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aBstRaCt

The new mineral species protochabournéite, ~ Tl2Pb(Sb9–8As1–2)Σ10S17, has been discovered in the barite + pyrite + iron 
oxide ore deposit exploited at the Monte Arsiccio mine, near Sant’Anna di Stazzema (Apuan Alps, Tuscany, Italy). It occurs 
as compact masses associated with barite, boscardinite, calcite, cymrite, dolomite, pyrite, realgar, routhierite, sphalerite, and 
stibnite. Protochabournéite is metallic black. Minimum and maximum reflectance data for COM wavelength are [λ (nm): 
Rair (%)]: 470: 36.4/39.5; 546: 34.2/36.7; 589: 33.0/35.4; 650: 31.2/33.4. Electron microprobe analyses collected from two 
different grains gave (wt.%): Tl 16.81(27), Pb 10.65(17), Sb 41.75(17), As 6.59(4), S 23.43(11), total 99.24(36) and Tl 
15.05(26), Pb 13.04(32), Sb 45.49(29), As 3.07(4), S 22.77(14), total 99.42(39). On the basis of ΣMe = 13 apfu, the chemical 
formulae are Tl1.89Pb1.18Sb7.90As2.03S16.83 and Tl1.74Pb1.48Sb8.81As0.97S16.75, respectively, in agreement with the general formula  
Tl2–xPb1+2x(Sb10–x–yAsy)S17 (x = 0.10–0.24; y = 1–2). Protochabournéite is triclinic P1, with a 8.150(2), b 8.716(2), c 21.579(4) Å, 
α 85.18(1)°, β 96.94(1)°, γ 88.60(1)°, V 1515.4(6) Å3, and Z = 2. The main diffraction lines of the powder diagram, corresponding 
to multiple (hkl) indices, are (relative visual intensity): 3.608 (s), 2.824 (s), 2.790 (ms), 2.170 (vs). The crystal structure of 
protochabournéite has been solved by X-ray single-crystal studies on the basis of 3401 reflections with a final R1 = 0.044. It 
agrees with the general features of chabournéite, but with a primitive unit cell, without any visible superstructure. It presents 
mixed (Tl,Pb), (Pb,Sb), and (Sb,As) sites, together with pure Tl, Pb, and Sb sites. The structure is composed of two kinds of 
layers. The first one, derived from the SnS archetype, is closely related to sartorite and parapierrotite, whereas the second one 
is derived from the PbS archetype. The high Sb:As atomic ratio of protochabournéite appears as the main factor precluding 
the 2a × 2c superstructure visible in chabournéite as well as in dalnegroite. Protochabournéite, like dalnegroite, belongs to the 
chabournéite homeotypic series.

Keywords: protochabournéite, new mineral species, sulfosalt, thallium, lead, antimony, arsenic, crystal structure, chabournéite 
series, Monte Arsiccio mine, Apuan Alps, Tuscany, Italy
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INtRoDuCtIoN

During the last thirty years, several new lead-
antimony sulfosalts have been discovered in small 
ore deposits from Apuan Alps, Tuscany, Italy. Among 
these deposits, the barite-pyrite-iron oxides deposit of 
the Buca della Vena mine had been the most prolific 
locality, due to the occurrence of oxysulfosalts (scai-
niite, Orlandi et al. 1999; rouxelite, Orlandi et al. 2005) 
and oxy-chlorosulfosalts (pillaite, Orlandi et al. 2001; 
pellouxite, Orlandi et al. 2004). Ore deposits similar to 
that of Buca della Vena located in the Southern Apuan 
Alps have been, to date, neglected by mineralogists. 
However, new and recently collected data allowed iden-
tification of rare and sometimes new mineral species, 
among which are some lead-antimony sulfosalts, i.e., 
parasterryite from the Pollone mine (Moëlo et al. 2011) 
and boscardinite from the Monte Arsiccio mine (Orlandi 
et al. 2012). In particular, the latter locality has shown a 
very complex sulfosalt assemblage with the occurrence 
of some very rare minerals and, for the first time in 
Italy, the presence of thallium sulfosalts. Among these 
sulfosalts, a chabournéite-like mineral was identified 
and briefly described by Bonaccorsi et al. (2010).

The purpose of this paper is the description of this 
chabournéite-like mineral as a new lead-thallium-
antimony-arsenic sulfosalt species, protochabournéite. 
The mineral and its name have been approved by 
the CNMNC-IMA, under the number 2011-054. The 
holotype specimen of protochabournéite is deposited 
in the mineralogical collection of the Museo di Storia 
Naturale, Università di Pisa, Via Roma 79, Calci, Pisa, 
Italy, with catalogue number 19413. The name empha-
sizes the close similarity with chabournéite; the prefix 
“proto” (= primary) aims to indicate that this derivative 

of chabournéite has a primitive unit cell (i.e., subcell 
of chabournéite).

GeoloGICal settING

The deposit of barite-pyrite-iron oxides at Monte 
Arsiccio (latitude 43°58’N, longitude 10°17’E) is 
located in the Southern Apuan Alps and, in particular, 
in the northeastern sector of the Sant’Anna tectonic 
window. In this area, metamorphic rocks belonging 
to the Apuane and Fornovolasco-Panie units crop out 
through the non-metamorphic sedimentary formations 
belonging to the Tuscan Nappe.

The ore deposit exploited in the Monte Arsiccio 
mine forms an almost conformable lens, with pyrite 
+ barite at the bottom, and iron oxides (magnetite and 
hematite) + barite at the top, with accessory sulfides 
and sulfosalts (Carmignani et al. 1976, Costagliola et 
al. 1990). The ore is hosted at the contact between phyl-
lites of the Scisti di Fornovolasco formation, belonging 
to the Fornovolasco-Panie Unit and probably related 
to the Paleozoic basement of the Apuane Unit (Pandeli 
et al. 2004), and Triassic dolostones of the Grezzoni 
formation.

Carmignani et al. (1972, 1976) considered the 
Monte Arsiccio deposit as the product of metasomatic 
replacement of carbonate rocks, genetically linked to a 
hypothetical synkinematic intrusive body; however, no 
field evidence for the occurrence of Tertiary magma-
tism have been found in the Apuan Alps. Costagliola 
et al. (1990) put forward a different genetic model. 
According to them, the deposit was formed as a primary 
Triassic sedimentary-diagenetic proto-ore, which was 
subsequently metamorphosed and remobilized during 
the Tertiary Alpine orogeny. In fact, the ore shows 
conclusive signs of metamorphic deformation and 
recrystallization, both at macro- and microscopic scales.

oCCuRReNCe aND mINeRal DesCRIPtIoN

Protochabournéite was identified in two samples 
collected from the Sant’Olga level (520 m a.s.l.). In the 
holotype specimen, it occurs in quartz-dolomite-barite 
veins embedded in dolostones, associated with pyrite, 
realgar, sphalerite, and stibnite. In the two specimens, 
protochabournéite occurs as black compact masses, up 
to 1 cm wide. It is brittle, with conchoidal fracture; 
cleavage is imperfect. The streak is black and the luster 
is metallic.

New samples (under study) were identified as vein-
lets (Fig. 1) embedded in pyrite-rich dolostones, and 
associated with boscardinite, routhierite, Hg-rich sphal-
erite, stibnite, twinnite, and a still unidentified Tl–Sb–S 
phase, which appears brighter in back-scattered elec-
tron imaging than the surrounding protochabournéite. 
Anhedral grains of this latter phase were also identified 
in saccharoidal barite, together with the same phases 
cited above.

FIG. 1. Protochabournéite vein (Pc) with pyrite (py), barite 
(brt), and Hg-rich sphalerite (sp), embedded in dolostone 
(dol; dark grey). The small inclusions in protochabournéite 
(white in color) are an unidentified Tl–Sb–S phase.
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Under reflected light, protochabournéite appears 
white, with scarce internal reflections, assuming a dark 
red color along fractures. The pleochroism is very weak, 
from very pale yellow to very pale blue. The bireflec-
tance is distinct. With crossed polars, the anisotropism 
is distinct, with rotation tints from blue green to brown. 
Table 1 and Figure 2 give the reflectance values of 
protochabournéite determined in air with WTiC as a 
standard. The reflectance values are greater than that of 
chabournéite from Jas Roux (Johan et al. 1981) but the 
trend of the spectrum is very similar. On the contrary, 
dalnegroite, the As-dominant isotype of chabournéite 
(Nestola et al. 2009), shows a different trend of the 
reflectance spectrum and higher reflectance values.

The Vickers hardness (load: 15 g) is VHN15 = 168 
kg/mm2 (average of five measurements), ranging from 
146 to 195 kg/mm2. The density was not determined, 
owing to the paucity and small size of the material 
available for the study. The densities calculated on 
the basis of the chemical compositions of the two 
studied samples, A and B, are 5.008 and 5.137 g/cm3, 
respectively.

CHemICal ComPosItIoN

Two fragments of protochabournéite (samples A and 
B) were analyzed with a CAMEBAX SX50 electron 
microprobe (BRGM-CNRS-University common labora-
tory, Orléans, France). The operating conditions were: 
accelerating voltage 20 kV; beam current 20 nA; beam 
size 5 μm; standards (element, emission line, counting 
times for one spot analysis): pyrite (S Kα, 20 s), stibnite 
(Sb Lα, 20 s), AsGa (As Lα, 30 s), galena (Pb Mα, 20 
s), lorandite (Tl Mα, 20 s).

The chemical analyses of these fragments are 
given in Table 2. The chemical formulae were calcu-
lated on the basis of ΣMe = 13 atoms per formula 
unit (apfu) in accord with the crystal structure study 
results. The formula of sample A corresponds to 
Tl1.89Pb1.18Sb7.90As2.03S16.83, and the formula of sample 
B to Tl1.74Pb1.48Sb8.81As0.97S16.75. Each of the two 
groups of analyses appears very homogeneous, and 
the two structural formulae fit very well to the general 

FIG. 2. Reflectance spectra of protochabournéite in air.

TABLE 1. REFLECTANCE DATA (%)  
FOR PROTOCHABOURNÉITE IN AIR

λ(nm) Rmin Rmax

400 35.9 42.1
420 37.1 40.2
440 36.9 40.2
460 36.5 39.5
470 36.4 39.5
480 36.5 39.3
500 35.4 37.8
520 34.8 37.2
540 34.4 36.8
546 34.2 36.7
560 34.1 36.4
580 33.4 35.7
589 33.0 35.4
600 32.8 35.1
620 32.1 34.4
640 31.5 33.7
650 31.2 33.4
660 30.7 33.2
680 30.3 32.6
700 29.6 31.8
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formula Tl2–xPb1+2x(Sb10–x–yAsy)S17 (x = 0.10–0.24; 
y = 1–2), with only a small S deficit. This structural 
formula is close to half the general formula proposed 
for chabournéite, Tl5–xPb2x(Sb,As)21–xS34 (Moëlo et al. 
2008).

CRYstalloGRaPHY

The powder X-ray diffraction pattern of protocha-
bournéite from the Monte Arsiccio mine was obtained 
using a 114.6 mm diameter Gandolfi camera, with 
Ni-filtered Cu Kα radiation. The observed X-ray 
powder pattern is compared to the calculated one 
(obtained using the software Powdercell; Kraus & 
Nolze 1996) in Table 3. The relative intensities of the 
main measured lines do not fit exactly those of the 
calculated ones. The discrepancies may be explained as 
due to the convolution of different peaks. Cell param-
eters were not refined from the powder-diffraction data 
because of the multiplicity of indices for the majority 
of diffraction lines.

Any attempt to find a single crystal suitable for the 
collection of X-ray diffraction intensity data was unsuc-
cessful. Therefore, a very small fragment was tested at 
the XRD1 beamline of the Elettra synchrotron radiation 
facility of Basovizza (Trieste, Italy) and it was found to 
be composed of two misaligned crystals. A collection 
of the intensity data was tried, using a wavelength of 
1.0 Å. The composite fragment was placed at 36 mm 
from the 165 mm MarCCD detector; 182 frames were 
collected, with a rotation angle Δφ = 2°. During extrac-
tion of the intensity data, it was possible to separate the 
contributions of the two crystals forming the examined 

grain. Data were integrated and corrected for Lorentz-
polarization and background effects using the Hkl 
package (Otwinowski & Minor 1997) on the basis of the 
intensities of equivalent reflections. The cell refinement 
points to a triclinic unit cell with parameters a 8.150(2), 
b 8.716(2), c 21.579(4) Å, α 85.18(1), β 96.94(1), γ 
88.60(1)°, V 1515.4(6) Å3.

Notwithstanding the use of a high brilliance radia-
tion such as that of the synchrotron, superstructure 
reflections along a and c directions were not observed, 
contrary to chabournéite, which shows a 16.3 Å peri-
odicity along a, and a 42.6 Å c parameter. In this latter 
sulfosalt, the reflections doubling the c parameter were 
very weak and, in fact, Nagl (1979) determined the 
crystal structure of chabournéite in a cell with a halved 
c. Recently, Bindi et al. (2010) confirmed these two 
superstructures 2a × 2c for dalnegroite, the As-rich 
derivative of chabournéite. Thus, the unit cell of proto-
chabournéite is a primitive cell corresponding to the 
subcell of chabournéite and dalnegroite.

The crystal structure was solved through direct 
methods, using SHELXS-97 (Sheldrick 2008); no 
systematic absences were observed, indicating a choice 
of space groups P1 or P1. Although the statistical 
tests on the distribution of |E| values (|E2 – 1| = 0.927) 
indicated the possible presence of an inversion center, 
the crystal structure was initially solved in the space 
group P1, in agreement with the crystal structure of 
chabournéite given by Nagl (1979). In a first step, the 
maxima related to (Tl,Pb) atoms were found; successive 
difference-Fourier maps allowed the introduction of 21 
independent Sb and 34 S atoms. The crystal structure 
refinement converged to R = 0.053. A careful examina-
tion of the crystal structure revealed the presence of an 
inversion center. Therefore, atomic coordinates were 
normalized in the P1 structure and refined with the 
program SHELX-97 (Sheldrick 2008). Due to the very 
similar scattering factors of Pb and Tl, the occupancies 
of the Tl/Pb sites were fixed initially taking into account 
the bond distances and the bond-valence balance (Brese 
& O’Keeffe 1991). Two sites are pure Tl and Pb sites 
(Tl1 and Pb1 sites, respectively), whereas another (Tl2) 
is a mixed (Tl,Pb) site, with Tl > Pb. The Sb sites are 
pure Sb or mixed (Sb,As) sites; the occupancies were 
refined taking into account the results of the bond-
valence balance. The difference-Fourier map suggested 
the splitting of one Sb site into two sub-positions. As a 
result, the R value dropped significantly, indicating the 
presence of a split (Sb,Pb) site, namely the Sb8 and Pb8 
sub-sites. The sum of their occupancies was constrained 
to 1. The refinement converged to R1 = 0.0437 for 3392 
reflections with Fo > 4s(Fo), and 0.0438 for all 3401 
reflections. Table 4 summarizes the crystal data, and 
the parameters of the data collection and of the crystal 
structure refinement. Atomic coordinates, selected bond 
distances, and bond-valence calculations are reported 
in Table 5, Table 6, and Table 7, respectively. Figure 3 
shows the projection along b of the crystal structure 

TABLE 2. MICROPROBE ANALYSES OF 
PROTOCHABOURNÉITE: CHEMICAL COMPOSITION AS 
WT.% (GIVEN AS ELEMENTS) AND NUMBER OF ATOMS 

PER FORMULA UNIT (apfu) ON THE BASIS OF ΣMe = 13 apfu

Sample A Sample B

Tl (wt.%) 16.81(27) 15.05(26)
Pb 10.65(17) 13.04(32)
Sb 41.75(17) 45.49(29)
As 6.59(4) 3.07(4)
S 23.43(11) 22.77(14)

total 99.24(36) 99.42(39)

Tl (apfu) 1.89(3) 1.74(3)
Pb 1.18(2) 1.48(4)
Sb 7.90(5) 8.81(4)
As 2.03(1) 0.97(1)
S 16.83(9) 16.75(10)

Ev* 1.1(5) 1.6(10)
Tl+(Pb/2) 4.97(6) 4.96(4)

* Relative error of the valence equilibrium (%), calculated as 
[Σ(val+) - Σ(val-)] × 100 / Σ(val-).
* 8 spot analyses for each sample.
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TABLE 3. X-RAY POWDER DIFFRACTION DATA FOR PROTOCHABOURNÉITE

Iobs dmeas Icalc dcalc h k l Iobs dmeas Icalc dcalc h k l

5 10.67 0 0 2 mw 2.890 44 2.875 2 2 2
9 7.11 0 0 3 17 2.850 2 0 6

16 6.09 1 0 2 13 2.844 1 2 5
5 5.816 1 1 0 40 2.842 2 2 3
6 5.455 1 1 2 s 2.824 77 2.826 2 2 1
7 5.412 1 1 1 ms 2.790 61 2.804 2 2 3

w 4.73 7 4.668 1 1 3 11 2.769 2 0 5
6 4.377 0 1 4 20 2.754 1 1 7

13 4.328 0 2 1 8 2.747 1 3 1
14 4.268 0 0 5 m 2.740 39 2.742 2 2 3

mw 4.23 51 4.220 1 0 4
m 2.706

30 2.728 2 2 4
mw 4.18 29 4.182 0 2 1 25 2.706 2 2 2

7 4.149 0 2 2 13 2.695 3 0 0
vw 4.06 34 4.043 2 0 0 5 2.695 1 3 2
mw 3.959 54 3.982 1 0 5 10 2.693 3 0 2
mw 3.928 60 3.945 2 0 2

mw 2.635
7 2.634 3 0 1

vw 3.850 14 3.858 0 2 3 8 2.631 1 0 8
8 3.806 1 2 1 w 2.606 6 2.606 1 3 3

13 3.717 2 0 3 6 2.592 2 0 7
mw 3.673 63 3.670 1 2 2 7 2.588 2 2 4

18 3.635 2 0 2 w 2.448 20 2.445 1 0 8
28 3.630 1 2 1

mw 2.427
8 2.430 1 2 6

46 3.625 1 2 2 10 2.423 3 0 3
s 3.608 100 3.596 1 0 5 14 2.420 1 2 7
m 3.554 33 3.568 0 2 3 6 2.417 3 0 5

m 3.517
6 3.534 1 1 5 mw 2.394 37 2.398 0 2 7

41 3.531 1 2 3 m 2.369 49 2.367 0 2 8
12 3.521 0 2 4 6 2.355 1 0 9
18 3.435 1 2 3 vw 2.331

m 3.417
40 3.414 1 0 6 w 2.289
29 3.414 1 2 2 w 2.269
9 3.380 1 2 3 w 2.233 8 2.229 1 2 7

m 3.358 41 3.342 2 0 3 w 2.210
mw 3.287 27 3.293 1 2 4

vs 2.170

7 2.180 3 2 4
w 3.135 26 3.134 2 0 5 14 2.179 1 2 8

mw 3.095
12 3.117 1 0 6 58 2.178 0 4 1
31 3.110 1 2 4 10 2.170 0 4 0
5 3.105 1 1 6 5 2.164 0 4 2
9 3.048 0 0 7 6 2.162 0 2 9

mw 3.045 19 3.046 2 0 4 16 2.155 3 0 7

mw 3.025
31 3.033 1 2 5 vw 2.141 12 2.140 1 2 9
13 3.011 2 2 0 w 2.025 10 2.025 3 0 8

vw 2.969 23 2.976 1 0 7 mw 1.994
16 2.940 2 2 1 mw 1.950

mw 2.903

25 2.922 2 2 2 mw 1.940
7 2.917 2 2 2 ms 1.888
9 2.908 2 2 0 m 1.856
8 2.901 1 2 4 w 1.828
9 2.899 1 2 5

Notes: the dhkl values were calculated on the basis of the unit cell refined by using single-crystal data. Intensities were calculated 
on the basis of the structural model; calculated reflections with relative intensities below 5 (over 100) were omitted, if not observed. 
Observed intensities were visually estimated. vs = very strong; s = strong; ms = medium-strong; m = medium; mw = medium-weak; 
w = weak; vw = very weak.
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FIG. 3. Projection along b of the unit cell of protochabournéite. Atoms in order of decreasing size: Tl (black), Pb (dark grey), 
Sb (medium grey), (Sb,As) (light grey), and S (white).

TABLE 4. CRYSTAL DATA AND SUMMARY OF PARAMETERS DESCRIBING DATA 
COLLECTION AND REFINEMENT FOR CHABOURNÉITE

Crystal data

X-ray formula Tl1.70Pb1.60(Sb8.80As0.90)Σ9.70S17
Crystal size (mm3) 0.25 × 0.20 × 0.15
Cell setting, space group Triclinic, P1
a, b, c (Å);
α, β, γ(°)

8.150(2), 8.716(2), 21.579(4);
85.18(1), 96.94(1), 88.60(1)

V (Å3) 1515.4 (6)
Z 2

Data collection and refinement

Radiation, wavelength (Å) synchrotron, λ = 1 
Temperature (K) 293
Detector to sample distance 36 mm
Active detection-area (cm2) 16.5 × 16.5 
Number of frames 182
Rotation width per frame (°) 2
Maximum observed 2θ (°) 64.36
Measured reflections 12478
Unique reflections 3401
Reflections Fo > 4s(Fo) 3392
Rint after absorption correction 0.0443
Rs 0.0309
Range of h, k, l -8 ≤ h ≤ 8, -9 ≤ k ≤ 9, -22 ≤ l ≤ 22
R [Fo>4 s Fo] 0.0437
R (all data) 0.0438
wR (on Fo

2) 0.1229
Goof 1.076
Number of least squares parameters 276
Maximum and minimum residual peak (e/Å3) 1.56 (at 0.82 Å from Pb8)

–1.72 (at 0.79 Å from Pb2) 
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of protochabournéite. A cif file is available from the 
Depository of Unpublished Data of the MAC website 
[document Protochabournéite CM51_475].

CRYstal stRuCtuRe DesCRIPtIoN

Cation coordination and site occupancies

The crystal structure of protochabournéite shows the 
presence of three large cation sites, a split (Sb8,Pb8) 
site, nine (Sb,As) sites, and 17 S sites (Fig. 3).

Tl1 is a pure thallium site; it has a triangular pris-
matic coordination, with three capping ligands. The 
average bond length is 3.417 Å. Pb1 is a pure lead site, 
showing a bicapped triangular prismatic coordination, 
with an average bond length of 3.160 Å. The third 
large cation site Tl2 is a mixed (Tl,Pb) site; it shows 
a tricapped triangular prismatic coordination, with an 
average bond length of 3.355 Å, in agreement with the 
partial substitution of thallium by lead. Its site occu-
pancy was fixed to (Tl0.70Pb0.30), in order to maintain the 

charge equilibrium due to the coupled substitution Tl+ + 
Sb3+ = 2 Pb2+, with an equal amount of Pb entering the 
Tl2 and (Sb8,Pb8) sites. The latter is a split site, with 
two sub-positions at a distance of 0.38 Å. Considering 
only the distances shorter than 3 Å, Sb8 is a three-fold 
coordinated Sb atom. Pb8 is a monocapped trigonal 
prism, with two very long additional bonds. The refined 
occupancy pointed to Sb0.69Pb0.31; it was then fixed to 
Sb0.70Pb0.30. This pair (Sb8,Pb8) alternates along [010] 
with the Pb1 site.

Among the ten (Sb,As) sites, pure Sb sites are Sb2 
to Sb7, whereas Sb1, Sb9, and Sb10 are mixed (Sb,As) 
sites. Their occupancies were refined considering the 
results of the bond-valence calculations (Table 7). Sb1 is 
the As-poorest mixed site (10 at.% As), whereas the two 
other mixed sites, namely Sb9 and Sb10, are richer in As 
(45 and 35 at.%, respectively). Taking into account only 
the (Sb,As)–S distances shorter than ~ 2.70 Å, all these 
(Sb/As) sites are pyramidal three-fold coordinated, with 
an average bond length varying from 2.395 Å for Sb9 
(the As-richest site) to 2.556 Å for the Sb3 site.

TABLE 5. ATOMIC POSITIONS AND EQUIVALENT DISPLACEMENT PARAMETERS FOR 
PROTOCHABOURNÉITE

Site Occupancy x y z Ueq (Å2)

Tl1 Tl1.00 0.4657(1) 0.5978(1) 0.18388(4) 0.0702(4)
Tl2 Tl0.70Pb0.30 0.4517(1) 0.0991(1) 0.18031(4) 0.0700(3)
Pb1 Pb1.00 0.0101(1) 0.0927(1) 0.27277(3) 0.0584(3)
Sb1 Sb0.90 As0.10 0.0357(1) 0.7790(1) 0.47663(6) 0.0406(4)
Sb2 Sb1.00 0.3007(1) 0.4803(1) 0.43880(5) 0.0367(3)
Sb3 Sb1.00 0.6356(1) 0.7776(1) 0.37853(5) 0.0388(4)
Sb4 Sb1.00 0.6852(1) 0.1085(1) 0.02106(5) 0.0380(3)
Sb5 Sb1.00 0.3425(1) 0.0507(1) 0.42918(5) 0.0408(3)
Sb6 Sb1.00 0.6621(1) 0.3067(1) 0.36511(6) 0.0404(3)
Sb7 Sb1.00 0.1040(1) 0.3617(1) 0.11215(5) 0.0395(3)
Sb8 Sb0.70 0.9473(6) 0.5906(9) 0.2696(3) 0.0465(8)
Pb8 Pb0.30 0.9909(11) 0.5962(14) 0.2798(5) 0.0465(8)
Sb9 Sb0.55As0.45 0.0263(2) 0.8617(1) 0.12617(6) 0.0395(4)

Sb10 Sb0.65As0.35 0.2952(2) 0.3704(1) –0.00011(5) 0.0380(4)
S1 S1.00 –0.1443(4) 0.5812(4) 0.4258(2) 0.0370(9)
S2 S1.00 0.1300(5) 0.2526(4) 0.3984(2) 0.0345(9)
S3 S1.00 –0.1328(5) 0.6411(5) 0.1571(2) 0.0404(10)
S4 S1.00 0.1755(5) 0.8442(4) 0.3806(2) 0.0385(9)
S5 S1.00 –0.1791(5) 0.9754(4) 0.4450(2) 0.0429(10)
S6 S1.00 0.5576(5) 0.3328(4) 0.0663(2) 0.0390(10)
S7 S1.00 0.4724(5) 0.1027(4) 0.3296(2) 0.0388(9)
S8 S1.00 0.7524(5) 0.3587(5) 0.2590(2) 0.0428(10)
S9 S1.00 0.1651(5) 0.1638(4) 0.0567(2) 0.0437(10)

S10 S1.00 0.4475(5) 0.5196(4) 0.3411(2) 0.0350(9)
S11 S1.00 –0.1500(5) 0.0649(4) 0.1515(2) 0.0379(9)
S12 S1.00 0.1895(5) 0.5615(4) 0.0606(2) 0.0415(10)
S13 S1.00 0.5401(5) 0.8907(4) 0.0700(2) 0.0388(9)
S14 S1.00 0.5124(4) 0.3016(4) 0.4914(2) 0.0356(9)
S15 S1.00 0.7414(5) 0.8113(5) 0.2770(2) 0.0413(10)
S16 S1.00 0.1832(5) 0.3322(4) 0.2120(2) 0.0406(10)
S17 S1.00 0.2029(6) 0.8470(5) 0.2215(2) 0.0539(12)
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TABLE 6. SELECTED BOND DISTANCES (IN Å) IN PROTOCHABOURNÉITE

Tl1- S17 3.234(4) Tl2 - S16 3.124(4) Pb1- S11 2.812(4) Sb1- S5 2.414(4)
- S8 3.273(4) - S17 3.172(6) - S16 2.864(4) - S4 2.514(4)
- S12 3.312(4) - S7 3.209(4) - S17 2.988(4) - S1 2.526(4)
- S16 3.375(4) - S13 3.249(4) - S8 3.061(4) - S5 3.009(4)
- S3 3.415(5) - S6 3.271(4) - S4 3.190(4) - S2 3.153(4)
- S10 3.425(4) - S9 3.327(4) - S2 3.211(4) - S1 3.658(4)
- S15 3.506(4) - S11 3.388(4) - S15 3.330(5) - S14 3.702(4)
- S13 3.507(4) - S15 3.723(4) - S7 3.824(4)
- S6 3.700(4) - S8 3.731(4)

Sb2- S14 2.407(4) Sb3- S15 2.448(4) Sb4- S13 2.488(4) Sb5- S2 2.432(4)
- S10 2.551(4) - S1 2.511(4) - S6 2.515(4) - S4 2.508(4)
- S2 2.601(4) - S5 2.708(4) - S13 2.522(4) - S7 2.519(4)
- S14 2.876(4) - S10 2.867(4) - S11 2.958(4) - S14 2.948(4)
- S1 3.335(4) - S7 3.144(4) - S9 3.310(4) - S5 3.158(5)
- S4 3.397(4) - S14 3.217(4) - S12 3.486(4) - S14 3.495(4)
- S1 3.682(4) - S4 3.787(4) - S9 3.943(4) - S5 3.906(4)

Sb6- S7 2.493(4) Sb7- S16 2.418(4) Sb8- S3 2.436(8) Pb8- S3 2.710(10)
- S10 2.496(4) - S12 2.567(4) - S15 2.549(8) - S15 2.723(12)
- S8 2.498(4) - S9 2.569(4) - S8 2.610(8) - S8 2.900(11)
- S14 3.114(4) - S3 2.961(4) - S17 3.281(9) - S17 3.097(14)
- S1 3.184(4) - S11 3.031(4) - S16 3.339(9) - S16 3.292(13)
- S5 3.381(4) - S6 3.724(4) - S1 3.534(9) - S4 3.438(10)
- S2 3.804(4) - S12 3.881(4) - S4 3.754(6) - S1 3.454(13)

- S10 3.819(8)
Sb9- S17 2.357(4) Sb10- S12 2.409(4) - S2 3.828(13)

- S11 2.394(4) - S6 2.425(4)
- S3 2.437(5) - S9 2.430(5)
- S9 3.218(5) - S6 3.181(4)
- S12 3.394(4) - S13 3.190(4)

- S3 3.495(4)

TABLE 7. BOND VALENCE BALANCE CALCULATIONS ACCORDING TO BRESE & O’KEEFFE (1991)

Tl1 Tl2* Pb Sb1* Sb2 Sb3 Sb4 Sb5 Sb6 Sb7 Sb8* Pb8* Sb9* Sb10 Σ anions

S1 0.85 0.13 0.85 0.14 0.04 0.03 2.04
S2 0.17 0.14 0.66 1.06 0.03 0.01 2.07
S3 0.12 0.25 0.73 0.19 0.85 0.05 2.19
S4 0.18 0.78 0.08 0.03 0.85 0.02 0.03 1.97
S5 1.27 0.50 0.17 0.08 2.02
S6 0.06 0.17 0.84 0.03 1.04 2.14
S7 0.20 0.03 0.15 0.83 0.89 2.10
S8 0.18 0.05 0.25 0.88 0.45 0.12 1.93
S9 0.14 0.12 0.72 0.10 0.91 1.99

S10 0.12 0.76 0.32 0.88 0.01 2.09
S11 0.12 0.49 0.25 0.21 0.95 2.02
S12 0.16 0.06 0.75 0.06 0.96 1.99
S13 0.09 0.18 1.72 0.12 2.11
S14 0.03 1.44 0.13 0.32 0.17 2.09
S15 0.09 0.05 0.12 1.01 0.54 0.19 2.00
S16 0.13 0.25 0.43 1.09 0.06 0.04 2.00
S17 0.20 0.22 0.31 0.07 0.07 1.05 1.92

Σ cations 1.15 1.38 1.98 3.07 3.07 2.99 2.99 3.23 3.07 3.05 1.91 0.69 3.01 3.08

* Bond valences calculated according to the s.o.f. of each cation in mixed or split sites.
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General organization according to modular analysis

Figure 4 is an enlarged projection along b of the 
crystal structure of protochabournéite. This crystal 
structure agrees with the general features given by Nagl 
(1979) for chabournéite from Jas Roux, but on the basis 
of a simpler, more symmetric unit cell (P1 instead of 
P1), without any visible superstructure. Whereas in 
Nagl (1979), all cation positions correspond to pure Tl, 
Pb, Sb, or As sites, this new structure presents mixed 
(Tl,Pb), (Sb,Pb), and (Sb,As) sites, together with pure 
Tl, Pb, and Sb sites.

In accordance with Makovicky (1985), the crystal 
structure of protochabournéite can be described as 
formed of two kinds of slabs (Fig. 4). The first one 
(“thin slab”, t) derives from the SnS archetype (projec-
tion along b corresponding to projection on (010)SnS 
(Del Bucchia et al. 1981) and is closely related to sarto-
rite (Berlepsch et al. 2003) and parapierrotite (Engel 

1980). The second one (“thick slab”, T) is of the PbS 
archetype. Weak bonding in the middle plane of this 
last slab may act as a cleavage plane (tie-line in Fig. 4).

The inner part of the T slab can be described as a 
rod-layer. In the classification of Makovicky (1993), this 
rod-layer belongs to the Type-2, with jamesonite as the 
chief member. Figure 5 compares these two rod-layers 
and a third one corresponding to synthetic Ca0.76In2.84S5 
(Eisenmann & Hofmann 1991). In each structure, the 
building rod is defined by (1) its width (number N of 
coordination pyramids) and (2) its thickness (number 
N’ of atomic layers). One has N = 3, N’ = 4 for jame-
sonite, FePb4Sb6S14; N = 3, N’ = 3 for Ca0.76In2.84S5 
[or (Ca1.520.48)Σ2(In5.680.32)Σ6S10]; and N = 2, N’ = 
3 for the rod-layer Sb3(Sb,As)2S7 of protochabournéite.

Among pure Sb sites, Sb2, Sb3, Sb5, and Sb6 are 
located in the T slab, whereas Sb4 and Sb7 are located 
in the t slab. Among (Sb,As) sites, Sb1 is located in the 

FIG. 4. Enlarged projection along b of the crystal structure of protochabournéite, showing its layered organization (thin t and 
large T layers). The dotted line within the thin layer indicates the sartorite-type ribbon.
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T slab, whereas Sb9 and Sb10 are located in the t slab, 
which thus appears enriched in As relative to the T slab.

Polymerization of (Sb/As) sites

Within the slabs, the examination of the sub-
organization of (Sb,As) sites, taking into account only 
the shortest (Sb,As)–S bonds, permits revelation of 
their polymeric organization into finite (Sb,As)mSn 
groups. As exemplified by Moëlo et al. (2012), only 
(Sb,As)–S bonds below 2.70 Å (i.e., corresponding 
to a Sb–S bond valence above 0.5 valence unit) have 
been selected. Thus, (Sb,As)S3 triangular pyramidal 
polyhedra appear, and their interconnection forms finite 
(Sb,As)mSn polymers.

In the t layer, Figure 6 represents the selection 
of one oblique ribbon (of the sartorite type, see Fig. 
4) projected sub-parallel to b. As observed in other 
phases characterized by the occurrence of sartorite-type 

layers, protochabournéite shows a central polymer, here 
[Sb4(Sb,As)2]Σ6S10, with two lateral (Sb,As)S3 groups 
(corresponding to the Sb9 position). Such a polymeric 
organization has also been described in the other 
thallium-lead antimony sulfosalt from Monte Arsiccio, 
boscardinite (Orlandi et al. 2012), with the polymer 
[Sb4(As0.745Sb0.255)2]Σ6S10 flanked by two (Sb0.71As0.29)
S3 groups. In the crystal structure of chabournéite from 
Jas Roux (Nagl 1979), these oblique ribbons have 
the composition (AsS3)2[Sb4As2]Σ6S10. In the crystal 
structure of dalnegroite (Bindi et al. 2010), a similar 
topological arrangement of the t layer is probably 
present, but Sb and As atoms do not show the triangular 
pyramidal coordination, probably due to limitations of 
the diffraction data and refinement.

In the T layer, it is also possible to discriminate 
[Sb4(Sb,As)]Σ5S9 polymers (Fig. 7), which are separated 
by the (Sb8,Pb8) split site. If one considers, for instance, 
this (Sb8,Pb8) split site in the ideal 2:1 ratio, and the 

FIG. 5. Comparison of the inner rod-layer of the T slab of protochabournéite to the constitutive rod-layers of Ca0.76In2.84S5 
and jamesonite.
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regular alternation of two Sb8 with one Pb8, these 
two Sb8 (1) are connected with two Sb9 of the t layer, 
and (2) connect three [Sb4(Sb,As)]Σ5S9 polymers. The 
result is a complex polymer, [Sb14(Sb,As)5]Σ19S33. This 
polymer is oriented along [110] of protochabournéite, 
and corresponds to the [210] direction of the PbS 
archetype (Fig. 8).

Along [101] of chabournéite from Jas Roux 
(Nagl 1979), (As3Sb2)Σ5S9 polymers alternate with 
(Sb3As2)Σ5S9, whereas in protochabournéite there is 
only one type of [Sb4(Sb,As)]Σ5S9 polymer. This may 
be the cause of the doubling of the a parameter in 
chabournéite.

CRYstal CHemIstRY

Structural formula

The crystal-chemical formula of protochabournéite, 
as obtained through the refinement of the crystal struc-
ture, is Tl1.70Pb1.60(Sb8.80As0.90)Σ9.70S17, in agreement 
with the results of the chemical analysis of sample 
B. Doubling this structural formula agrees with the 
general formula Tl5–xPb2x(Sb,As)21–xS34 proposed for 
chabournéite, with x ~ 1.6.

The two slabs t and T observed in the crystal struc-
ture of protochabournéite present distinct chemical 
compositions. The mono-atomic zig-zag surface with 

FIG. 6. Polymeric organization of the (Sb,As) atoms with S atoms (short bonds) in the 
t slab.
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heavy atoms common to these slabs (see Fig. 4) has the 
composition Tl(Tl0.7Pb0.3)Pb(Pb0.3Sb0.7)S4 (1).

The composition of the t slab is obtained by adding 
formula (1) to the atoms between the zig-zag surfaces:

Tl(Tl0.7Pb0.3)Pb(Pb0.3Sb0.7)S4 + Sb6.4As1.6S12  
= Tl1.7Pb1.6Sb7.1As1.6S16,

or  (Tl1.7Pb1.6Sb0.7)Σ4(Sb6.4As1.6)Σ8S16  (2).

Similarly, the T slab has the composition:

Tl(Tl0.7Pb0.3)Pb(Pb0.3Sb0.7)S4 + Sb9.8As0.2S14  
= Tl1.7Pb1.6Sb10.5As0.2S16,

or  (Tl1.7Pb1.6Sb0.7)Σ4(Sb9.8As0.2)Σ10S18  (3).

In formula (2), one positive charge is lacking, whereas 
one negative charge is lacking in (3); the whole formula 
is therefore charge-balanced.

Comparison of formulas (2) and (3) shows that the 
inner part of the t slab concentrates As relatively to the 
inner part of the T slab, with As/(Sb + As)at. equal to 0.2 

FIG. 7. Polymeric organization of the (Sb,As) atoms with S 
atoms (short bonds) in the T slab.
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and 0.02, respectively. Arsenic is absent in the common 
mono-atomic zig-zag surface.

According to its formula, the t slab is chemically 
closer to parapierrotite, TlSb5S8 × 2 = (Tl2Sb2)Σ4Sb8S16, 
than to sartorite. Formula (3) of the T slab is similar to 
that of hutchinsonite, TlPbAs5S9 × 2 = Tl2Pb2As10S18, 
but the structure of hutchinsonite is quite different 
(Matsushita & Takéuchi 1994).

Comparison to chabournéite and dalnegroite

Figure 9 compares the chemical data for protocha-
bournéite to those published for chabournéite (Manti-
enne 1974, Johan et al. 1981, Shimizu et al. 1999) 
and its As-dominant derivative dalnegroite (Bindi et 
al. 2010), on the basis of the Sb/(Sb + As) versus Pb/
(Pb + 2Tl) atomic ratios (RSb and RPb, respectively). 
This second ratio RPb corresponds to the heterovalent 
substitution Sb3+ + Tl+ → 2 Pb2+. All three species are 
clearly discriminated by their RSb ratio: around 0.40 for 
dalnegroite, between 0.50 and 0.60 for chabournéite, 
and between 0.80 and 0.90 for protochabournéite. The 
two samples from Monte Arsiccio show a very high Pb 
content, corresponding to RPb = 0.24 (sample A) and 
0.30 (sample B). Generally, chabournéite has a lower Pb 
content, with RPb ranging from 0.23 down to 0, whereas 
in dalnegroite RPb it is between 0.16 and 0.24.

Another very probable occurrence of chabournéite 
is the Hemlo gold deposit (Ontario, Canada), where 
Harris (1989) described a sulfosalt with the composition 
Tl5Pb2(Sb,As)24S43, closely associated with pyrite in a 
routhierite-bearing sample. Donald C. Harris did not 
publish his finding, but released to one of us (Y.M.) the 
microprobe analysis; the chemical composition gives 
RSb = 0.54 and RPb = 0.17, quite within the composition 
field of chabournéite (Fig. 9).

One analysis of “chabournéite” from the Toya-
Takarada mine (Abuta-gun, Japan) presents an anoma-
lous composition, with RSb = 0.48 and high excess 
Pb (RPb = 0.42). Without crystal structure data, it is 
not possible to relate this compound to dalnegroite, 
chabournéite, or a new structural derivative. It will 
be given a provisory name, “Pb-excess chabournéite 
derivative”.

In the crystal structure of chabournéite (Nagl 1979), 
the t slab has the composition (Tl4Pb2Sb2)Σ8(Sb8As8)
Σ16S32 and the T slab has the composition (Tl4Pb2Sb2)
Σ8(Sb9As11)Σ20S36. This crystal structure shows a slightly 
higher As/Sb ratio in the inner part of the T slab, with As 
more abundant than Sb. This partitioning is the oppo-
site of that observed in protochabournéite from Monte 
Arsiccio. Nevertheless, the true cation partitioning 
in Nagl’s structure is probably more complicated, as 
pointed out by Makovicky (1985). Calculation of bond-

FIG. 8. Selection along the [210] direction of the PbS structure of a (Pb,S) polymeric 
chain as the basis for the polymeric organization in the T slab of protochabournéite.
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valence sum (BVS) for the Sb and As positions shows 
that many of them are mixed (Sb,As) sites (Table 8): 
for Sb, when BVS >> 3, and for As, when BVS << 3. 
Moreover, some Sb sites with BVS << 3 may corre-
spond to mixed (Sb,Pb) sites. While BVS are good for 
Pb, all BVS for Tl are significantly over 1, indicating 
mixed (Tl,Pb) sites. In Table 9, a new cation distribu-
tion is proposed to adjust the effective bond-valences of 
these probable mixed sites to the calculated BVS. One 
obtains the formula Tl6.26Pb6.98Sb20.62As18.14S68, with a 
good charge balance. Nevertheless, whereas the Sb/(Sb 
+ As) ratio is quite in agreement with the formula of 
Nagl (1979), the Pb/(Pb + Tl) ratio is too high. It is clear 
that chabournéite from Jas Roux needs a more accurate 
crystal structure refinement, for a careful comparison 
with protochabournéite and dalnegroite.

In the very complicated structure of dalnegroite 
(Bindi et al. 2010), the 42 Å periodicity corresponds to 
the regular alternation of two thick (T1 and T2) and two 
thin (t1 and t2) layers (T1 à t1 à T2 à t2 sequence), 
with the compositions T1 – Tl4Pb2.205(Sb4.43As17.365)
Σ21.795S36; t1 – Tl4Pb1.54(Sb6.095As12.365)Σ18.46S32; 
T2 – Tl4Pb1.545(Sb11.455As11)Σ22.455S36; and t2 – Tl4 

Pb2.73(Sb9.27As8)Σ17.27S32.  Each (T1 ,  T2)  and 
(t1, t2) pair has opposite Sb/As ratios, and the 
21 Å-substructure would give the compositions 
T – Tl4Pb1.875(Sb7.9425As14.1825)Σ22.125S36, and t – 
Tl4Pb2.135(Sb7.6825As10.1825)Σ17.865S32, with As/(Sb + As) 
atomic ratios equal to 0.64 and 0.57, respectively (to be 
compared with ratios 0.50 and 0.44 for chabournéite 
from Jas Roux).

DIsCussIoN

Protochabournéite: A homeotypic derivative  
of chabournéite

Initially, protochabournéite from Monte Arsiccio 
was described as a new occurrence of chabournéite 
(Bonaccorsi et al. 2010). A more careful analysis of 
the crystal chemistry permitted us to consider it as 
homeotypic derivative, i.e., a new mineral species 
with its own name. According to Lima-de-Faria et al. 
(1990), protochabournéite appears as a homeotype of 
chabournéite because they have (1) the same basic 
structural scheme (identical topologies), (2) distinct unit 

FIG. 9. Pb/(Pb + 2Tl) versus Sb/(Sb + As) atomic ratio in the chabournéite series. Open squares: dalnegroite (Nestola et al. 
2009). Open lozenges: chabournéite from Jas Roux (Mantienne 1974, Johan et al. 1981) and Abuta (Shimizu et al. 1999). 
Grey lozenge: chabournéite from Hemlo (D. Harris, writ. commun. 1989). Open triangle: Pb-excess chabournéite from Abuta 
(Johan et al. 1981). Open circles: protochabournéite (this study). Grey circle: chemical composition of protochabournéite 
on the basis of crystal structure study. Cross: proposed chemical composition of chabournéite studied by Nagl (1979) on the 
basis of BVS (see Table 8).
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cells [chabournéite (C) is a superstructure of protocha-
bournéite (P): aC = 2aP, and bC = 2cP – Table 9] and 
space groups [C: P1; P: P1, for the (a, b/2, c) subcell 
of Nagl, 1979], and (3) distinct chemical composi-
tions related to the occupancy of some sites by distinct 

atomic species. This last point is the most important to 
distinguish a homeotype from a polytype (no signifi-
cant chemical change). While in protochabournéite all 
(Sb,As) sites have Sb >> As, in chabournéite (Nagl 

TABLE 8. BOND VALENCE SUM (BVS) FOR CATIONS IN THE CRYSTAL STRUCTURE OF CHABOURNÉITE  
BY NAGL (1979) AND HYPOTHETICAL DISTRIBUTION INTO MIXED SITES (Tl,Pb), (Pb,Sb) AND (Sb,As)  

TO ADJUST THE CATION DISTRIBUTION TO BVS

 
 

 
BVS

Proposal

 BVS Pb

Proposal

As  BVS

Proposal

Tl Pb Sb Sb As

Tl1 1.19 0.85 0.15 Sb1 3.07 1.00 As1 2.55 0.26 0.74
Tl2 1.25 0.80 0.20 Sb2 2.70 0.17 0.83 As2 2.46 0.32 0.68
Tl3 1.44 0.66 0.34 Sb3 3.33 0.75 0.25 As3 2.70 0.17 0.83
Tl4 1.12 0.90 0.10 Sb4 3.02 1.00 As4 2.26 0.49 0.51
Tl5 1.31 0.75 0.25 Sb5 2.52 0.27 0.73 As5 2.38 0.39 0.61
Tl6 1.24 0.80 0.20 Sb6 2.21 0.47 0.53 As6 2.71 0.16 0.84
Tl7 1.30 0.76 0.24 Sb7 3.10 0.92 0.08 As7 2.81 0.10 0.9
Tl8 1.33 0.74 0.26 Sb8 3.15 0.88 0.12 As8 3.04 1.00
Pb1 2.07 1.00 Sb9 2.81 0.10 0.90 As9 3.02 1.00
Pb2 2.06 1.00 Sb10 3.27 0.79 0.21 As10 2.86 0.07 0.93
Pb3 1.98 1.00 Sb11 3.27 0.79 0.21 As11 2.86 0.07 0.93
Pb4 1.90 1.00 Sb12 2.79 0.11 0.89 As12 2.86 0.07 0.93

 Sb13 2.91 1.00 As13 2.93 1.00
 Sb14 3.17 0.86 0.14 As14 3.21 1.00

Sb15 2.99 1.00 As15 3.05 1.00
 Sb16 2.77 0.12 0.88 As16 2.46 0.33 0.67
 Sb17 3.26 0.80 0.20 As17 2.57 0.25 0.75
 Sb18 3.24 0.82 0.18 As18 2.76 0.13 0.87
 Sb19 3.55 0.61 0.39 As19 2.36 0.41 0.59
 Sb20 3.40  0.71 0.29   
    Sb21 3.40  0.71 0.29     

  Tl Pb Sb As Val. + S Val. -  Pb/(Pb+Tl)  Sb/(Sb+As)

Nagl (1979) 8 4 21 19 136 68 136 0.333 0.525
proposal 6.26 6.98 20.62 18.14 136.5 68 136 0.527 0.532

TABLE 9. CRYSTALLOGRAPHIC PARAMETERS OF THE MEMBERS  
OF THE CHABOURNÉITE SERIES AND THEIR SITE OF OCCURRENCE

a (Å) b(Å) c (Å) α (°) β (°) γ (°) V (Å3)
(Vsub)*

Ref.

“Pb-free” 
chabournéite

16.346 42.602 8.534 95.86 86.91 96.88 5863.5
(1465.9)

[1]

“Pb-rich” 
chabournéite

16.33 8.53 21.24 93.85 95.40 104.48 2952
(1476)

[2]

chabournéite 16.320 42.636 8.543 83.98 89.06 83.20 5870.17
(1467.54)

[3]

dalnegroite 16.218 42.546 8.558 95.70 90.18 96.38 5838.9
(1459.7)

[4]

protochabournéite 8.150 8.716 21.579 85.18 96.94 88.60 1515.4 [5]

[1] Jas Roux, Hautes-Alps, France (Johan et al., 1981); [2] Jas Roux, Hautes-Alps, France 
(Mantienne, 1974); [3] Jas Roux, Hautes-Alps, France (Nagl, 1979); [4] Lengenbach, Binntal, 
Switzerland (Nestola et al., 2009); [5] Monte Arsiccio mine (this work).
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1979) there is a strong partitioning between Sb sites 
(21 positions) and As sites (19 positions).

The chabournéite homeotypic series

In dalnegroite, the As-dominant derivative of 
chabournéite (Nestola et al. 2009), there is also a strong 
partitioning between Sb- and As-dominant sites (Bindi 
et al. 2010). On the basis of all of their crystal chemical 
characteristics, chabournéite, protochabournéite, and 
dalnegroite constitute the members of the chabournéite 
homeotypic series (Table 9), within the sartorite 
homologous series (Moëlo et al. 2008).

A general simplified structural formula can be 
proposed on the basis of the primitive cell (or subcell) 
of members of this series, i.e., 13 cations and 17 S 
atoms: [Tl2–xPb1+2xSb1–x]Σ4•(Sb9–yAsy)S17. The first 
part of this formula represents the inter-layer atom 
plane, with the heavy metals. With x = y = 0, one has 
the ideal Sb endmember of the series, with composi-
tion Tl2PbSb10S17 (Fig. 9). Protochabournéite is very 
close to this endmember, with small positive values of 
x (i.e., slight Pb excess) and y. Note that for x positive, 
Pb excess replaces Tl and Sb over two distinct sites, 
whereas for x negative, Tl and Sb replace Pb at the 
same site.

In analyses of chabournéite from Abuta (Johan et 
al. 1981, Shimizu et al. 1999), on the basis of the Pb 
content with ΣMe = 13 apfu, x values vary between 
–0.12 and +0.06, and y (equal to the As content) 
varies from 4.25 up to 4.59. This is close to the 
stoichiometric formula [Tl2PbSb]Σ4•(Sb5As4)S17 [or 
Tl2Pb(Sb,As)10S17, as proposed by Shimizu et al. 1999]. 
At Jas Roux, chabournéite shows a large solid solution 
field essentially related to the substitution Sb3+ + Tl+ 
→ 2 Pb2+. In the first study by Mantienne (1974), the 
two microprobe analyses are close to x = –0.13 and y 
= 3.9. In analyses by Johan et al. (1981), x varies from 
–0.37 down to –0.50 (i.e., Pb absent), and y from 4.82 
up to 5.00; it is close to the ideal formula [Tl2(Tl0.5Sb0.5)
Sb]Σ4•(Sb4As5)S17 [or Tl5(Sb,As)21S34, as proposed by 
Shimizu et al. 1999]. The microprobe analysis and 
structural formula given by Nagl (1979) correspond to x 
~ 0, and y ~ 4.5; it is close to chabournéite from Abuta. 
Similarly, the chabournéite-type compound from Hemlo 

(Harris 1989), with x ~ –0.09 and y ~ 4.6, is very close 
to Abuta chabournéite.

In dalnegroite, on the basis of ΣMe = 13 apfu, y 
varies between 5.77 and 6.02, with small variations of 
x. Its ideal structural formula is [Tl2PbSb]Σ4•(Sb3As6)
S17. The unique analysis of “Pb-excess chabournéite 
derivative” from Abuta (Johan et al. 1981), has x ~ 
0.49 and y ~ 5.0; this composition is close to (Tl1.5Pb2 
Sb0.5)Σ4•(Sb4As5)S17 [or Tl3Pb4(As,Sb)19S34]. Such a 
Pb-excess derivative may correspond to a new member 
of the chabournéite series, but its crystal structure is 
unknown.

Table 10 reviews all the ideal structural formulae 
of members of the chabournéite series on the basis of 
the primitive cell (S = 17 atoms; Z = 2); these formulae 
are also marked in Figure 9. This figure, together with 
Table 9, shows that the members of the chabournéite 
series with [Sb/(Sb + As)]at. ratio close to 0.5, ranging 
from ~ 0.40 to 0.60, show superstructure reflections and 
non-centrosymmetric space group. On the other hand, 
protochabournéite, the only known member close to the 
Sb endmember, is centrosymmetric with a primitive and 
more regular unit cell. This absence of superstructure 
is clearly related to the high Sb content of protocha-
bournéite, and not to the substitution Sb3+ + Tl+ → 2 
Pb2+. In other words, a too low As content precludes 
As versus Sb partitioning and its consequences on the 
polymerization of (Sb/As)S3 pyramids.

What is the exact definition of chabournéite?

The two chemical poles of the chabournéite solid 
solution, i.e., “Pb-free” and “Pb-rich”, correspond to 
the occupancy of the same position in the subcell by 
(Tl0.5Sb0.5) or Pb, respectively. This would correspond 
to two distinct mineral species. Unfortunately, the 
first definition of chabournéite (Mantienne 1974) is 
close to the “Pb-rich” pole, whereas the second, more 
accurate definition (Johan et al. 1981), corresponds to 
the “Pb-free” pole from the same deposit (Jas Roux).

Due to uncertainties about the exact crystal struc-
ture of chabournéite, it seems more appropriate to 
consider the “Pb-free” pole, with the simplest chem-
istry, as the ideal composition for chabournéite, that 
is [Tl2(Tl0.5Sb0.5)Sb]Σ4•(Sb4As5)S17 or, on the basis of 

TABLE 10. IDEAL STRUCTURAL FORMULAS IN THE CHABOURNÉITE SERIES 
RELATED TO VARIOUS MICROPROBE OR CRYSTAL STRUCTURE ANALYSES

Chemical pole Ideal structural formula Deposit

“Pb-free” chabournéite [Tl2(Tl0.5Sb0.5)Sb1]Σ4.(Sb4As5)S17 Jas Roux
“Pb-rich” chabournéite [Tl2PbSb]Σ4.(Sb5As4)S17 Jas Roux, Abuta, Hemlo

“Pb-excess 
chabournéite derivative”

[Tl1.5Pb2Sb0.5]Σ4.(Sb4As5)S17 Abuta

Dalnegroite [Tl2PbSb]Σ4.(Sb3As6)S17 Binn
Protochabournéite [Tl2PbSb]Σ4.Sb9S17 Monte Arsiccio
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S = 34 apfu, Tl5Sb11As10S34, in accordance with the 
simplified formula of Shimizu et al. (1999) and Moëlo 
et al. (2008).

Homeotype pairs among lead sulfosalts  
and related minerals

The chabournéite–protochabournéite couple is a 
new example in the vast group of sulfosalts related 
to the PbS or SnS archetypes where a small change 
in the chemistry, especially the Sb/As or Bi/Sb ratios, 
controls a crystallographic discontinuity between two 
close species, forming a homeotype pair. Table 11 
lists various examples of such pairs, plus the complex 
aikinite homeotypic series, which contains eleven well-
defined members. A crystal chemical trend can be seen 
in this list: when in a pair, the unit cell of one species is 
the supercell of the unit cell of the other (“superstructure 
effect”); this is related to a chemical substitution where 
a cation is replaced by a smaller cation (or a cation pair), 
with a more dissymmetric coordination [Sb → As, Ag 
→ Cu, 2 Pb → (Sb,As) + Ag]. For the Sb-to-As substi-
tution, this “superstructure effect” is directly related to 
the decrease in the size of polymeric (Sb,As)mSn units, 
as pointed out by Doussier et al. (2008).

summaRY aND CoNClusIoNs

Protochabournéite is a new mineral species, the 
Sb-rich member of the chabournéite homeotypic series. 
It is close to Tl2PbSb10S17, but this As-free member 
has not been discovered in nature up to now. So one 
can propose the formula ~ Tl2Pb(Sb9–8As1–2)Σ10S17 as 
the simplified formula for protochabournéite. A crystal 
structure study permitted a general reexamination of 
the crystal chemistry of this series, and raised the ques-
tion about the exact definition of chabournéite, taking 
into account the coexistence of Pb-free and Pb-excess 
varieties in the type deposit of Jas Roux.

Protochabournéite is the second new thallium 
sulfosalt discovered in the Monte Arsiccio mine. This 
fact, as well as other mineralogical and geochemical 
studies in progress, confirms the great complexity of 
the barite-pyrite-iron oxides ores in the Apuan Alps. 
Small changes in the complex ore composition in those 
deposits (and sometimes also within a single deposit), 
have led to the formation of a great variety of lead 
sulfosalts. The occurrence of a Sb-rich member of 
the chabournéite series is in agreement with the usual 
richness in Sb relative to As of the sulfosalts from the 
Apuan Alps district. For example, it is noteworthy that 

TABLE 11. SELECTION OF HOMEOTYPIC PAIRS AMONG SULFOSALTS RELATED  
TO THE PbS/SnS ARCHETYPES.

Homeotypic pair Substitution rule

Crystallographic change

supercell/symmetry Space group

pierrotite
parapierrotite

As à Sb 2a – b, O – M Pna21 - Pn

chabournéite
protochabournéite

As à Sb (2a, 2b) – (a, c) P1 - P1

edenharterite
jentschite

As à Sb (2a, 2b) - (a, b), O - M Fdd2 - P21/n

guettardite
twinnite

As à Sb M - O P21/c – P21/n

dufrénoysite
rathite

2 Pb à As + Ag No change P21 - P21/c

quatrandorite
senandorite

2 Pb à Sb + Ag 4c à 6c, M – O P21/c - Pn21/a

aramayoite
baumstarkite

Bi à Sb No change P1 - P1

giessenite
izoklakeite

Bi à Sb M - O P21/n - Pnnm

pavonite
cupropavonite

y (Ag + Bi) à
3x Cu + 2x Pb

c à 2c No change

makovickyite
cupromakovickyite

(Ag, Bi) à (Cu, Pb) c à 2c No change

aikinite series Bi à Pb + Cu Various homeotypes

Note: see Moëlo et al. (2008) for chemical formulas, and references therein for crystallographic 
data. Guettardite and twinnite: see Makovicky et al. (2012) and Makovicky & Topa (2012), 
respectively. Quatrandorite: see Nespolo et al. (2012). 



492 tHe CaNaDIaN mINeRaloGIst

Sb-rich phases related to baumhauerite, Pb5As9S18, 
were discovered in these hydrothermal ores, namely 
boscardinite (Orlandi et al. 2012) and Sb-rich baum-
hauerite (Orlandi et al. 1996). In addition, routhierite 
from the Monte Arsiccio mine is enriched in antimony 
with respect to the occurrence at Jas Roux (Biagioni et 
al. submitted).

All occurrences of members of the chabournéite 
series (only five around the world) are typical of low 
temperature hydrothermal sulfide deposits, where the 
geochemical association of Pb, Tl, Sb, As, and some 
other metals (Cu, Zn, Hg, Ag…) controlled the forma-
tion of various sulfosalts. At Jas Roux, the type deposit 
of chabournéite (Mantienne 1974, Johan et al. 1981), 
the associated sulfosalts are pierrotite, parapierrotite, 
twinnite, zinkenite, “andorite”, smithite, laffittite, and 
aktashite. This paragenesis is very similar to that of 
Monte Arsiccio. In the second chabournéite occurrence, 
the Toya-Takarada mine (Abuta-gun, Hokkaido, Japan; 
Johan et al. 1981, Shimizu et al. 1999), two other 
Tl-bearing sulfosalts are present: hutchinsonite and an 
unnamed mineral, (Tl,Ag)2Pb6(As12Sb4)Σ16S31, which 
seems to be a Tl-rich derivative of baumhauerite-2a, 
~ Ag1.5Pb22As33.5S72 (Pring et al. 1990). At Hemlo, 
chabournéite is associated with routhierite (Harris 
1989).

In the Lengenbach quarry (Binntal, Switzerland), 
the type deposit of dalnegroite (Nestola et al. 2009), 
thirteen Tl-bearing species are present among numerous 
other sulfosalts: bernardite, edenharterite, erniggliite, 
gabrielite, hatchite, hutchinsonite, imhofite, jentschite, 
lorándite, rathite, sicherite, stalderite, and wallisite 
(Graeser et al. 2008).

Thus, the Monte Arsiccio deposit constitutes a new 
natural field of exploration for the crystal chemistry of 
thallium sulfosalts, as well as for the understanding of 
geological and geochemical processes which control the 
formation of thallium-rich sulfide ore deposits.
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