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ABSTRACT

The crystal structure of gladiusite, (Fe2+,Mg)4 Fe3+
2 (PO4) (OH)11 (H2O), monoclinic, a 16.950 (2), b 11.650 (1), c 6.2660 (6)

Å, � 90.000 (4)°, V 1237.3(4) Å3, space group P21/n, Z = 2, D(calc.) = 3.08 g cm–3, was solved by direct methods for a twinned
crystal and refined to an R1 index of 5.4% based on 1214 observed [Fo > 4�F] unique reflections measured with MoK� X-
radiation on a CCD diffractometer. There is one P site tetrahedrally coordinated by four O atoms. There are six distinct octahedrally
coordinated M sites containing Fe3+, Fe2+, Mg and Mn2+; the octahedra are coordinated by O atoms, OH and H2O groups. The
(M�6) (� = unspecified anion) octahedra each share two trans edges to form a rutile-like [M�4] chain along [001]. Pairs of chains,
shifted relative to each other by a half-octahedron, link together through common edges to form a ribbon extending along c; thus,
each octahedron shares four edges with other octahedra. These ribbons are connected through common vertices of (M�6) octahe-
dra into a framework with channels along the c axis. The (PO4) tetrahedra share each of two vertices with three (M�6) octahedra,
and the remaining two vertices are connected to octahedra through hydrogen bonds. There is a system of hydrogen bonds in the
crystal structure of gladiusite (D–A < 3.50 Å), some of them bifurcated. The Mössbauer spectrum of gladiusite shows three
doublets, two of which may be assigned to Fe2+ in octahedral coordination and one of which may be assigned to Fe3+ in octahedral
coordination. The intensity ratios of the various doublets indicate that Fe2+/(Fe2+ + Fe3+) = 0.49.

Keywords: gladiusite, new mineral species, phosphate, crystal structure, twinning, Mössbauer spectroscopy.

SOMMAIRE

Nous avons résolu la structure cristalline d’un cristal maclé de gladiusite, (Fe2+,Mg)4 Fe3+
2 (PO4) (OH)11 (H2O), monoclinique,

a 16.950 (2), b 11.650 (1), c 6.2660 (6) Å, � 90.000 (4)°, V 1237.3(4) Å3, groupe spatial P21/n, Z = 2, D(calc.) = 3.08 g cm–3, par
méthodes directes jusqu’à un résidu R1 de 5.4% en utilisant 1214 réflexions uniques observées [Fo > 4�F] et mesurées avec
rayonnement MoK� et un diffractomètre CCD. La structure contient un site P à coordinence tétraédrique avec quatre atomes
d’oxygène, et six sites M à coordinence octaédrique contenant Fe3+, Fe2+, Mg et Mn2+. Les coins de ces octaèdres sont faits
d’atomes d’oxygène et de groupes OH et H2O. Les octaèdres (M�6) (�: anion non spécifié) partagent dans chaque cas deux arêtes
trans pour former une chaîne [M�4] le long de [001], semblable à celle dans le rutile. Des paires de telles chaînes, décalées d’un
demi octaèdre l’une par rapport à l’autre, sont liées par partage d’arêtes communes pour former un ruban le long de c; ainsi,
chaque octaèdre partage quatre arêtes avec d’autres octaèdres. Ces rubans sont connectés par coins communs des octaèdres (M�6)
pour former une trame avec canaux le long de l’axe c. Les tétraèdres (PO4) partagent chacun de deux coins avec trois octaèdres
(M�6), et les deux autres coins sont connectés à des octaèdres par liaisons hydrogène. Il y a un réseau de liaisons hydrogène dans
la structure de la gladiusite (D–A < 3.50 Å), dans quelques cas avec bifurcation. Le spectre de Mössbauer de la gladiusite montre
trois doublets, dont deux pourraient être dus au Fe2+ en coordinence octaédrique; le troisième pourrait représenter le Fe3+ en
coordinence octaédrique. Les rapports d’intensité des divers doublets indiquent un rapport Fe2+/(Fe2+ + Fe3+) égal à 0.49.

(Traduit par la Rédaction)

Mots-clés: gladiusite, nouvelle espèce minérale, phosphate, structure cristalline, macle, spectre de Mössbauer.
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INTRODUCTION

Gladiusite, (Fe2+,Mg)4 Fe3+
2 Fe3+

2 (PO4) (OH)11
(H2O), is a phosphate mineral from the Kovdor alka-
line-ultrabasic complex, Kola Peninsula, Russia, re-
cently described by Liferovich et al. (2000). It occurs in
low-temperature hydrothermal assemblages related to
the phoscorite–carbonatite complex (Figs. 1a, b), and is
considered to form as a result of Fe released by hydro-
thermal leaching of primary pyrrhotite and P released
during alteration of primary fluorapatite to secondary
hydroxylapatite (Liferovich et al. 2000). The structure
of gladiusite was solved and refined, and the Mössbauer
spectrum was recorded, as part of the characterization
of this mineral, particularly the derivation of the correct
chemical formula; the results are presented here.

EXPERIMENTAL

Structure solution and refinement

A single crystal of gladiusite (Table 1) from the
holotype specimen was attached to a glass fiber and
mounted on a Siemens P4 automated four-circle
diffractometer equipped with graphite-filtered MoK�
X-radiation and a Smart 1K CCD detector. The intensi-
ties of 6761 reflections with 2̄4̄ < h < 24, 1̄5̄ < k < 17,
9̄ < l < 9 were collected up to 60°2� using 30 s per frame,
and an empirical absorption correction (SADABS,
Sheldrick 1996) was applied. The refined unit-cell
parameters were obtained from 2830 reflections with
I > 10�I.

The SHELXTL 5.03 system of programs was used
for solution and refinement of the structure. Details of
X-ray data collection and structure refinement are given

FIG. 1a. A cluster of gladiusite crystals in a vug in dolomite
carbonatite.

FIG. 1b. Spherulites and clusters of gladiusite crystals on aggregate of fine-grained mag-
netite in a vug caused by the leaching of pyrrhotite.

1121 39#4-août-01-2256-15 26/10/01, 14:561122



THE CRYSTAL STRUCTURE OF GLADIUSITE 1123

in Table 1. Initially, we treated gladiusite as an ortho-
rhombic phase with space-group symmetry Pnma and
unit-cell parameters a 16.950, b 11.650, c 3.133 Å. The
structure was solved (by direct methods) on this basis
and refined to an R-index of 5.9% for 784 unique ob-
served reflections. However, inadequacies in several
aspects of the structure refinement, particularly regard-
ing the stereochemical details of the phosphate tetrahe-
dra, suggested the presence of twinning, and twinning
by rotation around a two-fold axis parallel to [001] was
recognized for a structure with monoclinic symmetry,
space-group symmetry P21/n and unit-cell parameters
am = ao, bm = bo, cm = 2co, � = 90°. Two twinned com-
ponents were introduced into the refinement, and full-
matrix least-squares refinement of all positional
variables, anisotropic-displacement parameters, site-
scattering values for those sites occupied by Fe, Mg and
Mn, and the volume ratio of the twin components, con-
verged to an R-index of 5.4% for 1214 independent
observed reflections. Final site coordinates and aniso-
tropic-displacement parameters are given in Table 2,
selected interatomic distances are listed in Table 3, and
refined site-scattering values (in epfu: electrons per
formula unit) are given in Table 4. Table 5 gives the
bond-valence table for gladiusite, and a proposed
hydrogen-bonding scheme is given in Table 6. Observed
and calculated structure-factors may be obtained from
The Depository of Unpublished Data, CISTI, National
Research Council, Ottawa, Ontario K1A 0S2, Canada.

Electron-microprobe analysis

Subsequent to the collection of the X-ray intensity
data, the crystal used for this purpose was embedded in
epoxy, ground, polished, carbon-coated and analyzed
with a Cameca SX–50 electron microprobe operating
in wavelength-dispersion mode. Full details were given
by Liferovich et al. (2000). The chemical composition
is given in Table 7; the FeO and Fe2O3 contents were
calculated from the Fe2+/(Fe2+ + Fe3+) ratio derived from
the Mössbauer spectrum (Table 8). The unit formula was
calculated on the basis of 16 anions with one H2O and
eleven OH groups per formula unit.

Mössbauer spectroscopy

Several needles of gladiusite were removed from the
bulk sample and mounted in a hole 1 mm in diameter
that had been drilled in a 10 �m thick Pb foil; care was
taken not to crush the needles. On observation under a
binocular microscope, the sample consisted primarily
of black needles, but there was also some greenish pow-
der and reddish powder present. Care was used to avoid
including the powder, but the presence of a small
amount of this powder in the sample taken for
Mössbauer spectroscopy cannot be ruled out. The ef-
fective thickness of the sample is estimated to be ap-
proximately 2 mg Fe/cm2. A Mössbauer spectrum was
collected at room temperature (293 K) using a
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milliprobe spectrometer as described by McCammon et
al. (1991). The data were fitted to three Lorentzian dou-
blets (component doublets constrained to equal widths
and areas), which was sufficient to account for all spec-
tral absorption; the results are given in Table 8.

DISCUSSION

Mössbauer spectrum

The Mössbauer spectrum of gladiusite (Fig. 2) con-
sists of three doublets that are sufficiently resolved that
model-independent hyperfine parameters can be deter-
mined. Two doublets correspond to Fe2+, and the third
corresponds to Fe3+. This is the minimum number of
doublets required to fit the spectrum, but does not im-
ply that there are only two Fe2+ sites in the structure.
The line width of the Fe2+(I) doublet is relatively nar-
row, suggesting that it does correspond to either a single
site in the structure, or to several sites with similar char-
acteristics. In contrast, the large line-width of the
Fe2+(II) doublet suggests that there may be more than
one site contributing to this absorption, or that there is a
large variation among different Fe2+(II) sites (e.g., dif-
ferent next-nearest-neighbor environments, or variation
in bond lengths). From the value of the center shifts,
Fe2+(I) and Fe3+ likely correspond to octahedrally coor-
dinated sites, whereas Fe2+(II) may indicate a site with
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higher coordination. The relative areas give (to a first
approximation) the relative abundance of each of the
types of sites, and 51% of Fe occurs as Fe3+ (Table 8).

Cation polyhedra

There is one P site, occupied by P and coordinated
by a tetrahedral array of O atoms with a <P–O> dis-
tance of 1.55 Å, reasonably close to the grand <P–O>
distance of 1.537 Å given by Baur (1974).

There are six M sites, all coordinated by distorted
octahedral arrays of O atoms with <M–O> distances in
the range 2.06–2.14 Å; this range is in accord with the
constituent cations at these sites, as indicated by the unit
formula (Table 7). The total scattering at the M sites is
127.1 electrons per formula unit, epfu (Table 4), and the
scattering from the M cations of the unit formula is 129.7
epfu. This agreement is reasonable, but results in 0.14
� pfu at the M sites (Table 7). Omitting these vacancies
and normalizing the sum of the M2+ cations to 4 apfu
results in scattering from the M cations (as indicated
from the unit formula) of 132.8 epfu, a difference of 5.7

epfu (= 4.5%). This difference is quite significant, and
hence we presume that the vacancies are present at the
M sites (Table 7). As a first step, we divide the scatter-
ing species into two types: Fe* (= Fe2+ + Fe3+ + Mn)
and Mg; the amount of Mn is sufficiently small that it
can be considered together with Fe2+. The site-scatter-
ing values indicate the scattering species (Fe* and Mg)
given in Table 4. Three of the sites [M(1), M(3) and
M(5)] have only a minor amount of Mg (≤0.05 atoms
per formula unit, apfu) present, as indicated by the site-
scattering values; however, the very small amounts of
Mg at these sites may well be spurious, and we consider
M(1), M(3) and M(5) completely occupied by Fe*. The
two remaining sites [M(2) and M(4)] are occupied by
~0.50 Fe* and ~0.50 Mg.

Thus far, 0.95 Mg has been assigned to the M(1)–
M(5) sites, leaving 0.66 Mg to be assigned to M(6).
However, the refined scattering at M(6) is 12 epfu, es-
sentially equivalent to 2.00 Mg apfu. Thus we have no
choice but to assign the observed amount of vacancy,
0.14 � pfu to M(6). The Mg and Fe* assigned to M(6)
were adjusted to produce the observed scattering
(Table 4). At this stage, the scattering species Fe*, Mg
and � have been assigned to the M(1)–M(6) sites.

Next, we need to resolve Fe* into its component
species Fe2+, Fe3+ and Mn. The M(1), M(3) and M(5)
sites contain only Fe*, and hence the Fe2+ and Fe3+ con-
tents at these sites can be calculated from the hard-
sphere model, using the empirical radii for [6]Fe2+ (0.78
Å) and [6]Fe3+ (0.645 Å) (Shannon 1976). The resultant
values are given in Table 4. Mn2+ is quite large (0.83
Å), and hence it must be placed at M(2), and the Fe* at
M(2) must be assigned as Fe2+ in order to reproduce the
observed <M(2)–O> distance, 2.14 Å. The Fe2+ and Fe3+

contents of M(4) were also calculated from the hard-
sphere model. Similarly, the Fe* at M(6) needs to be
Fe2+ in order to reproduce the observed <M(6)–O> dis-
tance (assuming a radius for the vacancy intermediate
between that of [6]Mg and [6]Fe).

At this stage, the total Fe and Mg contents agree rea-
sonably well with the unit formula calculated from the
chemical composition (Table 7). However, the Fe2+/Fe3+

ratio was wrong. This ratio is fixed by the
electroneutrality principle, and hence our assumption of
a hard-sphere model is not quite correct; our relative
site-populations are good, but our absolute values need
adjustment to produce the correct Fe2+ and Fe3+ con-
tents. Thus the Fe2+ and Fe3+ values were adjusted ac-
cordingly, and the resultant site-populations are shown
in Table 4.

Structure topology

The M(1) and M(2) octahedra alternate and share
trans edges to form an [M�4] chain that extends in the c
direction. Pairs of these chains meld by sharing edges
to form an [M�3] ribbon along c (Fig. 3). In a similar
fashion, M(3) + M(4) and M(5) + M(6) each form [M�4]

FIG. 2. Mössbauer spectrum of gladiusite at room tempera-
ture.
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trans chains that link to form an [M�3] ribbon along c.
These ribbons link by sharing corners between octahe-
dra: one-connected vertices of the M[1+2] ribbon link
to the trans shared edges of the M[3 + 4 + 5 + 6] ribbon
on each side of the central M[1 + 2] ribbon. The ribbons
are further linked through phosphate groups that share
one vertex with each ribbon. The resulting unit, a deco-
rated stepped ribbon, is illustrated in Figures 3a and b.

Figure 4 shows how the complex ribbons of octahe-
dra and tetrahedra in Figure 3 are linked together. The
ribbons are inclined at ~45° to the a axis and are re-
peated by the b translation to form a row of parallel rib-
bons centered on c ≈ 0, and another row centered on c ≈
½ and with the opposite inclination to the a axis. Adja-
cent rows of ribbons merge by sharing octahedron ver-
tices (Fig. 4). The terminal-octahedron vertices of each
ribbon link to the central-octahedron vertices of ribbons
in adjacent rows. The resultant structure is a
heteropolyhedral framework with extensive develop-
ment of hydrogen bonds between octahedron–octahe-
dron and octahedron–tetrahedron vertices (Fig. 4).

Hydrogen bonding

All O atoms not bonded to P are (OH) or (H2O)
groups, and incident bond-valence sums (Table 5) indi-
cate that three of the four anions bonded to P must be
hydrogen-bond acceptors. Hence there must be an ex-
tensive hydrogen-bond network in gladiusite. No H
positions were detected in the final difference-Fourier
maps, but a hydrogen-bond arrangement was derived
from examination of local stereochemistry and the bond-
valence requirements of the anions in the structure
(Table 5, central � column).

If we write the formula of gladiusite as Fe3+
2 (Fe2+,

Mg)4 P �16, where � is an unspecified anion, the sum of
the positive charges is 19+ and the charge of the 16 an-
ions must be 19–. Hence there must be 13 H atoms in
the formula of gladiusite. The following anions have
incident bond-valence sums of ~1.0 vu (valence units):
O(1), O(2), O(3), O(4), O(6), O(8), O(9), O(10) and
O(13); these must be (OH) groups. The O(14) anion has
an incident bond-valence sum of 2.0 vu and must be an
O2– anion. The O(12) anion (Table 5) has an incident
bond-valence of 0.56 vu, neglecting any H atoms, and
hence must be an (H2O) group. This leaves 13 – 11 = 2
H atoms to be assigned to one or more of the following
anions: O(5): 1.31; O(7): 1.20; O(11): 1.48; O(5): 1.20;
O(16): 1.27 vu. If O(11) were an (OH) group, the asso-
ciated H atom would have to be involved in a symmetri-

FIG. 3. A fragment of the structure of gladiusite (a) viewed
orthogonal to the c axis down a non-rational direction that
is approximately perpendicular to the triplet of [MT�4] rib-
bons in the structure; (b) projected down the c axis; octahe-
dra and tetrahedra are labeled.

FIG. 4. The crystal structure of gladiusite projected down a
direction a few degrees away from [001]; legend as in
Figure 3.
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cal hydrogen-bond; the infrared spectrum of gladiusite
(Liferovich et al. 2000) shows that a symmetrical hy-
drogen-bond is not present, and hence O(11) must be an
O2– anion that is an acceptor for two or more hydrogen
bonds. We are left with four anions, O(5), O(7), O(15)
and O(16), each with an incident bond-valence sum of
~1.25 vu; thus, two of these anions must be (OH) groups
and two of them must be O2– anions that are acceptor
anions for four or five hydrogen bonds (e.g., 1.25 + 4 �
0.20 = 2.05 vu). The O(5) and O(7) anions are each
bonded to three octahedrally coordinated cations, and
the space around these anions is not sufficient for 4 or 5
H atoms to be close enough to form hydrogen bonds.
Conversely, O(15) and O(16) are bonded to one cation

only (and that in tetrahedral coordination), and hence
there is ample space for 4 or 5 H atoms to form hydro-
gen bonds with each of these two anions as acceptors.
Thus O(5) = O(7) = (OH) and O(15) = O(16) = O2–.
Hydrogen bonds were identified by short D (Donor) to
A (Acceptor) distances, where D and A are ligands for
different cations; the D–A distances are given in Table
6, where the H atoms are numbered such that O(n) is
the donor involving H(n) [except for O(12), which is an
(H2O) group involving H(11) and H(12)]. The resultant
bond-valence arrangement is shown in Table 5. Note
that the phosphate ligands O(11), O(15) and O(16) act
as acceptors for 3, 4 and 5 hydrogen-bonds, respectively.

FIG. 5. Various [M�4]-derivative structures projected down the chain axis: (a) descloizite,
(b) gladiusite, (c) fredrikssonite, (d) orthopinakiolite, (e) takéuchiite, (f) blatterite, (g)
pinakiolite. The ribbons and linking octahedra are shaded black for emphasis.
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Related structures

The key motif in the structure of gladiusite is the
[MT�4] chain of edge-sharing octahedra. This is a com-
mon motif in a wide variety of oxysalt structures, and is
usually decorated by tetrahedral oxyanions in a stag-
gered fashion along its length. It occurs as isolated
chains in the linarite-group minerals (e.g., linarite,
Pb2+[Cu2+(SO4)(OH)2], Bachmann & Zemann 1961),
the brackebuschite-group minerals (e.g., brackebuschite,
Pb2+[Mn2+(VO4)2(H2O)], Foley & Hughes 1997), the
fornacite-group minerals (e.g., fornacite, Pb2+[Cu2+

(AsO4)(CrO4)(OH)], Cocco et al. 1967), and the vau-
quelinite-group minerals (e.g., vauquelinite, Pb2+[Cu2+

(PO4)(CrO4)(OH)], Fanfani & Zanazzi 1968). The deco-
rated chain can polymerize as octahedron–tetrahedron-
linked heteropolyhedral sheets in the tsumcorite-group
minerals (e.g., tsumcorite, Pb2+[ZnFe3+(AsO4)(H2O)
(OH)], Krause et al. 1998) and the bermanite-group
minerals (e.g., bermanite, Mn2+[Mn3+(PO4)(OH)2]
(H2O)4, Kampf & Moore 1976). The chain can also
polymerize to form octahedron–tetrahedron-linked
heteropolyhedral frameworks as in the descloizite-group
minerals (e.g., descloizite, Pb2+[Zn(VO4)(OH)],
Hawthorne & Faggiani 1979), the conichalcite-group
minerals (e.g., conichalcite, Ca2+[Cu2+(AsO4)(OH)],
Qurashi & Barnes 1963), and numerous silicate miner-
als such as lawsonite (Ca[Al2(Si2O7)(OH)2](H2O),
Comodi & Zanazzi 1996), pumpellyite (Ca2[Al2(Al,Mg)
(SiO4)(Si2O7)(OH)2(OH,H2O)], Galli & Alberti 1969),
and ardennite ({Mn,Ca}4[Al4(Mg,Al)2(SiO4)2(Si3O10)
({As,V}O4)(OH)6], Donnay & Allmann 1968).

Perhaps the simplest of the framework structures is
that of descloizite, Pb2+[Zn(VO4)(OH)], in which [ZnO3
(OH)] chains extend along [010] and are cross-linked
into a framework by (VO4) tetrahedra (Fig. 5a). In pro-
jection (Fig. 4a), corner-linked octahedra and tetrahe-
dra form an 84 net with octahedra and tetrahedra at
alternate vertices of the net. These [MT�4] chains can
also polymerize directly by sharing octahedron vertices.
In gladiusite, the [MT�4] chains link into pairs by shar-
ing edges to form ribbons that extend along the c direc-
tion (Fig. 3a). These ribbons polymerize further by
sharing octahedron corners and by linking via tetrahe-
dron vertices (Fig. 5b). There is a complete family of
structures in which the [MT�4] chains polymerize di-
rectly to form ribbons of different widths. Of particular
elegance are the structures of the zig-zag borate miner-
als (Cooper & Hawthorne 1998), which consist of rib-
bons of octahedra an odd number of [M�4] chains wide
that are linked by (BO3) triangles and other octahedra.
Fredrikssonite, [Mg2Mn3+(BO3)O2] Burns et al. (1994),
has ribbons that are three octahedra wide (Fig. 5c);
orthopinakiolite, [Mn3+

7({Mn2+,Mg}xFe3+
y�(y–1)/2)�17

(BO3)8 O16], Takéuchi et al. (1978), has ribbons that are
five octahedra wide (Fig. 5d); takéuchiite, [Mn3+

11
({Mn2+,Mg}xFe3+

y�(y–1)/2)�25(BO3)12O24], Norrestam
& Bovin (1987), has ribbons that are seven octahedra
wide (Fig. 5e); blatterite, [Sb5+

3Mn3+
9({Mn2+,Mg}x

Fe3+
y�(1+y)/2)�36(BO3)16O32], Cooper & Hawthorne

(1998), has ribbons that are nine octahedra wide;
pinakiolite, [(Mg,Mn2+)2Mn3+(BO3)O2], Moore & Araki
(1974), has sheets of octahedra, essentially ribbons an
infinite number of octahedra wide, that are cross-linked
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by (BO3) triangles and other octahedra. Thus we see a
wide variety of heteropolyhedral frameworks formed
from ribbons of polymerized [MT�4] chains.
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