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INTRODUCTION

Structural coordinations surrounding As3+ and Sb3+ cations 
are always characterized by a one-sided coordination of trigonal 
pyramids because of the stereochemical activity of inert 4s2 or 5s2 
lone-pair electrons of the metal atoms (e.g., Ondruš et al. 2002; 
Berlepsch et al. 2002; Effenberger et al. 1999, 2002). In the group 
V elements (As, Sb, Bi) stereochemical activity caused by ns2 
inert lone-pair electrons (n = 4, 5, 6) is known to decrease with 
increasing atomic number, which is ascribed to the contraction 
of inert pair orbitals explained in terms of relative contractions 
(Pitzer 1979; Pyykko and Desclaux 1979). That is, s electrons in 
the 4s shell are the most weakly bound with the metal nucleus, 
resulting in the greatly stereochemical behavior of the lone-pair 
electrons. Therefore, although Sb-Bi substitution can take place 
continuously in a stibnite (Sb2S3)-bismuthinite (Bi2S3) solid solu-
tion (Springer and Laflamme 1971; Nayak et al. 1983), several 
different structures occur between orpiment (As2S3) and stib-
nite (Sb2S3). There are three different phases in As-Sb sulfides: 
getchellite AsSbS3 (Weissberg 1965; Guillermo and Wuensch 
1973), pääkkönenite Sb2AsS2 (Borodayev et al. 1982; Bonazzi 
et al. 1995), and wakabayashilite (As,Sb)11S18 (Kato et al. 1972). 
Guillermo and Wuensch (1973) showed that the crystal structure 
of getchellite is not derived from that of either stibnite or orpi-
ment. Experimental methods for the structural determination of 
getchellite described by Guillermo and Wuensch (1973) had to 
surmount two serious obstacles: (1) the intensities of the reflec-
tions were measured unfavorably with monochromatized CuKα 
radiation because of the large absorption coefficients for arsenic 
antimony sulfide and (2) their refined crystal was not investigated 
for quantitative chemical composition.

We present a redetermined crystal structure of getchellite 
and elucidate structural behaviors of As and Sb coordination 
environments in getchellite relative to stibnite and orpiment. 
For the purpose of this study, a natural getchellite crystal from 
the type locality was studied with single crystal X-ray diffrac-
tion techniques.

EXPERIMENTAL METHOD
The sample used in this study is from the type locality, the Getchell mine, 

Humboldt County, Nevada, U.S.A. It is extremely difficult to select a single crystal 
whose diffraction spots display a low degree of splitting because the crystals are 
commonly twinned and plastically deformed with even slight mechanical manipula-
tion (Weissberg 1965; Guillermo and Wuensch 1973). Dozens of crystal fragments 
were examined with a Rigaku RAXIS RAPID imaging plate diffractometer. After 
many trials, a small crystal with platelet shape (0.40 × 0.10 × 0.05 mm) was found 
to be suitable for structural investigation. The selected crystal was fixed on a 0.1 
mm diameter glass capillary, then mounted on the imaging plate diffractometer 
system mentioned above, which uses graphite-monochromated MoKα radiation 
(λ = 0.71069 Å). A total of 44 images were collected in continuous omega-rotation 
mode in 5.0° steps between 130° and 190° (χ = 45°, ϕ = 0°) and between 0° and 
160° (χ = 45°, ϕ = 180°); each image was irradiated for 4 min. Intensity data were 
corrected for Lorentz and polarization effects. Empirical absorption correction 
(Higashi 1995) was employed. The structure was resolved by direct methods with 
the program package SIR92 (Altomare et al. 1992) and refined by full-matrix least 
squares method with the program CRYSTALS (Watkin et al. 1996). Systematic 
absences confirmed the space group P21/a previously determined by Guillermo 
and Wuensch (1973); the R index sharply lowered to 7.2% without site occupancy 
refinement. Site occupancy refinement was performed based on the chemical com-
position mentioned below. Refinement of the structure with 91 parameters on the 
basis of 505 unique reflections Io > 5σ(Io) yielded residuals of R = 0.058, Rw = 
0.062, and GOF = 1.16. Although we tried using the TWIN routine in the SHELXL 
program (Sheldrick 1993), there is no appreciable difference between results with 
and without it. Therefore, we have excluded completely the possibility of twin-
ning in this study. Table 1 shows crystal data and details concerning intensity data 
collection and structural refinement. Tables 2 and 3 show atomic coordinates and 
thermal displacement parameters along with bond lengths and angles.

The chemical composition of getchellite was determined after the intensity 
data collection using an electron microprobe equipped with fully automated X-ray 
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wave dispersive spectrometers (JXA8621 Superprobe; JEOL, Inc.). The operating 
conditions were 25 kV with a beam current of 10 nA. The raw data were corrected 
with a conventional ZAF program. Pyrite (SKα), GaAs (AsLα), and stibnite (SbLα) 
were used as standards. The EMPA yielded the following composition (wt%, aver-
age for seven points): As 24.91, Sb 41.81, and S 32.59; the total was 99.31. Other 
elements (Ag, Fe, Cu, Zn, Sn, Pb, Tl, and Bi) were sought but not detected. These 
results imply the empirical formula As0.98(2)Sb1.02(1)S3.00(1). The chemical composi-
tion of our getchellite crystal is approximately consistent with previously reported 
data (Weissberg 1965).

RESULTS AND DISCUSSION

The getchellite structure, as previously described by Guill-
ermo and Wuensch (1973), is made up of (As,Sb)S3 trigonal 
pyramids that join to form eight-membered (As,Sb)8S8 rings 
stacked along the b axis (Fig. 1); the eight-membered rings 
are connected by eight M cations and eight sulfur atoms in the 
following manner: (M1-S5-M3-S4-M2-S3-M4-S2)-(M1-S5-
M3-S4-M2-S3-M4-S2), and are interconnected by S1 and S6 
atoms. The refined structure of natural getchellite is in funda-
mental agreement with that of synthetic getchellite (Guillermo 
and Wuensch 1973). According to Guillermo and Wuensch 
(1973), the getchellite structure consists of sheets parallel to 
(001), which are responsible for cleavage and twin planes (Fig. 
1). The cleavage is perfectly parallel to {001}, {011}, {011–}, 
{111–}, {1–11}, {210}, {2–10}, {211}, {2–11}, {201–}, and {2–01}, 
which often represent cleavage faces (Fig. 2). Indexing is based 
on recalculation from the refined crystal structure.

Our getchellite crystal shows very different metal distribu-
tions over the four metal sites. Although site preferences in syn-
thetic getchellite showed disordering of the As cation (Guillermo 

and Wuensch 1973), there is a strong preference for ordering 
of As in natural getchellite (Table 2). This may be attributed to 
slow crystallization in nature over an extended period of time 
(Guillermo and Wuensch 1973). In our sample, the M1 and M4 
sites are chiefly occupied by Sb with minor substitution of As. 
However, the M2 site is occupied predominantly by As with 
extremely small amounts of Sb. Approximately equal amounts 
of As and Sb occupy the M3 site. A linear relation exists between 
the As cation content at the M site and M-S distances (Fig. 3). 
Therefore, the amount of As cation incorporated at M1 sites is 
associated strongly with the M2 site composition; e.g., less As at 
the M2 site should promote incorporation of As at the M1 site. 
On the other hand, incorporation of As at the M3 site appears to 
be related to the M4 site composition. In the getchellite crystal 
structure the M1 and M2 sites are located at the outside position 
in the eight-membered (As,Sb)8S8 ring (Fig. 1); the lone-pair 
electrons of the M cations at the vertex of the trigonal pyramid 
apparently point toward the interlayer separation. In contrast, 
the M3 and M4 sites are inside the eight-membered (As,Sb)8S8 
ring, with the lone-pair electrons pointing toward the center (Fig. 
1). Importantly, the amount of As at the M1 and M2 sites (M1 
+ M2 = 1.25) and at the M3 and M4 sites (M3 + M4 = 0.70) 
are approximately equal to those in synthetic getchellite (M1 
+ M2 = 1.24 and M3 + M4 = 0.76; Guillermo and Wuensch 
1973). Therefore, the incorporation of As into getchellite may 
be responsible for a constant As ratio at (M1 + M2) and (M3 
+ M4). Furthermore, the As cation, with a stronger tendency 
to form stereoactive lone-pair electrons than the Sb cation, ap-
pears to occupy the (M1 + M2) sites preferentially, where the 
lone pair of electrons direct toward and contribute to interlayer 
separation in the structure. Orpiment and stibnite show similar 
orientations of inert lone-pair electrons (Mullen and Nowacki 
1972; Kyono et al. 2002). That contribution is characteristic 
of elements with stereoactive lone-pair electrons. The strong 
site-preference of As for the M2 site is suggested by the poly-
hedral geometry of the M2S6 coordination. In particular, the 
sphericity parameter (Balić-Žunić and Makovicky 1996) was 
calculated with the IVTON computer program (Balić-Žunić and 
Vickovic 1996). This parameter is a measure for the degree of 
deformation and irregularity of the coordination polyhedra. In 
this study, we used it as an indicator for site preferences (Table 
4). As shown by sphericity (s) in Table 4, the M2S6 polyhedron 
has the most distorted (irregular) geometry compared with other 
metal polyhedra. The As cations should tend to occupy the M2 
site preferentially and thereby avoid increasing the polyhedral 
deformation because stereochemical activity of the As cation is 
much greater than that of the Sb cation.

Figure 4 shows the relationship between the S-M-S inter-

TABLE 1.  Crystal data and details of the structure refinements for 
getchellite

Formula  As0.980Sb1.020S3.000 

Temperature (K)  293
Crystal system  Monoclinic
Space group  P21/a
a (Å)  11.949(3)
b (Å)  9.028(1)
c (Å)  10.130(2)
β (o)  116.15(1)
V (Å3)  980.9(4)
Z  8
Dcalc (g/cm3)  3.978
Absorption coefficient (cm–1)  133.73
F(000)  1058.88 
Reflections collected  3836
Independent reflections  1932
Rint  0.109
Observed reflections  505
Refined parameters  91
GOF  1.16
R [I > 5σ(I)]  0.058
Rw [I > 5σ(I)]  0.062
Δρmax (e/Å3)  1.90
Δρmin (e/Å3)  −1.71

TABLE 2. Site occupancies, atomic coordinates, and thermal displacement parameters (Å2) for getchellite
Atom  Site occupancy   x y z Beq U11 U22 U33 U12 U13 U23 

M1 As :  0.31(3) Sb :  0.69(3)  0.1230(2)  0.3545(2)  0.1692(2)  2.61(9) 0.025(2) 0.028(2) 0.044(3) –0.005(1)  0.013(2) 0.004(2)
M2 As :  0.94(3) Sb :  0.06(3)  0.2333(3)  0.7245(3)  0.1424(3)  2.30(11) 0.026(3) 0.022(2) 0.041(4) –0.001(2)  0.017(2) –0.000(2)
M3 As :  0.48(3) Sb :  0.52(3)  0.4854(2)  0.4401(2)  0.3182(2)  2.40(9) 0.026(2) 0.021(2) 0.048(3) –0.000(1)  0.019(2) –0.002(2)
M4 As :  0.22(3) Sb :  0.78(3)  0.8257(2)  0.5221(2)  0.4610(2)  2.65(8) 0.029(2) 0.026(2) 0.048(3) –0.002(1)  0.019(2) –0.001(2)
S1        0.0739(9)  0.6164(9)  0.1780(9)  2.68(22) 0.022(5) 0.017(4) 0.064(8) –0.005(4)  0.020(5) –0.003(5)
S2        0.2842(9)  0.3478(10)  0.4235(12)  2.99(26) 0.035(6) 0.028(6) 0.059(9) –0.003(5)  0.028(6) –0.014(6)
S3        0.3877(10)  0.7545(11)  0.3751(12)  2.99(26) 0.039(7) 0.031(5) 0.032(8) 0.005(5)  0.005(6) –0.017(5)
S4        0.3171(9)  0.5197(11)  0.0899(13)  2.55(23) 0.026(6) 0.030(5) 0.041(7) 0.002(4)  0.014(5) –0.011(5)
S5        0.4486(11)  0.1843(10)  0.2369(14)  2.90(25) 0.039(6) 0.023(5) 0.055(9) –0.012(5)  0.027(6) –0.008(5)
S6       0.6392(9)  0.4932(11)  0.2321(12)  2.52(22) 0.031(6) 0.025(5) 0.039(7) –0.006(4)  0.015(5) –0.003(5)
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FIGURE 1. The crystal structure of 
getchellite composed of eight-membered 
rings projected parallel to (a) [010] and 
(b) [104]. One eight-membered ring 
represents yellow (S anion) and red (M 
cation) spheres.

FIGURE 2. Morphology of getchellite; the twin plane is (001) 
(program SHAPE, Dowty 1999).

FIGURE 3. M-S bond lengths in MS3 trigonal pyramids as a function 
of As concentration at the M site. The As-S and Sb-S bond lengths 
are calculated from AsS3 and SbS3 units forming trigonal pyramids in 
orpiment and stibnite, after Mullen and Nowacki (1972) and Kyono et al. 
(2002), respectively. Natural getchellite used in this study is represented 
by solid diamond symbols. Synthetic getchellite from Guillermo and 
Wuensch (1973) is shown by open diamond symbols. Stibnite is shown 
by solid triangles, and orpiment by solid circles.
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atomic angles and As cation contents. Interatomic angles for 
the M1, M3, and M4 sites should be independent of As and Sb 
contents. In constant conditions, the S-M2-S interatomic angles 
are clearly distinguishable from other angles. This correlation 
also appears in orpiment. That is, the M2 site differs completely 
from the other three M sites by structural similarities to orpi-
ment. Moreover, linkages of MS3 trigonal pyramids sharing 
their mutual three corners with each other are not common in 
stibnite (Kyono et al. 2002), but they are common in getchellite 
and orpiment (Mullen and Nowacki 1972). An important feature 
of arsenic (III) sulfide minerals is that crystal structures, e.g., 
ellisite Tl3AsS3 (Gostojić 1980), laffittite AgHgAsS3 (Nakai 
and Appleman 1983), and xanthoconite Ag3AsS3 (Engel and 
Nowacki 1968) are composed of a three-dimensional network 
consisting not only of AsS3 pyramids, but also containing trigonal 
pyramids of other constituent cations. Therefore, the As cation 
induces configurations of constituent cations to form threefold 
coordination because of the great stereochemical activity of the 
As3+ cation. Where an As cation is crystallized with tellurium 
or selenium, crystal structures of laphamite As2Te3 (Stergiou 
and Rentzeperis 1985a) and As2Se3 (Stergiou and Rentzeperis 
1985b) are structurally identical to that of orpiment (Mullen and 
Nowacki 1972). This identity suggests that the crystal structure 
of orpiment is very suitable for trigonal coordination of As3+ 
cations. Therefore, because crystal structures of arsenic miner-
als are governed strongly by the stereochemical activity of the 
As3+ cation, formation of getchellite is also influenced strongly 
by incorporation of As cation.
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TABLE 4.  Polyhedral distortion parameters calculated with the pro-
gram IVTON (Balić-Žunić and Vickovic 1996)

                            CN r (Å) d (Å) s
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