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with brownish black streak. The luster is strong sub-
metallic to metallic. The micro-indentation hardness is 
819 kg/mm2. Distinct cleavage is observed on (100). Fer-
ricoronadite is brittle, with uneven fracture. The density 
calculated from the empirical formula is 5.538 g/cm3.  
In reflected light, ferricoronadite is light gray. The reflec-
tance values [Rmax/Rmin, % (λ, nm)] are: 28.7/27.8 (470), 
27.6/26.6 (546), 27.2/26.1 (589), 26.5/25.5 (650). The 
IR spectrum shows the absence of H2O and OH groups. 
According to the Mössbauer spectrum, all iron is triva-
lent. The Mn K-edge XANES spectroscopy shows that 
Mn is predominantly tetravalent, with subordinate Mn3+. 
The chemical composition is (wt%; electron microprobe, 
Mn apportioned between MnO2 and Mn2O3 based on the 
charge-balance requirement): BaO 5.16, PbO 24.50, ZnO 
0.33, Al2O3 0.50, Mn2O3 9.90, Fe2O3 11.45, TiO2 4.19, 
MnO2 44.81, total 100.84. The empirical formula based 
on 8 cations Mn + Fe + Ti + Al + Zn pfu is Pb1.03Ba0.32

(Mn4+
4.85Fe3+

1.35Mn3+
1.18Ti0.49Al0.09Zn0.04)Σ8.00O16. The crystal 

structure was determined using single-crystal X-ray dif-
fraction data. The new mineral is tetragonal, space group 
I4/m, a = 9.9043(7), c = 2.8986(9) Å, V = 284.34(9) Å3, 
Z = 1. In ferricoronadite, double chains of edge-sharing 
(Mn, Fe, Ti)-centered octahedra are connected via com-
mon vertices to form a pseudo-framework with tunnels 
containing large cations Pb and Ba. The strongest lines 
of the powder X-ray diffraction pattern [d, Å (I, %) (hkl)] 
are: 3.497 (33) (220), 3.128 (100) (−130, 130), 2.424 
(27) (−121, 121), 2.214 (23) (240, −240), 2.178 (17) 
(031), 1.850 (15) (141, −141), 1.651 (16) (060), 1.554 
(18) (−251, 251). Ferricoronadite is named as an ana-
logue of coronadite Pb(Mn6

4+Mn2
3+)O16 with the major 

charge-compensating octahedral cation Fe3+ instead of 
Mn3+.

Abstract A new mineral ferricoronadite with the sim-
plified formula Pb(Mn6

4+Fe2
3+)O16 was discovered in 

the orogenetic zone related to the “Mixed Series” meta-
morphic complex near the Nežilovo village, Pelagonian 
massif, Republic of Macedonia. Associated minerals are 
franklinite, gahnite, hetaerolite, roméite, almeidaite, Mn-
analogue of plumboferrite, zincohögbomite analogue with 
Fe3+ > Al, zincochromite, Zn-bearing talc, Zn-bearing 
muscovite, baryte, quartz and zircon. Ferricoronadite is 
a late hydrothermal mineral forming veinlets up to 8 mm 
thick in granular aggregate predominantly composed by 
zinc-dominant spinels. The new mineral is opaque, black, 
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Introduction

The hollandite supergroup includes 2 × 2 tunnel oxides 
with the simplified general formula (A+, A2+)(M4+, 
M3+)8O16, where A+ = K+, Na+; A2+ = Pb2+, Ba2+, Sr2+; 
M4+ = Mn4+, Ti4+; M3+ = Mn3+, Fe3+, Cr3+, V3+, Al3+. 
Tunnels are built by octahedral M-cations and host A-cati-
ons and, in some cases, H2O molecules. Actually, the con-
tent of tunnel cations can be more than 1 pfu. The presence 
of substantial amounts of bivalent octahedral cations in 
Mn4+-dominant hollandite-type compounds is question-
able (see Pasero 2005). The ideal topological symmetry of 
hollandite-supergroup minerals is rutile-like and tetrago-
nal, but some samples show monoclinic distortion (Post 
and Bish 1989; Post et al. 1982; Meisser et al. 1999; Gate-
house et al. 1986). According to the current nomenclature 
of hollandite-supergroup minerals (Biagioni et al. 2013), 
each combination of dominant A-, M4+- and the main 
charge-balancing lower-valence M-cation corresponds 
to a distinct mineral species. Depending on the dominant 
tetravalent cation, the hollandite supergroup is divided into 
the coronadite group (M4+= Mn4+) and the priderite group 
(M4+= Ti4+).

Owing to their microporous structures (Pasero 2005), 
tunnel oxides possess specific properties. In particular, 
some synthetic analogues of hollandite-supergroup min-
erals are known as materials with good charge–discharge, 
as well as antiferromagnetic and semiconductor properties 
(Strobel et al. 1984; Kijima et al. 2014). Compounds with 
hollandite-type structures, including synthetic analogues 
of hollandite-type minerals, are considered as potential 
matrices for the immobilization of toxic metals or radioac-
tive isotopes, especially Cs, its daughter product Ba and 
related Rb- and Sr-radionuclides (Kesson 1983; Buykx 
et al. 1988; Aubin-Chevaldonnet et al. 2009; Costa et al. 
2013; Amoroso et al. 2015; Xu et al. 2015). It was also 
shown that NH3 molecules can be inserted in tunnels of 
a synthetic hollandite-type manganese oxide (Wang et al. 
2001).

A new hollandite-supergroup mineral ferricoronadite 
with the idealized formula Pb(Mn6

4+Fe2
3+)O16 was discov-

ered in the orogenetic zone related to the “Mixed Series” 
metamorphic complex situated in the Pelagonian massif 
near the Nežilovo village, about 40 km SW of the town of 
Veles, Republic of Macedonia (41°34′N, 21°34′E). A spe-
cific feature of this zone is the concentration of chalcophile 

elements (S, As, Sb, Zn, Pb) mainly in oxides and oxy-
salts, whereas sulfides and sulfosalts are present only in 
trace amounts (Chukanov et al. 2015). The mineral and 
its name have been approved by the IMA Commission on 
New Minerals, Nomenclature and Classification (IMA No. 
2015-093).

The new mineral was collected in the Babuna River 
valley, in talus at the bottom of the Kalugeri Hill. It is 
the major component of hydrothermal veins up to 8 mm 
thick crossing a rock mainly consisting of zinc spinels 
(Fig. 1). The minor components of the hydrothermal veins 
are franklinite (relics of an earlier paragenesis), gahnite, 
quartz, roméite, almeidaite and zincohögbomite analogue 
with Fe3+ > Al.

The host rock enriched in zinc spinels has metasomatic 
origin and is confined to dolomitic marbles (see Barić 1960; 
Barić and Ivanov 1960). It is mainly composed by franklin-
ite (partly replaced by gahnite) and hetaerolite and contains 
xenoliths of a baryte rock and accessory zincochromite, zir-
con, fluorapatite, Zn-bearing talc and roméite-group miner-
als with variable Ca/Pb, Sb/Ti and F/OH ratios.

Ferricoronadite is named in accordance with the 
accepted hollandite-supergroup nomenclature (Biagioni 
et al. 2013), as an analogue of coronadite Pb(Mn6

4+Mn2
3+)

O16 with the major charge-compensating octahedral cation 
Fe3+ instead of Mn3+.

Fragments of the holotype specimen of ferricorona-
dite are deposited in the collections of the Fersman Min-
eralogical Museum of the Russian Academy of Sciences, 
Moscow, Russia, registration number 4787/1, and of the 
National Institution Macedonian Museum of Natural His-
tory, Skopje, Republic of Macedonia, registration number 
PNMG 790.

Fig. 1  A vein enriched in ferricoronadite (middle part of the speci-
men with strong submetallic luster) crossing a host rock mainly con-
sisting of zinc spinels (black, dull). The white mineral (right) is bar-
yte. Field width 4 cm
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Physical properties

General appearance and mechanical properties

Ferricoronadite forms aggregates of anhedral grains up to 
0.6 mm across. The mineral is opaque, its color is black, 
and the streak is brownish black. The luster is strong sub-
metallic to metallic. The new mineral is brittle. Hardness 
measured by micro-indentation (Vickers hardness number 
at load of 150 g) ranges from 754 to 858 kg/mm2; mean 
value of 819 kg/mm2 corresponds to Mohs’ hardness ca. 6. 
Distinct cleavage is observed on (100). Density calculated 
from the empirical formula is equal to 5.538 g/cm3.

Reflectance spectroscopy in the visible range

In reflected light ferricoronadite is anisotropic (Figs. 2, 3), 
light gray, without internal reflections. Reflectance values 
(Rmax/Rmin) for ferricoronadite have been measured in air 
using a MSF-21 microspectrophotometer (LOMO, Russia). 
SiC (Reflexionsstandard 474251, No. 545, Germany) was 
used as a standard. The reflectance values (Rmax/Rmin) are 
given in Table 1.

Infrared absorption spectroscopy

In order to obtain infrared (IR) absorption spectrum, fer-
ricoronadite powder was mixed with anhydrous KBr, pel-
letized and analyzed using an ALPHA FTIR spectrometer 
(Bruker Optics) with the resolution of 4 cm−1; 16 scans 
were obtained. The IR spectrum of analogous pellet of pure 
KBr was used as a reference.

The IR spectrum of ferricoronadite is quite similar to 
IR spectra of other coronadite-group minerals (Fig. 4). 
All bands in the range 360–700 cm−1 correspond to vibra-
tions of the octahedral pseudo-framework (i.e., 3D struc-
ture based on both edge- and vertice-sharing octahedra). 
Weak band at 1078 cm−1 is assigned to a combination 
mode. According to Potter and Rossman (1979), major 
band position in IR spectra of Mn4+-oxides correlates with 
the number of edges shared per MnO6 octahedron, nedg. In 
manganese hollandite-supergroup minerals, nedg = 4 and 
the expected major band position is close to 500 cm−1. The 
bands at 665 and 700 cm−1 may be related to vibrations 
involving the shortest bond M–O1 (see below).

Bands of O–H-stretching vibrations (in the range 
2000–4000 cm−1) are absent in the IR spectrum of 
ferricoronadite.

57Fe Mössbauer spectroscopy

The Mössbauer spectra were measured on an MS1104Em 
spectrometer of electromechanical-type operating in the 

constant acceleration mode with a triangular form of the 
variation of the Doppler velocity of the source with respect 
to the absorber. 57Co nuclei in the Rh matrix served as a 
source. The Mössbauer spectrometer was calibrated using a 
standard α-Fe absorber. The measurements were performed 
in transmission geometry at room temperature.

The Mössbauer spectrum of ferricoronadite is an asym-
metric quadrupole doublet corresponding to Fe3+ (Fig. 5a). 
Attempts to fit this spectrum with one quadrupole doublet 
with resonance lines of varying intensities and widths were 
unsuccessful. Consequently, the asymmetry of the spec-
trum could not be explained by textural effects. Moreover, 
despite the distinct (100) cleavage of the mineral, particles 
of its powder are almost isometric.

Taking into account that local environment of Fe3+ in 
ferricoronadite is inhomogeneous, we restored the distribu-
tion of the hyperfine parameters using the software Spec-
trRelax (Matsnev and Rusakov 2012), see Fig. 5b. The 
reconstruction of the distribution was carried out under the 
assumption of linear correlation between the isomer shift 
(IS) and quadrupole splitting (QS). Table 1 shows parame-
ters of the isomer shift and quadrupole splitting distribution 
for the Mössbauer spectrum of ferricoronadite: the maxi-
mum (max) and average (aver) values of the isomer shift 
and quadrupole splitting, as well as the linear correlation 
coefficient for them (ΔIS/ΔQS). The values of hyperfine 
parameters for ferricoronadite correspond to Fe3+ in octa-
hedral oxygen coordination.

Mn K‑edge XANES spectroscopy

Mn K-edge XANES spectroscopy has been applied to deter-
mine mean Mn valence in ferricoronadite. Ferricoronadite 
and reference samples were analyzed by using XANES 
(X-ray absorption near edge structure) spectroscopy at the 

Fig. 2  Reflectance spectra of ferricoronadite (Rmax/Rmin)



506 Phys Chem Minerals (2016) 43:503–514

1 3

Mn K-edge on powdered minerals pressed to pellets (7 mm 
diameter). XANES spectra were collected at the SUL-X 
beamline (Wiggler as radiation source) of the ANKA syn-
chrotron radiation facility (Angströmquelle Karslruhe 
Institute of Technology (KIT), Germany). The electron 
storage ring operation conditions were 2.5 GeV and the 
electron current varied from about 150–90 mA during a 

13-h beamtime shift. A Si(311) monochromator crystal pair 
was used providing a better energy resolution than with 
Si(111) crystal pairs which is required to distinguish spec-
tral features, especially in the pre-edge range XANES spec-
tra. A focused beam of about 0.15 mm (hor.) and 0.1 mm 
(vert.) was used (slit 4 opening 0.3 mm × 0.3 mm). Further 
improvement of the energy resolution has been achieved by 
setting the vertical opening of slit 3 to 0.5 mm.

XANES spectrum of a Mn metal foil was measured 
together with those of mineral samples for the energy cali-
bration of the monochromator. The inflection point of the 

Fig. 3  a A fragment of polished section of polymineral aggregate containing ferricoronadite in reflected unpolarized light (ferricoronadite is 
light gray) and b image of the same fragment obtained with an analyzer and demonstrating distinct anisotropy of the new mineral

Table 1  Parameters of the isomer shift and quadrupole splitting dis-
tribution for the Mössbauer spectrum of ferricoronadite

ISmax (mm/s) QSmax (mm/s) ISaver (mm/s) QSaver (mm/s) ΔIS/ΔQS

0.342(7) 0.486(18) 0.336(2) 0.564(5) −0.079(14)

Fig. 4  Powder IR absorption spectra of coronadite-group miner-
als: (a) ferricoronadite (b) coronadite Pb1.00(Mn7.58Al0.15V0.14Fe0.07 
Mg0.06)O16 from the Imiter mine, Morocco, and (c) cryptomelane 
(K0.6Na0.15Ba0.05)(Mn7.9Al0.1)O16 from the Kent granite massif, Cen-
tral Kazakhstan

Fig. 5  Mössbauer spectrum (a) and hyperfine parameters distribution 
(b) for 57Fe in ferricoronadite
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Mn K-edge was set to 6539 eV. All spectra were collected 
in the transmission mode using three ionization chambers 
(ADC) in the energy range 6419–6920 eV. For the pre-edge 
background, energy steps of 5 eV were chosen between 
−120 and −50 eV, 2 eV between −50 and −4 eV, for the 
pre-edge 0.15 eV between −4 and 6 eV with four times 
increased measuring time and for the edge 0.25 eV between 
6 and 30 eV related to the chosen E0 of 6539 eV. At least, 
three spectra were collected for each sample and averaged 
for further data processing. Pre-edge and post-edge back-
ground was fitted by a polynomial and subtracted. The nor-
malization on atomic absorption was based on the average 
absorption coefficient of the spectral region after the edge 
and set to 1 (Table 2).

The low energy flank of the spectrum of ferricorona-
dite is close to the flank for Mn(IV) reference (pyrolusite), 
but shows somewhat enhanced absorption in the range 
6549–6559 eV corresponding to Mn(III) (Fig. 6). Taking 
into account the XANES data, as well as highly oxidizing 
conditions of mineral formation (Chukanov et al. 2015), it 
can be assumed that additional (subordinate) lower-valence 
state of manganese is Mn3+. Moreover, it is accepted today 
that the reduced state of Mn in all minerals of the hollandite 
supergroup is Mn3+ and not Mn2+ (see Post and Bish 1989; 
Meisser et al. 1999; Pasero 2005; Biagioni et al. 2013). 
However, the presence of a weak absorption maximum at 

6552 eV in the difference spectrum “ferricoronadite minus 
pyrolusite” (Fig. 7) indicates that trace amounts of Mn2+ 
cannot be excluded.

Chemical composition

Five chemical analyses were carried out using a digi-
tal scanning electron microscope Tescan VEGA-II XMU 
equipped by an Oxford INCA Wave 700 spectrometer 
(WDS mode, accelerating voltage of 20 kV, electron beam 
current of 20 nA, beam diameter of 3 µm and counting 
times of 100 s for each element). Calculations of results of 
the X-ray microanalysis were carried out by means of the 
INCA Energy 300 software package. Analytical data are 
given in Table 3. Contents of other elements with atomic 
numbers >8 are below their detection limits. H2O was not 
analyzed because of the absence of bands corresponding to 
O–H vibrations in the IR spectrum (see above).

The empirical formula (based on 8 cations 
Mn + Fe + Ti + Al + Zn pfu and the Mn3+/Mn4+ ratio  
calculated from charge balance) is Pb1.03Ba0.32(Mn4+

4.85Fe3+ 

1.35Mn3+
1.18Ti0.49Al0.09Zn0.04)Σ8.00O16. The simplified formula 

could be written as follows: PbBax[Mn6−x
4+ (Fe3+, Mn3+)2+x]

O16. The idealized (end-member) formula Pb(Mn6
4+Fe2

3+)
O16 requires PbO 24.67, Fe2O3 17.66, MnO2 57.67, total 
100.00 wt%.

X‑ray diffraction data and crystal structure

Powder X-ray diffraction data were collected with a Rigaku 
R-AXIS Rapid II single-crystal diffractometer equipped 
with cylindrical image plate detector using Debye-Sherrer 

Table 2  Reflectance values for ferricoronadite

Reflectance values for four standard wavelengths are given in bold 
type

λ (nm) Rmax Rmin

400 30.0 29.0

420 29.7 28.6

440 29.3 28.2

460 28.9 27.9

470 28.7 27.8

480 28.5 27.6

500 28.2 27.3

520 27.9 26.9

540 27.6 26.6

546 27.6 26.6

560 27.4 26.4

580 27.3 26.2

589 27.2 26.1

600 27.1 26.0

620 26.9 25.8

640 26.6 25.5

650 26.5 25.4

660 26.4 25.3

680 26.2 25.1

700 26.0 24.9

Fig. 6  Mn K-edge XANES spectrum of ferricoronadite (solid line). 
The spectra of rhodochrosite MnCO3 (Mn2+), bixbyite Mn2O3 
(Mn3+) and pyrolusite MnO2 (Mn4+) are given for comparison by 
dashed lines
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geometry (d = 127.4 mm). Data (in Å for CoKα) are given 
in Table 4.

The obtained diffraction pattern was indexed in the 
tetragonal (space group I4/m) unit cell, in agreement 
with the single-crystal diffraction data. Unit-cell param-
eters refined from the powder data are: a = 9.9073(9), 
c = 2.9023(4) Å, V = 284.87(9) Å3.

The single-crystal X-ray data were collected at room 
temperature by means of a Bruker SMART APEX2 dif-
fractometer (Bruker 2009) with graphite monochromatized 
MoKα radiation (λ = 0.71073 Å) and a CCD detector using 
the ω − θ scanning mode. Raw data were integrated using 
the program SAINT and scaled, merged and corrected for 
Lorentz-polarization effects using the SADABS package. 

A total of 1899 reflections within the sphere limited by 
θ = 30.73° were measured. The experimental details of the 
data collection and refinement results are listed in Table 5. 
The structure determination and refinement were carried 
out using the JANA2006 program package (Petřiček et al. 
2006). Illustrations were produced with the JANA2006 
program package in combination with the program DIA-
MOND (Brandenburg and Putz 2005).

The ideal topological symmetry of 2 × 2 tunnel oxides 
is tetragonal (space group I4/m), but different kinds of cat-
ion ordering and framework distortions may lower symme-
try from tetragonal to monoclinic (space group I2/m, P21/n 
or P2/m). Moreover, different arrangements of extra-frame-
work cations cause aperiodic commensurate/incommen-
surate modulated structures and superstructures of hollan-
dite-like compounds (Bolotina et al. 1992; Biagioni et al. 
2013). The space group I4/m was chosen for ferricorona-
dite based on the analysis of systematic absences of reflec-
tions. Atomic scattering factors for neutral atoms together 
with anomalous dispersion corrections were taken from 
International Tables for X-Ray Crystallography (Ibers and 
Hamilton 1974). The initial model for the ferricoronadite 
structure refinement was based on the atom coordinates for 
“ankangite” Ba(Ti, V3+)8O16 (Biagioni et al. 2009). It is to 
be noted that according to the current nomenclature ankan-
gite is renamed into mannardite.

The final refinement cycles converged with R1 = 2.60, 
wR2 = 4.06 and GooF = 0.98 for 242 independent reflec-
tions with I > 2σ(I). The highest peak and the deepest hole 
in the final residual electron density map are 0.81 and 
−0.43 e Å−3, respectively. Table 6 shows the fractional 
atomic coordinates, occupancy, site symmetry, equivalent 

Fig. 7  Left Mn K-edge XANES 
spectra of ferricoronadite (a), 
pyrolusite (b) and their dif-
ference (c). Right comparison 
of the difference Mn K-edge 
XANES spectrum (ferricoro-
nadite minus pyrolusite) with 
the spectra of bixbyite (d) and 
rhodochrosite (e). The spectra d 
and e are rescaled for conveni-
ence

Table 3  Chemical composition (in wt%) for ferricoronadite

Total Mn determined as 55.71 wt% MnO2 was divided into Mn2O3 
and MnO2 based on charge-balance requirements
a For total manganese considered as MnO2

Constituent Mean Range Standard devia-
tion

Probe Standard

BaO 5.16 4.56–5.870.47 BaSO4

PbO 24.50 23.42–25.680.80 PbTe

ZnO 0.33 0–0.610.27 Zn

Al2O3 0.50 0.42–0.700.11 Albite

Fe2O3 11.45 11.01–11.930.33 Fe2O3

TiO2 4.19 3.64–4.460.30 MnTiO3

MnO2 44.81 54.85–56.62a0.65a MnTiO3

Mn2O3 9.90

Total 100.84
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atomic displacement parameters and bond-valence sums. 
Anisotropic atomic displacement parameters are presented 
in Table 7.

Discussion

Based on the refined site-scattering factors, the crys-
tal-chemical formula of ferricoronadite is (Z = 1): 
A1(Ba0.32Pb0.13) A2Pb0.90 M(Mn4+

4.85Fe3+
1.35Mn3+

1.18Ti0.4

9Al0 .09Zn0.04)O16. The structure of ferricoronadite 
is similar to that of other members of the coronadite 

group belonging to the hollandite supergroup (Miura 
1986; Biagioni et al. 2009, 2013) and is based on dou-
ble chains of edge-shared M-octahedra running along 
c. These chains share corners with neighboring double 
chains to form a pseudo-framework structure containing 
large 2 × 2 tunnels (Pasero 2005; see Fig. 8). The effec-
tive tunnel width calculated according to McCusker 
et al. (2003) by subtracting the ionic diameter of O2− 
(2.7 Å) from the shortest O···O distances across the 
tunnel is ~3.3 × 3.3 Å. According to the recommen-
dations of the International Zeolite Association (Liebau 
2003; McCusker 2005), the crystal-chemical formula 
of ferricoronadite can be written as follows (Z = 1): 
∣

∣

∣
(Pb1.03Ba0.32)

[12]
∣

∣

∣

[

(

Mn4+4.85Fe
3+
1.35Mn3+1.18Ti0.49Al0.09Zn0.04

)[6]
O16

]

h   

{3}p
{

1�[001](8 - ring)
}

(I4/m), indicating that (1) the 
guests are Pb2+ and Ba2+ ions and (2) 3D host struc-
ture consists of one-dimensional channel system with 
an eight-membered ring pore opening along the [001] 
direction.

Octahedral site

In ferricoronadite, there is only one independent octahe-
dral M-site, which is predominantly occupied by Mn4+ 
with admixtures of Fe3+, Mn3+ and Ti. The average M–O 
distance is 1.933 Å (V(M) = 9.47 Å3). The analysis of 
geometrical characteristics indicates the high degree of 
octahedral distortion Δ(M) = 0.25, where Δ = (1/6)∑i=1–

6{[(M−O)i − 〈M–O〉]/〈M–O〉}2 × 103 (Brown and Shan-
non 1973), as well as quadratic elongation λ(M)

oct = 1.01, 
where λoct = (1/6)∑i=1–6(li/lo)

2 (Robinson et al. 1971). 
These characteristics confirm the occupancy of the M-site 
by heterovalent ions (Fig. 9).

Tunnel site

In the structure of ferricoronadite, the A-site situated in 
the 2 × 2 tunnel is split into the subsites A1- and A2 with 
the A1–A2 distance of 0.70 Å (Fig. 10). The subsite A1 is 
occupied predominantly by Ba2+ with admixture of Pb2+ 
and has 12-fold coordination with the average distance 
〈A1–O〉 = 3.044 Å (Fig. 11a). The subsite A2 contains 
only Pb2+ and is located in the same 12-fold polyhedron 
(with 〈A1–O〉 = 3.111 Å), but is shifted from its center 
(Fig. 11b). In this reference, it is to be noted that the role 
of the 6s2 lone pair in distorting the coordination polyhe-
dron of Pb2+ has been discussed in numerous publications 
(see, e.g., Moore 1988; Larrégola et al. 2010; Dörsam et al. 
2011).

The unit-cell translation along the tunnel (c ~ 2.90 Å) 
is shorter than the minimum Ba2+–Ba2+/Ba2+–Pb2+/

Table 4  Powder X-ray diffraction data (d in Å) for ferricoronadite

a For the calculated pattern, only reflections with intensities ≥1 are 
given
b For the unit-cell parameters calculated from single-crystal data

Iobs (%) dobs (Å) Icalc (%)a dcalc (Å)b hkl

10 6.98 6 7.003 110

33 3.497 39 3.502 220

100 3.128 58, 100 3.132, 3.132 −130, 130

3 2.781 2 2.782 011

3 2.469 1 2.476 040

27 2.424 21, 28 2.425, 2.425 −121, 121

23 2.214 20, 12 2.215, 2.215 240, −240

17 2.178 21 2.178 031

3 1.994 4 1.994 −231

8 1.942 10 1.942 −150

15 1.850 9, 17 1.850, 1.850 141, −141

6 1.750 8 1.751 440

5 1.699 3, 6 1.699, 1.699 −350, 350

16 1.651 28 1.651 060

5 1.564 1 1.566 260

18 1.554 9, 21 1.553, 1.553 −251, 251

3 1.450 4 1.449 002

4 1.420 5 1.419 112

2 1.401 1, 2 1.401, 1.401 −170, 550

4 1.392 7 1.391 022

14 1.365 18, 3 1.365, 1.365 −451, 451

6 1.301 8, 6 1.301, 1.301 −370, 370

3 1.253 8 1.251 042

3 1.232 1, 1, 6 1.232, 1.232, 1.231 −271, 271, 332

3 1.168 7 1.167 660

2 1.163 1, 4 1.162, 1.162 −561, 152

4 1.131 1, 2, 1, 1 1.131, 1.131, 1.131, 
1.131

181, −181, 471, 
−471

2 1.108 3, 1 1.107, 1.107 −480, 480

4 1.094 2, 8 1.094, 1.094 −190, 190

3 1.090 4 1.089 062

2 1.065 2, 5 1.064, 1.064 262, 2–62
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Pb2+–Pb2+ distances corresponding to A1–A1, A1–A2 and 
A2–A2 distances of adjacent unit cells along c, which are 
acceptable from the standpoint of electrostatic repulsion. 
Therefore, partial occupancy of these sites is required, 
which leads to different local sequences of A-sites (Fig. 12).

Among hollandite-related minerals, the highest contents 
of ferric iron are known in ferrihollandite (up to 12.63 wt% 
Fe2O3 in a sample from Stuor Njvoskes, Sweden—see 
Ödman 1950) and in priderite from the West Kimberley 
area, Western Australia (12.4 wt%—Norrish 1951). In most 

Table 5  Crystal parameters, 
data collection and structure 
refinement details for 
ferricoronadite

R1 = ∑||Fobs| − |Fcalc||/∑|Fobs|; wR2 = {∑[w(F2
obs − F2

calc)
2]/∑[w(F2

obs)
2]}1/2; GooF = {∑[w(F2

obs − F2
calc)]/

(n − p)}1/2 where n is a number of reflections and p is a number of refined parameters

Crystal data

 Formula PbBax[Mn6−x
4+(Fe3+, Mn3+)2+x]O16

 Formula weight (g) 948.5

 Temperature (K) 293

 Cell setting Tetragonal

 Space group I4/m

 a (Å) 9.9043(7)

 c (Å) 2.8986(9)

 V (Å3) 284.34(9)

 Z 1

 Calculated density, Dx (g cm−3) 5.539

 Crystal size (mm) 0.11 × 0.12 × 0.15

 Crystal form Anhedral grain

Data collection

 Diffractometer SMART APEX2 CCD

 Radiation (λ) MoKα; 0.71073

 Absorption coefficient [μ (mm−1)] 24.919

 F (000) 429

 Data range [θ (°)]; h, k, l 2.91–30.73; −14 < h < 13, −14 < k < 14, −4 < l < 4

 No. of measured reflections 1899

 Total reflections (N2)/unique(N1) 258/242

 Criterion for observed reflections I > 2σ(I)

 Rint (%) 3.95

Refinement

 Refinement on Full-matrix least squares on F

 Weight scheme 1/(σ2|F| + 0.001225 F2)

 R1, wR2 2.60, 4.06

 GooF 0.98

 Max./min. residual e density (e Å−3) 0.81/−0.43

Table 6  Fractional coordinates, 
site multiplicities (Q), 
equivalent displacement 
parameters of atoms (Ueq, 
Å2), and bond-valence sum 
(BVS, v.u.) in the structure of 
ferricoronadite

Ueq is defined as one-third of the trace of the orthogonalized Uij tensor. Bond-valence sum calculations 
were performed using the bond-length parameters from Brown and Altermatt (1985) and Krivovichev 
and Brown (2001) (for Pb2+). In mixed sites, bond-valence contribution of each cation has been weighted 
according to its occupancy

Site x y z Q Ueq BVS

A1 0.5 0.5 0.5 2a 0.037(1) 0.36

A2 0.5 0.5 0.259(2) 4e 0.0356(5) 0.32

M 0.1653(1) 0.6502(1) 0.5 8 h 0.0047(2) 3.73

O1 0.1665(3) 0.4585(3) 0.5 8 h 0.0077(7) 2.06

O2 0.2979(3) 0.6536(3) 0 8 h 0.0080(7) 1.92
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cases, coronadite is the product of supergene processes. In 
supergene coronadite, the content of Fe2O3 rarely exceeds 
2 wt%. The occurrence of hypogenic ferricoronadite in the 
orogenetic zone of the Pelagonian massif is unique.

As it is noted above, it is widely accepted today that the 
reduced state of Mn in all minerals of the hollandite super-
group is Mn3+ and not Mn2+. Numerous data show that 
the presence of Fe2+ as the main charge-balancing cation 
is also questionable. According to Mössbauer data, in fer-
ricoronadite all iron is trivalent. Investigations of synthetic 
iron-bearing hollandite-type compounds with nominal 
compositions of K2Fe2Ti6O16 and BaFe2Ti6O16 and one 
natural sample of priderite by means of Mössbauer spec-
troscopy show that all iron is octahedral Fe3+ with no 
evidence for Fe2+ (McCammon et al. 1999). In synthetic 
Fe-doped cryptomelanes, iron is also present as Fe3+ (Yin 
et al. 2015).

Comparative data for ferricoronadite and some related 
minerals are given in Table 8.

Table 7  Anisotropic atomic 
displacement parameters for 
ferricoronadite

Site U11 U22 U33 U12 U13 U23

A1 0.038(1) 0.038(1) 0.033(3) 0 0 0

A2 0.039(1) 0.039(1) 0.029(1) 0 0 0

M 0.006(1) 0.006(1) 0.003(1) −0.001(1) 0 0

O1 0.014(1) 0.005(1) 0.004(1) 0.001(1) 0 0

O2 0.009(1) 0.008(1) 0.008(1) −0.001(1) 0 0

Fig. 8  Crystal structure of ferricoronadite: general view. The unit 
cell is outlined

Fig. 9  Octahedron MO6 in ferricoronadite

Fig. 10  Arrangement and splitting of the A-sites in the ferricorona-
dite structure
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Fig. 11  Local environments of the sites A1 (a) and A2 (b)

Fig. 12  Statistical distribution of tunnel cations (a) and their possible arrangements (b–e) in the structure of ferricoronadite. All figures are 
given for the (110)-plane projection
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