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ABSTRACT

The crystal structure of edgarite, a rare Fe-Nb sulfide mineral, was solved using intensity data collected from a crystal from

the Khibina alkaline massif, Russia. The study revealed that the structure is hexagonal, space group P63, with cell parameters a

5.912(1), c 12.675(2) Å, and V 383.7(1) Å3. Refinement of an anisotropic model led to an R index of 0.0392 for 580

independent reflections. One Fe and three Nb sites occur in the crystal structure of edgarite. Edgarite is shown to have the

formula FeNb3þ
2Nb4þS6. Niobium can be expected to be chalcophile in unusually reducing crustal assemblages and to be

trivalent and tetravalent in the mantle.
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INTRODUCTION

The discovery of a natural occurrence of a sulfide

of niobium, edgarite (Barkov et al. 2000), was a shock

to many geochemists, to whom niobium and tantalum

are quintessential lithophile elements, with a strong

attraction to oxygen and generally considered to be

present in the pentavalent state in crustal environments

(e.g., Černý & Ercit 1989). As reviewed by Martin &

Wülser (2014), some geochemists have even proposed

that Nb5þ is prevalent in the mantle and that it coexists

with Nb0 in the Earth’s core. In this context, it is

important to document the crystal structure of edgarite,

FeNb3S6, from its type locality, the Khibina (Khibiny)

alkaline complex, Kola Peninsula, Russia, and to

establish the valence state of its niobium atoms.

CRYSTAL-STRUCTURE SOLUTION AND REFINEMENT

A small crystal fragment (40 3 55 3 70 lm3) was

selected for the single-crystal X-ray diffraction study

from a sample from the type locality, which was

kindly donated to the Natural History Museum of the

University of Florence by Evgeniy Semenov (Fersman

Museum) in 2004. The collection of intensity data (see

Table 1 for details) was carried out by means of an

Oxford Diffraction Xcalibur 3 single-crystal diffrac-

tometer (enhanced X-ray source, X-ray radiation

MoKa, k ¼ 0.71073 Å) equipped with a Sapphire 2

CCD detector. A total of 1598 frames of data were

collected at room temperature as six sets of omega

runs, with an exposure time of 50 s per frame and a

frame width of 1.008. This afforded an overall data

collection of 4413 reflections (580 unique). The

refined hexagonal unit-cell parameters are a

5.912(1), c 12.675(2) Å, and V 383.7(1) Å3, which

are similar to those originally reported by Barkov et al.

(2000) for the holotype and those measured for

synthetic FeNb3S6 by Anzenhofer et al. (1970).

Data frames were processed using the CrysAlis

software package (Oxford Diffraction 2006) running

on the Xcalibur 3 control PC. The program ABSPACK

(Oxford Diffraction 2006) was used for the absorption

correction. The merging R for the data set decreased
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from 12.63% before the absorption correction to

5.25% after the correction. The statistical tests on the

distribution of jEj values strongly indicate the absence

of an inversion center (jE2 – 1j ¼ 0.746). This

information, together with the observed systematic

absences (i.e., 000l¼ 2nþ 1), suggested space groups

P63 or P6322. Given that P6322 is the space group

reported by Anzenhofer et al. (1970), van Laar et al.

(1971), and Drábek et al. (2010) for synthetic

FeNb3S6, the first attempt to refine the structure was

done in that space group using the atomic coordinates

reported by Anzenhofer et al. (1970). The refinement

of this model led to a high R index of ~15%. At this

point, a thorough analysis of the structure (based

mainly upon the observation of the very large atomic

displacement parameters for Nb and S atoms)

suggested that the diad axes symmetry elements of

the P6322 space group should be removed. The atomic

position data set was then adapted to the P63 space

group and the structure refined. A least-squares

refinement on F2 using the program SHELXL

TABLE 1. CRYSTAL DATA AND EXPERIMENTAL DETAILS FOR THE SELECTED

EDGARITE CRYSTAL

Crystal data

Formula FeNb3S6

Crystal size (mm3) 0.040 3 0.055 3 0.070

Form block

Color black

Crystal system hexagonal

Space group P63 (#173)

a (Å) 5.912(1)

c (Å) 12.675(2)

V (Å3) 383.7(1)

Z 2

Data collection

Instrument Oxford Diffraction Xcalibur 3

Radiation type MoKa (k ¼ 0.71073)

Temperature (K) 293(3)

Detector to sample distance (cm) 6

Number of frames 1598

Measuring time (s) 50

Maximum covered 2h (8) 59.38

Absorption correction multi-scan (Oxford Diffraction 2006)

Collected reflections 4413

Unique reflections 580

Reflections with Fo . 4r( Fo) 316

Rint 0.0525

Rr 0.0783

Range of h, k, l –8 � h � 0, 0 � k � 10, 0 � l � 13

Refinement

Refinement Full-matrix least squares on F2

Final R1 [Fo . 4r( Fo)] 0.0340

Final R1 (all data) 0.0392

S 1.02

Number refined parameters 31

Dqmax (e Å–3) 0.55

Dqmin (e Å–3) –0.58

TABLE 2. ATOMS, FRACTIONAL ATOM

COORDINATES, AND EQUIVALENT ISOTROPIC

DISPLACEMENT PARAMETERS (Å2) FOR THE

EDGARITE CRYSTAL INVESTIGATED

Atom x y z Ueq

Fe 1/3 2/3 0.2397(7) 0.0450(7)

Nb1 0 0 0.0018(3) 0.0346(4)

Nb2 1/3 2/3 0.0030(4) 0.050(1)

Nb3 2/3 1/3 0.9766(4) 0.049(1)

S1 0.3196(14) 0.0163(13) 0.3693(6) 0.059(3)

S2 0.0013(11) 0.3262(12) 0.6301(8) 0.058(2)
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(Sheldrick 2008) resulted in an R factor of ~9%. The

occupancy of all the sites was left free to vary (Fe

versus vacancy, Nb versus vacancy, and S versus

vacancy). All the sites were found to be consistent

with full occupancy by Fe, Nb, and S, respectively,

and then fixed. Neutral scattering curves for Fe, Nb,

and S were taken from the International Tables for X-

ray Crystallography (Ibers & Hamilton 1974). At the

final stage, with anisotropic atomic displacement

parameters for all atoms and without constraints, the

residual value settled at R1¼ 3.40% for 316 observed

reflections [Fo . 4r( Fo) level] and 31 parameters and

at R1 ¼ 3.92% for all 580 independent reflections.

Inspection of the difference-Fourier map revealed that

maximum positive and negative peaks were 0.55 and

0.58 e–/Å3, respectively.

Experimental details and R indices are given in

Table 1. Fractional atomic coordinates and isotropic

displacement parameters are reported in Table 2, and

the anisotropic displacement parameters are given in

Table 3. A list of the observed and calculated

structure-factors is available from the Depository of

Unpublished Data on the MAC website [document

Edgarite CM56_10.3749/canmin.1800019].

DESCRIPTION OF THE STRUCTURE AND DISCUSSION

In the crystal structure of edgarite (Fig. 1), there are

four symmetrically independent metal sites (one Fe

and three Nb) and two S sites, with Z ¼ 2. Fe is

coordinated by six sulfur atoms, with distances ranging

from 2.425 to 2.673 Å (Table 4). The Nb atoms have a

distorted six-fold coordination (Fig. 2) closely resem-

bling the trigonal prisms observed in Nb-bearing

misfit-layer chalcogenides (Lafond et al. 1999,

Deudon et al. 2000). Nb–S distances are in the range

2.493–2.782 Å. The most distorted site is Nb3 (r2 ¼
98.82; Robinson et al. 1971), whereas the Nb1 and

Nb2 sites (r2 ¼ 56.63 and 53.46, respectively) show

values close to those observed for the two Nb positions

in the structure of synthetic FeNb3S6 (r2¼ 54.18 and

55.09; Anzenhofer et al. 1970). The highest r2 value

for Nb3 reflects on the cation coordination, which can

actually be better described as 3þ3.

We note an important difference in the unit-cell

volume between edgarite (384 Å3) and synthetic

FeNb3S6 (351 Å3; Anzenhofer et al. 1970, Drábek et

al. 2010). We do not have a plausible explanation for

the 9% increase in the unit-cell volume observed for

the natural material. A qualitative chemical analysis of

the edgarite crystal studied did not reveal any element

beside Fe, Nb, and S. Barkov et al. (2000) did report

the presence of 0.36% V as the main minor element,

presumably present as V3þ, and not likely a contrib-

uting factor. Drábek et al. (2010) carried out a

mineralogical and crystallographic study of the

products synthesized in the system Fe–Nb–S. They

observed an increase of the unit-cell volume as a

function of the Fe/(Fe þ Nb) ratio in the phases

crystallizing with a hexagonal unit-cell. Synthetic

phases with Fe/(Fe þ Nb) ’ 0.25 (the composition

of edgarite) were also found to exhibit a smaller unit-

cell volume, close to 350 Å3.

The main difference with respect to synthetic

FeNb3S6 is the fact that edgarite was solved and

refined in the space group P63, whereas the synthetic

compounds had been refined in the space group P6322

(Anzenhofer et al. 1970, Drábek et al. 2010). Although

the two structures are topologically very similar, the

reduction of symmetry in edgarite allows the existence

of three independent Nb sites, instead of the two (with

different multiplicity) observed in the synthetic

compounds. Such a diversification has important

consequences for the ordering of Nb atoms with

TABLE 3. ANISOTROPIC DISPLACEMENT PARAMETERS OF THE ATOMS FOR THE

EDGARITE CRYSTAL INVESTIGATED

U11 U22 U33 U12 U13 U23

Fe 0.0472(8) 0.0472(8) 0.0406(19) 0.0236(4) 0.000 0.000

Nb1 0.0347(3) 0.0347(3) 0.0344(12) 0.0173(4) 0.000 0.000

Nb2 0.0495(14) 0.0495(14) 0.052(3) 0.0247(7) 0.000 0.000

Nb3 0.0511(16) 0.0511(16) 0.044(3) 0.0255(8) 0.000 0.000

S1 0.059(3) 0.062(3) 0.057(6) 0.031(3) 0.001(2) 0.001(2)

S2 0.056(3) 0.057(3) 0.060(6) 0.027(2) 0.0012(17) 0.003(2)

TABLE 4. BOND DISTANCES (IN Å) IN THE

STRUCTURE OF EDGARITE

Fe–S1 (33) 2.673(10) Nb2–S1 (33) 2.598(9)

Fe–S2 (33) 2.435(10) Nb2–S2 (33) 2.568(10)

mean 2.554 mean 2.583

Nb1–S1 (33) 2.493(9) Nb3–S1 (33) 2.509(9)

Nb1–S2 (33) 2.520(9) Nb3–S2 (33) 2.782(11)

mean 2.507 mean 2.646
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different valence states. Barkov et al. (2000) proposed

the formula Fe2þNb3þ
2Nb4þS6 for edgarite. Mössbauer

studies (Katada & Herber 1980, Sundararajan et al.

1983) revealed that the formal charge of Fe is 2þ in

synthetic FeNb3S6. Barkov et al. (2000) proposed the

above formula to obtain a charge balance to compen-

sate for the 12 negative charges of the six sulfur atoms.

Martin & Wülser (2014) considered another variant of

the formula. If we calculate the bond-valence sums

(using the parameters reported by Brese & O’Keeffe

1991) using the structural data reported for synthetic

FeNb3S6 (Anzenhofer et al. 1970, Drábek et al. 2010),

unrealistic values are obtained. The Fe atom exhibits

2.90 v.u. (valence units), suggestive of a trivalent state,

whereas the two Nb atoms show 4.60 and 4.45 v.u.,

indicating Nb5þ or a mixture of Nb4þ and Nb5þ. Such a

scenario impacts the valence state of S, which jumps to

an unrealistic 2.73 v.u.. The bond-valence sums for

edgarite, in contrast, give very reasonable values

(Table 5). The values obtained for Nb2 and Nb3 (3.35

and 3.02 v.u., respectively) indicate trivalent Nb at

these positions. On the other hand, Nb1, with a bond-

FIG. 1. The crystal structure of edgarite projected down [100]. Dark green, light green, red, and yellow spheres indicate Nb4þ

(Nb1), Nb3þ (Nb2 and Nb3), Fe, and S atoms, respectively. The unit cell and the orientation of the Figure are outlined.

TABLE 5. BOND VALENCE (v.u.) ARRANGEMENT

FOR EDGARITE

Fe Nb1 Nb2 Nb3 R S

S1 0.25833� 0.71233� 0.53633� 0.68233� 2.188

S2 0.49233� 0.66233� 0.58233� 0.32633� 2.062

2.250 4.122 3.354 3.024

Note: Calculated from the bond-valence curves of Brese

& O’Keeffe (1991)
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valence sum of 4.12 v.u., is in the tetravalent state in

the edgarite structure. The sums for the two S atoms

are 2.19 and 2.06 v.u., as typically observed in sulfide

structures.

PARTING REMARK

Edgarite contains Nb3þ and Nb4þ ions. Its presence

in a metasomatized roof-pendant in the Khibina

complex establishes the local existence in the Earth’s

crust of unusually reducing conditions. These presum-

ably reflect the influence of a rising mantle-derived

reducing aqueous-carbonic fluid phase (Beeskow et al.

2006). In the case of the Khibina complex, the

assemblage contains other oddities, such as Ti-rich

pyrrhotite, Fe-rich alabandite, a graphite-like material,

and a tungstenite–molybdenite solid solution. Chalco-

phile niobium can be expected in other unusually

reducing crustal environments and, of course, in the

mantle. It is unfortunate that the Nb2O3–NbO2 and

NbO2–Nb2O5 buffer curves remain uncharted territory.
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MEERSCHAUT, A. (2000) Quantification of the interlayer
charge transfer, via bond valence calculation, in 2D misfit
compounds: The case of (Pb(Mn,Nb)0.5S1.5)1.15NbS2.
Journal of Solid State Chemistry 155, 1–8.
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