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ABSTRACT

Gladiusite, ideally Fe3+
2(Fe2+,Mg)4(PO4)(OH)11(H2O), monoclinic, a 16.959(2), b 11.650(3), c 6.266(6) Å, � 90.00(5)°, V

1238(1) Å3, space group P21/n, Z = 4, is a new mineral species from hydrothermal assemblages associated with the phoscorite–
carbonatite unit of the Kovdor alkaline-ultramafic complex, Kola Peninsula, Russia. It occurs in vugs within veins of mineralized
dolomite carbonatite. Associated minerals are dolomite, pyrochlore, several generations of magnetite, pyrite, rutile, a ternovite-
like phase, catapleiite, bobierrite, rimkorolgite, juonniite, strontiowhitlockite, collinsite (including a Sr-rich variety) and chlorite.
Gladiusite occurs as acicular aggregates and as free-standing radial clusters (<2 mm in diameter) of arrow-headed crystals.
Acicular crystals vary from 0.5 to 6–7 �m thick and from 10 to 500 �m long. Gladiusite is dark green, almost black, with an olive-
green streak, opaque in aggregates and translucent in thin crystals; it has a vitreous luster, and does not fluoresce under long- or
short-wave ultraviolet light. It has a Mohs hardness of 4–4½, and is brittle with an irregular fracture; cleavage and parting were
not observed. The measured and calculated densities are 3.11(2) and 3.10(4) g/cm3, respectively. Gladiusite is biaxial negative
and strongly pleochroic, � 1.722(2), � 1.730(2), � 1.737(2), 2Vcalc. = 78.3°. The strongest reflections in the X-ray powder-
diffraction pattern [d in Å(I)(hkl)] are: 9.61(53)(110), 6.87(77)(210), 5.83(89)(020), 4.805(100)(220), 3.787(62)(130),
3.533(84)(230), and 2.868(66)(140). Electron-microprobe analysis and Mössbauer spectroscopy gave (wt.%) FeO 25.00, Fe2O3
29.90, MgO 11.16, MnO 0.78, P2O5 12.46, TiO2 0.04, H2O(calc.) = 20.18, sum = 99.51 wt.%; the H2O content, obtained by the
Penfield method, is 19.7 wt.%. The unit formula is Fe3+

2.00[Fe2+
2.02Mg1.61Fe3+

0.17Mn2+
0.06]�3.86 (P1.02O4)(OH)11(H2O) on the basis

of 16 O atoms. The simplified formula is Fe3+
2(Fe2+,Mg)4(PO4)(OH)11(H2O). Crystal-structure study showed gladiusite to be

extensively twinned on [001]. Gladiusite is considered to be a product of hydrothermal alteration of pyrrhotite and fluorapatite,
the primary Fe and P minerals in the dolomite carbonatite. The mineral is named in accordance with the morphology of the
crystals, which resemble double-edge swords (gladius, in Latin) in SEM images.

Keywords: gladiusite, new mineral species, electron-microprobe analysis, infrared spectrum, thermogravimetric analysis, differ-
ential thermal analysis, hydroxy-hydrated phosphate, Kovdor, Russia.

SOMMAIRE

Nous décrivons la gladiusite, dont la formule idéale est Fe3+
2(Fe2+,Mg)4(PO4)(OH)11(H2O), nouvelle espèce minérale

monoclinique, a 16.959(2), b 11.650(3), c 6.266(6) Å, � 90.00(5)°, V 1238(1) Å3, groupe spatial P21/n, Z = 4, provenant d’un
assemblage hydrothermal associé à la phoscorite et la carbonatite du complexe alcalin-ultramafique de Kovdor, péninsule de
Kola, en Russie. On la trouve dans des cavités à l’intérieur de veines de carbonatite à dolomite minéralisée. Lui sont associées
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INTRODUCTION

During the last four decades, a large baddeleyite –
apatite – magnetite deposit in the phoscorite–carbonatite
complex of the Kovdor alkaline-ultramafic complex,
Kola Peninsula, northwestern Russia, has been actively
excavated. A new hydroxy-hydrated phosphate species,
gladiusite, was discovered recently, exposed in hydro-
thermally altered veins of dolomite carbonatite in this
complex. The mineral was named in accordance with
the morphology of the crystals, which resemble double-
edged swords (gladius, in Latin) in SEM images. Both
the species and the name have been approved by the
Commission on New Minerals and Mineral Names of
the IMA. Holotype and other specimens of gladiusite
are deposited at the Fersman Mineralogical Museum,
Russian Academy of Sciences, Moscow; catalogue
number 2310/1, and at the Geological Museum of the
Institute of Geosciences, University of Oulu, Oulu, cata-
logue number 12182. Gladiusite is a rare mineral; only
a few hundred mg are known to exist.

OCCURRENCE

The igneous Kovdor ring complex occurs in the
southwestern part of the Kola Peninsula (67°35' N,
30°20' E). Covering an area of 40.5 km2, this body is
the largest of its type in the Kola province of Paleozoic
alkaline-ultramafic magmatism. The geology of this
intrusion has been described in detail by Kukharenko et
al. (1965), Ternovoi (1977), Kapustin (1980),
Arzamastsev (1994), Kogarko et al. (1995) and Verhulst
et al. (2000). The massif was emplaced into a Precam-
brian metamorphic sequence comprised mostly of am-
phibole–biotite gneiss (Belomorian suite), and is

spatially controlled by the deep Kandalaksha fault
(Kogarko et al. 1995). The intrusion has a concentric
structure with subvertical contacts between adjacent
units. An ultramafic core (olivinite, pyroxenite and di-
opside–olivine rocks) is surrounded by turjaite,
melilitolite, phlogopite-bearing diopside–olivine rock,
garnet – amphibole – monticellite rock, nepheline py-
roxenite, phoscorite–carbonatite and carbonate–fluor-
apatite-cemented breccias, with outer zones of alkaline
rocks (jacupirangite, ijolite–melteigite). A well-defined
fenite zone surrounds the massif.

The phoscorite–carbonatite complex was emplaced
into pyroxenites and ijolites, and is bordered by a semi-
annular zone of a fine-grained apatite–forsterite meta-
somatic rock. The geology of the stock was described
by Kukharenko et al. (1965), Ternovoi (1977), Kapustin
(1980), Krasnova & Kopylova (1988) and Verhulst et
al. (2000). Postmagmatic re-activation of the fault has
caused extensive cataclasis, accompanied by an influx
of hydrothermal fluids from the cooling phoscorite and
carbonatite. As a result, the hydrothermal assemblages
superimposed on the dolomite carbonatite contain a
variety of rare minerals (Kukharenko et al. 1965,
Kapustin 1980, Ivanyuk & Yakovenchuk 1997) domi-
nated by hydroxy-hydrated (Mg, Fe2+)-phosphates
(Table 1), eight of which occur at this locality only.

Gladiusite is confined to hydrothermal assemblages
from vugs in cataclastic and mineralized dolomite
carbonatite. The order of crystallization is as follows:
primary pyrrhotite and fluorapatite → dolomite →
pyrochlore → magnetite (type I) or pyrite → rutile →
ternovite-like phase → catapleiite → rimkorolgite →
bobierrite → collinsite → juonniite → strontiowhit-
lockite → pyrrhotite (type II) → gladiusite → strontian
collinsite (0.76 apfu Sr, atoms per formula unit) → mag-

dolomite, pyrochlore, plusieurs générations de magnétite, pyrite, rutile, une phase ressemblant à la ternovite, catapléiite, bobierrite,
rimkorolgite, juonniite, strontiowhitlockite, collinsite (y inclus une variété riche en Sr) et chlorite. La gladiusite se présente en
agrégats aciculaires et en groupes fibroradiés (<2 mm en diamètre) de cristaux pointus. Les cristaux aciculaires vont de 0.5 à 6–
7 �m en épaisseur et de 10 à 500 �m en longueur. La gladiusite est vert foncé, presque noire, avec une rayure vert-olive, mais elle
est opaque en aggrégats et translucide en cristaux plus minces; son éclat est vitreux, et elle ne montre aucune fluorescence en
lumière ultra-violette (ondes courtes ou longues). Sa dureté de Mohs est de 4–4½, et elle est cassante, avec une fracture irrégulière.
Aucun clivage ou plan de séparation n’a été décelé. La densité mesurée et calculée est égale à 3.11(2) et 3.10(4) g/cm3,
respectivement. La gladiusite est biaxe négative et fortement pléochroïque, � 1.722(2), � 1.730(2), � 1.737(2), 2Vcalc. = 78.3°. Les
sept raies les plus intenses du spectre de diffraction (méthode des poudres) [d en Å(I)(hkl)] sont: 9.61(53)(110), 6.87(77)(210),
5.83(89)(020), 4.805(100)(220), 3.787(62)(130), 3.533(84)(230), et 2.868(66)(140). Une analyse avec une microsonde
électronique, supplémentée par un spectre de Mössbauer, ont donné FeO 25.00, Fe2O3 29.90, MgO 11.16, MnO 0.78, P2O5 12.46,
TiO2 0.04, H2O(calc.) 20.18, total 99.51% (poids); la proportion de H2O, mesurée par la méthode de Penfield, est 19.7°. L’unité
formulaire est Fe3+

2.00[Fe2+
2.02Mg1.61Fe3+

0.17Mn2+
0.06]�3.86 (P1.02O4)(OH)11(H2O) sur une base de 16 atomes d’oxygène. La formule

simplifiée est Fe3+
2(Fe2+,Mg)4(PO4)(OH)11(H2O). Une ébauche de la structure cristalline montre que la gladiusite est fortement

maclée sur [001]. Ce minéral serait un produit de l’altération hydrothermale de la pyrrhotite et de la fluorapatite, les minéraux
primaires porteurs de Fe et P dans la carbonatite à dolomite. Le nom du minéral signale la morphologie des cristaux, qui ressemble
à une épée à double tranchant (gladius, en Latin) dans les images prises avec un microscope électronique à balayage.

(Traduit par la Rédaction)

Mots-clés: gladiusite, nouvelle espèce minérale, analyse à la microsonde électronique, spectre d’absorption infra-rouge, analyse
thermogravimétrique, analyse thermique différentielle, phosphate hydroxylé et hydraté, Kovdor, Russie.
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netite-(type II) → chlorite → dolomite (the minerals as-
sociated with gladiusite are in italics). Gladiusite is not
associated with other hydrous Fe-phosphates in these
hydrothermal assemblages. Gladiusite is the first en-
dogenic phosphate from this complex that has Fe3+ as a
major cation (Table 1); vivianite and strengite occur in
the upper horizons of the phoscorite–carbonatite com-
plex and are exogenic (Kapustin 1980).

PHYSICAL AND OPTICAL PROPERTIES

Gladiusite occurs as acicular masses and as free-
standing radiating clusters of arrow-head crystals (Fig.
1a); clusters do not exceed 2 mm in diameter. Gladiusite
crystals (Fig. 1b) show subtly curved faces and a habit
similar to a double-edged sword. Acicular crystals vary
from 0.5 to 7 �m thick and from 10 to 500 �m long.

Gladiusite is dark green to almost black, opaque in
aggregates and translucent only in thin needles, with an
olive-green streak (in 10–12 h, the streak changes color
to brownish red) and a vitreous luster. It does not fluo-
resce under long- or short-wave ultraviolet light.
Gladiusite is soluble in hydrochloric acid (after some
hours at room temperature). The mean Vickers hardness
(VHN) of a dense aggregate of crystals is 300(25) (load
20 g, range 280–320 kg/mm2; eight measurements were
made on a polished block using a Mikromet II instru-
ment), which corresponds approximately to a Mohs
hardness of 4–4½. The density, 3.11(2) g/cm3, was
measured by flotation of gladiusite needles in a dilute
Clerici–H2O solution at 20°C; Dcalc. = 3.10(4) g/cm3.
Cleavage or parting was not observed. Gladiusite is
brittle with an uneven fracture. It is biaxial negative, c ||
�, � 1.722(2), � 1.730(2), � 1.737(2), 2Vcalc. 86°. The
dark color and strong pleochroism (X olive green, Y

grayish blue, Z dark green with a blue tint, X > Y > Z)
prevented complete determination of the optical prop-
erties and observation of the twinning that was later
found during investigation of the crystal structure. A
Gladstone–Dale calculation gave a compatibility index
of –0.0062, superior (Mandarino 1981).

CRYSTALLOGRAPHY

Preliminary precession photos of gladiusite needles
suggest orthorhombic symmetry with possible space-
groups Pmmm, Pmm2 or P222. However, crystal-struc-
ture determination (Sokolova et al. 2001) established the
symmetry as monoclinic, space group P21/n, and
showed the presence of pseudo-orthorhombic symme-
try caused by extensive twinning. Unit-cell parameters,
a 16.959(6), b 11.650(3), c 6.266(6) Å, � 90.00(5)°, V
1238(1) Å3, Z = 4, were refined from X-ray powder-
diffraction data (DRON–2.0 diffractometer, CuK� ra-
diation, graphite monochromator) using the indices
derived from the crystal-structure determination
(Table 2).

CHEMICAL ANALYSIS

Gladiusite was analyzed with a Cameca SX–50 elec-
tron microprobe operating in wavelength-dispersion
mode with an operating voltage of 15 kV, specimen
current of 10 nA, and counting times on peak and back-
ground of 20 and 10 s, respectively. The electron beam
was focused to 5 �m, and the samples were moved dur-
ing analysis to minimize decomposition. The following
standards were used: forsterite (Mg), spessartine (Mn),
marićite (Fe), fluorapatite (P) and titanite (Ti). The mean
of 23 determinations is given in Table 3. The absence
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of F was confirmed by a potentiometric technique (Li3F
electrode). Flame-emission spectra gave Be 0.005, Sc
0.01, Nb 0.02, Zr 0.05, V 0.003, and Ag 0.01 wt.%.
Needles, used for study of all physical properties, tend
to be slightly more magnesian than the dense aggregates
of gladiusite. The presence of H (both OH and H2O)
was confirmed both by crystal-structure refinement and
powder infrared-absorption. The oxidation state of iron
was established by Mössbauer spectroscopy: 51% of the
total Fe is Fe3+ (Sokolova et al. 2001). The empirical
formula of gladiusite, calculated on the basis of O = 16
apfu (atoms per formula unit), is Fe3+

2.0[Fe2+
2.02Mg1.61

Fe3+
0.17Mn2+

0.06]�3.86(P1.02O4)(OH)11.0(H2O); the gen-
eral formula is Fe3+

2(Fe2+,Mg)4(PO4)(OH)11(H2O). The
calculated value for H2O, 20.18 wt.%, is close to the
value determined by the Penfield method, 19.7 wt.%.

THERMOGRAVIMETRIC AND DIFFERENTIAL

THERMAL ANALYSIS

Thermal curves for gladiusite (Fig. 2) were obtained
in air using a derivatograph equipped with a Pt–PtRh
thermocouple. The mean rate of heating was 6°C per
minute from room temperature to 1050°C; �-alumina
powder was used as a reference for DTA (Differential
Thermal Analysis).

The exothermic effect at 200°C (DTA) (195°C,
DTG) marks the beginning of oxidation of Fe2+ to Fe3+

(Dormann et al. 1982, Marincea et al. 1997). Loss of
structurally bound H2O is marked by an endothermic
maximum at 270°C (DTA) and 265°C (DTG). Estima-
tion of weight loss during the first stage of dehydration
was complicated by overlap with the exothermic effect
caused by the beginning of oxidation. The doublet of
endothermic DTA peaks at 310°C and 400°C, respec-
tively (305°C and 395°C on the TGA curve), marks a
major loss of H2O bound as OH groups. The total
weight-loss (TGA) in the range 20–1050°C is 18.3
wt.%. After correction for oxidation of 25 wt.% FeO to
Fe2O3, this loss is 21.1 wt.%, compared to a total H2O
content (determined with the Penfield method) of 19.7
wt.%. There are weak exothermic effects at 550 and
810°C on the DTA curve (Fig. 3). X-ray powder-dif-
fraction of breakdown products indicates that gladiusite
is stable up to 350°C; in the range 350–550°C, the X-
ray-diffraction pattern is similar to that of magnetite; in
the range 550–810°C, the material is almost amorphous,
with some weak reflections attributable to �-FePO4.
At higher temperature, a hematite-like pattern was
obtained.

INFRARED SPECTROSCOPY

An infrared-absorption spectrum of gladiusite
(Fig. 3) was recorded between 400 and 3800 cm–1 us-
ing a UR–20 Carl Zeiss spectrometer and the KBr

FIG. 1. (a) Photomicrograph of a cluster of gladiusite crystals within a vug in dolomite carbonatite. (b) SEM photomicrograph
showing the morphology of the free-standing crystals of gladiusite.
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pressed-disk technique. The strong absorption bands at
1020 and 1050 cm–1 are attributed to asymmetric stretch-
ing modes of the (PO4) group, the bands at 560 and
528 cm–1 are due to bending modes of (PO4), and the
band at 962 cm–1 is a symmetric stretching mode of
(PO4). The bands at 3610 and 3172 cm–1 are O–H
stretching vibrations; the band at 3485 cm–1 is an anti-
symmetric stretching mode of H2O, and the band at 1628
cm–1 is the H–O–H bending vibration. Lower-frequency
bands can be assigned to cation–O stretching-modes.

PARAGENESIS

The late hydroxy-hydrated minerals in carbonatites
of the Kola alkaline province have been described as
magmatic minerals. This view is misleading for the hy-
drous phosphates of vugs in mineralized dolomite
carbonatite from the phoscorite–carbonatite complex of
the Kovdor massif (Table 1). Most hydrous phosphates
in this complex, including gladiusite, occur as free-
standing crystals and clusters on water-clear crystals of
late dolomite that coat fissures and cm- to dm-sized vugs
in dolomite veins and adjacent rocks affected by epige-
netic tectonism and hydrothermal activity. There is in-
tensive dissolution and replacement of tabular crystals
(0.1–5 cm) and aggregates of pyrrhotite, and of granu-
lar aggregates of fluorapatite by late Fe-rich minerals;
these reactions are considered responsible for the release
of Fe and P into the fluid phase. All consecutive stages
of pyrrhotite alteration are observed (Figs. 4a, b):

1. Initial dissolution of pyrrhotite on mineral sur-
faces and cracks.

2. Intensive dissolution along the {0001} parting
(Fig. 4a).

3. Crystallization of pyrite and formation of sooty
aggregates of first-generation late magnetite (octahedra
0.1–300 �m in size, Fig. 4b). Fine-grained magnetite-I
and pyrite are associated in some vugs. The newly

FIG. 2. Thermal analytical data for gladiusite.
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gladiusite (Liferovich et al. 2000). A synthetic phase,
similar to bakhchisaraitsevite, was synthesized by
Hallberg & Wadsten (1980) during leaching of iron
monosulfide in reduced low-temperature aqueous me-
dia under alkaline conditions. Despite the fact that
gladiusite and bakhchisaraitsevite occur in similar late
assemblages, and both have H2O, OH, Fe and Mg as
principal constituents, the fact that they do not coexist
suggests low-alkalinity conditions in the case of the
gladiusite-forming hydrothermal solutions.

In turn, gladiusite is, in some cases, covered and re-
placed by fine radial aggregates of magnetite of type II
(Figs. 5a, b). These pseudomorphs are widespread in the
hydrothermal assemblages, and commonly are included
in water-clear crystals of the latest dolomite. The pres-
ence of magnetite pseudomorphs after gladiusite in hy-
drothermal assemblages indicates that the range of
stability of gladiusite, which forms in relatively reduced
conditions, is rather limited. Siderite, a product of simi-
lar hydrothermal alteration of pyrrhotite in the
carbonatite of the Khibina complex (Zaitsev et al. 1998),
did not form during leaching of pyrrhotite in hydrother-
mal assemblages at Kovdor, indicating relatively low
CO2 fugacity. This observation may serve as a basis for
estimation of the upper temperature of hydrothermal
activity in the Kovdor phoscorite–carbonatite complex:
it was below 270°C, which, according to Bulakh &
Ivanikov (1984), is the point of decomposition of
carbonatite-derived fluid into aqueous and gaseous CO2
phases.

formed Fe minerals do not occupy more than 50% of
the volume of the primary pyrrhotite.

4. Complete alteration of pyrrhotite, resulting in
formation of vugs. The dolomitic matrix was not cor-
roded during leaching of primary pyrrhotite, and vugs
commonly preserve the shape of the original pyrrhotite
crystals and aggregates (Fig. 4).

5. Crystallization of hydrous phosphates (including
gladiusite), chlorite, and local tiny late euhedral crys-
tals of hydrothermal pyrrhotite. This hydrothermal pyr-
rhotite commonly shows some dissolution along its
{0001} parting. In some vugs, needles of gladiusite are
covered by fine radial aggregates of late magnetite
(magnetite-II, Fig. 5).

The wide variety of minerals replacing primary pyr-
rhotite attests to extensive hydrothermal leaching in an
open system. The variability of conditions was due to
repeated influx of solutions and their interaction with
the cataclastic rocks. Change of composition of hydro-
thermal solutions due to this interaction is clearly shown
by the presence of bonshtedtite and nastrophite (sodium
hydroxy-hydrated phosphates) in vugs in dolomite veins
enclosed by nepheline pyroxenite (Khomyakov et al.
1982, Liferovich et al., in prep).

As indicated by the presence of several generations
of magnetite, pyrite and late pyrrhotite, the fugacity of
O2 and H2S varied greatly in the hydrothermal system.
Because gladiusite occurs with pyrite and is not coeval
with late magnetite, we propose that it formed under
relatively high fugacity of H2S in neutral solutions.
Moreover, bakhchisaraitsevite does not occur with

FIG. 3. The infrared spectrum of gladiusite.
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Phosphorus is released via alteration of primary fluor-
apatite and replacement by aggregates of brown opaque
hydroxylapatite; hydrothermal hydroxylapatite contains,
on average, 2.0–2.5 wt.% less P2O5 than primary fluor-
apatite. This process occurs both in dolomite carbonatite
and its host rock affected by hydrothermal activity along
the reactivated fault-zone.
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