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Masaryk University, Kotlářská 2, 611 37 Brno, Czech Republic

Correspondence: Cristian Biagioni (cristian.biagioni@unipi.it)

Received: 6 October 2024 – Revised: 22 November 2024 – Accepted: 25 November 2024 – Published: 20 January 2025

Abstract. The new mineral dacostaite, K(Mg2Al)[Mg(H2O)6]2(AsO4)2F6 · 2H2O, has been discovered in the
Cetine di Cotorniano Mine, Chiusdino, Siena, Tuscany, Italy. It occurs as thin, colourless-to-white pseudo-
hexagonal micaceous crystals up to 0.5 mm in size. The streak is white, and the lustre is silky. The
cleavage is perfect on {001}. The empirical formula of dacostaite, based on (As+P)= 2 atoms per for-
mula unit, is (K0.56Ca0.04Na0.03�0.37)61.00 (Al1.54Mg1.38Cu0.03Zn0.03)62.98 [Mg(H2O)6]2 [(As0.99P0.01)O4]2
[F4.46(OH)1.46O0.08]66.00 · 2H2O (Z = 2). Dacostaite is monoclinic, with a space group of C2/m and a =

12.474(5), b = 7.198(3), c = 13.724(6) Å, β = 99.518(13)°, and V = 1215.3(8) Å3. The crystal structure was
solved using single-crystal X-ray diffraction data and refined to R1 = 0.0927 for 1022 unique reflections with
Fo> 4σ (Fo). The crystal structure of dacostaite can be described as formed by heteropolyhedral {001} layers
and isolated Mg(H2O)6 groups connected by H bonds. In the type material, dacostaite is associated with quartz,
sulfur, gypsum, and a pharmacosiderite-like mineral in a small cavity of silicified limestone. Its genesis is re-
lated to the activity of oxidized (Al,F)-rich fluids during the late-stage evolution of the Sb ore deposit formerly
exploited at the Cetine di Cotorniano Mine.

1 Introduction

In the second half of the 1940s, Fornaseri (1947) described
the occurrence of an Sb oxychloride at the Cetine di Co-
torniano Mine (Tuscany, Italy), later described as the min-
eral species onoratoite, ideally Sb8O11Cl2, by Belluomini
et al. (1968). This was the first halide found at this local-
ity. According to these authors, the crystallization of quartz
was active during the formation of onoratoite, whose tem-
perature of formation should be higher than 60 °C (Belluo-
mini et al., 1968). On the contrary, at ambient temperatures,

the crystallization of onoratoite would have been restricted
to very specific conditions (Roper et al., 2014). This was a
first hint regarding the circulation of late-stage halogen-rich
fluids within the Sb ore deposit of the Cetine di Cotorniano.

During the 1980s, the sampling activity of mineral collec-
tors favoured the identification of other halides, represented
by fluorides. In addition to fluorite, other species were iden-
tified. Among them, the new mineral species rosenbergite,
ideally AlF[F0.5(H2O)0.5]4 ·H2O, was described by Olmi et
al. (1993). These fluoride minerals were mainly collected in
a small exploitation void known among mineral collectors
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as Stanza Santoni. There, rare minerals can be found in the
cavities of jasperoids (i.e. strongly silicified limestone, black
in colour), which are lined by small quartz crystals. In ad-
dition to euhedral individuals of some rare species, e.g. el-
pasolite and hydrokenoralstonite (e.g. Menchetti and Batoni,
2015), rosette-like or (hemi)spherical microcrystalline aggre-
gates can be commonly observed.

An investigation of these aggregates using X-ray powder
diffraction techniques identified several mineral species: F-
bearing alunite, quartz, and two hitherto unknown species,
i.e. nannoniite (IMA 2024-010) and dacostaite (IMA 2024-
015). The former is relatively common and was proba-
bly misidentified as gibbsite for a long time (Biagioni et
al., 2024), whereas dacostaite, described in this paper, is
very rare and is currently present in fewer than 10 known
specimens. This latter mineral, its name, and its symbol
(Dcs) were approved by the Commission on New Minerals,
Nomenclature, and Classification of the International Min-
eralogical Association (CNMNC-IMA). The name honours
Angelo Da Costa (1940–2022) for his contributions to the
field of mineralogy in Tuscany. Angelo Da Costa was a min-
eral collector active from the beginning of the 1970s up to his
death in 2022. He contributed to the exploration of several
mineralogical localities, mainly in northern Tuscany (Apuan
Alps, Monte Pisano), where he discovered some new mineral
occurrences. He collaborated with the Museo di Storia Nat-
urale of the University of Pisa, providing material for miner-
alogical studies. The type material for dacostaite is deposited
in the collection of the Museo di Storia Naturale, University
of Pisa, Via Roma 79, Calci (Pisa), under catalogue number
20073.

This paper describes this new mineral species, discussing
its occurrence and crystal chemistry.

2 Occurrence and physical properties

Dacostaite was identified in a specimen collected at the Ce-
tine di Cotorniano Mine (43°13′ N, 11°09′ E), Chiusdino,
Siena province, Tuscany, Italy. The Sb ore deposit formerly
exploited at this locality is probably related to the circulation
of hydrothermal fluids triggered by the geothermal anomaly
induced by the Miocene–Quaternary magmatic rocks be-
longing to the Tuscan magmatic province (e.g. Lattanzi,
1999; Dini, 2003; Sillitoe and Brogi, 2021). Antimony ores,
represented almost exclusively by stibnite, are associated
with jasperoids and vuggy silica masses replacing host rocks
(the Calcare cavernoso formation of Upper Triassic age) at
the contact with the overlying argillic formations belonging
to the Liguride Nappe.

In the type material, dacostaite occurs as aggregates of thin
pseudo-hexagonal micaceous, colourless-to-white flakes up
to 0.5 mm in size (Fig. 1). The streak is white, and the lus-
tre is silky. Dacostaite is not fluorescent under both short-
(λ= 254 nm) and long-wavelength (λ= 350 nm) UV radia-

Figure 1. Dacostaite, thin colourless-to-white crystals associ-
ated with sulfur, quartz, gypsum, and a pseudomorphosed cube-
octahedral crystal of an unknown phase replaced by a microcrys-
talline pharmacosiderite-like species. Cetine di Cotorniano Mine,
Chiusdino, Siena province, Tuscany, Italy. Holotype specimen:
Museo di Storia Naturale of the University of Pisa. Catalogue no.
20073. Photo by Cristian Biagioni.

tion. Mohs hardness was not determined owing to the small
crystal size; the mineral is probably soft. Dacostaite is brit-
tle, with a perfect {001} cleavage. Crystals are flexible but not
elastic. Density was not measured owing to the small amount
of available material; the calculated density based on the em-
pirical formula and unit-cell parameters measured through
single-crystal X-ray diffraction is 2.162 g cm−3.

Dacostaite is colourless and non-pleochroic under plane-
polarized light. It forms thin laths with a prominent {001}
cleavage. Crystals are bent, resulting in undulatory extinc-
tion. Extinction is parallel or close to parallel to the cleavage
plane. Dacostaite is biaxially negative, with α = 1.4730(4),
β = 1.4801(4), and γ = 1.4805(4), measured using 589 nm
light. The angle 2V determined from extinction measure-
ments on a spindle stage is 29(2)°, which is in good agree-
ment with the value of 27° calculated by the equation of
Wright (1951). Dispersion is weak. The Gladstone–Dale
compatibility index (Mandarino, 1979, 1981) is −0.005 (su-
perior).

In the type material, dacostaite is associated with quartz,
sulfur, gypsum, and a pharmacosiderite-like mineral in a
small cavity of silicified limestone.

3 Experiment

3.1 Raman spectroscopy

Raman spectra of dacostaite were collected in the range of
4000–50 cm−1 using a DXR dispersive Raman spectrometer
(Thermo Scientific) mounted on a confocal Olympus micro-
scope (Department of Mineralogy and Petrology, National
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Museum, Prague, Czech Republic). The Raman signal was
excited by an unpolarized red 633 nm He–Ne laser and de-
tected by a charge-coupled device (CCD) detector. The ex-
perimental parameters were a 100× objective, a 10 s expo-
sure time, 100 exposures, a 25 µm pinhole spectrograph aper-
ture, and an 8 mW laser power level. The thermal damage of
the measured points was excluded by visual inspection of the
excited surface after measurement, by observation of possi-
ble decay of spectral features at the start of excitation, and by
checking for thermal downshift of Raman lines. The instru-
ment was set up with a software-controlled calibration pro-
cedure using multiple neon emission lines (wavelength cali-
bration), multiple polystyrene Raman bands (laser frequency
calibration), and standardized white-light sources (intensity
calibration). Spectral manipulations were performed using
the Omnic 9 software (Thermo Scientific).

3.2 Chemical data

Quantitative chemical analyses were carried out using a
Cameca SX 100 electron microprobe (wavelength dispersive
spectrometer (WDS) mode, 15 kV, 5 nA, 10 µm beam diame-
ter) on carbon-coated, unpolished crystal surfaces at the Na-
tional Museum in Prague, Czech Republic. Results (average
of 10 spot analyses) are given in Table 1. Other elements
sought (Si, S, Pb, Cl, Ni, and Co) were below the detection
limits. Matrix correction by the PAP algorithm (Pouchou and
Pichoir, 1985) was applied to the data.

Raman spectroscopy, as well as structure analysis (see be-
low), indicated the absence of CO3 groups. Since insuffi-
cient pure material is available for a direct determination, the
amount of H2O has been calculated based upon the known
stoichiometry from the structure analysis. The wide ranges
and high totals of analyses after the addition of calculated
H2O content are caused by the uneven, unpolished sample
surface and by the dehydration of the sample under the vac-
uum of the electron microprobe (loss of six to seven H2O
groups).

3.3 X-ray crystallography

Owing to the small amount of pure material, X-ray powder
diffraction data of dacostaite were collected using a Bruker
D8 Venture single-crystal diffractometer equipped with a
PHOTON III CCD area detector and microfocus CuKα ra-
diation (Centro per l’Integrazione della Strumentazione sci-
entifica dell’Università di Pisa (CISUP) in Pisa, Italy), sim-
ulating Gandolfi-like motion. Observed X-ray diffraction
lines are reported in Table 2, along with the calculated pat-
tern based on the structural model discussed below. Unit-
cell parameters were refined using the software UnitCell
(Holland and Redfern, 1997) and are a = 12.4760(18), b =
7.1974(11), c = 13.7211(18) Å, β = 99.549(12)°, and V =
1215.0(2) Å3.

Single-crystal intensity data were collected using a Bruker
D8 Venture diffractometer equipped with an air-cooled PHO-
TON III CCD detector and microfocus MoKα radiation
(CISUP, University of Pisa, Italy). The detector-to-crystal
distance was 38 mm. Data were collected using ω and ϕ scan
modes in 0.5° slices, with an exposure time of 30 s per frame.
A total of 1024 frames were collected. The frames were
integrated with the Bruker SAINT software package using
a narrow-frame algorithm. Data were corrected for Lorentz
polarization, absorption, and background using the software
package Apex4 (Bruker AXS Inc., 2022). Unit-cell parame-
ters were refined on the basis of the XYZ centroid of 952 re-
flections above 20σ (I ), with 6.558°< 2θ < 50.98°. The sta-
tistical tests on the distribution of |E| values (|E2

− 1| =
0.831) suggest (but not unequivocally) the occurrence of a
centre of symmetry. According to the systematic absences
and the uncertainty in the occurrence of a centre of sym-
metry, the crystal structure of dacostaite was solved in three
different space groups using Shelxtl (Sheldrick, 2015a), i.e.
C2/m, C2, and Cm. The main structural features are very
similar in these three models. However, theC2 and Cm struc-
ture models gave racemic twin ratios close to 0.5, suggesting
the occurrence of a centre of symmetry. For this reason, the
crystal structure of dacostaite was refined using Shelxl-2018
(Sheldrick, 2015b) in the space group C2/m. Neutral scatter-
ing curves taken from the International Tables for Crystal-
lography (Wilson, 1992) were used. A total of 5 independent
cation sites (one of them being split) and 10 anion positions
(one of them split) were located. Details of the data collec-
tion and crystal structure refinement are given in Table 3.
Atom coordinates and isotropic or equivalent-isotropic dis-
placement parameters are reported in Table 4, whereas Ta-
ble 5 gives selected bond distances. Bond-valence calcula-
tion, shown in Table 6, was performed using the bond pa-
rameters of Brese and O’Keeffe (1991).

4 Results and discussion

4.1 Raman spectrum of dacostaite

The main bands observed in the Raman spectrum of da-
costaite in the region between 1000 and 50 cm−1 are (in
cm−1) 838, 531, 397, 257, 176, and 130 (Fig. 2). The most
prominent Raman band at 838 cm−1 is attributed to the ν1
symmetric stretching vibration of AsO4 groups. The bands at
531 and 397 cm−1 may be attributed to the ν4 and ν2 bend-
ing vibrations of AsO4 groups, respectively. Finally, bands
below 300 cm−1 (257, 176, and 130 cm−1) are probably re-
lated to (Mg,Al)–ϕ (ϕ is OH, F, H2O) vibrations and lattice
modes. The presence of H2O groups and hydroxyl ions is
documented by a broad OH-stretching band running from
3550 to 3100 cm−1, with a maximum at 3278 cm−1 (Fig. 2).
According to the empirical relation between energy of vibra-
tion and the corresponding bond length (Libowitzky, 1999),
O–H· · ·O hydrogen bond lengths vary approximately in the
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Table 1. Chemical data (in wt %) for dacostaite.

Constituent Mean Range Standard Normalized Standard
(n= 10) deviation (σ )

P2O5 0.17 0.02–0.27 0.07 0.14 Fluorapatite
As2O5 35.42 34.37–35.98 0.57 28.69 Clinoclase
Al2O3 12.23 10.69–13.72 1.01 9.91 Sanidine
MgO 21.13 18.60–24.94 2.13 17.12 Diopside
CaO 0.36 0.27–0.46 0.06 0.29 Fluorapatite
MnO 0.04 0.01–0.08 0.02 0.03 Rhodonite
FeO 0.04 0.00–0.08 0.03 0.03 Hematite
CuO 0.42 0.27 – 0.94 0.19 0.34 Chalcopyrite
ZnO 0.34 0.21–0.47 0.09 0.27 ZnO
Na2O 0.15 0.05–0.33 0.10 0.12 Albite
K2O 4.13 2.85–5.43 0.78 3.35 Sanidine
F 13.15 9.13–16.59 2.91 10.65 LiF
Sum 87.58 86.57–88.71 0.78 70.94
O=−F −5.54 −4.48
H2Ocalc

∗ 41.40 33.54

Total 123.44 100.00

Note that n is the number of spot analyses. ∗ Calculated according to stoichiometry.

Figure 2. The Raman spectrum of dacostaite in the range in the
range of 4000–50 cm−1, split at 2000 cm−1.

range from 2.7 to 2.9 Å (with a maximum of 2.73 Å); these
calculated lengths are comparable to the results of the crystal
structure study of dacostaite (see below).

4.2 Chemical formula of dacostaite

The empirical formula of dacostaite, which is based
on (As+P)= 2 atoms per formula unit (apfu), takes
into account the results of the crystal structure study
(see below), and fixes the (OH)/O ratio in order to
achieve the electrostatic balance, is (with rounding errors)
(K0.56Ca0.04Na0.03�0.37)61.00 (Al1.54Mg1.38Cu0.03

Zn0.03)62.98 [Mg(H2O)6]2 [(As0.99P0.01)O4]2[F4.46(OH)1.46
O0.08]66.00 · 2H2O.

Following Bosi et al. (2019a, b) and on the basis of this
empirical formula, two main possible end-member charge ar-
rangements can be proposed:

i. R+(R2+
2 R3+)[R2+(H2O)6]2[R5+O4]2R−6 · 2H2O and

ii. R0(R2+R3+
2 )[R2+(H2O)6]2[R5+O4]2R−6 · 2H2O.

The arrangement R+(R2+
2 R3+) would correspond to

(K,Na)0.59(Mg1.18Al0.59), and it is limited by the
(K+Na) content, with K�Na, whereas the arrange-
ment R0(R2+R3+

2 ) would correspond to �0.37(Mg0.37Al0.74),
and it is limited by the � content. Because the first ar-
rangement is more abundant (59 %) than the second,
the dominant end-member composition of dacostaite is
K(Mg2Al)[Mg(H2O)6]2(AsO4)2F6 · 2H2O. This corre-
sponds to (in wt %) As2O5 28.47, Al2O3 6.31, MgO 19.97,
K2O 5.83, F 14.12, H2O 31.25, O=−F=−5.95, sum
100.00.

4.3 Crystal structure of dacostaite

4.3.1 General features

The crystal structure of dacostaite can be described as be-
ing formed of heteropolyhedral {001} layers and isolated
Mg(H2O)6 groups connected by H bonds (Fig. 3a, b). The
heteropolyhedral layers are composed of octahedrally coor-
dinated atoms hosted at theM(1) andM(2) sites, forming an
octahedral layer decorated on both sides by As(1)O4 tetrahe-
dra (Fig. 3c). The octahedral layer can be described as being
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Table 2. X-ray powder diffraction data (d in Å) for dacostaite.

Iobs dobs dcalc Icalc h k l

s 13.7 13.54 100 0 0 1∗

w 6.2 6.21 3 1 1 0∗

mw 5.98 5.99 8 −2 0 1∗

– – 5.83 2 −1 1 1
m 5.48 5.48 27 1 1 1∗

w 4.994 4.980 8 −2 0 2∗

w 4.800 4.780 3 −1 1 2∗

vw 4.530 4.512 1 0 0 3∗

vw 4.216 4.218 1 2 0 2∗

vw 3.970 3.964 2 −2 0 3∗

vw 3.825 3.805 1 −1 1 3∗

mw 3.581
3.599 3 0 2 0
3.574 3 −3 1 1
3.563 3 3 1 0

– – 3.514 6 1 1 3

w 3.339
3.358 2 −3 1 2
3.330 2 3 1 1

w 3.186
3.196 2 −2 0 4
3.178 2 0 2 2

vw 3.102 3.106 1 2 2 0∗

2.993 7 −4 0 2
m 2.977 2.974 15 2 2 1∗

w 2.911
2.917 2 −2 2 2
2.873 2 1 1 4

w 2.746
2.763 2 −4 0 3
2.738 2 2 2 2

w 2.715 2.707 6 0 0 5∗

w 2.654 2.665 2 −2 2 3∗

vw 2.564 2.561 3 −1 1 5∗

vw 2.468 2.464 1 2 2 3∗

w 2.385 2.390 3 −2 2 4∗

w 2.324 2.328 1 5 1 0∗

vw 2.303 2.301 1 −4 2 2∗

w 2.244 2.256 1 0 0 6∗

w 2.208 2.203 1 1 3 2∗

w 2.108 2.103 1 5 1 2∗

w 2.070 2.076 1 −5 1 4∗

w 2.021 2.022 1 3 3 1∗

w 1.973 1.977 1 4 2 3∗

w 1.933 1.936 1 3 3 2∗

w 1.899 1.898 1 −6 0 4∗

mw 1.797
1.800 5 −6 2 1
1.800 3 0 4 0

w 1.756 1.757 3 2 2 6∗

Icalc and dcalc were obtained using PowderCell 2.4
(Kraus and Nolze, 1996) on the basis of the structural
model of dacostaite given in Table 4. Only calculated
reflections with Icalc > 1 (if not observed) are reported.
Iobs were visually estimated: s is strong, m is medium,
mw is medium weak, w is weak, and vw is very weak.
The symbol ∗ indicates reflections used for the
refinement of unit-cell parameters.

formed of chains of M(1)-centred corner-sharing octahedra
running along b, connected along a through corner-sharing
with M(2)-centred octahedra, giving rise to a layer charac-
terized by pseudo-hexagonal and triangular cavities. Potas-
sium atoms are hosted in these pseudo-hexagonal cavities,
whereas the O atoms delimiting the triangular cavities are
bonded to the tetrahedrally coordinated As5+ atoms.

Heteropolyhedral layers and isolated Mg(H2O)6 groups
are connected through H bonds that also involve a free-H2O
group located between {001} layers.

4.3.2 Cation sites

Arsenic and very minor amounts of P are hosted at the As(1)
site and show a tetrahedral coordination, with an average
〈As–O〉 distance of 1.676 Å, which compares with the value
of 1.685 Å given by Majzlan et al. (2014) for the mean As–O
distance. The bond-valence sum (BVS) is 5.14 valence units
(v.u.), in agreement with the occurrence of As5+.

The M(1)- and M(2)-centred octahedra have 〈M–ϕ〉 (ϕ is
F, OH, O) distances of 1.939 and 1.937 Å. Their site occu-
pancies were refined using the scattering curve of Al. How-
ever, on the basis of the observed bond distances and elec-
tron microprobe data, mixed (Al,Mg) site occupancies can
be proposed. Minor amounts of Cu and Zn could be hosted
at these positions, but their contents are very low and were
not considered in the structural study. Magnesium and Al
cannot be definitively distinguished based solely on site scat-
tering due to their similar scattering curves (Z= 12 and 13
for Mg and Al, respectively). However, they can be distin-
guished by examining the observed bond distances. Using
the bond-valence parameters of Brese and O’Keeffe (1991),
the ideal Al–O, Al–F, Mg–O, and Mg–F bond distances can
be calculated (in Å) as 1.907, 1.801, 2.103, and 1.991, re-
spectively. The average distances observed for the M(1)-
and M(2)-centred octahedra support mixed (Al,Mg) occu-
pancies. The M(1) and M(2) sites are coordinated by four
F-bearing sites, i.e. F(4) and F(5), and two O-hosting sites,
namely O(1) and O(2). While O(1) and O(2) host O2− (see
below), the occupancies of F(4) and F(5) are probably rep-
resented by mixed (F,OH), in agreement with the electron
microprobe analysis showing idealized contents of 4.50 F
and 1.50 (OH) groups per formula unit. No indication of
preferential partitioning of (OH) groups between F(4) and
F(5) was observed (see below), and consequently a disor-
dered distribution of F and (OH) between these two anion
positions is assumed. If we assume that the site occupancy
at F(4) and F(5) is [F0.75(OH)0.25], then the following site
occupancies at M(1) and M(2) can be calculated on the
basis of observed bond distances: M(1)=Al0.55Mg0.45 and
M(2)=Al0.57Mg0.43. Considering the site multiplicity, this
results in the site population M(1)+M(2)(Al1.67Mg1.33), which
can be compared to the composition derived from electron
microprobe analysis, M(1)+M(2)(Al1.55Mg1.45), considering
Cu2+ and Zn2+ as Mg2+. For the calculation of the BVS, the
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Table 3. Crystal and experimental data for dacostaite.

Crystal data

Crystal size (mm) 0.070× 0.040× 0.020
Cell setting, space group Monoclinic, C2/m
a (Å) 12.474(5)
b (Å) 7.198(3)
c (Å) 13.724(6)
β (°) 99.518(13)
V (Å3) 1215.3(8)
Z 2

Data collection and refinement

Radiation, wavelength (Å) MoKα, 0.71073
Temperature (K) 293(2)
2θmax (°) 52.73
Measured reflections 6874
Unique reflections 1325
Reflections with Fo > 4σ (Fo) 1022
Rint 0.1114
Rσ 0.1007
Range of h, k, l −15≤ h15, −8≤ k ≤ 8, −15≤ l ≤ 17
R [F > 4σ (F )] 0.0927
R (all data) 0.1152
wR (on F 2) 0.2574
GoF 1.055
Number of least-squares parameters 102
Maximum and 2.53 [at 0.79 Å from Ow(3)]
minimum residual peak (e Å−3) −1.32 [at 0.87 Å from As(1)]

Table 4. Sites, Wyckoff positions, site occupancy (s.o.), fractional atom coordinates, and equivalent-isotropic or isotropic (∗) displacement
parameters (in Å2) for dacostaite.

Site Wyckoff position s.o. x/a y/b z/c Ueq/iso∗

K(1) 2a K0.43(2) 0 0 0 0.011(2)∗

K(2) 4i K0.209(9) 0.0065(9) 0 0.0398(14) 0.011(2)∗

As(1) 4i As1.00 0.63298(10) 0 0.81461(11) 0.0204(5)
M(1) 4e Al1.00 1/4 3/4 0 0.0195(9)
M(2) 2b Al1.00 1/2 0 0 0.0172(11)
Mg(3) 4i Mg1.00 0.4427(4) 1/2 0.6872(4) 0.0339(13)
Ow(1) 4i O1.00 0.2890(10) 1/2 0.5982(10) 0.057(4)
Ow(2) 4i O1.00 0.5963(11) 1/2 0.7713(12) 0.064(4)
Ow(3) 8j O1.00 0.3894(7) 0.7167(15) 0.7761(10) 0.066(3)
Ow(4) 8j O1.00 0.4941(10) 0.2869(15) 0.6017(8) 0.064(3)
Ow(5a) 4i O0.333 0.194(3) 1/2 0.407(3) 0.041(6)∗

Ow(5b) 4i O0.333 0.242(4) 1/2 0.391(3) 0.041(6)∗

Ow(5c) 8j O0.167 0.254(4) 0.582(8) 0.404(4) 0.041(6)∗

O(1) 8j O1.00 0.7050(5) 0.1903(9) 0.8558(5) 0.0239(15)
O(2) 4i O1.00 0.5120(7) 0 0.8553(8) 0.023(2)
O(3) 4i O1.00 0.6108(8) 0 0.6932(9) 0.035(3)
F(4) 8j F1.00 0.3916(4) 0.8130(8) 0.9759(4) 0.0255(12)
F(5) 4i F1.00 0.2042(6) 0 0.9761(6) 0.0263(18)
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Table 5. Selected bond distances (in Å) in dacostaite.

K(1) –F(4)× 4 2.620(5) K(2) –F(5) 2.602(13) As(1) –O(3) 1.644(13)
–F(5)× 2 2.622(8) –F(4)× 2 2.613(8) –O(1)× 2 1.684(6)
Average 2.621 –F(4)× 2 2.735(10) –O(2) 1.693(9)

–F(5) 2.750(14) Average 1.676
–Ow(3)× 2 3.068(19)
–Ow(2) 3.08(2)
Average 2.807

M(1) –F(5)× 2 1.900(3) M(2) –F(4)× 4 1.898(5) Mg(3) –Ow(2) 2.066(14)
–F(4)× 2 1.905(5) –O(2)× 2 2.016(10) –Ow(4)× 2 2.095(10)
–O(1)× 2 2.013(7) Average 1.937 –Ow(1) 2.096(13)
Average 1.939 –Ow(3)× 2 2.152(13)

Average 2.109

Table 6. Weighted bond valences (in v.u.) for dacostaite.

Site K(1) K(2) As(1) M(1) M(2) Mg(3) 6anions Hydrogen bonds 6anions
∗

Ow(1) 0.34 0.34 −0.20, −0.23a
−0.09

−0.20, −0.18b
−0.04

−0.20, −0.23c
−0.09

Ow(2) 0.02 0.36 0.38 −0.20, −0.20 −0.02
Ow(3) 0.02↓×2 0.29↓×2 0.31 −0.22, −0.24, +0.09d

−0.06
−0.22, −0.24, +0.10e

−0.05
−0.22, −0.24, +0.11f

−0.04
Ow(4) 0.34↓×2 0.34 −0.22, −0.18, +0.11g 0.05

−0.22, −0.18, +0.09h 0.03
+0.18, −0.22, −0.11i 0.19
+0.18, −0.22, −0.09j 0.21

Ow(5a) – – +0.23, +0.11, −0.11, −0.09 0.14
Ow(5b) – – +0.18, −0.10, −0.09 −0.01
Ow(5c) – – +0.23, +0.11, −0.09, −0.12k 0.13

+0.23, +0.11, −0.11, −0.12l 0.11
+0.23, −0.11, −0.11m 0.01
+0.23, −0.11, −0.12n 0.00

O(1) 1.25↓×2 0.40↓×2 1.66 +0.20, +0.22 2.02
O(2) 1.22 0.39↓×2 1.62 +0.24, +0.24 2.10
O(3) 1.39 1.40 +0.20, +0.22, +0.22 2.04
F(4) 0.09↓×2 0.04↓×2 0.43↓×2 0.44↓×4 1.03

0.03↓×2

F(5) 0.09↓×4 0.04 2×→0.44↓×2 1.04
0.03

6cations 0.54 0.27 5.11 2.54 2.54 1.94
Theor. 0.43 0.21 5.00 2.55 2.57 2.00

Note that the ∗ indicates a correction for H bonds (see Table 7). a Ow(1) is a donor to Ow(5a). b Ow(1) is a donor to Ow(5b). c Ow(1) is a donor to Ow(5c). d,e,f Ow(3) is a donor to O(1)
and O(2) and an acceptor from Ow(5a), Ow(5b), and Ow(5c). g Ow(4) is a donor to O(3) and Ow(4) and an acceptor from Ow(5a). h Ow(4) is a donor to O(3) and Ow(4) and an acceptor
from Ow(5c). i Ow(4) is an acceptor from Ow(4) and a donor to O(3) and Ow(5a). j Ow(4) is an acceptor from Ow(4) and a donor to O(3) and Ow(5c). k Ow(5c) is an acceptor from
Ow(1) and Ow(4) and a donor to Ow(2) and Ow(3). l Ow(5c) is an acceptor from Ow(1) and Ow(4) and a donor to Ow(1) and Ow(3). m Ow(5c) is an acceptor from Ow(1) and a donor to
Ow(4) and Ow(3). n Ow(5c) is an acceptor from Ow(1) and a donor to Ow(4) and Ow(1). Left and right superscripts indicate the number of bonds involving anions and cations,
respectively.

composition based on bond distances was used. The BVSs at
M(1) and M(2) are 2.52 and 2.53 v.u., respectively, in agree-
ment with the mixed (Al,Mg) site occupancies.

The Mg(3) site is occupied by Mg2+, coordinated by six
H2O groups. It has an average 〈M–O〉 distance of 2.109 Å,

in agreement with the occupancy of this position by Mg, as
also supported by the BVS value (1.94 v.u.).

Potassium atoms, as well as minor amounts of Ca and
Na, are hosted at the split positions K(1) and K(2). The
former shows a 6-fold coordination, whereas atoms at K(2)
have six short distances (shorter than 2.8 Å) and three longer
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Figure 3. Crystal structure of dacostaite as seen from a (a), b (b)
and c (c). The symbols are as follows: blue polyhedra areM(1)- and
M(2)-centred octahedra, brown indicates Mg(3)-centred polyhedra,
and violet indicates As(1)-centred tetrahedra. The circles are as fol-
lows: red indicates O sites, light blue indicates H2O groups, green
indicates F sites, and violet indicates K sites. The unit cell is shown
as solid black lines.

ones to H2O groups of the Mg(H2O)6-isolated octahedra.
The K(1) and K(2) positions cannot be simultaneously oc-
cupied, as the K(1)–K(2) distance is 0.539(19) Å, and the
K(2)–K(2) distance is 1.08(4) Å. The refined mean atomic
number at K(1)+ 2K(2) is ∼ 16 electrons, compared to the
mean atomic number calculated on the basis of electron mi-
croprobe analysis, i.e. ∼ 12 electrons. This discrepancy will
be discussed below.

4.3.3 Anion sites and possible H bonds

Ten anion sites have been located in the crystal structure of
dacostaite. Bond-valence sums (Table 6) identify three differ-
ent groups of anions: (i) O(1), O(2), and O(3) have BVSs in
the range of 1.40–1.66 v.u.; (ii) F(4) and F(5) have BVSs of
ca. 1 v.u.; and (iii) Ow(1) to Ow(5) show BVSs in the range
of 0–0.38 v.u. The examination of the O· · ·O distances and
O· · ·O· · ·O angles (Table 7) allows us to infer the H-bond
network in dacostaite.

The atoms hosted at the O(1), O(2), and O(3) sites be-
long to the (AsO4) groups. They are at H-bond distances
from the H2O groups belonging to the Mg(H2O)6-isolated
octahedra. The atom at O(1) is an acceptor of H bonds
from Ow(2) and Ow(3); O(2) accepts H bonds from two
Ow(2) groups; and O(3) is involved in three H bonds, ac-
cepting bonds from Ow(1) and two Ow(4) groups. The bond
strengths of these bonds, calculated in agreement with Fer-
raris and Ivaldi (1988), increase the BVSs at these three posi-
tions to values ranging between 2.02 and 2.10 v.u., thus con-
firming the occurrence of O2− at O(1), O(2), and O(3).

The anions at the Ow(1), Ow(2), Ow(3), and Ow(4) sites
are bonded to Mg2+, whereas the split Ow(5) site (actually
represented by three sub-positions with fixed site occupancy)
is an H2O group not bonded to any cation. While the H bonds
between H2O groups and O2− atoms belonging to the (AsO4)
groups are well-resolved, the bonds involving H2O groups
only (and in particular the split Ow(5) site) are less con-
strained, and some uncertainties still remain. According to
Ferraris and Franchini-Angela (1972), the O· · ·O distances
should be in the range of 2.60–3.20 Å, and the O· · ·O· · ·O
angles should be close to 108°, varying between ∼ 80 and
∼ 140°; Table 7 shows that some O· · ·O distances involv-
ing the split Ow(5) site are longer than 3.20 Å. Moreover,
the bond angles involving this latter split position may be, in
some configurations, close to ∼ 80°. Smaller angles have not
been considered possible H bonds. Table 6 considers some
possible H bonds, giving the corrected sum of bond valences
at anions sites and calculating the bond strengths according
to Ferraris and Ivaldi (1988).

F(4) and F(5) were refined as pure F sites. During the cal-
culation of BVSs, they were considered mixed (F,OH) sites,
in accordance with electron microprobe analysis, which as-
sumed a statistical occupancy [F0.75(OH)0.25] at both posi-
tions, as no indication of a preferential partitioning of (OH)
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Table 7. Hydrogen bonds in dacostaite.

Donor· · ·acceptor d (Å) Bond strength (v.u.)

Ow(1)· · ·O(3) 2.756(18) 0.20
Ow(1)· · ·Ow(5a) 2.70(4) 0.23
Ow(1)· · ·Ow(5b) 2.81(5) 0.18
Ow(1)· · ·Ow(5c) 2.69(4) 0.23
Ow(2)· · ·O(1) 2.763(10) 0.20
Ow(3)· · ·O(1) 2.711(11) 0.22
Ow(3)· · ·O(2) 2.670(13) 0.24
Ow(4)· · ·O(3) 2.712(13) 0.22
Ow(4) · · ·Ow(4) 2.82(2) 0.18
Ow(4)· · ·Ow(5a) 3.11(3) 0.11
Ow(4)· · ·Ow(5c) 3.30(6) 0.09
Ow(5a)· · ·Ow(3) 3.27(3) 0.09
Ow(5a)· · ·Ow(4) 3.11(3) 0.11
Ow(5b)· · ·Ow(2) 3.24(5) 0.10
Ow(5b)· · ·Ow(3) 3.29(4) 0.09
Ow(5c)· · ·Ow(1) 3.06(6) 0.12
Ow(5c)· · ·Ow(3) 3.15(6) 0.11
Ow(5c)· · ·Ow(2) 3.33(6) 0.09

Acceptor· · ·donor· · ·acceptor Bond angle (°)

O(3)· · ·Ow(1)· · ·Ow(5a) 101.7(10)
O(3)· · ·Ow(1)· · ·Ow(5b) 115.5(11)
O(3)· · ·Ow(1)· · ·Ow(5c) 117.1(13)
O(1)· · ·Ow(2)· · ·O(1) 107.6(5)
O(2)· · ·Ow(3)· · ·O(1) 110.9(5)
O(3)· · ·Ow(4)· · ·Ow(4) 110.3(5)
O(3)· · ·Ow(4)· · ·Ow(5a) 81.7(6)
O(3)· · ·Ow(4)· · ·Ow(5c) 77.8(11)
Ow(3)· · ·Ow(5a)· · ·Ow(4) 104.1(11)
Ow(2)· · ·Ow(5b)· · ·Ow(3) 79.6(9)
Ow(1)· · ·Ow(5c)· · ·Ow(2) 106.6(10)
Ow(3)· · ·Ow(5c)· · ·Ow(4) 105.6(16)
Ow(4)· · ·Ow(5c)· · ·Ow(1) 83.3(14)
Ow(2)· · ·Ow(5c)· · ·Ow(3) 80.1(14)

at one of these sites was observed (e.g. the Ueq values are
similar for both sites).

In conclusion, notwithstanding some uncertainties in the
actual H-bond system, it is possible to identify O2−-, (H2O)-,
and (F,OH)−-bearing sites in the crystal structure of da-
costaite.

4.3.4 Crystal chemistry of dacostaite

The formula from the structural refine-
ment of dacostaite can be written as
K(1)+K(2)(K0.85�0.15)M(1)+M(2)

61.00 (Al1.67Mg1.33)63.00
[Mg(3)Mg(H2O)6]2(AsO4)2F6 · 2H2O (Z= 2). This for-
mula is not charge balanced and has an excess of 0.51
positive charges due to higher amounts of both refined K
content and calculated Al content. Indeed, on the basis
of the refined K content, the Al content should be lower,

i.e. (Al1.15Mg1.85), in agreement with the substitution
mechanism K++Mg2+

=�+Al3+.
Electron microprobe analysis gave the empirical formula

(K0.56Ca0.04Na0.03�0.37)61.00 (Al1.54Mg1.38Cu0.03
Zn0.03)62.98 [Mg(H2O)6]2.00 [(As0.99P0.01)O4]2
[F4.46(OH)1.46O0.08]66.00 · 2H2O. In this formula,
0.08 O apfu is calculated in order to achieve electro-
static balance. The Al/(Mg+Al) atomic ratio derived
from chemical data is 0.313, compared to the value cal-
culated from structure analysis, i.e. 0.334. These values
are quite similar, and consequently, the main problem
seems to be related to the high refined K content. It
is worth noting that if vacancies are replaced by H2O
groups, a total of 14.73 electrons can be calculated for
the K(1)+K(2) sites, compared to the 16.15 electrons per
formula unit based on structure refinement. Considering
the observed bond distances, the occurrence of H2O groups
at K(1) and K(2) is physically reasonable. Therefore, it
is reasonable to give the general formula of dacostaite as
[K1−x(H2O)x](Mg2−xAl1+x)[Mg(H2O)6]2(AsO4)2
F6−y(OH)y · 2H2O. For the material studied, x ≈ 0.5 and
y ≈ 1.5.

4.4 Relationships with other species

4.4.1 Structurally related minerals

The octahedral {001} layer of dacostaite can be compared
to those occurring in alunite-supergroup minerals, e.g. in
crandallite (Blount, 1974) (Fig. 4). Similarity is also seen
in the linkage between (TO4) tetrahedra and the octahe-
dral layers, with each TO4 tetrahedron sharing three corners
with threeM-centred octahedra common to a triangular ring.
The same kind of heteropolyhedral module was observed in
elliottite, ideally NaAl3[Mg(H2O)6](PO4)2F6 · 3H2O (Grey
et al., 2022), where the octahedral sites host Al with mi-
nor substitutions of Mg. Moreover, elliottite shares the
same pseudo-hexagonal morphology with dacostaite, as a
macroscopic expression of the similar C-centred ortho-
hexagonal translations of ca. 7.0

√
3× 7.0 Å. The crandallite-

like [Al3(PO4)2(F,OH)6]3− layer is decorated with (PO4)
groups. Also similar is the coordination of the alkali cation:
Na+ in elliottite and K+ in dacostaite. Differences can
be found in the interlayer, where single-Mg(H2O)6 octa-
hedra occur in dacostaite, whereas elliottite has dimers
of half-occupied Mg(H2O)6 octahedra, with a basal spac-
ing of ca. 11.1 Å, which is shorter than that in da-
costaite, ca. 13.5 Å. Other related phases are penriceite,
[Mg(H2O)6][Na(H2O)2Al3(PO4)2F6] ·H2O, and its (OH)-
analogue aldermanite (Elliott et al., 2021, 2022), whose het-
eropolyhedral layer is different. There is also a chemical
similarity to the recently described new mineral chinnerite,
[Mg(H2O)6][Na(H2O)2Al3(PO4)2F6] (Elliott et al., 2024).

The octahedral layer of dacostaite is also topologically
similar to the distorted-hexagonal tungsten bronze sheets oc-
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Figure 4. Comparison between the {001} heteropolyhedral layer
in dacostaite (a), the octahedral–tetrahedral layer of crandallite
(alunite-supergroup minerals) (b), and the tungsten bronze sheet
in hydrokenoralstonite (pyrochlore-supergroup minerals) (c). The
symbols are the same as in Fig. 3. The unit cells are shown as dot-
ted blue lines.

curring in pyrochlore-supergroup minerals (Fig. 4), in accor-
dance with previous works (e.g. Goreaud and Raveau, 1980).
It is noteworthy that the pyrochlore-supergroup mineral hy-
drokenoralstonite is also reported to occur at the Cetine di
Cotorniano Mine (Menchetti and Batoni, 2015).

4.4.2 Natural fluoride arsenates: a short review

Dacostaite is the first mineral species belonging to the K2O–
MgO–Al2O3–As2O5–H2O–F system. Arsenic has an aver-
age upper-crustal content of ca. 2 µg g−1 (Wedepohl, 1995),
but it is characterized by geochemical behaviour favouring
its occurrence as an essential chemical constituent in more
than 600 mineral species (e.g. Majzlan et al., 2014). Indeed,
it is one of the elements with the highest diversity index, as
defined by Christy (2015). However, only a few arsenates are

also characterized by the presence of F as an essential chem-
ical constituent (Table 8). Among the 15 known species, 8
have been described after the year 2000.

These recent findings were related to the discovery of the
exceptional fumarolic–arsenate assemblages at the Arsen-
atnaya fumarole at the second scoria cone of the northern
breakthrough of the Great Tolbachik Fissure Eruption, Tol-
bachik volcano, Kamchatka, Russia (Pekov et al., 2018a).
There, five fluoride–arsenate minerals have been identified:
arsenowagnerite (Pekov et al., 2018b), axelite (Pekov et al.,
2023), evseevite (Pekov et al., 2020a), lehmannite (Pekov
et al., 2020b), and polyarsite (Pekov et al., 2020c). All
these species are still endemic to the Arsenatnaya fumarole,
whereas three other fluoride–arsenates have been reported
elsewhere, i.e. durangite, svabite, and tilasite (Pekov et al.,
2018a). Svabite and tilasite were both first described from
the calc–silicate rocks of the Långban mining district, Swe-
den, at the end of the 19th century (Sjögren, 1891, 1892,
1895); later discoveries of these minerals from hydrother-
mal settings associated with Mn ores are known (e.g. Maj-
zlan et al., 2014, and references therein). Durangite is iso-
typic with tilasite and was first reported from a tin placer
in Durango, Mexico (Brush, 1869); according to Foord et
al. (1985) and Wilson (1986), this mineral is associated with
rhyolites and “tin granites”, and its crystallization could be
related to paleo-fumarolic activity. The Fe3+ analogue of du-
rangite, maxwellite, occurs in the same geological environ-
ment (Foord et al., 1991), as well as esperanzaite, which was
found in a tin-bearing rhyolite exploited by La Esperanza
Mine, Durango, Mexico (Foord et al., 1999).

Fluorine and arsenate groups are also chemical con-
stituents of the borosilicate minerals belonging to the vi-
canite group. Vicanite–(Ce) was found only in thermo-
metamorphic volcanic ejecta from Latium (Italy) (e.g. Maras
et al., 1995), whereas arrheniusite–(Ce) is a recently de-
scribed mineral from the Östanmossa Mine, one of the
Bastnäs-type deposits in the Bergslagen ore region, Sweden,
where it occurs in metasomatic F-rich skarn (Holtstam et al.,
2021).

Two uranyl arsenates, arsenuranospathite and chistyako-
vaite, also contain F. The former was originally described
by Walenta (1978) as an F-free mineral; only later did stud-
ies indicate the presence of F (e.g. Chukanov et al., 2009).
Chemically related to arsenuranospathite is chistyakovaite
(Chukanov et al., 2006). Both minerals have been described
from the oxidation zone of a few U ore deposits.

Finally, dacostaite is the last addition to the short list of
fluoride–arsenate minerals.

4.5 Genesis of dacostaite

Dacostaite was found in small cavities of the silicified lime-
stone associated with the Sb ore deposit at the Cetine di Co-
torniano Mine. Its genesis may be related to the circulation of
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late-stage, probably oxidized (Al,F)-rich fluids, as indicated
by the occurrence of As5+ in dacostaite.

It is worth noting that in the same occurrence, other fluo-
ride minerals have been found, i.e. elpasolite, fluorite, geark-
sutite, hydrokenoralstonite, nannoniite, and rosenbergite, and
the F-enrichment of alunite was observed (Biagioni et al.,
2024). Considering the crystal chemistry of these phases, it is
probable that these (Al,F)-bearing fluids were also enriched
in Na, K, Mg, and Ca. We hypothesize that late-stage, low-T
hydrothermal fluids leached F as well as alkali- and alkaline-
earth metals from the phyllitic basement underlying the sili-
cified limestones; another potential source (in particular of
alkalis) could be the evaporitic rocks occurring in this de-
posit, in accordance with previous observations in some ac-
tive geothermal fields in Tuscany (e.g. Morteani et al., 2017).
To the best of our knowledge, no geochemical data are avail-
able for the F content in the host rocks of the Cetine di Co-
torniano Mine; nevertheless, the crystallization of F-bearing
sulfates on phyllites in the lower mining levels, i.e. rostite and
uklonskovite (Sabelli, 1984, 1985), suggests the availability
of F in phyllitic rocks.

Dacostaite is more complex than the other fluorides previ-
ously found at the Cetine di Cotorniano Mine because it also
contains As5+. Arsenate minerals are relatively rare at this
locality, and only pharmacosiderite and scorodite are cur-
rently known (Menchetti and Batoni, 2015, and references
therein). As outlined by Menchetti and Batoni (2015), no ar-
senopyrite or other primary As-bearing minerals whose alter-
ation could give rise to these phases are known in association
with these arsenate minerals. However, although geochemi-
cal data are still limited, pyrite from the Hg–Sb ores from
southern Tuscany seems to be As enriched (e.g. D’Orazio
et al., 2017) and could be a possible source of As. Sillitoe
and Brogi (2021) stressed that As values up to 2000 µg g−1

have been found in Sb ores without visible arsenopyrite or
As sulfides, thus suggesting the possible As-rich nature of Fe
sulfides. Finally, dacostaite shows very minor amounts of Cu
and Zn, which suggests that hydrothermal fluids interacted
with the ores.

5 Conclusion

The Cetine di Cotorniano Mine is one of the most important
geosites in Tuscany, owing to the occurrence of a series of
interesting mineral species. Since the first description of ono-
ratoite (Belluomini et al., 1968), mineral collectors have ex-
plored and sampled this site, leading to the discovery of sev-
eral other new mineral species, from both metallurgical slag
(cetineite and brizziite – Sabelli and Vezzalini, 1987; Olmi
and Sabelli, 1994) and the cavities of jasperoids (rosenber-
gite – Olmi et al., 1993). The advancements in mineralogical
crystallography driven by technological progress in labora-
tory instruments allowed the recent description of batoniite
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(Mauro et al., 2023), nannoniite (Biagioni et al., 2024), and
dacostaite.

The discovery of these new phases improves our knowl-
edge of mineral systematics and crystal chemistry and pro-
vides the description of new crystal structure arrangements.
This is the case with dacostaite, which is the first potassium–
aluminium–magnesium–fluoride–arsenate mineral and has a
new structure type. It is interesting to note that some modules
of its layered structure are known in other phases (alunite-
supergroup minerals, pyrochlore-supergroup minerals), con-
firming the words of Galileo Galilei (1564–1642) reported
by Ferraris et al. (2008) in the introduction of their book
on modular crystallography: “Nature does not act by means
of many things when it can do so by means of few”. More-
over, dacostaite opens new questions about the nature of the
late-stage fluids circulating within the Cetine di Cotorniano
Sb-ore deposit, suggesting the necessity of further studies to
understand the details of the ore genesis of Sb(Au) deposits
from Tuscany.
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