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Abstract

Basic iron phosphates are a complicated group of minerals, despite their relatively simple chemical composition.
In a comprehensive work based on the author’s doctoral thesis, the individual mineral phases close to beraunite inc-
luding ferroberaunite, zincoberaunite and tvrdyite are characterized. Genetic conditions of formation and the influence
of geological environment on the chemical composition were outlined. The work is completed by characteristic data of
structurally related phosphate minerals containing the so-called h-cluster, i.e. members of the dufrénite and rockbrid-

geite groups, of the gormanite-souzalite series, lipscombite and barbosalite.
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Introduction

Despite their relatively simple chemical composition,
basic iron phosphates are a very complicated group of
minerals (,perplexing substances in the mineral king-
dom*, Moore 1969). This includes natural phases related
to beraunite, a mineral bearing the name of the Central
Bohemian town of Beroun (its German form, respectively;
Breithaupt 1840, 1841).

The type locality of beraunite is the long-abandoned
Hrbek mine in the municipality of ZajeCov. Hrbek was
one of a number of small mines supplying the surroun-
ding ironworks with limonite and hematite ores. The main
mineralogical discoveries date back to the period of the
greatest mining boom in the middle of the 19" century,
when the maximum annual production of the mine was
close to 1.5 thousand tonnes of ore. On the cracks of the
limonite ore, beraunite occurred alone or in the associ-
ation with other phosphates: cacoxenite (a new mineral
from Hrbek described even earlier; Steinmann 1826),
dufrénite, strengite, wavellite and delvauxite (Velebil et
al. 2018). The distorted name of the locality is also given
to herbeckite, a half-forgotten, obsolete name for pisolitic
ferruginous quartz (Dufrénoy 1847).

A number of localities with the beraunite-related mi-
nerals are now known from the Czech Republic. They
have been found at other Ordovician iron ore occurrences
between Beroun and Rokycany, as supergene phases of
phosphate accumulations in granites and pegmatites,
and in metamorphosed iron ores and quartzites.

Crystal structure

The crystal structure of beraunite was first solved by
Fanfani, Zanazzi (1967) on the basis of single crystal data
obtained by the Weissenberg method. The characteristic
arrangement of coordination octahedra in basic Fe-phos-
phates was pointed out by Moore (1965, 1969). A typi-
cal structural unit is the so-called h-cluster, which occurs
in minerals of the beraunite, dufrénite and rockbridgeite
groups, and also in the lipscombite-barbosalite series

(Moore 1970; Fig. 1). The basic building block here is a
trimer of face shared metal centered octahedra. In “ferro-
soferric phosphates” with Fe dominance in all structural
sites, the valence of iron in the central octahedron deter-
mines the colour of the mineral, ranging from greenish-
-black for Fe?* - Fe®* to orange, tan and yellow hues for
the “oxidised” Fe3* - Fe* compositions (Moore, Kampf
1992).

The structure of beraunite solved by Moore, Kampf
(1992) agrees with the results of Fanfani, Zanazzi (1967).
In the structure, the coordinating Fe-octahedra and P-te-
trahedra form relatively dense layers oriented parallel to
100, which explains the perfect cleavage along this pla-
ne. The structural framework formed by the coordination
octahedra contains large open channels oriented along
with the stretching axis of the needle-like crystals [010],
and these channels contain non-ligand water molecules.
Water molecules are connected to each other and to the

Fig. 1 The h-cluster and its immediate polyhedral nei-
ghbourhood in the basic iron phosphates. The (PO )*
tetrahedra, shown as P-O spokes, share corners with
the octahedra and are above and below the cluster.
Original image of Moore (1970); with permission of the
Mineralogical Society of America.
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Fe-polyhedra framework by hydrogen bridges (Fig. 2).

The general formula of beraunite-related minerals is
given as M1M2M3,M4.PO,),(OH,0)(0H),(H,0),-2H,0.
The M1 site should ideally be preferentially occupied by
the “larger” divalent cations (Fe?*, Mn?* and Zn), and the
M2 to M4 sites by the “smaller” trivalent cations (Fe®* and
Al; Table 1). However, it appears that this is not always the
case, as evidenced in particular by beraunite itself whe-
re M1 is occupied by Fe*- Occupation of all octahedral
M-sites by trivalent iron causes lowering of the symmetry
of the crystal structure and a change in the H-bonding
system that transfers electro-valence charges (VrtiSka et
al. 2022). In addition, the presence of AI** at the M1 site
was observed in the zincoberaunite specimen from Kras-
no (Tvrdy et al. 2020).

The existence of four independent octahedral sites
gives the hypothetical possibility of a large number of mi-
neral phases, but their definition will be very difficult due
to the need for detailed structural analysis. The occupa-
tion of octahedral sites in minerals related to beraunite is
shown in Fig. 3, where hypothetical manganoberaunite
and zincotvrdyite are included for illustration. The combi-
nation of individual cations for the phases shown in this
figure is given in Table 2.

Influence of local environment on the chemistry
of beraunite-related minerals

Hydrated basic phosphates are generally formed from
low-temperature water solutions in the supergene and
late hydrothermal stages of mineral associations. The
composition of the parent solutions is influenced by the
rock environment at the site of their origin and formati-
on. The physical and chemical conditions at the place
of crystallization of the mineral phases from the solution
also play an important role. In principle, two main envi-
ronments of occurrence of beraunite-related minerals can
be distinguished.

In sedimentary and metamorphic rocks, the most
common original source of phosphorus is organic ma-
terial, and consequently mainly apatite formed during
diagenesis and metamorphosis. Supergene phosphates
occur on fractures of host rocks, which are most com-
monly iron and manganese (meta)sedimentary ores as
well as graphitic quartzites. In beraunite-related minerals,
only iron, manganese and less frequently aluminium are
usually represented in the cationic positions. Alkalis are
most commonly bound in the accompanying dufréni-
te and cacoxenite. Occurrences of this type are known
throughout the world. The iron-ore deposits in Hesse and
Thuringia (Germany), Gravel Hill Mine (England), Sva-
ppavaara (Sweden), Blaton (Belgium), Shady and Three
Oaks Gap (Arkansas, USA), and in the Czech Republic
belong to the best known localities (see e.g. Vrtiska 2023
for details). An interesting site is Mullica Hill (New Jersey,
USA), where phosphates occur as concretions and repla-
cements of fossils (belemnites, oysters) in Cretaceous
glauconitic sandstone.

In magmatites, especially of granitic composition,
and their metasomatic and hydrothermal derivatives, the
main source of phosphorus is accumulation of primary
phosphates (mainly triphylite in pegmatites and triplite +
apatite in hydrothermal-pneumatolytic systems), usually
accompanied by chemically varied mineral assemblage,
including ore minerals. During alteration of the primary
phosphates, metasomatic replacement occurs first, fo-
llowed by gradual decomposition and leaching. The re-

Fig. 2 Crystal structure of beraunite: coordination octa-
hedra FeO, brown, coordination tetrahedra PO, grey,
O red, H white (data projection after Moore and Kampf
1992).

Table 1 lonic radii of selected cations in in six-fold coordi-
nation (Shannon 1976)

Cation lonic radius (A)
Zn% 0.740
Mn?2* 0.830
Fe?* 0.780
Mn?3* 0.645
Fe®* 0.645
AR 0.535

Fig. 3 Occupation of octahedral sites in existing and
some hypothetical mineral phases of the beraunite
group (M2 octahedra belong to two adjacent units):
a) beraunite, b) ferroberaunite, c) hypothetical manga-
noberaunite, d) tvrdyite, e) hypothetical zincotvrdyite,
f) zincoberaunite.

Table 2 Occupation of octahedral sites in the existing and
some hypothetical mineral phases of the beraunite
group as shown in Fig. 3

Mineral phase M1 M2 M3 M4
Beraunite Fe® Fe* 2Fe% 2Fe®
Ferroberaunite Fe** Fe® 2Fe® 2Fe®

Manganoberaunite (hypothetical) Mn?* Fe® 2Fe® 2Fe®*

Tvrdyite Fe?* APR* 2AP* 2Fe*
Zincotvrdyite (hypothetical) Zn?* AP 2AP* 2Fe®*
Zincoberaunite Zn% Fe® 2Fe* 2Fe®
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Huber open pit Huber shaft, 5" level Stage
triplite fluorapatite | triplite fluorapatite | primary
fluorapatite Il fluorapatite Il
metasomatic
isokite | frondelite | rockbridgeite isokite
ferroberaunite (Mn-rich) — fluorapatite Il — frondelite |l — phosphosiderite —

_ kenngottite hydrothermal
benyacarite — fluorapatite IV — gayite — natrodufrénite (metasomatic)
fluorapatite W — morinite — phosphosiderite — strengite

ferroberaunite — leucophosphite (K-poor) —
plimerite
ﬂuorapatlt? i - Ieucophosphlte — kolbeckite . ) ) . hydrothermal
urguise group minerals turquise group minerals — iangreyite (cavities)
earlshannonite — whitmoreite — arthurite group
minerals
fluorapatite 1V — krasnoite
turquise group minerals — fluorapatite 1|
crandallite group minerals
fluellite — wavellite — vivianite _ hydrothermal
tvrdyite — (ferro)beraunite (Al-Zn-rich) — (quartz gangue)
fluorapatite 11l
zincoberaunite
fluorapatite V- cacoxenite cacoxenite supergene

Mn-hydroxides — Fe-hydroxides

Mn(K)-hydroxides — Fe-hydroxides — fluorite

(weathering)

Fig. 4 Evolution of phosphate mineral associations observed at the Huber open pit (left) and the 5 level of the Huber
shaft (right), Krasno, Czech Republic; underlined are beraunite related minerals (Sejkora et al. 2006, modified).
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sulting secondary mineral associations tend to be very di-
verse (Fig. 4); in the case of the beraunite-related phases,
zinc and aluminium are mainly present in addition to iron
and partly manganese. Among the world localities, the
best known are pegmatites in the USA (Foote, North Ca-
rolina; Palermo, New Hampshire), Brazil (Sapucaia, Mi-
nas Gerais), Bavaria (Hagendorf, Zwiesel-Hiihnerkobel),
and phosphate occurrences in Portugal (Bendada, Folgo-
sinho, etc.).

The chemical composition of beraunite and related
minerals from the two geological environments described
above can be seen from the diagram in Fig. 5. The points
of specimens from sedimentary and metamorphic rock
environments are indicated by blank symbols and those
from pegmatites and pneumatolytic rocks by solid sym-
bols. The bottom Fe,O,/Al,O, plot shows generally higher
Fe contents in the samples of the first group, which often
come from iron-ore deposits. Conversely, zinc and man-
ganese contents are relatively higher in the second type
of environment. A small group of manganese-rich berau-
nite and ferroberaunite stand out in the Fe,O,/MnO plot;
none of the samples could show Mn dominance in the M1
site. The Fe,0,/Zn0O plot delineates a group of points with
elevated zinc content. The Al-Zn-rich ferroberaunite from
Krasno (Al-rich beraunite; Sejkora et al. 2016) fits very
well into the zincoberaunite field, but Zn dominance in the
M1 site was not found there.

Fig. 5 Diagram of the relation of Al,O,, MnO and ZnO con-
tents to Fe,O, in beraunite-related minerals. For more

details see the text, for point numbering see Table 3.
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Table 3 Overview of the samples plotted in Fig. 5

No. Mineral Locality Environment Reference

1 Beraunite Ponikla Fe-Mn ores new data

2 Beraunite Ullersreuth Fe-Mn ores new data

3 Beraunite Waldgirmes Fe-Mn ores new data

4 Beraunite (,eleonorite) Waldgirmes Fe-Mn ores Chukanov et al. (2017)
5 Beraunite (original specimen)  Hrbek Fe-Mn ores Vrtiska et al. (2022)

6 Beraunite (neotype) Hrbek Fe-Mn ores Vrtiska et al. (2022)

7 Ferroberaunite Cernovice quartzite Vrtiska et al. (2017)

8 Ferroberaunite Svappavaara Fe-Mn ores new data

9 Ferroberaunite Svappavaara Fe-Mn ores Chukanov et al. (2016)
10 Ferroberaunite Blaton quartzite new data

11 Ferroberaunite (type) Gravel Hill Fe-Mn ores Tvrdy et al. (2022)

12 Ferroberaunite (Mn-rich) MoraSice Fe-Mn ores VrtiSka et al. (2019a)
13 Beraunite (Mn-rich) Hagendorf South pegmatite Aksenov et al. (2018)
14 Beraunite (Mn-rich) Mangualde pegmatite Marzoni Fecia di Cossato et al. (1989)
15 Beraunite Hagendorf South pegmatite new data

16 Beraunite Hagendorf South pegmatite new data

17 Ferroberaunite Lutomia, Poland pegmatite Wiodek et al. (2015)
18 Ferroberaunite Hagendorf South pegmatite new data

19 Ferroberaunite Krasno pneumatolyte new data

20 Ferroberaunite (Al-rich) Hagendorf South pegmatite new data

21 Ferroberaunite (Mn-rich) Krasno pneumatolyte Sejkora et al. (2006)
22 Ferroberaunite (Al-Zn rich) Krasno pneumatolyte Sejkora et al. (2016)
23 Zincoberaunite-tvrdyite? Hagendorf South pegmatite new data

24 Ferroberaunite (Zn-rich) Hagendorf South pegmatite new data

25 Beraunite (Zn-rich) Hagendorf South pegmatite new data

26 Zincoberaunite (cotype) Hagendorf South pegmatite Chukanov et al. (2016)
27 Zincoberaunite (type) Hagendorf South pegmatite Chukanov et al. (2016)
28 Zincoberaunite Krasno pneumatolyte Tvrdy et al. (2020)

29 Tvrdyite-Fe3* (?) Waldgirmes Fe-Mn ores new data

30 Tvrdyite Kru$na Hora Fe-Mn ores VrtiSka et al. (2019b)
31 Tvrdyite Krusna Hora Fe-Mn ores Vrtiska, Malikova (2020)
32 Tvrdyite-ferroberaunite Hagendorf South pegmatite Aksenov et al. (2018)
33 Tvrdyite (type) Krasno pneumatolyte Sejkora et al. (2016)

nite-related minerals with Fe** dominance at the M2-M4

Minerals of the beraunite group

The beraunite group is referred to here, although it
is not approved by the Commission on New Minerals,
Nomenclature and Classification of the International Mi-
neralogical Association (e.g. mindat.org or Aksenov et al.
2018). Currently, the group comprises four valid members
(Table 4). A classification diagram for the existing berau-

sites is shown in Fig. 6.
Beraunite

Beraunite is the only member of the group with triva-
lent iron dominance in the central M1 site. From the pub-
lication of Frondel (1949) until the new redefinition of be-
raunite (Tvrdy et al. 2021; VrtiSka et al. 2022), this mineral

Table 4 Comparative data for minerals of the beraunite group

Mineral Symbol  Spacegroup a(A) b(A) c(A) B(°) V(A’) Ref*
Egitjggi)p(OH);GHzO Bru Ce 20651 5138 19215 93523 20348 (1)
Engggijggj‘i(oH)5_6H20 Fbru c2lc 20871 5159 19226 93.319 2066.7 (2)
-IL—;Z?ggngls(PO4)4(OH)5-6HZO Tur c2lc 20564 5101 18.883 9368 1976.7  (3)
gL”F‘:gﬁse(ﬁg:‘;j?OH)SﬁHzo Zbru c2lc 20.837 5162 19250 93.252 2067.3  (4)

* (1) Vrtiska et al. (2022), (2) Tvrdy et al. (2022), (3) Sejkora et al. (2016), (4) Chukanov et al. (2017).
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phase was referred to as oxidized beraunite and was later ~ gakademie Freiberg (original Breithaupts specimen) and
even curiously recognized under the old name eleonorite  National Museum Prague (Fig. 7, 8).

(Chukanov et al. 2017). The redefinition was based on Beraunite occurs in columnar and tabular crystals
the results of a detailed study of samples from the original  flattened on {100} and elongated along the b axis, often
19" century discovery stored in the collections of TU Ber-  twinned on {100} (Fig. 9). The origin of beraunite has

Fe3*

beraunite

70
ferroberaunite zincoberaunite

X4

80

100 A
Fe2* o 10 20 3 4 s 6 70 8 o 10 Zn

Fig. 6 Classification diagram for beraunite-related minerals with Fe* dominan-
ce at the M2—M4 sites based on the dominance in the M1 site. 1 beraunite
— original specimen of Breithaupt, Hrbek (VrtiSka et al. 2022), 2 beraunite
neotype, Hrbek (Vrtiska et al. 2022), 3 ferroberaunite holotype, Gravel Hill
(Tvrdy et al. 2022), 4 zincoberaunite, Krasno (Tvrdy et al. 2020), 5 zincobe-
raunite cotype, Hagendorf South (Chukanov et al. 2016), 6 zincoberaunite
holotype, Hagendorf South (Chukanov et al. 2016).

Fig. 7 Orange red beraunite from the Hrbek mine, Czech Republic. FOV 0.5 mm
across. Photo by L. Vrtiska.

often been incorrectly sought in the
oxidation of “green beraunite”, i.e.
current ferroberaunite. Indeed, brow-
nish-red pseudomorphs of ferrobe-
raunite do exist, especially in fibrous
or needle-like form, and the changes
from deep green to golden can be ob-
served, for example, in samples from
the Gravel Hill (Cornwall, England),
Blaton (Belgium) or Folgosinho (Por-
tugal) localities. However, a closer
study of these oxidized phases has
not yet been carried out and it is
uncertain whether they are indeed
beraunite. In contrast, the ruby-co-
loured transparent beraunite from
iron-ore deposits clearly originate du-
ring direct crystallization.

From the Czech Republic, in addi-
tion to the type locality Hrbek, this mi-
neral is known from other phosphate
associations of sedimentary iron ores
of the Barrandien area (Tfenice, Krus-
na Hora; Cerny et al. 2018) and the
KrkonoSe Piedmont Basin (Ponikla
near Jilemnice; Skoda, Rus 2010; Vr-
tiSka, Bednarik 2018), and it was also
found in palaeorhyolite at Té&Skov
near Rokycany (Janous 1995; Le-
hrieder, Cerny 1999). Transitional be-
raunite-ferroberaunite members are
known from quartzites at the locality
“Na Zoubku® near the village of Kfe¢
in the Vysocina Region (also known
as Cernovice u Tébora; Vrtiska et al.
2017). Orange-yellow beraunite is re-
ported by Cech, Stanék (1969) from
phosphate accumulations in the Otov
Il pegmatite dyke near Pobé&Zovice in
the Plzen Region. The characteristic
accompanying minerals of beraunite
are (natro)dufrénite and cacoxenite.
The brownish radiating aggregates
described from Krasno, Karlovy Vary
Region, by Sejkora et al. (2006), can
probably be considered as Fe** domi-
nant beraunite.

Ferroberaunite

An investigation of the original
material of beraunite proved the iden-
tity of this mineral with eleonorite (Vr-
tiSka et al. 2022). The name eleonori-
te was discredited and the formula of
beraunite  Fe* (PO,),0(0H),-6H,0
was adopted. To avoid duplicity of
the mineral name “beraunite”, the
end-member with mixed iron valen-
ce was redefined and renamed to
ferroberaunite (Tvrdy et al. 2022).
From several studied specimens
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of the green-coloured “beraunites”
(e.g. Blaton, Belgium; Svappavaa-
ra, Sweden; Hagendorf South, Ger-
many; Krasno and MoraSice, Czech
Republic), a sample originating from
the Gravel Hill mine, Perranzabuloe,
Cornwall, England (United Kingdom)
was chosen to define ferroberaunite
(Fig. 10, 11). The reasons are ex-
cellent single-crystal X-ray data and
the relative chemical purity, i.e., the
absence of common isomorphic ele-
ments such as Al, Zn and Mn.

Dark green “beraunites” contai-
ning divalent iron described from a
number of localities worldwide (Fron-
del 1949; Palache at al. 1951; van
Tassel 1966; Moore 1970; Moore,
Kampf 1992, and others) are consis-
tent with ferroberaunite (Fig. 12).

In the Czech Republic, ferrobe-
raunite is known from several locali-
ties. From the classic locality of the
vanadium-rich wavellite “Na Zoubku”
near Tabor, the mineralogical collec-
tion of the National Museum contains
a specimen in which hemispherical
radiating aggregates of beraunite-fer-
roberaunite of dark green to reddish-
-brown colour accompanied by ca-
coxenite and leucophosphite appear
(Vrtiska et al. 2017).

In the Vysocina Region, another
locality with the occurrence of ferro-
beraunite is situated in the abando-
ned pegmatite deposit Dolni Bory-
-Haté. Beraunite from there consists
of green and more rarely rusty red-
dish needles up to 2 mm in small
cavities after altered and completely
leached primary Fe-Mn-phospha-
te. Another form of occurrence is a
thin dark green coating on cracks in
quartz (Stanék 1997, 2009).

Dirty-green radial aggregates of a
mineral corresponding to ferroberau-
nite were described by Korbel (1991)
from the Huber open pit (Krasno de-
posit, Karlovy Vary Region). The mi-
neral was identified by powder X-ray
diffraction. The spectrally determined

Fig. 9 Crystal forms of beraunite
(eleonorite) from the Rotldufchen
mine, about 1.5 km north of Wald-
girmes near Wetzlar in Hesse
(Streng 1881).

Fig. 10 Ferroberaunite in olive-green
acicular crystals on limonite ma-
trix; holotype specimen. Gravel
Hill, England. FOV 3 mm across.
Photo by J. Tvrdy.

R ; . R
Fig. 8 Red beraunite crystals together with dark green spherical dufrénite from
Hrbek, Czech Republic. FOV 11 mm across. Photo by L. Vrtiska.
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Al and Zn contents were in the mi-
nority. Ferroberaunite with 0.30 apfu
Zn and 0.76 apfu Al in green acicu-
lar crystals was identified by Tvrdy
(2023; Fig. 13). Much higher zinc and
aluminium contents were detected in
beraunite-related mineral reported by
Sejkora et al. (2006) in association
with tvrdyite.

Zincoberaunite

Zincoberaunite, ideally ZnFe®,
(PO,),(OH),-6H,0, was described
by Chukanov et al. (2016) as a new
mineral on two specimens from the
Hagendorf South pegmatite, Bavaria
(Germany; Fig. 14). Accompanying
phosphates are jungite, phospho-
phyllite and mitridatite, resp. flurlite,
plimerite, schoonerite, phases of the
parascholzite-scholzite series, ro-
bertsite, and altered phosphophyllite.

From the Czech Republic, zin-
coberaunite was newly identified
on a sample of vein quartz from
the Krasno deposit in the Karlovy
Vary Region. The mineral forms thin
needle-like crystals of yellow-grey to
yellow-brown colours grouped in ray-
-like aggregates up to 2 mm (Tvrdy et
al. 2020; Fig. 15).

Based onrefined site occupancies
and bond-valence considerations,
the structural formula is *'(Zn ,,Al, o)
(OH)2M2(Feo.61A|0439)(OH)2(H20)2
Ms(Fe1.52A|0A48)(H20)2M4(Fe1.72A|0A28)
(OH)(PO4)3A83(ASO4)0.17(Hzo)z'
Electron-microprobe analyses sup-
port the obtained results. Howe-
ver, keeping the same cation oc-
cupancy at the M2-M4 sites, the
ratio of AP** to Me?" at the M1 site
requires the presence of divalent

cations as (2N, 5,7 €40 54Aly 16)51.00

(FeSA85A|1‘15)25‘00[(PO4)3A89(ASO4)0‘10

(Sio4)0.01]E4.00[(O H )4.59F0.24OO.17] £5.00
(OH,), o' 2H,0.

2)4A00

Fig. 11 SEM image of a holotype
ferroberaunite  specimen from
the Gravel Hill, England. Graphic
scale. Photo by L. Vrtiska.

Fig. 12 Greenish-black radial ferro-
beraunite with beige ferristrun-
zite from Blaton, Belgium. FOV
10 mm across. Photo by J. Tvrdy.

Fig. 13 Ferroberaunite from Kras-
no, Czech Republic. FOV 8 mm
across. Photo by L. Vrtiska.
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Individual prismatic zincoberauni-
te crystals exhibit a chemical zonati-
on manifested by increasing Fe and
decreasing Zn and Al contents from
cores to rims. The mineral composi-
tion is close to the Zn-Al-rich mem-
bers of the beraunite group known
from the same locality (Sejkora et al.
2016; Fig. 16), but in this case, domi-
nant occupancy of Zn at the M1 site
was confirmed. Structure refinement
revealed three different types of OH
or H,O, which play distinct role in
structure bonding.

The importance of crystal che-
mical analysis is shown here, where
the occupation of metals in individual
M-sites must be determined. While
zincoberaunite is Zn-dominated in
the M1 site, in Zn-Al-rich (ferro)be-
raunite according to Sejkora et al.
(2016) Zn is dispersed in all sites and
does not dominate in any of them.
Thus, a curious situation may appear
when (ferro)beraunite contains more
zinc than zincoberaunite (Fig. 17).

Manganese-rich beraunite

A Mn-bearing oxidized variety of
beraunite with the empirical formula
Fes+5.65Mn0.54NaO404caO,03Li0,01(PO4)4,06
(OH), 4+(H,0), ,, was described from
phosphate accumulations in granite
at Mangualde in Portugal by Marzoni
Fecia di Cossato et al. (1989). The
nodules are composed of an intimate
mixture of frondelite, mitridatite, be-
raunite and an amorphous phospha-
te. Other accompanying minerals are
jahnsite-whiteite, strengite and phar-
macosiderite. Manganese-rich be-
raunite forms needle-like crystals of a
red colour. Optical properties, chemi-
cal composition, powder and single

3.0
Fig. 14 Spherical tufts of groenish 281 G B zZncoberaurle
grey-white  zincoberaunite  ac- o v Al-rich beraunite (Sejkora et al. 2016)
companied by fibres of a strun- 2.6 1 o O tvrdyite (Sejkora et al. 2016)
zite group mineral. Hagendorf 24 -

South pegmatite, Germany. FOV
1.8 mm across. Photo by L. Vrtiska. 2.2

< 20-
Fig. 15 Al-rich zincoberaunite from -g
Krasno, Czech Republic. FOV & 1.8-
6 mm across. Photo by J. Tvrdy. 16
141 w
Fig. 16 Plot of total Fe vs. Al for zin- V*.
coberaunite in comparison with 1.2- v ?
data published for tvrdyite and u
Al-rich beraunite, all from the Hu- 1.0 T T T T T T T r .
ber open pit in Krasno (Tvrdy et 24 26 28 30 32 34 36 38 40 42 44

al. 2020). apfu Feyq
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zincoberaunite, Krasno
zincoberaunite, Hagendorf South (Chukanov et al. 2016)
Al-rich beraunite (Sejkora et al. 2016)

tvrdyite (Sejkora et al. 2016)

AVAVAN®

n

crystal X-ray data were determined.
The structural analysis agrees with
the data of Fanfani, Zanazzi (1967).
Because of the predominance of Fe
over Mn in the M1 site, the authors
consider this mineral to be only a va-
riety of beraunite.

Half a century later, manganese-
-rich beraunite (Mn?*-bearing eleo-
norite) was found in the Hagendorf
South pegmatite in Bavaria (Aksenov
et al. 2018). The mineral was charac-
terized by single-crystal X-ray diffrac-
tion (SC-XRD), X-ray absorption near
edge structure (XANES) and infrared
spectroscopy (IR) methods. The em-
pirical formula is (Mn*  .Zn ..Mg, .,
Fe3+5.24)25.98(PO4)4(HZO'OH10)11'
However, since about half of the Mn
occupies the M1 site and the rest is
located on M2-M4 sites, it is not a se-
parate mineral species either.

From the Czech Republic, a
member of beraunite series (most
probably ferroberaunite) with 0.36 -
0.70 (average 0.54) apfu Mn in the
empirical formula was reported by
Sejkora et al. (2006) in samples from
phosphate accumulations found on
the 5" level of the Huber mine at the
Krasno deposit in the Karlovy Vary
Region. VrtiSka et al. (2019a) descri-
bed 0.12 - 0.21 apfu Mn in berauni-
te-ferroberaunite from oxidized man-
ganese-iron ores at Morasice in the
Pardubice Region (Fig. 18).

Fig. 17 Comparison of zincoberau-
nite from Krasno with holotype
zincoberaunite (from Hagendorf
South) and related mineral pha-
ses from Krasno in the Al-Fe-Zn
apfu ternary plot (Tvrdy et al.
2020).

Fig. 18 Grey (ferro)beraunite with
elevated manganese content
associated with whitish strunzite.
MoraSice, Czech Republic. FOV
3.5 mm across. Photo by L. Vr-
tiska.

Fig 19. Tvrdyite in clusters of long
needle-like  crystals;  Krasno,
Czech Republic. FOV 10 mm
across. Photo by L. Vrtiska.
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Tvrdyite

Tvrdyite was described as a new
mineral from the Sn-W-ore open pit
at the Huber stock in the Krasno de-
posit (Karlovy Vary Region). It con-
sists of fibrous crystals grouped in
radial aggregates up to 3 mm large.
It has a silvery to olive-greyish green
colour and a pearly lustre (Fig. 19).
It occurs in the cavity of vein quartz
along with Al-rich beraunite, fluorapa-
tite and pharmacosiderite (Sejkora et
al. 2006, 2016).

From the Czech Republic, this mi-
neral has also been identified in the
collections of the National Museum
Prague on a sample from the iron-o-
re deposit KruSna Hora near Beroun,
Central Bohemia. It forms green to
yellow-green radial concentric aggre-
gates up to 4 mm in diameter, partly
covered with jarosite (Fig. 20). The
empirical formula is (Fe*, ;Mg ,,), 00
Fes+2.oo(A|2.18F93+0.68)2.86(PO4)4(OH)4.57
(OH,), -2H,0 (Vrtiska et al. 2019b;
Vrtiska, Malikova 2020).

Furthermore, tvrdyite was found
at the Hagendorf South locality in
Germany (WeilRR, Hochleitner 2017).
From the same locality, Aksenov et al.
(2018) marginally mentioned a transi-
tional member of the tvrdyite-zincobe-
raunite series with 0.50 apfu Zn and
1.66 apfu Al in the empirical formula.
This phase is already close to the hy-
pothetical zincotvrdyite (Fig. 21).

Structurally related minerals

As mentioned above, the charac-
teristic structural element of berau-
nite is the so-called h-cluster. In this
sense, minerals of the dufrénite and
rockbridgeite groups, of the gorma-

Fig 20. Lustrous radial tvrdyite from
Kru$na Hora, Czech Republic.
FOV 3 mm across. Photo L. Vrtis-
ka.

Fig 21. Finely fibrous zincian tvrdyite
from Hagendorf South (Germa-
ny). FOV 1.3 mm across. Photo
L. Vrtiska.

Fig. 22 Crystal structure of dufréni-
te group minerals projected onto
010. Note the different numbering
of M sites than in the beraunite
group (data projection after Moo-
re 1970).
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nite-souzalite series and lipscombite/barbosalite can be
considered structurally related. In addition to divalent and
trivalent Fe, which dominate in beraunite and ferroberau-
nite, individual structural sites may also be occupied by
Al, Mn, Mg, Zn, Cu, and possibly other elements.

Minerals of the dufrénite group

The crystal structure of the dufrénite group minerals
is very similar to that of beraunite. However, in channels
parallel to the axis of elongation (i.e. the b axis), coordi-
nation polyhedra of Na, Ca in combination with vacancies
are additionally integrated (Fig. 22). The central site in

the M4 = M2 = M4 trimer is assumed to be preferentially
occupied by divalent cations (Fe?*, Mn?*, Mg; Table 5).
This gives the structural formula ABC,(TO,),(OH),-2H,0,
where A corresponds to the “channel” X site occupied
by Ca, Na or vacancy, B to the M2 crystallographic site,
which contain (but not only) all divalent cations, and C
to the M1, M3 and M4 sites occupied by either Fe® or Al
(Sejkora et al. 2007).

Six mineral species have been identified from the
many possible combinations of elements (Table 6). Both
aluminium-rich members of the group, burangaite and

Table 5 Occupation of X and M structural sites in the dufrénite group minerals

Mineral X M1 M2 M3 M4
Dufrénite ¥%Ca Fe3* Fe?* 2Fe® 2Fe®
Natrodufrénite* Na Fes* Fe?* 2Fe® 2Fe®
Gayite Na Fe3* Mn2* 2Fe? 2Fe®
Bimbowrieite Na Fe3* Mg?* 2Fe?* 2Fe®
Burangaite Na AR Fe?* 2A13* 2A13*
Matioliite Na AlF* Mg?* 2A3* 2A13*

* According to CNMMN/CNMNC approved formula

Table 6 Comparative data for minerals of the dufrénite group

Mineral Symbol Spacegroup a(A) bA) cA)  B(°) V(A% Ref*
Dufrénite

Ca, Fe?Fe® (PO,),(OH),2H,0 Dfr C2/c 2584 5126 13.78 111.20 1701.72 (1)
Natrodufrénite

NaFe>Fe> (PO, ),(OH), 2H,0"* Ndf c2lc 25.83 5150 13.772 111.53 1704.19 )
Gayite G C2lc 25975 5477 13.929 11129 174507  (3)
NaMn#Fe* (PO,),(OH),2H,0 y ' : : : :
Bimbowrieite

NaMgFe®(PO,),(OH),-2H.0 Bbw C2/c 25995 5.151 13.892 111.61 1729.4 (4)
Burangaite

NaFez'Al,(PO,),(OH),-2H,0 Brg C2/c 25.099 5.049 13.438 110.88 1591.1 (5)
Matioliite Mti C2lc  25.075 5.047 13.437 110.97 1587.9 (6)

NaMgAl,(PO,),(OH),2H,0

* (1) Moore (1970), (2) Fontan et al. (1982), (3) Kampf et al. (2010), (4) Elliott, Kampf (2024), (5) Selway et al. (1997),
Atencio et al. (2006). ** CNMMN/CNMNC approved formula.

Fig. 23 Dark green kidney-shaped
aggregates of natrodufrénite with
a radial internal structure. Ro-
chefort-en-Terre, Brittany, France
(holotype specimen). FOV 25 mm
across. Photo by L.-D. Bayle.
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matioliite, were reported from a few localities in the wor-
Id. The Na-Mg-Fe-rich phase bimbowrieite is known only
from the type locality of the White Rock feldspar mine in
South Australia.

Gayite is reported from phosphate accumulations in
the pegmatites of South America (Gigante pegmatite in
the Codrdoba Province, Argentina; Sapucaia mine, Mi-
nas Gerais, Brazil) and the Iberian Peninsula (Assungao
Mine, Viseu, Portugal; Cafiada pegmatite, Salamanca,
Spain; Anthony et al. 2022). In the Czech Republic, it
was found in the Cyrilov phosphate pegmatite (Vysocina
Region; Skoda, Stan&k 2010) and in the Sn-
-W-quartz-greisen deposit Krasno (Karlovy
Vary Region; Mn-rich dufrénite, Sejkora et
al. 2006).

Dufrénite and natrodufrénite are com-
mon minerals of secondary phosphate
associations. They often occur together with
beraunite in the same mineralisation envi-
ronment as described in Chapter 2.2. Dark
green dufrénite is a characteristic mineral of
the classic locality Hrbek near Zajecov (Cen-
tral Bohemian Region) as well as of the his-
toric iron-ore deposits of the Lahn-Dill area
in Hesse (Germany). An overview of locali-
ties associated with iron ores, sedimentary
and metamorphic rocks in the Czech Repub-
lic was given by VrtiSka (2023).

Until the development of X-ray structural
analysis in the 20" century, all green colou-
red hydrated basic phosphates were con-
sidered to be dufrénite (kraurite). Frondel
(1949) regarded dufrénite to be a dimorph
to beraunite with the same chemical formu-
la. The crystal structure and valid chemical
formula of dufrénite based on the analysis of

therefore correct and the chemical formula given by IMA
(Table 6) should be changed (Tvrdy 2023).

Minerals of the rockbridgeite group

Another group of minerals containing the h-cluster
in the structural framework is the rockbridgeite group.
However, there is a different occupation of octahedra in
the central trimer M2 = M1 = M2, with trivalent iron in the
centre and divalent cations at the sides (Fig. 24, Table
7). The structure-based formula is A,B,(PO,),(OH, H,0),,
where A corresponds to the M2 site and contains all di-
valent cations and B includes the M1 and M3 sites do-

Fig 24 Rockbridgeite structure projected along [001] (Grey et al. 2018).
CC Attribution 4.0 License.

Table 7 Occupation of octahedral structural sites in rockbridgeite group

Kinch, Butler (1886) were published by Mo- —_Minerals
ore (1970). Mineral M1 M2 M3

The most common mineral of this group Rockbridgeite Fed* 2(Fe*  Fe™ ) 2Fe’*
is probably natrodufrénite. According to the Frgondelite Fed 2(M”2+0-5Fes+o-5) JFe%
results. of a st_udy of thg original _matenal Ferrorockbridgeite Fe3* 2Fe?* 2Fe®
found in 1861 in a small iron ore pit at Ro- . . ] o o o
chefort-en-Terre in Brittany, France (Fig. 23), Ferrlrockbndggte . Fe 2(Fe™ 5750.3) 2Fe
Fe® rather than Fe?* predominates at the M2 Manganrockbridgeite Fe® 2Mn?* 2Fe*
site. The results of Fontan et al. (1982) are Plimerite Fe3* 2Zn 2Fe®
Table 8 Ideal formulae and unit-cell parameters for rockbridgeite group minerals (Grey et al. 2019a)
Mineral Symbol  Spacegroup a(A) bA) cA) B() V(A Ref*
Rockbridgeite

. " " Rkb Bbmm 13.783 16.805 5.172 - 1198.0 1
(Fe*, Fe* ,),Fe* (PO,),(OH), (1)
Frondelite
(Mn®_ _Fe> ) Fe® (PO,) (OH), Fnd Bbmm 13.89 17.01 521 - 1231.0 (2)
Ferrorockbridgeite
Fe? Fe® (PO,).(OH),(H,0) Forck Bbmm 14.008 16.808 5.190 - 12220 (3)
Ferrirockbridgeite

Frck Bbmm 13.853 16.928 5.192 - 12175 (4

(F& %20, €, (PO,),(OH),(H,0) @
Manganrockbridgeite
Mn2* Fe® (PO,),(OH),(H,0) Mrkb P2./m 5.198 16.944 7.451 110.17 616.0 (5)
Plimerite Pme Bbmm  13.865 16.798 5151  —  1199.7 (6)

Zn,Fe* (PO,),(OH),(H,0)

* (1) Moore (1970), (2) Lindberg (1949), (3) Grey et al. (2019a), (4) Grey et al. (2019b), (5) Grey et al. (2023), (6) Elliott

et al. (2009).
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minated usually by Fe®" (Grey et al. 2019a). The charge
balance caused by the presence of trivalent and divalent
cations in this site is balanced by the substitution of OH
for H,O. The different group members are distinguished
by the occupancy of the A (= M2) site (Table 8).

A triangular discrimination diagram with five fields was
introduced for the Fe?*, Mn?* and Fe®* dominated pha-
ses (Fig. 25). While rockbridgeite and frondelite are long
known minerals (Frondel 1949; Lindberg 1949), ferro-
rockbridgeite, ferrirockbridgeite and manganrockbridgei-
te were defined in the context of this new classification
scheme (Grey et al. 2019a, 2019b, 2023). Identification
of individual species is complex and requires structural
analysis and determination of the proportion of divalent
and trivalent iron.

Minerals of the rockbridgeite group occur relatively
frequently in limonite iron ore deposits and especially as
a product of alteration of primary phosphates in granitic
systems (Anthony et al. 2022). They are known from a
large number of localities throughout the world. In the
Czech Republic, rockbridgeite was identified in phospha-
te accumulations in pegmatites from Otov (Plzefi Region;
Cech, Stanék 1969) and Dolni Bory (Vyso&ina Region;
Stanék 1997, 2009), in peraluminous granite at Pfibysla-
vice (Central Bohemian Region; Povondra et al. 1987),

A=Fe3*
0 100

%0
Ferrirockbridgeite

XX 80

50
60 / Rockbridgeite

70

90 Ferrorockbridgeit;e( X

o AAVARVR. SV SAVAV.OX

Manganrockbridgeite

in iron ores from Ponikla (Liberec Region; Skoda, Rus
2010), and in the Krasno Sn-W greisen deposit (Karlovy
Vary Region; Sejkora et al. 2006). Plimerite is also known
from Krasno (Sejkora et al. 2011).

Manganrockbridgeite has so far been reliably identi-
fied at two localities worldwide: from phosphate assem-
blages in Hagendorf-Siid, Bavaria, Germany (Grey et al.
2023) and from the Jocao claim, Conselheiro Pena Coun-
ty, Minas Gerais, Brazil (Tvrdy et al. 2024; Fig. 26). Both
occurrences are very similar in terms of chemical compo-
sition, structural data and mineral association.

Gormanite-related minerals

According to Le Bail et al. (2003), the structure of
souzalite-gormanite series consists of infinite chains of
alternating FeO,/MgO, and AlO, octahedra sharing fa-
ces and/or edges. These chains are connected by cor-
ners with clusters of three corner-sharing AlO, octahedra
forming octahedral layers which are interconnected by
PO, groups (Fig. 27). Similar to rockbridgeite, the M?** =
Me*= MP* trimer is represented here in contrast to M?* =
M?*= MB*, which is much more frequent in mixed valence
iron phosphate structures (Le Bail et al. 2003). Monocli-
nic kenngottite is structurally related (Table 9). The ge-
neral formula for these phosphates can be expressed as
A.B,(PO,),(OH) ,-H,O, where A contains divalent cations

Fig. 25 Classification diagram of the
rockbridgeite group based on the
occupation of the M2 site by Mn?*,
Fe?* and Fe® (Grey et al. 2019).
Plots of type specimens (two for
ferrorockbridgeite) according to
Grey et al. (2023) are marked
with red crosses. Circles show
mean values for the outer (o) and
inner zone (i) of manganrockb-
ridgeite as well as for frondelite

0 (f) from the Joc&o pegmatite (Tvr-

A= FeZ+ 0 10 20 30 40 50 60 70 80

96 10’0 A= Mn2+

dy et al. 2024).

Fig. 26 Cavity in brown correianevesite covered with a crust of green manganrockbridgeite and crystals of pale hure-
aulite. The outer and inner zones separated by a yellowish porous interlayer of kenngottite-like mineral are clearly
distinct. Jocéo claim, Minas Gerais (Brazil). FOV 23 mm (left) and 6 mm across (right). Photo by L. Vrtiska.
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(Mg, Fe?*, Mn?*) and B contains trivalent cations (Al, Fe®").

Minerals of this group are not abundant in phosphate
associations. Souzalite is a rare hydrothermal alteration
product of scorzalite in complex zoned granite pegmatites,
in sedimentary phosphate nodules, and in high-pressure
kyanite assemblages. Gormanite is reported from phos-
phate ironstones (Yukon Territory, Canada) and in fractu-
res in tonalite (Bisbee, Arizona, USA; Anthony et al. 2022).

Kenngottite was formed by alteration of rockbridgei-
te group minerals in phosphate accumulations in quartz
veins in greisen (Krasno, Czech Republic; Sejkora et al.
2019) and in pegmatites (Hagendorf South, Germany;
Keck et al. 2022; probably also Jocéo claim, Minas Gera-
is, Brazil; Tvrdy et al. 2024).

Fig. 27 Crystal structure of gorma-
nite-souzalite ~ series (Fe,Mg),
(Al Fe) (PO,) (OH),2H,O0 (data
projection after Le Bail et al. 2
2003).

Lipscombite and barbosalite

The study of materials with Fe-P-OH-H complex
structures is often motivated by their use in energy, ca-
talysis and agriculture. Attention is also paid to the group
of basic iron phosphates, which contain an octahedral fa-
ce-sharing three-cluster and in most cases have a mixed
iron valence (Sandineni et al. 2019; Poienar et al. 2020).
So, for example, catalytic properties of synthetic barbo-
salite in oxidative dehydrogenation reactions was verified
e.g. by Rouzies et al. (1995), and the ferric lipscombite-
-related phases were extensively studied as cathode for
Li-ion batteries (Sandineni et al. 2019).

Basic structural data for both dimorph phases are gi-
ven in Table 10, a projection of the layered structure is

Table 9 Comparative data for souzalite, gormanite and kenngottite

Mineral Symbol Spacegroup a(A) b(A) cA) a(® BE) vyv() VA Ref*
Gormanite
Fe? Al,(PO,),(OH),2H.0 Gm P-1/P1 11.79 511 13.61 90.83 99.00 90.08 809.8 (1)
Souzalite
Mg,Al,(PO,),(OH),-2H,0 Sou P-1 7.222 11.780 5.117 90.16 109.94 81.33 404.02 (2)
Kenngottite
Mn2 Fe® (PO,),(OH),-2H,0 Kgt P2/a 13.909 5.186 12.159 - 98.88 - 866.5 (3)
* (1) Sturman et al. (1981), (2) Le Bail et al. (2003), (3) Sejkora et al. (2019).
Table 10 Comparative data for lipscombite and phosphates of the lazulite group*
Mineral Symbol Spacegroup a(A) b (A) c(A) B () V(A%  Ref**
Lipscombite
FeFe® (PO,),(OH), Lcb P4.22 7.31 - 13212 - 706.00 (1)
Barbosalite
Fe?Fe® (PO,),(OH), Bbs P2 Jc 725 7.46 749 12025 349.94 2)
Scorzalite
Fe®Al(PO,),(OH), Scz P2./c 715  7.31 725 120.58 326.23 (3)
Lazulite

Lzl P2 /c 7144 7.278 7.228 120.5 323.81 4
MgAL,(PO,),(OH), 1 (4)
Hentschelite Hsl P2,/m 6.984 7.786  7.266 117.68 34989  (5)

CuFe*,(PO,),(OH),

* The lazulite group also includes arsenate wilhelmkleinite ZnFe?**,(AsO,),(OH), (Adiwidjaja et al. 2000). ** (1) Vencato
et al. (1989), (2, 3) Lindberg, Christ (1959), (4) Giuseppetti, Tadini (1983), (5) Sieber et al. (1987).
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shown in Fig. 28. According to Sandineni et al. (2019), the
trimers Fe® = Fe?" = Fe* in lipscombite are face-shared
to form the infinite chain of octahedra where Fe is partially
occupied with % Fe/octahedra in a 1:2 ratio of Fe?* and
Fe®* in the chain. In barbosalite, a member of the lazu-
lite group, instead of disordered face-shared chain, iron
octahedra are ordered and they form isolated trimer of
h-cluster.

Lipscombite and barbosalite are the most similar to
beraunite in chemical composition. Its occurrences are
associated with granitic pegmatites, where they were for-
med by oxidation and hydration of primary phosphates in
the final stages of hydrothermal alteration. A number of
localities are known throughout the world. In the Czech
Republic, lipscombite is mentioned from PFibyslavice
(Central Bohemian Region; Povondra et al. 1987), Otov
(Plzeri Region; Cech, Stané&k 1969) and in association
with barbosalite from Cyrilov (Vysocina Region; Novak et
al. 2000; Skoda et al. 2007).

Conclusions

Currently, the beraunite group contains four members
with well-defined chemistry and structure. It is therefore
ideal to study the influence of crystal chemistry on the
physical properties and physicochemical environment of
the formation of these minerals as well as minerals from
related groups. The relatively simple chemical composi-
tion gives the impression that such study cannot be too
difficult; however, the existence of four structural cation
sites and two possible valence states of iron requires the
use of very complex research methods. The frequent fi-
nely fibrous form and intergrowth of crystals usually ma-
kes sample separation for SC-XRD impossible, while
the chemical zoning of crystals within a single aggregate
complicates separation of a representative larger sample
for some analyses (e.g. M&ssbauer spectroscopy). More-
over, even a relatively small error in measurement of the
Fe?*/Fe® ratio can result in a large error in determination
of the M1 site occupation. Thus, this mineral group re-
mains a great challenge for mineralogists, crystallogra-
phers and geochemists.

Fig. 28 Crystal structure of lipscombite (a) and barbosalite (b). FeO, octahedra
are brown, PO, tetrahedra purple, O atoms red, H atoms grey. The unit cell
projection is outlined in black lines (data projection after Vencato et al. 1989
and Redhammer et al. 2000).
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