further. The relatively high scattering value
for Ml in magnetoplumbite might indicate that a minor
fraction of its Sb contents is located here.

M2 site

T\e M2 site is formally a five-coordinated site (trig-
onal bipyramid, site symmetry 6m2).T\e central atom,
howevero is displaced from its invariant position at
(0, 0, /r) and evenly split into two 4e sites, located
sligbtly below and above the mirror plane at z = +yu
Keeping M2 frxed in the center of the bipyramid (2b)
leads to significantly higher R values for the refined
structures and exfeme elongation of the U33 compo-
nent of the anisotropic thermal-vibration parameter.
The displacement fromm is about 0.20-A for magneto-
plumbite and neZilovite, and 0.2i A for hibonite.
The phenomenon has in fact been encountered in
all modern refinements of magnetoplumbite-type
structures (e.9., Obradors et al. L985, Moore et al.
1989, Kimura et al. 1990). The interpretation of
Mtissbauer data for BaFe12O1e (Kreber et al. 1975; cf.

Obradors et al. L985) suggests that the disorder is of a
dynamic kind, with the cation oscillating between two
pseudotetrahedral sites, at least at higher temperatures.
Although the Madelung part of the lattice energy (point
charges) favors the central location, this is hindered by
electronic repulsion between the cation and the
equatorial O atoms (Graetsch & Gebet L994).

The refined site-scattering values of magneto-
plumbite, neZilovite and hibonite give little infor-
mation about the metal contgnts at this site. However.
Mijssbauer data for hibonite from Madagascar and
Fe3+-doped synthetic compounds (Holtstam 1996)
indicate that ferric iron is enriched here.Becket et al.
(1988) found evidence for the location of Ti3+ at this
site in meteoritic hibonite. The simplest explanation for
this distribution of Fe3+ (ionic radius 0.64 A) and Ti3*
(0.67 A) is that M2 is a comparatively large site. The
anomalously large displacement of the M2 atom in
hibonite (the corresponding value for synthetic
CaAll2ole is only 0.17 A) is probably related to the
ordering of Fe3+. In this case, the equatorial O3 atoms,
located at the corners of a triangle on the mirror plane
with a side of only 3.0 A (compared to 3.3 A for
magnetoplumbite), interact more strongly with the
cation. The relatively short M24 distances encoun-
tered for neZilovite could suggest incorporation of
some Mn+ at this site.

M3 site

M3 is a nearly regular tetrahedral site situated at
e - 0 and V, i.e., n the cenfal section of the S blocks.
In the natural sarnples, M3 is consistently larger than in
the synthetic end-members. This is due to preferential
ordering of larger, divalent species, e.g., Zn2*
(neZilovite), Mnz+ (magnetoplumbite), Mg2+ and Fe2*
(hawthorneite, hibonite). In hibonite, Fe2+ is enriched
at this site, as indicated by Miissbauer and optical
spectroscopy (Holtstam 1994b, 1996). The marked
preference of divalent cations for M3 has been
confirmed for several synthetic compounds of the same
structure type (Gasperin et al. 1984, StEp{nkovd et al.
1992,Cabalas et al.1994, Graetsch & Gebet 1995).
Such substitutions are electrostatically more favorable
than incorporation of more highly charged ions, as
could be demonsffated by consideration of Pauling
bond-strength sums (Holtstam 1994a) or by calculation
of Madelung factors for various hypothetical schemes
of cation distribution (Graetsch & Gebert 199i. Note
that this factor apparently predominates over the
crystal-field effects of the divalent transition-metal
cations; even Ni2+, which possesses an exceptionally
large octahedral crystal-field stabilization energy
(CFSE), shows a marked preference for tetrahedral
environment in this structure type (LavilIe et al.
1986).

About95Vo of M3 (2 apfu) in neZilovite is occupied
by 7n. T\e <M4> bond length, 1.988 A, is in good



agreement with the common 0.60 A radius of t4)Zn2+
(Shannon L976). In magnetoplumbite, the inter-
atomic distance is consistent with assignment of
9Vl00Vo of the divalent cations to this site. The Mn2+
contents of nafural samples of magnetoplumbite, as
calculated from the cell stoichiomehies. have been
found to range between 0.5 and 1.5 apfu (Holtstam
1994a). Clearly, some of these samples could have Mn
dominant at M3. However, a further division of the
group based on t4lMn contents seems impractical
at this time.

M4 site

T\e M4 sites are trigonally distorted (32) octahedra
that occur in pairs (dimers) with a common face, in an
arrangement like in hematite. T\e M4 site scattering
factors obtained for magnetoplumbite and hibonite
indicate the presence of some heavy atoms at this site.
Studies of substituted ferrites, using different experi-
mental techniques, such as Mdssbauer spectroscopy
(Kreber & Gonser 1976), neutron diffraction (Cabanas
et al. 1994) and X-ray diffraction (Graetsch & Gebert
1995), have demonsffated the strong preference of
highly charged ions for this site. Accordingly, we have
assigned Tie (hibonite) and Sb5+ (magnetoplumbite) to
M4. It can also be assumed that Mna, which also has a
large octahedral CFSE (Burns 1993), preferentially
occupies this site in neZilovite. Hibonite shows some
enrichment of Si+; by analogy with other tetravalent
species, Si might be locaied at M4 as well.

Owing to cation-repulsion effects across the shared
face at z = XYt (cf. Pauling 1960), the O-O distance is
reduced in the nafiral magnetoplumbite compared
to the parent compound (2.57 versus 2.63 A). There
is also an increase in the intermetal M4-M4 distance
forhibonite and magnetoplumbite. This is not observed
for neZilovite, which could be due to the small ionic
radius of Mn4 (simil4 to that of A13+; Shannon
r976).

M5 site

The M5 site. located at the interface between the
S and R blocks, is a distorted (m pont symmetry)
octahedral site. In natural minerals, however, the
degree of distortion in terms of bond distances is less
important than in the synthetic compounds. The
shortening of the M542 and M544 bonds (2.09 and
2.10 A in PbFer2Ole, respectively; Moore et al. L989)
is a consequence of the incorporation of largerlf+ ions
at the tetrahedral sites, where the polyhedral expansion
occurs at the expense of both Ml and M5.In hibonite,
A1 occupies M5, and there appears to be little, if any,
substitution of the transition elements for A1. For
magnetoplumbite and neZilovite, the site population is
expected to be more complex. On the basis of average
interatomic distances and the site-scatterins value.
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one could expect that a fraction of the Al contents of
neZilovite (1.03 apfu) is located here. Mn3* possesses a
relatively large octahedral CFSE (Burns 1993) and,
owing to the Jahn-Teller effect, it should become
enriched at a distorted octahedral site like M5.
Although this cannot be proven directly by the X-ray-
diffraction experiments, the bulk of Mn3*, which is a
major component in neZilovite and most samples of
magnetoplumbite (Holtstam 1994a), is assigned to M5.
Above a certain concentration, Mn3+ will probably
force a symmetry change of the sample or lead to
breakdown of the crystal.

Trivalent cbromium, at most a minor species in
magnetoplumbite (Holtstam L994a) and hibonite
@ums & Bums 1984), is an important constituent of
hawthomeite and yimengite. By virtue of its electron
configuration (&), it is expected to order in the
octahedral sites only; it has been confirmed in
Mdssbauer spectroscopic studies of the Sr@e,Cr)12Ot,
series that Cf+ preferentially occupies M5 and Ml
(Rao et al. 1979).

Miissbauer characterisrtcs of neillovite

The relatively small centroid-shift values of the two
doublets in neZilovite are characteristic for high-spin
Fe3+ coordinated by oxygen ligands (e.g., Coey l98y'.),
In agreement with the chemical data Clable 1A), there
is no evidence for the presence of Fe2+, The large
quadrupole splitting for subspectrum I clearly links it
to Fe* residing at the trigonal bipyramidal M2 site.
Although regular in terms of angles, the large
difference between long axial (M4I) and shorl
equatorial (M43) bond distances for this coordination
polyhedron is expected to create an irregular distribu-
tion of charges around the central Fe atom. The X-ray
crystallographic data show that the octahedral Ml and
tetrahedral M3 sites are almost filled with Al and Zn,
respectively. Thus, our subspectrum tr is atnibuted to
Fe3+ distributed over the remaining cation positions,
M4 and M5. T\e fact that they are both distorted
octahedral sites, with similar average M-O distances,
explains why they are unresolved in the Mdssbauer
spectrum. The anticipated ordering of Fe3+ n M2 dcr.ls
not seem to be wholly substantiated by the present data
(complete ordering would correspond to I Fe apfu,
or L6Vo of total iron). However, site-occupancy
refinements from Mdssbauer spectra require that the
effective recoil-free fraction (fl is essentially the same
for all Fe atoms, giving equal probabilities for
absorption. This is probably not the case here, where
the M2 atom is expected to be mobile along [0001],
which would give rise to a marked anisotropy of I
Such anisotropy has been verified experimentally on
single crystals of barium ferrite (Kreber et al. 1975),
where the Miissbauer effect vanishes for t@lFe when
the yray propagation direction is collinear with c.
A conventional interpretation of intensity data would
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thus lead to an underestimation of the Fe contents
at this site. As stated, it is of course possible that M2 is
partly also occupied by some other cation.

NeZilovite is paramagnetic. The pure ferrites of this
structure We (e.9., BaFet2O,f are normally ferri-
magnetic, and their Mijssbauer spectra at room
temperature are decomposed into a number of sextets
(e.9., Kojima 1982). Preliminary data for natural
magnetoplumbite (Lingban) also indicate an ordered
magnetic structure. It is known from studies of
synthetic ferites (e.9., Kreber & Gonser 1976),
however, that the Curie temperature is lowered by
replacement of Fe3+ by other cations. In neZilovite,
ferric iron is heavily diluted by species likeZrf+,Mne,
Al3+ and Tia, and hence its paramagnetic character.
Both magnetoplumbite and neZilovite crystals are
attracted by a permanent magnet, but the effect is
noticeably weaker for the latter mineral.

CoNctustoNs

(i) As previously demonstrated for synthetic mate-
rial, intentitial divalent cations are srongly ordered at
the tetrahedral sites of the spinel-like layer in magneto-
plumbite-group minerals.
(ii) NeZilovite is the Pb- and [4lzn-dominant fenite
member of the group.
(iii) The introduction of divalent ions is achieved by
coupled incorporation of tetravalent and pentavalent
cations that are mainly ordered over tl1e octahedral
sites in the face-sharing interlayer doublet.
(iv) Tetravalent manganese, a previously unrecog-
nized component of magnetoplumbites sensu lato, is
present in neZilovite.
(v) The ions with different chwges (Z**,Mn2+, Ti4+,
Sb5+, erc.) tend to improve the local charge-balance in
the crystal structure, and their absence would make
the forrnation of magnetoplumbite-group minerals in
geological environments a less likely event.
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