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Abstract

Eldragónite, with the simplified formula Cu6BiSe4(Se2), is a new mineral species discovered in a telethermal vein-type deposit 
with selenides at the El Dragón mine, Province of Quijarro, Department of Potosí, Bolivia. It forms inclusions in kruťaite, and is 
associated with clausthalite, klockmannite, umangite and tiemannite, as well as with watkinsonite, petrovicite and two unnamed 
phases in the system Cu–Pb–Hg–Bi–Se. The unique vein of eldragónite-bearing kruťaite is hosted within sandstones and shales 
of Devonian age. Eldragónite occurs in anhedral grains and polycrystalline aggregates attaining a size of up to 100 3 80 mm. 
Megascopically, the mineral has a brownish to light-maroon color, is opaque and lacks internal reflections. It has a metallic 
luster and a brownish black streak, is brittle with an uneven to conchoidal fracture, without observable cleavage. The VHN15 
values range between 212 and 243 (mean 225) kg/mm2, corresponding to a Mohs hardness of ~3 ½. In plane-polarized light, 
eldragónite is distinctly bireflectant and pleochroic, from light grayish brown to cream; it is strongly anisotropic with rotation 
tints in shades of orange and blue-black. The reflectances (in air and oil, respectively) for the COM standard wavelengths are: 
32.5–34.5, 17.7–19.7 (470 nm), 32.95–36.3, 18.0–21.4 (546 nm), 33.3–36.8, 18.3–21.6 (589 nm), 34.0–36.9, 19.1–21.7 (650 
nm). Electron-microprobe analyses gave (mean of 24 analyses): Cu 35.9, Fe 1.25, Ni 0.35, Bi 20.3, Se 42.5, total 100.3 wt.%, 
corresponding to (Cu5.98Fe0.24Ni0.06)S6.28Bi1.03Se5.70. The ideal formula is Cu6BiSe4(Se2), which requires Cu 35.84, Bi 19.64, 
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Introduction

The Andean mountain ranges of Bolivia and Argen-
tina are well known for various deposits of selenium 
mineralization. Bolivia is famous for two selenide 
occurrences: El Dragón, province of Quijarro, and 
Pacajake, in the district of Hiaco de Charcas, both in 
the Department of Potosí. At El Dragón, Grundmann et 
al. (1990) described a single vein composed of almost 
massive kruťaite (CuSe2) associated with a great variety 
of other selenides that had probably been explored for 
its gold content. At Pacajake, an ore assemblage of 
penroseite (NiSe2), naumannite (Ag2Se) and claustha-
lite (PbSe), with contents of gold and platinum-group 
elements (PGE) was exploited for silver during the 
1920s (Ahlfeld 1941, Ahlfeld & Schneider-Scherbina 
1964, Block & Ahlfeld 1937, Redwood 2003, Kempff 
et al. 2003, 2009).

In the context of ongoing work at the Porco Ag–
Pb–Zn deposit by two of the authors (WHP & HP), an 
excursion to the El Dragón mine was made in 2004. At 
that time, only insignificant remnants of the original 
kruťaite vein were still exposed. A small dump, with 
high-grade and walnut-sized kruťaite specimens in 
front of the entrance, yielded eldragónite in sufficiently 
large grains to characterize the new species, including 
a determination of its crystal structure.

A compound with similar optical properties and 
chemical composition to eldragónite was mentioned by 
Grundmann et al. (1990) from El Dragón. No data about 
the X-ray crystallography were published, probably 
because the material was not suitable for this purpose.

Probably the most extensive selenium province on 
Earth, however, is situated in the Argentinian province 
of La Rioja, where exploration of and exploitation for 
silver, mercury, gold and selenium are documented from 
areas such as Cerro de Cacho (“Sierra de Umango”; 
Brodtkorb & Crosta 2010), Los Llantenes and the Sierra 
de Famatina near Puerto Alegre (”Sañogasta”). The bulk 
of the Argentinian selenium mineralization is dominated 
by copper selenides (umangite, Cu3Se2, klockmannite, 
CuSe, and berzelianite, Cu2Se) and tiemannite, HgSe. 
Contents of silver, gold and PGE (platinum, palladium) 
are valuable associates in the veins, and present as the 

minerals naumannite, Ag2Se, eucairite, AgCuSe, native 
gold, Au, fischesserite, Ag3AuSe2 and chrisstanleyite, 
Ag2Pd3Se4, jagüéite, Cu2Pd3Se4 and merenskyite, 
PdTe2 (Amann et al. 1999, Brodtkorb et al. 1990, 1993, 
Guerrero 1969, Paar et al. 1996a, 1996b, 1998a, 1998b, 
2000, 2002a, 2002b, 2004a, 2004b, 2004c, 2004d).

At the San Francisco mine near Puerto Alegre, 
province of La Rioja, Argentina, another Cu–Bi–Se 
compound had been observed as inclusions in umangite 
in minor amounts (Brodtkorb, M.K. de, pers. commun.). 
The optical properties and the chemical composition 
very much resemble eldragónite, but no X-ray data are 
available.

The new mineral species eldragónite, Cu6BiSe4(Se2), 
and its name have been approved by the Commission 
on New Minerals, Nomenclature and Classification 
(CNMNC), IMA, proposal 2010–077. The holotype, 
which is the pre-analyzed crystal used for the deter-
mination of the crystal structure, is deposited in the 
collections of the Canadian Museum of Nature, Ottawa, 
Canada, and registered under CMNMC 86154. Cotype 
specimens of eldragónite-bearing kruťaite are housed 
within the reference collections of the Department 
of Materials Engineering and Physics, University of 
Salzburg, Austria, and numbered as M 17.001, 17.002 
and 17.003.

Location and Geology

The El Dragón mine is located some 30 km south-
west of Cerro Rico at Potosí, thus in one of the most 
famous silver–tin mining districts of Bolivia. The coor-
dinates of the only adit of this mine are 19°49.15’ South 
and 65°55’ West, and its altitude is ~4100 m above sea 
level. The mine can be reached from Potosí in two and 
a half hours, passing the village of Agua Castilla, which 
is close to the large underground mine at Porco. A gravel 
road ends at the village of Sala Khuchu, from where a 
trail leads up to the mine (Fig. 1).

The single selenide vein in this telethermal deposit 
is hosted by sandstones and shales (Grundmann et al. 
1990, Ahlfeld & Schneider-Scherbina 1964) of Devo-
nian age. Reddish sandstones of probably Permian age 
and thick andesitic lava flows also occur in the area.

Se 44.52 wt.%. Eldragónite has an orthorhombic cell, space group Pmcn, with a 4.0341(4), b 27.056(3), c 9.5559(9) Å, V 
1043.0(3) Å3, and Z = 4. The calculated density is 6.76 g/cm3. The strongest X-ray powder-diffraction lines [d in Å (I) hkl] 
are: 6.547(58)031, 3.579(100)052, 3.253(48)141, 3.180(77)081, 3.165(56)013, 3.075(84)102, 3.065(75)151,112, 2.011(53)200, 
1.920(76)154, 1.846(52)1103. The crystal structure was solved from single-crystal data, and was refined to R1= 0.026 on the 
basis of 1731 unique reflections. There are one Bi and six Cu positions. Among the six Se positions, two Se atoms form a Se2 pair 
[d(Se–Se) = 2.413 Å]; eldragónite is thus a mixed selenide–diselenide compound. The crystal structure is organized according 
to two slabs alternating along a. The thin slab with formula Cu6Se6 is a zigzag layer derived from the CaF2 archetype; the thick 
slab, Cu6Bi2Se6, is similar to that of wittichenite, Cu3BiS3. The Se2 pair is at the junction between these two slabs. This new 
mineral species is named after the location where it was discovered.

Keywords: eldragónite, copper, bismuth, selenium, diselenide, new mineral species, crystal structure, El Dragón mine, Quijarro, 
Potosí, Bolivia.
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According to a very detailed study by Grundmann 
et al. (1990), the single vein as it was exposed during 
their stay had a thickness ranging from 0.5 to 2 cm with 
a local increase up to 6 cm. The vein follows a distinct 
structure and could be traced along strike for at least 10 
m. A continuation with depth can be assumed, but would 
have to be substantiated through development work. 
Several specimens of massive kruťaite containing abun-
dant eldragónite, obtained from H. Wotruba (Aachen 
University, Germany), show a very distinct brecciation 
of the ore, with angular fragments of kruťaite embedded 
in a distinctly altered matrix.

Eldragónite and the Selenide Mineralization

Eldragónite is a widespread constituent of the sele-
nide assemblage and is invariably included in chemi-

cally zoned kruťaite (Figs. 2a–c). Grundmann et al. 
(1990) carried out a very detailed study of the chemical 
composition of this mineral, which nearly spans the 
entire range between the end-member compositions 
kruťaite (CuSe2) and penroseite (NiSe2). In addition, 
Co-bearing kruťaite was observed, but members plotting 
in the field of trogtalite (CoSe2) were not identified.

Eldragónite seems to be more common in those 
types of kruťaite ore that have undergone a late event 
of brittle deformation, causing brecciation. Subsequent 
infiltration of fluids containing bismuth, lead and 
mercury led to the precipitation of clausthalite, watkin-
sonite, petrovicite and related unnamed phases.

Eldragónite can be found concentrated in random 
sections of kruťaite crystals (Fig. 2a) where these are 
embedded in a carbonate gangue. Commonly irregularly 
shaped, and also elongate, aggregates of eldragónite 

Fig. 1.  Location map of the El Dragón mine, Department of Potosí, Bolivia.
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grains follow distinct growth-zones within kruťaite 
(Fig.  2a), replacing a Co-rich member of the series 
trogtalite – penroseite – kruťaite.

Eldragónite is commonly associated with watkin-
sonite (Fig. 2b), present as bent lamellae up to several 
hundred mm in length. Petrovicite (Fig. 2c) is less 
common as anhedral grains that can reach 100 3 60 
mm. Two unnamed compounds of the system Cu–Pb–
Hg–Bi–Se were found in two polished sections. Their 
sizes are too small for those grains to be extracted for 
an X-ray study. Both phases (phase “A” and phase 
“B”) occur in veinlets up to a width of 100 mm within 
kruťaite. Phase “A” is associated with clausthalite, 
phase “B” not. Phase “A” forms lath-shaped crystals 
that attain a length of up to 50 mm and a width ranging 
between 5 and 10 mm. The associated minerals are 
watkinsonite and klockmannite, which fill interstices 
between the laths of phase “A”. Optically, phase “A” 
is distinctly anisotropic with bluish to greenish rotation-
tints; lamellar twinning is common. Phase “B” is closely 
associated with phase “A” and forms irregular inter-
growths of anhedral grains within phase “A”. Optically, 
phase “B” is anisotropic but lacks the colorful rotation-
tints of “A”; no twinning was observed.

Clausthalite (PbSe) is next in abundance after 
kruťaite, and commonly observed as a network pene-
trating the hosting kruťaite. Watkinsonite and petrovicite 
occasionally can be found embedded in this veining of 
clausthalite.

Klockmannite (CuSe) and umangite (Cu3Se2) are 
fairly abundant. The former occurs in aggregates of 
tabular crystals up to several 100 mm, the latter in tiny 
grains and grain clusters disseminated throughout the 
kruťaite matrix. Tiemannite (HgSe) was detected only 
once. Berzelianite (Cu2Se) and eskebornite (CuFeSe2), 
which were mentioned by Grundmann et al. (1990), are 
not present in our material.

Native gold can be detected in almost every section, 
in varying shapes and grain sizes, commonly exceeding 
100 mm. Sulfide minerals (chalcopyrite, pyrite, marca-
site, covellite and phases belonging to the system 
Cu–S) predate the selenium mineralization. Traces of 
native selenium and various secondary phases (goethite, 
chalcomenite, olsacherite, schmiederite, cobaltomenite 
and ahlfeldite) are ubiquitous in the oxidized material.

Physical and Optical Properties

Eldragónite usually occurs as very irregularly shaped 
grains and grain clusters that attain a size of 100 3 80 
mm. The majority of the grains, however, are much 
smaller and range in size between 10 and 50 mm. 
Almost all grains are not “single crystals” but polycrys-
talline aggregates. Even the grain used for the study of 
the crystal structure turned out to be an intergrowth of 
differently oriented crystals.

Eldragónite has a brownish to light maroon color, 
which is enhanced by the contrast with the kruťaite 

matrix. The mineral is opaque, has a metallic luster and 
a brownish black streak. It is brittle with an uneven to 
conchoidal fracture. Neither cleavage nor parting was 
observed. The mineral is non-fluorescent. The VNH15 
values measured from eight indentations range between 
212 and 243 (mean 224) kg/mm2, thus corresponding 
to a Mohs hardness of ~3½ (Young & Millman 1964).

The density could not be measured because of the 
intimate interfingering of the larger grains with the 
enclosing matrix. The density calculated on the basis 
of the empirical formula and Z = 4 is 6.76 g/cm3. 
Wittichenite (Cu3BiS3) and skinnerite (Cu3SbS3), which 
have some structural features comparable to those of 
eldragónite, have a density of 6.01 and 5.1 g/cm3, 
respectively.

In plane-polarized light, eldragónite is distinctly 
bireflectant and pleochroic, from light grayish brown 
to cream in its association with kruťaite, colors that 
are enhanced in oil immersion. In crossed polars, it 
is strongly anisotropic, with rotation tints in shades 
of orange to blue-black with an undulose extinction. 
Internal reflections are absent.

Quantitative reflectance values were obtained at the 
Natural History Museum, London, on a Zeiss Axiotron 
microscope equipped with a J & M Tidas diode array 
spectrometer run by Cavendish Instruments Onyx 
software. After careful leveling of the specimen and 
standard (Zeiss, SiC standard number 472) using a 
Lanham leveling stage, measurements were taken at 
intervals of about 0.82 nm from 400 to 700 nm in air 
and in oil immersion (index of refraction n = 1.515). 
The results are presented in Table 1 and presented 
graphically in Figure 3. Color values were calculated 
from the tabulated datasets.

From 400 to ~700 nm, the reflectance values of R1 
are continuously ascending toward the longer wave-
lengths. The values for R2 show a more rapid increase 
between 400 and 600 nm, but then are constant between 
600 and 700 nm. The increase in the reflectances and 
in the bireflectance toward the longer wavelengths is 
consistent with the color and the optical properties of 
eldragónite.

Chemical Composition

Eldragónite

Quantitative chemical analyses for eldragónite were 
carried out at the Eugen F. Stumpfl electron-microprobe 
laboratory installed at the Department of Geosciences, 
Institute of Mineralogy & Petrology, University of 
Leoben, Austria. A JEOL JXA 8200 electron micro-
probe was used, operated at 20 kV, 10 nA, and 20 s 
counting time for peak and 10 s for background, with 
a beam diameter of 2 mm. The following natural (n) 
and synthetic (s) standards, and the emission lines are: 
n chalcopyrite (CuKa), n pyrite (FeKa, SKa), s NiAs 
(NiKa), s Bi2Se3 (BiLa) and s CuSe (SeKa). The raw 
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data were corrected with the on-line ZAF–CITZAF 
(version 3.5) program.

The results show only slight grain-to-grain variation 
of the chemical composition of eldragónite in all the 

sections. A typical example of this variation is included 
in Table 2 and refers to the grain later used for the deter-
mination of the crystal structure. The empirical formula 
of eldragónite, normalized to 13 atoms per formula 
unit (apfu), is (Cu5.98Fe0.24Ni0.06)S6.28Bi1.03Se5.70. The 
simplified formula is Cu6BiSe4(Se2), which requires Cu 
35.84, Bi 19.64 and Se 44.52, total 100 wt.%.

Watkinsonite, petrovicite and unnamed phases

Electron-microprobe analyses of these rare phases 
were performed at the Department of Materials Engi-
neering and Physics, University of Salzburg, Austria, 
utilizing a JEOL SUPERPROBE JXA–8600, controlled 
by the Probe for Windows system of programs operated 
in wavelength-dispersion (WDS) mode at 25 kV, a beam 
current of 20 nA, 15 s counting time for peaks and 5 s 
for background. Data correction was done on-line with 
the ZAF–4 program. The following standards and emis-
sion lines were used: n chalcopyrite (CuKa, FeKa), s 
Ag metal (Ag La), n cinnabar (HgLa), n galena (PbLa), 
s Bi2Se3 (BiLa, SeKa), s Bi2S3 (SKa) and s Te metal 
(TeLa). The results are included in Table 2.

The composition of watkinsonite, ideally Cu2PbBi4 
(Se,S)8 (Topa et al. 2010), based on S(M + SM + Se) 
= 15, is (Cu1.66Ag0.31Fe0.03)S2Pb1.10Hg0.05Bi4.02(Se7.79 
Te0.03)S7.82 (mean of 14 analyses), thus making it 
a Ag-bearing variety of this rare sulfosalt. Petro-

TABLE 1.  REFLECTANCE DATA AND CALCULATED COLOR VALUES

FOR ELDRAGÓNITE

___________________________________________________________

Air Oil Air Oil

_________ _________ _________ _________

1 2 1 2 1 2 1 2ë (nm) R  % R  % R  % R  % ë (nm) R  % R  % R  % R  %

___________________________________________________________

400 32.0 32.6 17.2 17.9 560 33.0 36.5 18.1 21.5

420 32.1 32.8 17.4 18.1 580 33.2 36.7 18.2 21.6

440 32.2 33.4 17.5 18.7 589 33.3 36.8 18.3 21.6

460 32.3 34.1 17.6 19.3 600 33.4 36.8 18.4 21.65

470 32.5 34.5 17.7 19.7 620 33.7 36.9 18.7 21.7

480 32.6 34.9 17.7 20.1 640 33.9 36.9 19.0 21.7

500 32.8 35.5 17.8 20.6 650 34.0 36.9 19.1 21.7

520 32.9 35.9 17.9 21.1 660 34.1 36.9 19.2 21.7

540 32.95 36.2 18.0 21.4 680 34.4 36.9 19.3 21.7

546 32 .95 36.3 18.0 21.4 700 34.6 37.0 19.4 21.8

Color values

C illuminant A illuminant

x 0.314 0.317 0.315 0.32 0.451 0.453 0.453 0.454

y 0.319 0.325 0.32 0.33 0.408 0.411 0.408 0.413

Y % 33.1 36.3 18.1 21.3 33.2 36.5 18.3 21.5

dë 579 574 582 573 589 583 592 582

eP  % 1.7 4.2 2.4 6.4 2.6 5.9 3.7 8.6

__________________________________________________________

TABLE 2.  COMPOSITIONS OF ELDRAGÓNITE, ASSOCIATED PHASES (EL DRAGÓN)

AND “Cu–Bi–Se” FROM SAN FRANCISCO MINE, ARGENTINA

___________________________________________________________________________________

No. mineral n Cu Ag Fe Ni Pb Hg Bi Te S Se Total1

__________________________________________________________________________________

1 eldragónite 24 mean 35.9 -   1.3   0.4 - - 20.3 - - 42.5 100.4

Mina El Dragón s.d. 0.27 0.12 0.15 0.2 0.32

min 35.1 1.0 - 19.9 41.9

max 36.5 1.4 0.6 20.7 43.0

2 “Cu-Bi-Se” 7 mean 35.5 - - - - - 19.2 - - 44.2 98.93

Mina s.d. 0.28 0.43 0.172

San Francisco min 35.1 18.8 43.9

max 35.9 19.8 44.3

3 “Cu-Bi-Se” 15 mean 38.2 - - - - - 18.9 - - 42.7 99.84

Mina s.d. 0.84 0.91 0.552

San Francisco min 37.1 17.8 42.3

max 40.6 19.8 44.4

4 petrovicite 8 mean 15.5 0.5 - - 17.3 16.9 17.2 - - 31.1 98.6

Mina El Dragón s.d. 0.68 0.26 0.36 0.34 0.64 0.352

5 watkinsonite 14 mean 5.7 1.8 0.1 - 12.3 0.6 45.3 0.1 - 33.2 99.2

Mina El Dragón s.d. 0.18 0.35 0.1 0.22 0.11 0.18 0.1 0.392

6 “A” 3 mean 12.7 1.2 - - 16.8 8.1 26.9 0.2 - 32.7 98.4

Mina El Dragón s.d. 0.36 0.13 0.70 0.15 0.20 0.1 0.502

7 “B” 4 mean 9.9 0.4 - - 13.7 11.7 29.7 - - 32.5 97.9

Mina El Dragón s.d. 0.48 0.26 0.43 0.35 0.15 0.472

__________________________________________________________________________________

 number of analyses;   standard deviation;   analyst: H.-J. Bernhard,  analyst: A. Martin-Izard.  The1 2 3 4

compositional data, quoted in wt.%, were generated with an electron microprobe.
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vicite, ideally Cu3HgPbBiSe5, has (Cu3.00Ag0.06)S3.06 
Hg1.04Pb1.03Bi1.01Se4.85 (mean of 8 analyses), thus 
not deviating much from the ideal composition. 
The two unnamed phases, which belong to the 
system Cu–Hg–Pb–Bi–Se just as petrovicite, have the 
following chemical compositions: (Cu4.80Ag0.27)S5.07 
Hg0.97Pb1.95Bi3.09Se9.90 (phase “A”, ideally Cu5Hg 
Pb2Bi3Se10, mean result of three analyses) and 
(Cu2.20Ag0.05)S2.25Hg0.84Pb0.95Bi2.04Se5.9 (phase “B”, 
ideally Cu2HgPbBi2Se6, mean result of four analyses).

X-Ray Powder-Diffraction Data

Extraneous fines of micrometric crystals of 
eldragónite, collected during the cutting process 
necessary to liberate a suitable fragment for structure 
study, were attached to a conventional Debye–Scherrer 
powder mount and run on a Bruker microdiffrac-
tometer using CuKa radiation (l = 1.54178 Å). The 
fully indexed powder-diffraction data are presented 
in Table  3. The unit-cell parameters, a 4.024(2), b 

27.014(9), c 9.544(3) Å, V 1037.6(7) Å3, a:b:c = 
0.1490:1:0.3533, were refined from 29 reflections repre-
senting d values between 6.547 and 1.818 Å for which 
unambiguous indexing was possible, on the basis of the 
calculated intensities derived from the crystal structure. 
The powder data are unique and bear no resemblance to 
any other inorganic phase listed in the Powder Diffrac-
tion File, and no synthetic equivalent is known in the 
chemical literature.

Single-Crystal Study

A single crystal (7 3 12 3 20 mm) was mounted 
on a Bruker D8 three-circle diffractometer equipped 
with a rotating anode generator (MoKa X-radiation), 
multi-layer optics in the incident beam path, and an 
APEX–II CCD detector. A sphere of X-ray-diffraction 
data was collected to 60° 2u using 60 s per 0.2° frame 
with a crystal-to-detector distance of 5 cm. The diffrac-
tion maxima display variable splitting consistent with a 
second crystalline component. The unit-cell parameters 
were obtained by least-squares refinement of 9896 
reflections (I > 10sI). Eldragónite has an orthorhombic 
cell with a 4.0341(4), b 27.056(3), c 9.5559(9) Å, V 
1043.02 Å3, space group Pmcn and Z = 4. The complete 
diffraction pattern was integrated using the orientation 
matrix of the dominant primary component and that 
of the subordinate second-crystal component (related 
by a 2.2° rotation about [1.000 –0.444 0.317]). At the 
completion of frame integration, there was a total of 
68093 reflections (31435 belong to component #1, 
30725 belong to component #2, and 5933 are compos-
ites). Data scaling (merging of identical reflections 

Fig. 2.  a) Eldragónite (eld) as inclusions in distinctly zoned 
kruťaite. Clausthalite is white. b) Inclusions of intergrown 
eldragónite and watkinsonite (wat) and klockmannite (kl), 
in kruťaite. The very strong pleochroism of eldragónite 
is clearly visible. c) Veinlet of eldragónite intergrown 
with klockmannite (kl) and randomly associated with 
petrovicite (pv) and clausthalite (cl), in a matrix of kruťaite 
(kr). Umangite (um) is disseminated throughout the matrix 
Plane-polarized light.

Fig. 3.  Reflectance spectra of eldragónite. The data points are coded as follows:  air, 
R1;  air, R2;  oil, R1;  oil, R2.
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collected at multiple diffraction-vector settings) and 
Laue merging (m) resulted in a total of 4448 unique 
reflections (components #1 + #2 + composites). The 
final intensity-data file (HKLF 5 format) consists of 
2626 reflections (component #1 + composites).

The structure was solved by direct methods and 
refined by full-matrix least-squares method SHELXL–97 
(Sheldrick 1997). Systematically absent reflections are 
consistent with the space group Pmcn. The structure was 
initially solved using this space group, and an HKLF 
4 data file that contained only resolved component #1 
reflections. For the final refinement model, we used the 
HKLF 5 data file that includes the contribution of the 
second component to the composite reflections. A fully 
anisotropic refinement model was refined to R1 = 2.6%, 
and contains 38% by volume of the second component 
fraction [BASF = 0.383(3)].

Table 4 gives crystallographic data and refinement 
parameters for eldragónite. Tables 5 and 6 give coor-
dinates, isotropic and anisotropic displacement param-
eters of all atoms. A list of structure factors and a cif file 
are available from the Depository of Unpublished Data, 
on the Mineralogical Association of Canada website 
(document Eldragónite CM50_281).

TABLE 3.  X-RAY POW DER-DIFFRACTION DATA FOR ELDRAGÓNITE

__________________________________________________________________________________

rel meas calc rel meas calcI   d d h k l I d d h k l

___________________________________________________________________________________

*58 6.547 6.550 0 3 1 *22 2.484 2.485 1 1 3

 24 4.501 4.502 0 6 0 *20 2.406 2.405 1 3 3

4.499 0 2 2 *34 2.272 2.274 1 8 2

*22 4.217 4.217 0 3 2 *23 2.183 2.183 1 10 1

*20 4.071 4.072 0 6 1 *18 2.105 2.108 0 6 4

100 3.579 3.578 0 7 1 22 2.094 2.096 1 11 0

3.577 0 5 2 2.096 1 7 3

3.576 1 2 1 *36 2.028 2.029 1 2 4

*47 3.426 3.429 1 3 1 *53 2.011 2.012 2 0 0

*27 3.273 3.275 0 6 2 *76 1.920 1.919 1 5 4

*48 3.253 3.250 1 4 1 *27 1.905 1.905 0 13 2

*77 3.180 3.183 0 8 1 *25 1.868 1.867 0 3 5

*56 3.165 3.160 0 1 3 *52 1.846 1.846 1 13 0

*40 3.090 3.097 0 2 3 *40 1.835 1.833 1 10 3

*84 3.075 3.076 1 0 2 *22 1.815 1.813 1 13 1

75 3.065 3.057 1 5 1 16 1.723 1.722 1 13 2

3.057 1 1 2 1.721 1 1 5

33 3.004 3.001 0 7 2 20 1.712 1.711 0 11 4

3.000 0 3 3 1.711 0 7 5

38 2.865 2.863 0 9 1 17 1.703 1.701 2 8 1

2.862 1 6 1 1.697 2 1 3

*13 2.804 2.800 1 4 2 15 1.642 1.646 2 9 1

*24 2.759 2.756 0 8 2 1.644 1 15 0

*41 2.745 2.741 0 5 3 1.635 1 14 2

*29 2.694 2.701 0 10 0 15 1.623 1.625 2 8 2

*48 2.671 2.674 1 7 1 1.622 2 5 3

*25 2.495 2.497 1 8 1

___________________________________________________________________________________

Indexed with a 4.024(2), b 27.014(9), c 9.544(3) Å;   *: lines used for unit-cell refinement. The d values

are quoted in Å.

TABLE 4.  CRYSTALLOGRAPHIC DATA AND
REFINEMENT PARAMETERS FOR ELDRAGÓNITE

____________________________________________________________

Crystal data

6 4 2Ideal formula Cu BiSe (Se )
Crystal system orthorhombic
Space group Pmcn
Unit-cell parameters  a, b, c (Å) 4.0341(4), 27.056(3), 9.5559(9)
Unit-cell volume (Å ) 1043.0(3)3

Z 4
Crystal size (ìm) 7 × 12 × 20
Volume ratio of the single crystal 62%

Data collection

Diffractometer Bruker D8
Temperature (K) 294
Radiation, wavelength (Å) MoKá, 0.71073 
è range for data collection (�) 1 – 30.00
h, k, l ranges ± 5, ± 38, ± 13
frame width (�), frame time (s) 0.2, 60
Total reflections collected 68093

intUnique reflections  (R ) 1731  (0.053)
Unique reflections F > 4ó(F) 1569  
Method of absorption correction TWINABS

Structure refinement

Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 1731/0/86

1 o oR  [F  > 4ó(F )] 0.0263

1R  all 0.0320
Goodness-of-fit on F 1.2132

Largest diff. peak and hole (e /Å ) 1.54, –2.14– 3

____________________________________________________________
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Description of the Crystal Structure

Unit-cell content and cation coordination

In Figure 4, we present a projection of the unit cell 
of the structure of eldragónite along a. There are one 
Bi, six Cu and six Se positions. Table 7 gives bond 
distances in the structure of eldragónite. Atoms Se1 
and Se5 form a (Se–Se) pair, with a short bond (2.413 
Å) close to the (Se–Se) distance of trigonal Se (2.375 
Å: Keller et al. 1977). The Bi atom has a dissymmetric 
coordination (Fig. 5), with three short distances (2.708 
and 2 3 2.791 Å) and two of intermediate length (2 3 
3.242 Å) forming a distorted square pyramid, completed 
by two longer bonds (2 3 3.540 Å). Such a dissym-
metric coordination reveals a significant stereochemical 
activity of the lone pair 6s2 electrons of Bi3+, as is 
generally the case in Bi sulfosalts.

The six Cu positions are bound to four Se atoms. 
Cu1, Cu2, Cu4 and Cu6 have a quite regular tetra-
hedral coordination (Cu–Se from 2.42 to 2.56 Å), 
whereas Cu3 and Cu5 are closer to a planar triangular 
coordination (Cu–Se between 2.37 and 2.55 Å), with 
a fourth longer bond (2.885 and 2.915 Å). Minor Fe 
(with some Ni) detected with the electron-microprobe 
is probably incorporated as Fe3+ in tetrahedral Cu sites, 
as is generally the case in Cu–Fe chalcogenides, but it 
was not possible to locate it unequivocally, owing to the 
close Z values of Fe and Cu atoms. On the one hand, 
among the four tetrahedral Cu sites (nos. 1, 2, 4 and 6), 
Cu1 and Cu4, having a site-occupancy factor (s.o.f.) 
below 1 (Table 5), taking only Cu into account (0.968 
and 0.979, respectively), are the most favorable to fix 
minor Fe, in order to adjust their s.o.f. closer to a full 
occupancy. On the other hand, according to Table 7, Cu2 
and Cu6 correspond to the smallest tetrahedra, giving 
the highest bond-valence sums (1.26), in accordance of 
the incorporation of some Fe3+ (a smaller cation with 
a higher valence).

Short Cu–Cu distances are also present in the 
structure. The Cu5–Cu5 distance is 2.500 Å, forming a 
Cu–Cu–Cu zigzag chain along a. The Cu3–Cu6 distance 
is 2.656 Å, forming another Cu–Cu–Cu zigzag chain 
also along a. Atoms Cu1 and Cu2 form isolated Cu–Cu 
pairs with d = 2.559 Å, connected through a Cu1–Cu1–
Cu1 zigzag chain along a with d = 2.759 Å. A similar 
zigzag chain, with d = 2.634 Å, is present along b in 
the crystal structure of Cu4Bi4Se7(Se2) (Makovicky et 
al. 2002). All these distances are comparable to the 
Cu–Cu distance (2.555 Å) in 12-coordinated Cu metal. 
Such short distances do not correspond necessarily to 
direct Cu–Cu chemical bonding. In eldragónite, the Cu 
positions have relatively high isotropic displacement 
parameters, whereas their anisotropic displacement 
parameters are heterogeneous. These Cu positions 
are thus probably mean positions. In a well-resolved 
structure, it is possible that such short Cu–Cu distances 
would be excluded.

Building blocks

The projection along a of the crystal structure of 
eldragónite (Fig. 4) allows one to distinguish two slabs 
alternating along b. The thin slab A is a zigzag layer 
containing only Cu atoms within and Se atoms at the 
margin, with formula Cu6Se6. This layer is directly 
derived from the CaF2 archetype. Figure 6 is the projec-
tion along [101] of the CaF2 structure, where only one 
such (111) zigzag layer has been selected. The layer 
results from the succession of (100)CaF2 and (111)CaF2 
ribbons.

The thick slab B has Cu and Bi atoms at the margins, 
followed by Se mono-atomic layers, and a mixed 
(Cu2Se) mono-atomic layer at the center, which gives 
the composition (CuBi)2(Se2)2(Cu2Se)2 = Cu6Bi2Se6. 
The whole formula is:

A + B = Cu6Se6 + Cu6Bi2Se6 = Cu12Bi2Se12  
= 2 [Cu6BiSe4(Se2)].

TABLE 5.  SITE-OCCUPANCY FACTORS, FRACTIONAL
COORDINATES (Å), AND EQUIVALENT ISOTROPIC-DISPLACEMENT

PARAMETERS (Å ) OF ATOMS IN ELDRAGÓNITE2

____________________________________________________________

eqatom s.o.f. x y z U
___________________________________________________________

Bi 1.00 0.25 0.614316(10) 0.10659(3) 0.01553(9)
Cu1 0.968(4) 0.25 0.02265(3) 0.07475(11) 0.0196(3)
Cu2 1.002(4) 0.25 0.11574(3) 0.02738(10) 0.0213(3)
Cu3 1.008(4) 0.25 0.78781(4) 0.19084(13) 0.0280(4)
Cu4 0.978(4) 0.25 0.55445(4) 0.78117(11) 0.0218(3)
Cu5 0.960(4) 0.25 0.50190(5) 0.07705(14) 0.0346(4)
Cu6 0.990(4) 0.25 0.26005(3) 0.14636(11) 0.0191(3)
Se1 1.00 0.25 0.39728(2) 0.13545(7) 0.01269(14)
Se2 1.00 0.25 0.56504(2) 0.52343(8) 0.01333(14)
Se3 1.00 0.25 0.17350(2) 0.21325(7) 0.01256(15)
Se4 1.00 0.25 0.03593(3) 0.33309(7) 0.01354(15)
Se5 1.00 0.25 0.33404(2) 0.31352(7) 0.01238(14)
Se6 1.00 0.25 0.76739(3) 0.49037(8) 0.01386(15)
____________________________________________________________

TABLE 6.  ANISOTROPIC DISPLACEMENT PARAMETERS
OF THE ATOMS IN ELDRAGÓNITE

____________________________________________________________

11 22 33 23atom U U U U
____________________________________________________________

Bi 0.01489(16) 0.01438(12) 0.01733(16) 0.00021(10)
Cu1 0.0221(5) 0.0141(5) 0.0228(6) 0.0003(4)
Cu2 0.0268(6) 0.0180(5) 0.0190(5) -0.0029(4)
Cu3 0.0154(5) 0.0214(5) 0.0472(7) -0.0097(5)
Cu4 0.0269(6) 0.0165(5) 0.0220(5) 0.0023(4)
Cu5 0.0130(5) 0.0559(9) 0.0347(7) -0.0206(6)
Cu6 0.0175(5) 0.0175(5) 0.0222(5) 0.0010(4)
Se1 0.0136(3) 0.0120(3) 0.0124(3) 0.0003(2)
Se2 0.0111(3) 0.0118(3) 0.0171(3) -0.0007(3)
Se3 0.0138(3) 0.0114(3) 0.0124(3) 0.0003(2)
Se4 0.0161(3) 0.0123(3) 0.0122(3) 0.0010(2)
Se5 0.0137(3) 0.0112(3) 0.0123(3) 0.0003(2)
Se6 0.0130(3) 0.0130(3) 0.0156(3) -0.0016(2)
____________________________________________________________

13 12U  and U  = 0.
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Fig. 4.  Projection along a of the 
crystal structure of eldragónite. 
The two constituent slabs, A and 
B, are outlined by zigzag dashed 
lines.

TABLE 7.  BOND DISTANCES AND BOND VALENCES IN THE CRYSTAL STRUCTURE OF ELDRAGÓNITE

______________________________________________________________________________________________________________

Bi1 Cu1 Cu2 Cu3 Cu4 Cu5 Cu6 Se1 Se5 Sum

 d (Å) b.v. d (Å) b.v. d (Å) b.v. d (Å) b.v. d (Å) b.v. d (Å) b.v. d (Å) b.v. d (Å) b.v. d (Å) b.v. b.v.

______________________________________________________________________________________________________________

Se1 3.241 0.24 2.532 0.25 2.885 0.10 2.413 0.80 1.88 Se1

3.241 0.24 2.532 0.25

Se2 2.423 0.34 2.487 0.28 2.480 0.29 1.73 Se2

2.503 0.27 2.487 0.28

2.503 0.27

Se3 2.792 0.82 2.367 0.39 2.427 0.33 2.36 Se3

2.792 0.82

Se4 3.539 0.11 2.495 0.28 2.495 0.28 2.378 0.38 1.78 Se4

3.539 0.11 2.378 0.38

2.546 0.24

Se5 2.454 0.31 2.374 0.38 2.561 0.23 2.41 0.80 2.10 Se5

2.374 0.38

Se6 2.709 1.03 2.429 0.33 2.411 0.35 2.15 Se6

2.915 0.09 2.411 0.35

______________________________________________________________________________________________________________

Sum Sum cations Sum

b.v. Bi1 3.37 Cu1 1.16 Cu2 1.26 Cu3 1.18 Cu4 1.07 Cu5 1.10 Cu6 1.26 10.40 12.00 Se

_______________________________________________________________________________________________________________

b.v.: bond valences calculated according to Brese & O’Keeffe (1991), without Fe or Ni at Cu positions.
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The last formula takes into account the Se–Se pair at 
the junction between A and B slabs (Fig. 6).

Relationship with other chalcogenides

In its general organization, the crystal structure of 
eldragónite is quite original. The organization of the B 
layer is similar to, but distinct from, that of the consti-
tutive layer of wittichenite, Cu3BiS3 (Kocman & Nuff-
ield 1973). In schlemaite, (Cu4.93Ag0.40)(Pb0.61Bi0.39)
Se4 (Förster et al. 2003), there is also a ribbon of the 
(100)CaF2 type within a zigzag layer parallel to (001) 
with parameters a 3 b = 9.5341 3 4.1004 Å, close to 
c 3 a = 9.559 3 4.0341 Å of eldragónite, but the two 
zigzag layers are not isotypic, and eldragónite cannot 
be considered as an expanded homologue of schlemaite.

Charge balance in eldragónite

The structural formula of eldragónite, ideally 
Cu+

6Bi3+Se2–
4(Se2)2–, does not respect the valence 

equilibrium on the basis of integer oxidation states 
for cations and Se: there are nine positive charges for 
10 negative ones, i.e., a deficit of positive charges. 
On the other hand, with the electron-microprobe 
data, with minor Fe and Ni in the trivalent state, 

Fig. 5.  Coordination of the Bi atom in the crystal structure 
of eldragónite.

Fig. 6.  Projection along [01] of the CaF2 structure, with selection of a zigzag (121) slab corresponding to the A slab of the 
eldragónite structure.
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(Cu+
5.98Fe3+

0.24Ni3+
0.06)S6.28Bi3+

1.03(Se2)2–Se2–
3.69, one 

has 9.97 positive charges for 9.38 negative ones, i.e., 
an excess of positive charges. Such a discrepancy may 
be due to 1) the uncertainties of the crystal-structure 
refinement on a very small, composite sample, espe-
cially concerning the localization of minor Fe and Ni, 
and 2) the possibility of an artefact during the electron-
microprobe analysis (decomposition of this Se-excess 
mineral under the electron beam), which would explain 
the Se deficit relative to the structural formula (which 
indicates no Se vacancy, nor a Cu interstitial atom).

Variations of bond valences calculated according to 
Brese & O’Keeffe (1991) illustrate the uncertainties of 
the crystal-structure solution. Table 7 indicates a large 
variation in the bond valence of the Se atoms, from 1.73 
up to 2.36 vu; the same is evident from the valence of 
Cu atoms (invariably above 1: from 1.07 up to 1.26 vu), 
and the bond valence of Bi is overestimated (3.37 vu).

Discussion and Conclusions

In the vast group of sulfosalts and related minerals 
(Moëlo et al. 2008), eldragónite is a new example of 
the sparse subcategory of Se or (Se,S) derivatives, 
i.e., selenio-(sulfo)salts, which contains about twenty 
mineral species (Table 8). Among all these minerals, 
eldragónite is the only one that presents a Se2 pair 
within the structure, and thus corresponds to a mixed 

selenide–diselenide compound. A synthetic compound 
with similar crystal chemistry has been described by 
Makovicky et al. (2002); it also presents a Se2 pair, 
with the formula Cu4Bi4Se7(Se2), but its crystal struc-
ture is quite distinct. During an experimental study 
of the system Cu–Bi–Se between 300 and 750°C, 
Karup-Møller (2003) obtained the Se-rich phase “D”, 
Cu3Bi2Se6, at 300 and 350°C, but its structure is 
unknown; he did not observe a synthetic equivalent of 
eldragónite, which indicates that this mineral is prob-
ably stable only at a temperature below 300°. Three 
other Cu–Bi–Se synthetic compounds are known, 
CuBiSe2, Cu3BiSe3 and Cu1.78Bi4.73Se8 (Makovicky et 
al. 2006), and there is no unnamed mineral of this type 
(Smith & Nickel 2007). Eldragónite is thus the first 
natural Cu–Bi selenosalt.

Among unanswered questions, we must point to the 
uncertainties relative to the crystal-structure solution, 
especially the exact location of minor Fe and Ni. It 
is possible that these metals, probably in the trivalent 
state, are critical for the equilibrium of charges, and for 
the formation of eldragónite in nature. In this case, the 
true formula of eldragónite could be [Cu5.5(Fe,Ni)0.5]
BiSe4(Se2). But the absence of Fe and Ni in the 
eldragónite-type mineral from the San Francisco mine 
(Table 2) would contradict such a hypothesis. Only the 
study of homogeneous crystals of eldragónite will lead 
to a solution of this question.

The formation of eldragónite is conditioned by 
a high activity of Se, as indicated by the Se excess 
related to the Se2 pair in its structure. Various selenides 
described at El Dragón illustrate such a Se excess 
relative to Cu and other transition metals: the kruťaite 
(CuSe2) – penroseite (NiSe2) – trogtalite (CoSe2) 
series, klockmannite (CuSe) and umangite (Cu3Se2). 
According to the metallographic study of the ore 
association (see above), the formation of eldragónite 
is the geochemical result of a superimposition process, 
when a late hydrothermal stage, bringing the heavy 
metals (Bi, Pb and Hg) in solution as a result of a new 
tectonic phase, has reacted with pre-existing kruťaite. 
Dissolution of that diselenide provided the Se for the 
precipitation of heavy metals, generally combined with 
a residual fraction of Cu from kruťaite. This explains the 
formation of eldragónite together with rare and complex 
selenosalts in which Cu is combined with Pb, Bi and Hg.
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6 4 2 4 13Giraudite Cu [Cu (Fe,Zn) ]As Se Cu,Fe/As
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  Probably the same species.   W ith Sb .  Borderline compound (not exactly a5+1 2 3  

sulfosalt).  In bold, minerals present at El Dragón.
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