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Abstract

The new mineral species brontesite, ammonium lead chloride (NH4)3PbCl5, was found in a medium-temperature (~250°C) 
active fumarole at La Fossa crater, Vulcano, Aeolian Islands, Sicily, Italy. The mineral occurs on a pyroclastic breccia as colorless 
to white tabular crystals up to 0.1 mm in length, in association with bismuthinite, godovikovite, demicheleite-(Cl), demicheleite-
(Br), alunite, IMA 2008–057, (NH4)4NaAl2(SO4)4Cl(OH)2, and IMA 2009–049, BiSI. The mineral is orthorhombic, space group 
Pnma (no. 62), with Z = 4; the unit-cell parameters are: a 8.434(1), b 15.759(2), c 8.462(1) Å, V 1124.7(2) Å3. The strongest 
six reflections in the X-ray powder-diffraction pattern [dobs in Å(I)(hkl)] are: 3.067(100)(132), 2.020(80)(342), 2.710(78)(241), 
1.910(78)(134), 2.421(75)(152) and 1.491(75)(373). Chemical analyses made with an electron microprobe in EDS mode gave, 
on average, Pb 47.8, Cl 36.1, Br 3.7, K 1.1, NH4 11.3 (by difference), for a total of 100.0 wt.%, corresponding to the empirical 
formula: [(NH4)2.87K0.13]S3.00Pb1.09(Cl4.79Br0.21)S5.00. The measured density is 2.72(1) g/cm3. The average index of refraction n is 
1.70(3) (l = 589 nm). Using single-crystal diffraction data, the structure was refined to a final R = 0.0238 for 1463 independent 
observed reflections [I > 2s(I)]. The coordination polyhedron of the independent eight-coordinated Pb atom is a bicapped trigonal 
prism with Pb–Cl distances ranging from 2.777(1) to 3.724(1) Å. The Pb polyhedra are connected by sharing edges to form 
chains running along [100]. There are also two independent sites occupied by ammonium ions whose environment corresponds 
nearly exactly to that of the Rb atoms in Rb3PbCl5. It is essentially similar to that of the lead atom, i.e., the chlorine atoms are 
also arranged at the corners of bicapped trigonal prisms. There is some substitutional disorder involving the Pb2+ and NH4

+ ions, 
similar to that occurring for Pb2+ and K+ in the high-temperature modification of KPb2Cl5. The mineral was approved as a new 
species by the IMA Commission on New Minerals, Nomenclature and Classification (IMA #2008–014); it is named after Brontes 
(Brnth), one of the three Cyclops (Knklvp) and a son of Uranus.
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Sommaire

Nous avons découvert la brontesite, nouvelle espèce minérale, chlorure d’ammonium et de plomb ayant la formule idéale 
(NH4)3PbCl5, dans une fumerolle active de température moyenne (~250°C) au cratère La Fossa, Vulcano, îles Aeoliennes, 
en Sicile, Italie. Le minéral forme des cristaux incolores à blancs atteignant 0.1 mm en longueur sur une brèche pyro-
clastique, en association avec bismuthinite, godovikovite, demicheleïte-(Cl), demicheleïte-(Br), alunite, IMA 2008–057, 
(NH4)4NaAl2(SO4)4Cl(OH)2, and IMA 2009–049, BiSI. La brontesite est orthorhombique, groupe spatial Pnma (no. 62), avec Z 
= 4; ses paramètres réticulaires sont: a 8.434(1), b 15.759(2), c 8.462(1) Å, V 1124.7(2) Å3. Les six réflexions les plus intenses 
du spectre de diffraction X (méthode des poudres) [dobs en Å(I)(hkl)] sont: 3.067(100)(132), 2.020(80)(342), 2.710(78)(241), 
1.910(78)(134), 2.421(75)(152) et 1.491(75)(373). Les analyses chimiques effectuées avec une microsonde électronique en 
dispersion d’énergie ont donné, en moyenne, Pb 47.8, Cl 36.1, Br 3.7, K 1.1, NH4 11.3 (par différence), pour un total de 100.0% 
(poids), ce qui correspond à la formule empirique [(NH4)2.87K0.13]S3.00Pb1.09(Cl4.79Br0.21)S5.00. La densité mesurée est 2.72(1) 
g/cm3. L’indice de réfraction moyen n est 1.70(3) (l = 589 nm). Nous nous sommes servis de données prélevées sur mono-
cristal pour affiner la structure jusqu’à un résidu R final de 0.0238 pour 1463 réflexions indépendantes observées [I > 2s(I)]. 
Le polyèdre autour de l’atome Pb à coordinence huit est un prisme trigonal en chape; les distances Pb–Cl vont de 2.777(1) à 
3.724(1) Å. Les polyèdres Pb sont connectés par partage d’arêtes pour former des chaînes le long de [100]. Il y a aussi deux sites 
indépendants occupés par les ions ammonium; leur environnement correspond presqu’exactement à celui des atomes Rb dans 
le composé Rb3PbCl5. Il est aussi semblable à celui de l’atome de plomb, ce qui veut dire que les atomes de chlore sont aussi 
disposés aux coins de prismes trigonaux en chape. Il y a un degré de désordre impliquant le Pb2+ et les ions NH4

+, tout comme 
celui qui implique le Pb2+ et le K+ dans la forme de KPb2Cl5 stable à température élevée. Le minéral a été approuvé comme 

§ E-mail address: francesco.demartin@unimi.it



1238	 the canadian mineralogist

espèce nouvelle par la Commission des nouveaux Minéraux, de Nomenclature et de Classification de l’IMA (#2008–014); son 
nom rappelle Brontes (Brnth), un des trois cyclopes (Knklvp) et fils d’Uranus.

	 (Traduit par la Rédaction)

Mots-clés: brontesite, nouvelle espèce minérale, structure cristalline, chlorure d’ammonium et de plomb, Vulcano, Italie.

Occurrence, Chemical Data 	
and Physical Properties

Brontesite occurs in an active medium-temperature 
(~250°C) intracrater fumarole on a pyroclastic breccia, 
in close association with bismuthinite, godovikovite, 
demicheleite-(Cl), demicheleite-(Br), alunite, IMA 
2008–057 (NH4)4NaAl2(SO4)4Cl(OH)2, and IMA 
2009–049 BiSI.

Our mineral forms aggregates of colorless to white 
tabular crystals up to 0.1 mm in length (Figs. 1, 2). The 
habit is pseudotetragonal, tabular on {010}; the other 
most common forms are {110}, {011}, and {121}; 
no twinning is apparent from the morphology. The 
a:b:c ratio calculated from the unit-cell parameters is: 
0.5348:1:0.5354. The mineral is not hygroscopic and is 
stable in the open air; the streak is white, and the luster 
is vitreous. Cleavage and fracture were not observed. 
No fluorescence was observed both under short-wave 
and long-wave ultraviolet radiation.

The density, measured by flotation in a tribromo-
methane–trichloromethane mixture, is 2.72(1) g/cm3; 
that calculated corresponding to the empirical formula 
and to the X-ray data is 2.728 g/cm3. The mineral is 

Introduction

In the last few years, a renewed mineralogical interest 
in the fumarole system at La Fossa crater, Vulcano, 
Aeolian Islands, Sicily, Italy has led to the discovery 
of a number of rare and new minerals [for details, see 
for instance Garavelli et al. (2005), Campostrini et al. 
(2008), Demartin et al. (2009), Mitolo et al. (2009), 
and references therein]. During a systematic sampling 
carried out in the years 2007–2008, the new species 
brontesite (NH4)3PbCl5, an ammonium lead chloride, 
was also discovered. We report here the description of 
the mineral and its structure determination.

The mineral was approved as a new species by 
the IMA Commission on New Minerals, Nomencla-
ture and Classification (No. 2008–039). The name is 
after Brontes (B), one of the three Cyclops 
(K) and a son of Uranus. These mythological 
half-gods were helpers of Hephaistos (H), 
the ancient Greek god of fire, whose workshops were 
alleged to be located at Vulcano (or Etna). The holotype 
is deposited (no. 2008–03) in the Reference Collection 
of Dipartimento di Chimica Strutturale e Stereochimica 
Inorganica of Università degli Studi di Milano.

Fig. 1.  SEM–BSE image of crystals of brontesite; the dark crystals at the top of the photo 
are alunite.
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biaxial, the average index of refraction n measured by 
immersion in a-monobromo-naphthalene – methylene 
iodide is 1.70(3) (589 nm); the corresponding Glad-
stone–Dale value calculated using Mandarino’s 
constants (1981) is 1.693, leading to a compatibility 
index [1 – (KP/KC)] = –0.011, which is considered as 
“superior”.

In order to avoid sample decomposition under 
an intense beam of electrons, quantitative chemical 
analyses (6) were carried out using a JEOL JSM–5500 
LV scanning electron microscope equipped with an 
IXRF EDS 2000 microprobe (20 kV, 10–11 A, 2 mm 
beam diameter). Element concentrations were measured 
using the Ka lines for Cl and K, the La lines for Br, 
and the Ma lines for Pb . The presence of ammonium 
was established from crystal-structure analysis, and its 
content was deduced from the total theoretical value 
of the sites (3 apfu) minus that of the K content (0.13 
apfu) obtained from the chemical analysis; the mean 
analytical results are reported in Table 1.

The empirical formula obtained, based on 5 apfu 
for (Cl + Br) and 3 apfu for (NH4 + K) is: [(NH4)2.87
K0.13]S3.00Pb1.09(Cl4.79Br0.21)S5.00; the idealized formula 
is (NH4)3PbCl5, which requires: NH4

 12.32, Pb 47.25, 
Cl 40.43, total 100.00 wt.%. The infrared spectrum 
shows the following absorption peaks at 3165(vs), 
3039(s) and 1401(vs) cm–1, in agreement with the 
presence of ammonium (Farmer 1974); these results 
were confirmed by microchemical tests using the 
Nessler reaction. No peaks due to H2O or OH– are 
present. The estimates of the composition were also 
calculated using crystallographic data only (see Table 
1): although the potassium content was neglected 
because it could not be evaluated in this way, the agree-
ment with the microprobe results remains acceptable, 
being within the uncertainty of the experimental data. 
Some improvement in the charge balance can be further 
achieved if vacancies are assumed to be present, but in 
view of the very high energy involved, we are reluc-
tant to consider such a possibility. Since in absence of 

Fig. 2.  Idealized drawings of a brontesite crystal.
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vacancies stoichiometry should be respected, the only 
way to have five positive charges with a total of four 
atoms is the presence of one atom only with 2+ charge 
and three with one positive charge each. On this basis, 
the Pb content should be exactly 1 apfu.

X-Ray Data

The X-ray powder-diffraction data were obtained 
using a Bruker D8 diffractometer, with CuKa radiation 
(Table 2). A least-squares fit of these data provided 
the unit-cell parameters: a 8.434(1), b 15.759(2), c 
8.462(1) Å, V 1124.7(2) Å3. The unit-cell parameters 
obtained from 3613 single-crystal reflections with I 
> 5s(I) are reported in Table 3, together with other 
details concerning the data collection and refinement. 
A total of 11176 diffraction maxima corresponding 
to a complete scan of the reciprocal lattice up to 2u 
= 60.14° were collected from a crystal (0.08 3 0.08 
3 0.04 mm) using a Bruker Apex II diffractometer 
equipped with a 2K CCD detector and MoKa radiation 
(g = 0.71073 Å). A one-minute frame-time and 0.5° 
frame width were used. The intensity data were reduced 
using the program Saint (Bruker 2001), and corrected 
for Lorentz, polarization, and background. An absorp-
tion correction (m=16.84 mm–1) was applied using the 
Sadabs program (Sheldrick 2000). After averaging 
the symmetry-related reflections (Rint= 0.027), 1739 
independent data were obtained.

The structure was solved by direct methods and 
refined using the Shelxl97 program (Sheldrick 1997) 
implemented in the WinGX suite of software (Farrugia 
1999). During the refinement, a partial replacement of 
the ammonium ions by a heavier substituent such as Pb 
was indicated by the exceedingly low values of their 
atomic displacement parameters (from here onward, 
ADPs) and by residual peaks of opposite sign in the 
Fourier synthesis around the N and the Pb atoms. This 
NH4

+ ! Pb2+ disorder is a consequence of the similar 
coordination of these atoms (see below) and shows 
analogies with the structure of other lead chlorides, 
such as for instance that of the high-temperature modi-
fication of KPb2Cl5, which is also partially disordered 
(Velázquez et al. 2006).

Accordingly, the occupancy parameters of the Pb 
and N atoms in the crystal structure were refined, 
without restraints. For similar reasons, in view of the 
non-negligible presence of bromine and because the 
ADP of the Cl(1) atom only was too small if compared 
with those of the other Cl atoms, the occupancy of this 
site was also refined with no restraints; the overall occu-
pancy of Cl and Br in the site Cl(1) [0.93(1) + 0.12(1) = 
1.05] remained reasonably close to unity. On applying 
such considerations, the residual R dropped from 0.076 
to 0.024. All the hydrogen atoms of the ammonium 
ion showed up clearly in a difference-Fourier map and 
were included in the final refinement, with isotropic 
ADPs, whereas anisotropic temperature-factors were 
considered instead for all the other atoms. The final 
R is 0.0238 for 1463 observed reflections [I > 2s(I)]. 
The final coordinates and displacement parameters of 
the atoms are reported in Table 4; interatomic distances 
(below 4 Å) are listed in Table 5. Observed and calcu-
lated structure-factors tables may be obtained from The 
Depository of Unpublished Data on the MAC web site 
[document Brontesite CM47_1237].
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Results and Discussion

The mineral is isostructural with the synthetic 
compound Rb3PbCl5 (Beck et al. 1999), not a surprising 
consequence of the close similarity between the ionic 
radii of NH4

+ and Rb+ (about 1.47 Å for both); on the 
other hand, it is not isostructural with the best character-
ized modification of Tl3PbCl5 (Keller 1977); a different 

crystal-chemical behavior between Tl+ and the alkali 
ions has already been noticed for thallium–bismuth 
halides (Demartin et al. 2009).

The structure contains one independent eight-
coordinated Pb atom located on a .m. symmetry site; the 
coordination polyhedron is a bicapped trigonal prism 
with Pb–Cl distances ranging from 2.777 to 3.724 Å. 
The Pb polyhedra are connected by shared edges to form 
chains running along [100] (Fig. 3). There are also two 
independent sites (with symmetry .m. and 1, respec-
tively) occupied by the ammonium ions (Fig. 4). The 
environment of such ions corresponds nearly exactly to 
that of the Rb atoms in Rb3PbCl5 and is similar to that 
of the lead atom, i.e., the coordinating chlorine atoms 
are arranged in the same way at the corners of bicapped 
trigonal prisms. The similarity between the coordina-
tion polyhedra of the Pb2+ and NH4

+ ions accounts for 
the presence of minor disorder concerning the mutual 
replacement of these ions (see above and Table 4).

Some N...Cl distances, ranging from 3.17 to 3.48 Å 
for N(1) and from 3.20 to 3.39 Å for N(2), indicate the 
presence of weak N–H...Cl hydrogen bonds, thereby 
preventing rotational disorder of the ammonium groups.

In view of disorder, the refined values of the 
occupancy of the Pb and N atoms are reasonable (see 
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Table  4), the overall occupations of Pb and NH4
+ in 

the Pb, N(1) and N(2) sites being close to unity (1.02, 
1.01 and 0.98, respectively). Bond-valence calculations 
might be interesting to perform; however, the partial 
substitution of Cl by Br and the disorder concerning Pb 
renders such results not particularly appropriate for a 
detailed discussion, and for this reason they are omitted.

The Pb2+ ! NH4
+ disorder occurring in brontesite 

is analogous with the Pb2+ ! K+ disorder in the high-
temperature polymorph of KPb2Cl5 (Velázquez et al. 
2006). However, the difference occurring between 
the ionic radii of NH4

+ (1.42 Å) and Pb2+ (1.20 Å) is 
still greater than that between K+ (1.33 Å) and Pb2+. 
Therefore, if lead is replaced by ammonium (and vice 
versa), here a considerable increase in DH, of the 
energy of packing (enthalpy), should occur. Therefore, 
in order to maintain the free-energy variation DF = DH 
– TDS negative for sake of stability, an appropriately 
high value of temperature T is needed to raise the TDS 
contribution, where DS is the entropy of mixing.

However, ammonium salts are usually unstable at 
high temperature because of their tendency to disso-
ciate by releasing NH3. In reality, ammonium salts 
are not equally volatile: for instance, salammoniac 
(ammonium chloride, a common product in the fuma-
roles at Vulcano) can be very easily volatilized, and 
probably for this reason it is not present in the imme-
diate environment of brontesite; instead, less volatile 
ammonium-bearing sulfates such as tschermigite and 
godovikovite occur. Therefore, a restricted field of 
stability for brontesite can be inferred, characterized by 
a moderately high temperature and a strong activity of 
ammonia in the fumarolic gases to prevent dissociation 
by a mass-action process.

Fig. 3.  A view of the crystal structure of brontesite showing the chains made by the PbCl8 
polyhedra. The hydrogen bonds involving the NH4

+ ions are shown as dashed lines.

Fig. 4.  A view of the coordination polyhedra around the lead 
atoms (dark gray) and the nitrogen atoms of the NH4

+ ions 
(light gray).



	 brontesite, a new species from vulcano, italy	 1243

Acknowledgements

The authors are most indebted to the editor, Prof. 
Robert F. Martin, and to the referees, one of them being 
Dr. Sergey V. Krivovichev, for useful suggestions.

References

Beck, H.P., Monzel, H., Haberkorn, R., Stephens, P.W. & 
Dinnebier, R. (1999). Synthese und Kristallstruktur von 
Rb3PbCl5. Z. Anorg. Allg. Chem. 625, 1998-2002.

Bruker (2001): Smart and Saint. Bruker AXS Inc., Madison, 
Wisconsin, USA.

Campostrini, I., Demartin, F., Gramaccioli, C .M. & 
Orlandi, P. (2008): Hephaistosite, TlPb2Cl5, a new thal-
lium mineral species from La Fossa crater, Vulcano, Aeo-
lian Islands, Italy. Can. Mineral. 46, 701-708.

Demartin, F., Gramaccioli, C.M. & Campostrini, I. (2009): 
Steropesite, Tl3BiCl6, a new thallium bismuth chloride 
from La Fossa crater, Vulcano, Aeolian Islands, Italy. Can. 
Mineral. 47, 373-380.

Farmer, V.C. (1974): The Infrared Spectra of Minerals. 
Monograph 4, Mineralogical Society, London, U.K.

Farrugia, L .J. (1999): WinGX suite for small-molecule 
single-crystal crystallography. J. Appl. Crystallogr. 32, 
837-838.

Garavelli, A., Mozgova, N.N., Orlandi, P., Bonaccorsi, E., 
Pinto, D., Moëlo, Y. & Borodaev, Yu.S. (2005): Rare 
sulfosalts from Vulcano, Aeolian Islands, Italy. VI. Vur-

roite Pb20Sn2(Bi,As)22S54Cl6, a new mineral species. Can. 
Mineral. 43, 703-711.

Holland, T. J. B. & Redfern, S.A.T. (1997): Unit cell refine-
ment from powder diffraction data: the use of regression 
diagnostics. Mineral. Mag. 61, 65-77.

Keller, H.L. (1977): Zur Kristallstruktur von Tl3PbCl5. Z. 
Anorg. Allg. Chem. 432, 141-146.

Mandarino, J.A. (1981): The Gladstone–Dale relationship. 
IV. The compatibility index and its application. Can. Min-
eral. 19, 441-450.

Mitolo, D., Pinto, D., Garavelli, A., Bindi, L. & Vurro, F. 
(2009): The role of the minor substitutions in the crystal 
structure of natural challacolloite, KPb2Cl5, and hephais-
tosite, TlPb2Cl5, from Vulcano (Aeolian Archipelago, 
Italy). Mineral. Petrol. 96, 121-128.

Sheldrick, G.M. (1997): Shelxl97 Program for Crystal 
Structure Refinement. University of Göttingen, Göttingen, 
Germany.

Sheldrick, G.M. (2000): Sadabs Area-Detector Absorption 
Correction Program. Bruker AXS Inc., Madison, Wis-
consin, USA.

Velázquez, M., Ferrier, A., Pérez, O., Péchev, S ., Gra-
vereau, P., Chaminade, J.P. & Moncorgé, R. (2006): A 
cationic order–disorder phase transition in KPb2Cl5. Eur. 
J. Inorg. Chem., 4168-4178.

Received March 30, 2009, revised manuscript accepted Sep-
tember 29, 2009.




