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Abstract: High-pressure single-crystal synchrotron X-ray diffraction data for galenobismutite, PbBi,Sy
collected up to 20.9 GPa, were fitted by a third-order Birch-Murnaghan equation of state, as suggested
by a Fr-fr plot, yielding V = 697.4(8) A3, Ky = 51(1) GPa and K’ = 5.0(2). The axial moduli were
My, = 115(7) GPa and M, = 28(2) for the a axis, Mg, = 162(3) GPa and My, = 8(3) for the b axis,
Mo, = 142(8) GPa and M.’ = 26(2) for the c axis, with refined values of ay, by, ¢y equal to 11.791(7)
A, 14.540(6) A 4.076(3) A, respectively, and a ratio equal to Mg,:Mgp:My. = 1.55:1:1.79. The main
structural changes on compression were the M2 and M3 (occupied by Bi, Pb) movements toward
the centers of their respective trigonal prism bodies and M3 changes towards CN8. The M1 site,
occupied solely by Bi, regularizes the octahedral form with CN6. The eccentricities of all cation
sites decreased with compression testifying for a decrease in stereochemical expression of lone
electron pairs. Galenobismutite is isostructural with calcium ferrite CaFe,Oy, the suggested high
pressure structure can host Na and Al in the lower mantle. The study indicates that pressure
enables the incorporation of other elements in this structure, increasing its potential significance for
mantle mineralogy.

Keywords: galenobismutite; high pressure; single-crystal X-ray synchrotron diffraction; equation of
state; calcium ferrite structure type; lone electron pair

1. Introduction

Galenobismutite PbBiyS, is a Bi-sulfosalt usually found in hydrothermal veins or associated with
fumarolic deposits [1,2]. Like other Bi-minerals, it has an important role in the reconstruction of the
formation of ore deposits as it is sensitive to physical-chemical fluctuations and can constrain the
genesis of ore.

According to sulfosalt classification [3] galenobismutite is classified among commensurate
composite derivatives of cannizzarite in a sub-group with angelaite, Cuy AgPbBiS, [4], nuffieldite,
Cu1.4Pb2'4Bi2'4Sbo'zs7 [5] and weibullite, Ag0'33Pb5.33Big.33(S,Se)lg [6] It has a distinctly different
crystal structure from the chemically (stoichiometrically) similar berthierite FeSb,S4 [7], garavellite
FeSbBiS, [8] and clerite MnSb,S4 [9] which form a berthierite isotypic series [3].

Chemical substitution of Sb for Bi and Fe for Pb are common in gelenobismutite. It is illustrated by
galenobismutite from Beiya porphyry- and skarn-type deposits that contain Sb up to 0.39% and Fe up
to 0.42% [10]. Selenium can replace sulfur in galenobismutite. In galenobismutite from Vulcano Island
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(Italy) [1] heterogeneous distribution of selenium in the Sulphur sites was found, with a total amount
of up to 0.13 atoms of Se per formula unit. Moreover, galenobismutite from Vulcano shows an unusual
presence of Cl, according to the coupled heterovalent substitution scheme: Pb?* + Cl~ = Bi3* + S~ [2].

The crystal structure of galenobismutite is orthorhombic, space group Pnam, and was described
firstly by Wickman [11], then by litaka and Nowacki [12], and later classified by Makovicky [13] as
being representative of a specific subgroup of cannizzarite-type structures.

The crystal structure contains three cation positions. M1 has a slightly distorted octahedral
coordination and forms fragments of galena-like structure two octahedra wide by sharing edges with
a conjugated M1 octahedron. M2 is surrounded by seven S atoms forming a “lying” (prism axis is
perpendicular to the c crystal axis) mono-capped trigonal prism. M3 polyhedron is a “standing” (prism
axis parallel to the c crystal axis) bi-capped trigonal prism (CN8) with one of the capping ligands
relatively distant, so the coordination can also be described as a 7+1 (Figure 1).

The determination of the distribution of Bi and Pb in the three sites by refinement of X-ray
diffraction data is practically impossible due to the similar number of electrons (83 and 82, respectively).
It is therefore based on the bond valence calculations. According to Pinto et al. [1], who used bond
lengths, bond valences and geometrical characteristics of the coordination polyhedral to interpret the
occupancy on the M1, M2 and M3 positions. M1 is considered fully occupied by Bi, while M2 and M3
are mixed sites dominated by Bi and Pb, respectively.

The configuration of this structure, isotypic with calcium ferrite (CF) CaFepQy, is of a particular
interest for high pressure mineral physics. Finger and Hazen [14] include among the seven
structure-types with exclusively six-coordinated silicon NaAlSiO4 [15,16], the analogue of CF. This
structure bears a close relationship to hollandite, another V!Si -coordinated structure type. Both
structures consist of double octahedral chains which are joined to form ‘tunnels’ parallel to c that
accommodate the alkali or alkaline-earth cations. In hollandite four double chains form square tunnels,
whereas in CF four double chains define triangular tunnels.

Akaogi et al. [17] were the first who synthesized NaAlSiO4 with CF structure at pressures higher
than 18-20 GPa. Tutti et al. [18] found that this phase is stable at pressure up to at least 70-75 GPa and
temperatures 800-2200 °C indicating it as an important carrier of Na and Al in the lower Mantle.

The most regular CF-type structure known is that of PbScySy ([19], Figure 1b). The reported
crystal structure of NaAlSiOy ([16], Figure 1c), obtained from a powder sample, has a substantially
more distorted octahedral coordination. Dubrovinsky et al. [20] reported the structure of NaAISiOy at
35 GPa, likewise done on a powder sample (Figure 1d). The data suggest that the M1 coordination
becomes more regular without significant contraction, whereas M2 and Na coordinations significantly
contract keeping their general shapes. Compared to the other CF structures, galenobismutite differs in
having CN7 coordination of the M2 site and a significantly distorted coordination of the M3 site. M1
coordination is eccentric, unlike in PbSc,S; or NaAlSiOy. The increased CN of M2 and distortions of
the other two coordinations in galenobismutite are explained as a stereochemical effect of the lone
electron pair of Bi** [21].

The first high-pressure study of galenobismutite was done by Olsen et al [21] at pressures up to
8.9 GPa with single crystal X-ray diffraction. They found a bulk modulus of K, equal to 43.9(7) GPa
and a K’ of 6.9 (3). No phase transition was observed in this pressure range and, interestingly, although
the stereochemical activity of Lone Electron Pair (LEP)’s decreased with pressure, the structure did not
approach the CF isotype but moved further away from its typical configuration, keeping its distinct
character [21].

The present paper extends the study of the baric behavior of galenobismutite over a significantly
larger pressure range, up to 20.9 GPa, by a synchrotron single crystal X-ray diffraction study in order
to obtain a more complete picture of its behavior under high pressure. Really the relevance of high
pressure single crystal X-ray diffraction data with respect those from high pressure powder diffraction
was very recently highlight in several papers i.e. [22,23].
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Figure 1. Crystal structures of: (a) galenobismutite, projected along [001] with x axis on the vertical
and y axis on the horizontal line; (b) PbSc,S, [19]; (c) NaAlSiO4 at room pressure [16]; (d) NaAlSiO; at
35 GPa [20].

2. High Pressure Experiments

The HP synchrotron single-crystal X-ray diffraction experiments were carried out at ID-15B
beamline at ESRF (Grenoble) dedicated to the determination of structural properties of solids at high
pressure using angle-dispersive-diffraction with diamond anvil cells. A membrane-type Diamond
Anvil Cell with an opening angle of +/-32 degrees, equipped with 600 um diamond culets was used.
Helium was used as a pressure transmitting medium. According to Singh [24] helium is superior in
ensuring near to hydrostatic conditions at pressures of 20 GPa or over compared to argon.

Ruby sphere was loaded as a fluorescent P calibrant together with the galenobismutite sample
(80 x 10 x 20 um?) in the 300 um hole in the center of a pre-indented stainless steel gasket of 80 pm
thickness. Pressure was measured before and after each data collection.

The sample-to-detector distance was 279.88 mm and calibrated, along with the wavelength, using
Si standard and Fit2D software [25]. The same synthetic sample of galenobismutite used in Olsen et al
2007 was selected to collect the present set of measurements, to avoid differences in compressibility
ascribable to different chemical compositions in the samples.

The X-ray beam was monochromatized to a wavelength of 0.41125 A and focused down to
10 X 10 pm area. Data were collected with a DAC rotating 64° around the w-axis (from —32 to +32°)
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with angular step of 0.5° and counting time of 1s per step. The scattered radiation was collected by a
MARSS55 flat panel detector, with 430 X 350 mm (555mm diagonal) active area.

The extraction and correction of the intensity data, merging of reflections, and the refinements of
the crystal lattice parameters were done by means of the CrysAlis software (Agilent technologies) [26].
Measurements were performed at different pressures from 0.5 to 20.9 GPa on increasing pressure,
and at 16.43, 8.12, and 2.1 GPa on decreasing pressure to evaluate the reversibility and hysteresis
phenomena of structural changes. The absorption correction was applied by means of ABSORB-7
software [27].

The structure refinements were carried out with ShelXle [28] on F2. Scattering curves for neutral
atoms were used. Table 1 summarizes details of data collection and structure refinements up to
20.9 GPa. Final atomic coordinates and isotropic displacement factors are listed in Table 2. Bond
lengths, polyhedral volumes and polyhedral distortion parameters at different pressures, are reported
in Table 3. Cif files with the hkl, i.e., the Miller indices of the collected reflections, of individual
refinements are in Table S1 (deposited).
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Table 1. Details of data refinements, lattice parameters, and density at different pressures.
P (GPa) 0.50 1.66 213 * 4.94 6.20 8.10 * 8.80 11.40 15.10 16.43 * 17.10 20.90
a(d) 11.7338(7)  11.6511(4)  11.6167(7)  114505(5)  11.3956(6)  11.3191(8)  11.2841(6)  11.2038(6)  11.0890(8)  11.0611(5)  11.0423(5)  10.9733(6)
b (A) 14.5066(4) 14.3951(3) 14.3541(3) 14.1314(4) 14.0521(4) 13.9355(3) 13.8803(3) 13.7379(4) 13.5330(5) 13.4491(3) 13.4115(3) 13.2252(4)
c(A) 405910(6)  4.03492(5)  4.02572(4)  3.97480(5)  3.95717(5)  3.93304(5)  3.92120(5)  3.89439(6)  3.86003(7)  3.84944(5)  3.84254(5)  3.81906(5)
V (A3 690.93(5) 676.73(3) 671.28(4) 643.17(3) 633.67(4) 620.39(5) 614.16(4) 599.41(4) 579.26(5) 572.65(3) 569.06(3) 554.24(4)
p (g/emd) 7.243 7.395 7.455 7.780 7.897 8.066 8.148 8.348 8.639 8.739 8.794 9.029
Data collection
# Meas. refl. 1004 1091 1132 1056 1052 1026 1015 1052 1022 1080 1033 1106
# Unique refl. 536 581 551 555 549 510 536 531 501 500 504 511
# Obs. ref. ** 506 548 516 514 517 518 520 487 485 488 491
Ring 0.0314 0.0314 0.0266 0.0284 0.0315 0.0265 0.0296 0.0321 0.0263 0.0247 0.0237 0.0222
26max (°) 41.84 40.93 41.05 41.29 40.96 41.16 41.02 41.10 41.63 41.16 41.26 41.30
-10<h<12 -9<h<12 -7<h<10 -12<h<9 -9<h<12 -9<h<7 -11<h<9 -11<h<9 -9<h<11 -11<h<8 -9<h<11 -9<h<1l
Range hkl -17<k<19 -19<k<17 -19<k<20 -19<k<17 -16<k<19 -20<k<19 -18<k<17 -18<k<16 -17<k<18 -18<k<17 -17<k<18 -16<k<18
-6<1<5 -5<1<5 -5<1<5 -5<1<5 -5<1<5 -5<1<5 -5<1<5 -5<1<5 -5<1<5 -5<1<5 -5<1<5 -5<1<5
send/A (A‘l) 0.87 0.85 0.85 0.86 0.85 0.85 0.85 0.85 0.86 0.85 0.86 0.86
20 max 418 409 411 413 41.0 412 41.0 411 416 412 413 413
Completeness (%) *** 25.76 30.11 29.09 29.32 30.13 28.73 29.98 30.18 28.53 29.58 29.66 30.75
Rafinement
R1 (|Fp| > 40) 0.0246 0.0213 0.0199 0.0223 0.0213 0.0221 0.0210 0.0221 0.0193 0.0163 0.0164 0.0158
wR2 0.0626 0.0537 0.0489 0.0538 0.0539 0.0586 0.0552 0.0553 0.0442 0.0372 0.0367 0.0360
Gooﬁé‘gzsfg’f Fit 1.071 1.023 1.044 1.016 1.032 1.027 1.084 1.078 1.006 1.019 1.016 1.037
# Parameters 44 44 44 44 44 44 44 44 44 44 44 44

* Data collected during decompression, ** Observed reflections [FO| > 40, *** Completeness is reported relative to 26 max.
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Table 2. Final atomic coordinates and isotropic displacement factors at different pressures.

GPa 0.50 1.66 213 % 4.94 6.20 8.10 * 8.80 11.4 15.10 16.43 * 17.10 20.90
x 0.06702(6)  0.06582(4)  0.06536(7)  0.06325(6)  0.06267(6)  0.06199(7)  0.06172(6)  0.06115(6)  0.06082(6)  0.06073(6)  0.06076(6)  0.06071(6)
y 0.39075(3)  0.39092(3)  0.39102(3)  0.39170(3)  0.39196(3)  0.39247(3)  0.39268(3)  0.39333(3)  0.39446(3)  0.39490(3)  0.39508(3)  0.39644(3)
z 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25
Uiso 0.01502)  0.01358(19)  0.0122(2)  00112(2)  0.0106(2)  0.0108(3)  00103(2)  0.0102(2)  0.01034(18) 0.01120(17) 0.01005(17) 0.01091(16)
Bil U11 0.0144(7)  0.0138(6)  0.0117(8)  0.0109(6)  0.0090(6)  0.0110(9)  0.0095(6)  0.0093(6)  0.0108(6)  0.0123(5)  0.0113(5)  0.0125(5)
U2 0.0168(4)  0.0149(3)  001353)  0.0128(4)  0.0136(4)  001233)  00123(4)  0.0127(4)  001173)  0.01203)  0.0106(3)  0.0115(3)
U33 0.0139(2)  0.01212)  0.01152)  0.0097(2)  0.0093(2)  0.0091(2)  0.0091(2)  0.0085(2)  0.00849(18) 0.00937(17) 0.00829(17) 0.00868(16)
U23 0 0 0 0 0 0 0 0 0 0 0 0
U13 0 0 0 0 0 0 0 0 0 0 0 0
U12 0.00162(16) 0.00131(13) 0.00121(18) 0.00082(16) 0.00074(14) 0.00024(18) 0.00052(14) 0.00024(14) 0.00030(14) 0.00024(13) 0.00023(13) 0.00013(13)
X 0.10329(6)  0.10545(5)  0.10621(7)  0.10974(6) 0.11084(6)  0.11234(7)  0.11270(6)  0.11413(6)  0.11562(6)  0.11623(6)  0.11627(5)  0.11716(5)
y 0.90590(3)  0.90648(3)  0.90666(3)  0.90753(4)  0.90789(3)  0.90843(3)  0.90869(3)  0.90935(3)  0.91036(3) 0.91074(3)  0.91097(3)  0.91199(3)
z 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25
Uiso 00182(2)  0.0158(2)  0.0140(3)  00123(2)  0.0112(2)  0.0106(3)  0.0107(2)  0.0101(2)  0.00983(18) 0.01075(17) 0.00945(16) 0.01001(16)
B U1l 00193(7)  0.0174(6)  0.0141(9)  00130(6)  0.01006)  0.0101(9)  0.0111(6)  0.0095(6)  0.0104(6)  0.0125(5)  0.0113(5)  0.0115(5)
U2 0.0230(4)  0.0190(3)  0.0178(3)  0.0146(33)  0.0147(3)  00132(3)  00126(33)  0.0126(3)  0.0109(3)  0.0107(3)  0.0093(3)  0.0099(2)
U33 00122(2)  0.01102)  0.0103(2)  0.0092(2)  0.0090(2)  0.0085(2)  0.0086(2)  0.0081(2)  0.00821(19) 0.00908(18) 0.00768(17) 0.00863(16)
U23 0 0 0 0 0 0 0 0 0 0 0 0
U13 0 0 0 0 0 0 0 0 0 0 0 0
U12 0.00020(18)  0.00009(14)  0.00001(19) 0.00000(16) 0.00005(14) —0.00003(17) —0.00007(15) —0.00010(15) —0.00006(14) —0.00009(13) —0.00008(13) —0.00030(13)
x 0.24848(7)  0.25147(5) 0.25280(7) 0.25793(6) 0.25963(6) 0.26198(7)  0.26265(6) 0.26497(6)  0.26766(6)  0.26874(6)  0.26905(5)  0.27136(5)
y 0.65233(4)  0.65209(3)  0.65203(3)  0.65201(4) 0.65203(3)  0.65214(3)  0.65219(4) 0.65241(3)  0.65264(3)  0.65274(3)  0.65279(3)  0.65308(3)
z 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25
Uiso 0.02293)  0.0198(2)  0.0180(3)  00153(2)  0.0141(2)  00132(3)  00126(2)  0.0118(2)  0.01114(19) 0.01206(18) 0.01068(17) 0.01094(17)
Pb3 U11 0.0274(8)  0.0247(7)  0.021909)  0.0199(7)  0.0164(7)  0.0167(9)  0.0160(6)  0.0145(6)  0.0142(6)  0.0166(6)  0.0149(5)  0.0145(5)
U2 0.0221(5)  0.0185(4)  00172(3)  0.0141(4)  0.0146(4)  00131(3)  0.0122(4)  0.0125(3)  0.01133)  0.01093)  0.0096(3)  0.0104(3)
U33 00192(2)  0.0163(2)  0.0150(2)  001192)  0.0111(2)  0.0099(2)  0.0096(2)  0.0085(2)  0.00793(19) 0.00876(18) 0.00746(17)  0.00790(16)
U23 0 0 0 0 0 0 0 0 0 0 0 0
U13 0 0 0 0 0 0 0 0 0 0 0 0
U12 0.0053(2)  0.00440(17)  0.0040(2)  0.00297(18) 0.00267(17) 0.00241(18) 0.00217(16) 0.00197(15) 0.00169(15) 0.00157(14) 0.00158(14) 0.00153(13)
x 03343(4)  03330(3)  0.3335(5)  0.3313(4)  03306(4)  0.3309(5)  0.3303(4)  0.3295(4)  0.3285(4)  0.3280(4)  0.3281(4)  0.3267(4)
y 00167(3)  0.0164(2)  00169(2)  001753)  0.0182(2)  0.01892)  00187(2)  0.02002)  0.02102)  0.0214(22)  0.0217(2)  0.0228(2)
z 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25
Uiso 0.0161(9)  0.01488)  0.0150(16) 0.0124(10)  0.0127(9)  0.0108(16) 0.0122(10)  0.0113(10)  0.0108(9)  0.0117(8)  0.0119(9)  0.0110(8)
o1 U1l 0.010(4) 0.010(4) 0.015(6) 0.011(4) 0.016(4) 0.006(6) 0.012(4) 0.010(4) 0.009(4) 0.010(4) 0.016(4) 0.008(3)
U2 0.021(2)  0.0182(19) 0.0141(19)  0.012(2)  0.0079(19) 00134(16)  0.013(2)  0.011519)  0.010Q2)  0.0106(18)  0.0066(18)  0.0117(17)
U33 0.0178(10)  0.0162(10)  0.0163(11)  0.0137(11) 0.0147(10)  0.0133(10) 0.0122(10)  0.0122(10)  0.0134(10)  0.0145(10)  0.0128(10)  0.0131(10)
U23 0 0 0 0 0 0 0 0 0 0 0 0
U13 0 0 0 0 0 0 0 0 0 0 0 0
U12 0.0001(11)  0.0025(10)  0.0014(14)  0.0008(11) —0.0003(11) 0.0002(13) 0.0017(12)  0.0014(11) —0.0006(11) —0.0002(10) —0.0012(10) 0.0000(10)
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Table 2. Cont.
GPa 0.50 1.66 213 * 4.94 6.20 8.10 * 8.80 114 15.10 16.43 * 17.10 20.90
X 0.2595(4) 0.2591(3) 0.2601(5) 0.2602(4) 0.2597(4) 0.2602(5) 0.2605(4) 0.2614(4) 0.2626(4) 0.2618(4) 0.2620(4) 0.2627(4)
y 0.2961(2)  0.29633(19)  0.2965(2)  0.2964(2)  0.2967(2)  0.2969(2)  02969(2)  02971(2)  0.2972(2)  0.2973(2)  0.2973(2)  0.2979(2)
z 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25
Uiso 0.0135(10) 0.0123(8) 0.0118(14) 0.0091(9) 0.0104(9) 0.0105(14) 0.0098(10) 0.0085(8) 0.0097(9) 0.0098(8) 0.0096(8) 0.0098(8)
- U1l 0.011(4) 0.008(4) 0.010(5) 0.002(4) 0.008(4) 0.009(5) 0.007(4) 0.003(4) 0.007(4) 0.008(3) 0.010(3) 0.010(3)
U2 0.017(2)  0.0150(19) 0.0140(17)  0.014(2) 0013(2)  0.0123(17)  0.013(2) 0.013(2) 0013(2)  0.0107(18)  0.0115(19)  0.0103(18)
U33 0.0127(10) 0.0142(9) 0.0113(10) 0.0115(11) 0.0106(9) 0.0100(9) 0.0092(10) 0.0094(9) 0.0091(9) 0.0107(9) 0.0078(9) 0.0092(9)
U23 0 0 0 0 0 0 0 0 0 0 0 0
U13 0 0 0 0 0 0 0 0 0 0 0 0
U12 —0.0001(11)  0.0011(9)  —0.0008(12) —0.0010(11) —0.0011(10) —0.0002(12) —0.0005(10) —0.0005(11) —0.0004(11) 0.0002(9)  0.0000(10)  —0.0009(9)
X 0.0547(4)  0.0543(3)  0.0543(5)  0.0535(5)  0.0534(4)  0.0530(5)  0.0525(4)  0.0518(4)  0.0510(4)  0.0510(4)  0.0504(4)  0.0499(4)
y 0.0940(2) 0.0948(2) 0.0947(2) 0.0966(2) 0.0975(2) 0.0984(2) 0.0988(2) 0.1004(2) 0.1020(2) 0.1029(2) 0.1032(2) 0.1052(2)
z 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25
Uiso 0.0149(10)  0.0139(9)  0.0116(14) 0.0112(10)  0.01099)  0.0121(17)  0.0101(9)  0.0096(9)  0.0096(9)  0.0116(9)  0.0087(8)  0.0099(8)
. U1l 0.011(4) 0.013(4) 0.007(5) 0.009(4) 0.008(4) 0.014(6) 0.007(4) 0.007(4) 0.009(4) 0.013(4) 0.008(3) 0.012(3)
U22 0.017(2)  0.0139(17) 0.0148(17)  0.013(2) 0.015(2)  0.0107(18)  0.012(2) 0.012(2)  0.0096(19)  0.0122(19)  0.0094(18)  0.0088(17)
U33 0. 0174(11) 0.0152(9)  0.0132(10) 0. 0116(1 ) 0.0104(10)  0.0117(9)  0.01109)  0.0091(9)  0.0097(10)  0.0099(9)  0.0084(9)  0.0093(9)
U23 0 0 0 0 0 0 0 0 0 0
Ul3 O 0 0 O 0 0 0 0 0 0 0 0
U12 0.0007(10)  —0.0013(9) —0.0011(12) 0.0003(11) —0.0003(10) —0.0028(12) 0.0000(10)  0.0001(10)  0.0002(9)  —0.0011(10) —0.0007(9)  —0.0005(9)
X 0.0197(4) 0.0197(4) 0.0191(5) 0.0194(4) 0.0190(4) 0.0194(5) 0.0194(4) 0.0185(4) 0.0183(4) 0.0188(4) 0.0184(4) 0.0185(4)
y 0.7124(2)  0.71258(19)  0.7129(2)  0.71422)  0.7146(2)  0.7151(2)  07154(2)  07156(2)  0.7157(2)  0.7154(2)  07157(2)  0.7151(2)
z 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25
Uiso 0.0143(9) 0.0130(7) 0.0109(13) 0.0108(10) 0.0106(9) 0.0103(15) 0.011009) 0.0108(9) 0.0098(9) 0.0113(9) 0.0105(8) 0.0101(8)
4 Ull 0.018(4) 0.015(3) 0.011(5) 0.011(4) 0.010(4) 0.009(5) 0.010(4) 0.010(4) 0.007(4) 0.013(3) 0.012(3) 0.010(3)
U22 0.0123(19) 0.0118(17) 0.0100(16) 0.013(2) 0.0131(19) 0.0118(16) 0.014(2) 0.0136(19) 0.0135(19) 0.0101(17) 0.0101(17) 0.0102(16)
U33 0.0127(9)  0.0122(8)  0.01159)  0.0081(10)  0.0091(9)  0.0101(9)  0.008509)  0.0091(9)  0.093(9)  0.0108(9)  0.0092(9)  0.0101(9)
U23 0 0 0 0 0 0 0 0 0 0 0 0
U13 0 0 0 0 0 0 0 0 0 0 0 0
U122 —-0.0031(11) —0.0034(9) —0.0023(12) -0.0036(11) —0.0040(10) —0.0035(12) —0.0040(11) -0.0051(11) —0.0037(11) —0.0039(10) —0.0040(10) —0.0019(9)

* Data collected during decompression.
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Table 3. Polyhedral evolution with Pressure. (a) M1, (b) M2, (c) M3 polyhedra. For each polyhedra,
single bond lengths (in A), average bond lengths (in A)and polyhedral volumes (in A3)are reported.

The standard errors are on the last digit. Measurements at 0.0001 GPa come from Olsen et al. [21].

P (GPa) M1-S2 M1-S4xz)’ M1-51xy) M1-S1” Vol Mean M1-S
0.0001 2.6890 2.1788 2.9646 3.0623 30.44 2.843
0.50 2.643 2.719 2.966 3.043 30.43 2.843
1.66 2.632 2.699 2.953 3.023 29.90 2.826
4.93 2.624 2.661 2931 2.953 28.84 2.783
6.20 2.614 2.650 2.922 2931 28.47 2.782
8.80 2.608 2.633 2.893 2.887 27.76 2.759
11.40 2.604 2.613 2.885 2.855 27.24 2.742
15.10 2.596 2.592 2.857 2.819 26.50 2.719
17.10 2.580 2.581 2.843 2.801 26.07 2.705
20.90 2.571 2.565 2.822 2.781 25.52 2.688
16.43 2.582 2.584 2.848 2.810 26.11 2.710
8.10 2.609 2.639 2.905 2.893 27.95 2.765
2.13 2.638 2.690 2.949 3.000 29.68 2.819

P(GPa)  M2-S3,; M2-S3 M2-S4 M2-S24; M2:S1 Vol Mean M2-S
0.0001 2.7394 2.7962 2.9913 3.0559 3.1960 36.195 2.939
0.50 2.749 2.788 2973 3.041 3.151 35.68 2.927
1.66 2.745 2.776 2.965 3.012 3.087 34.85 2.906
4.93 2.7319 2.747 2.924 2.935 2974 32.89 2.854
6.20 2.725 2.744 2911 2.921 2.945 32.40 2.842
8.80 2.707 2.725 2.882 2.881 2.891 31.25 2.811
11.40 2.695 2.716 2.869 2.849 2.852 30.38 2.789
15.10 2.677 2.691 2.847 2.810 2.795 29.26 2.758
17.10. 2.667 2.679 2.833 2.797 2.771 28.76 2.744
20.90 2.656 2.660 2.820 2.768 2.727 27.96 2.722
16.43 2.676 2.683 2.840 2.802 2.775 28.98 2.751
8.10. 2.716 2.731 2.892 2.892 2914 31.67 2.822
213 2.744 2.766 2.960 2.994 3.078 34.52 2.897

P(GPa)  M3-S4 M3-S25  M2-Sly,  M3-S34, M2-S4 Vol Mean M3-S
0.0001 2.8400 2.9320 3.0083 3.2375 3.7572 3891 3.028
0.50 2.822 2912 2.989 3.189 3.739 37.78 3.000
1.66 2.837 2.898 2.976 3.142 3.683 37.01 2.981
4.93 2.869 2.860 2931 3.037 3.543 35.08 2.933
6.20 2.880 2.845 2917 3.007 3.500 34.47 2917
8.80 2.882 2.819 2.894 2.957 3.431 33.39 2.889
11.40 2.895 2.798 2.867 2.918 3.370 32.50 2.866
15.10 2.894 2.768 2.835 2.870 3.301 31.30 2.834
17.10 2.893 2.751 2.817 2.848 3.270 30.70 2.818
20.90 2.893 2.730 2.788 2.810 3.224 29.78 2.793
16.43 2.890 2.757 2.823 2.851 3.286 30.86 2.822
8.10 2.883 2.828 2.902 2.969 3.451 33.70 2.897
2.13 2.852 2.894 2.970 3.122 3.600 36.72 2.975

3. Results

3.1. Compressibility

The evolution of the unit-cell of galenobismutite with pressure is reported in Figure 2 and in
Table 1. The behavior of the cell parameters shows no discontinuities in the investigated pressure
range and indicates that no phase transition occurs in galenobismutite structure up to 20.9 GPa.
The volume-pressure data were fitted with a third-order Birch-Murnaghan equations-of-state, using
the EOSFIT7-GUI software [29], as suggested by fg-Fg, namely the “Eulerian finite strain” versus
“normalized stress” plot [30], (Figure 3). The third order Birch-Murnaghan Equation of State (EoS) fit
yields Vi = 697.4(8) A3, K =51(1) GPa and K’ = 5.0(2). The bulk modulus and the first derivative values
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were in good agreement with the values obtained from the fg-Fg plot [30]. The intercept value and the
slope obtained by a linear regression give Fry and K’ values equal to 51(1) GPa and 4.8(8), respectively.
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0.94

092

0.90

0.88

Norm. Parameters

0.86

0.84

0.82

0 2 4 6 8 10 12 14 16 18 20
pressure (GPa)

Figure 2. Evolution of the unit cell volume and 4, b, c lattice parameters normalized to the values
at room conditions as a function of pressure (GPa), fitted by a third-order Birch-Murnaghan EoS.
Olsen et al. [21] data are shown by stippled lines and triangles for comparison.
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Figure 3. Evolution of the Eulerian finite strain fg versus the “normalized stress” Fr. The solid line is
the weighted linear fit of the data for V, 4, b and c lattice parameters.

The lattice parameter moduli, calculated using a third-order Birch-Murnaghan equation of state,
were for the axis My, = 115(7) GPa and M," = 28(2), for the b axis My, = 162(3) GPa and M},” = 8(3),
for the ¢ axis M. = 142(8) GPa and M.’ = 26(2), with refined values of ag 11.791(7) A, by = 14.540(6)
A, cg = 4.076(3) A, respectively. Since the results gave large differences in M’ parameters, the lattice
parameter moduli were calculated using the second order Birch-Murnaghan equation of state, fixing
M’ to 12 in order to evaluate the anisotropic behavior. The results of this fitting give Mg, 191 (9) GPa
with ag equal to 11.74 (2) A, Mop = 123(5) GPa with by equal to 14.96 (2) A and My = 226 (10) GPa with
co equal to 4.058(6) A. The compressional anisotropy of crystallographic axes, showed that b and ¢
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were the most and the least compressible lattice parameters, respectively, with the anisotropic ratio
Moa:Mop: Mg = 1.55:1:1.84.

Density of galenobismutite changed from 7.243 g/cm? at 0.5 GPa to 9.029 g/cm? at 20.9 GPa, with
an increase of about 22% in the investigated pressure range.

To compare the present data with those of other sulfides of metalloids from literature (galena [31],
bismuthinite [32], stibnite [33], chalcostibite [34], lillianite [35], heyrovskyite [36], berthierite [37]) a K’
vs K plot was elaborated (Figure 4). In the plot, the confidence ellipses at 90 and 68 % of confidence
level for the present data and those reported by Olsen et al. [21] are shown. In order to allow a more
direct comparison of Ky and K’ calculated with the two data sets and to evaluate if the observed
differences were due to the different pressure range, we also calculated Ky and K’ restricting our data
to the same pressure range investigated by Olsen et al [21]. We observed a strong negative correlation
between K" and Ky in agreement with the data presented by Olsen et al. [21]. However, the ellipsoides
for the two data sets did not overlap, even if they are quite close. The reason might be that the results of
Olsen et al. [21] were biased by an unequal distribution of pressures at which the data were measured.

9

| Sb;S; Lundegaard ¢t al. {2003)
3 @ POS Kuorr et ul. (2003)

Yo Bi.S; Lundegaard ecal. (2005) ke
A CuSbS. Comodi ctal. (2018)

2 4 PhIi,S. Olsen et al. (2007)

¥ FeSh,S, Periotro et al (2012)

M Pb.Bi-S, Olsen et ul, (2008)

X PPhBi;Sg Olsen ecal. (2¢11)

] @ PLBI,S. this study (full P runc)

O PbBi:S. this study (42 up 10 8.8GPa)

0 I I
20 25 30 35 40 45 50 55

Ky (GPa)

Figure 4. Bulk Moulus (K) vs its pressure derivative (K) for different sulfides. Confidence ellipses
at 90% of confidence level are reported for Ky and K’ calculated with the present data collected up to
20.9 GPa (solid black line) as well as with data limited at 8.8 GPa (stippled black line). Confidence
ellipse at 90% for Olsen et al. [21] data is also shown (stippled blue line).

Ko and K’ values for galena (Figure 4), PbS, before the phase transition, were very close to
those observed for galenobismutite. On the other hand, Ky for bismuthinite, Bi,S3, were significantly
lower (Figure 4). Olsen et al. [21] suggested an empirical relation between the bulk modulus
of galenobismutite and those of PbS and Bi,S3 corresponding to the proportion of Bi and Pb in
galenobismutite: Kpypinss = (2KBizS3 + KPbS)/3. Although this relation holds approximately for the
data from the previous study, the present corrected data for galenobismutite does not support this
observation. We can conclude that a simple relation between a bulk modulus for a complex composition
cannot be derived straightforwardly from the bulk moduli of its simpler constituents [38] even if they
contain the same general structural modules (like in sulfosalts). Obviously, a more complex cooperative
mechanism between the structural modules should be involved [39]. For sulfosalts it is important to
take into account that they contain cations with active lone electron pairs (LEPs), which can strongly
affect the polyhedral distortion, and the overall structural compressibility to different extents. Sb>*
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LEP’s stereochemical activity is generally higher than that of Bi**, evaluated from the measurements
of the eccentricity of Sb and Bi polyhedra at room pressure conditions, which show larger difference in
interatomic Sb-S distances compared to Bi-S ones. Under high pressure, the polyhedra become more
regular and the eccentricity reduces more rapidly for Sb3* polyhedra with respect to those of Bi**,
because the longest interatomic contacts in atomic coordinations generally compress faster than the
shortest ones. As a consequence, Sb sulfosalts have bulk moduli lower than the corresponding Bi
sulfosalts, as illustrated by the isomorphic chalcostibite-emplectite series [34].

Pb?* also contains a LEP, but it is generally less expressed than that of Bi**. LEP of Pb?* is even
fully suppressed in several structures, like in galena or the earlier mentioned PbSc,S,. To the best of our
knowledge the only observed regular coordination of Bi** is the octahedral coordination in the mineral
kupcikite, CuyBi5Syg [40,41]. It is interesting that the pressure can force coordinations with suppressed
LEP to a structure with highly expressed stereochemical activity through phase transition [35,36,42].

Very few theoretical calculations provide an analysis of the relation between electronic structure,
lone electron pairs and structural geometrical parameters. Olsen et al 2011 [43], by using SIESTA DFT
code considered the effect of pressure in BiySz and compared the theoretical with experimental data.
Their data on the effective Bi s-p hydridization support the origin of the stereochemically active lone
pair and its evolution with pressure increases.

A comparison of the bulk modulus of galenobismutite to those of CF type structures shows much
larger differences. Dubrovinsky et al. [20] reported the CF type NaAlSiO4 bulk modulus measured
up 40 GPa. Their data gave a very high bulk modulus of 220 GPa and its pressure derivative was
equal to 4.1(1), similar to the values measured for other compounds with a calcium ferrite structure.
For example, the value of Ky, with K’ fixed to 4, of MgAl,O4 measured by Yutani et al. [44] was
241(1) GPa, whereas Ky measured for Fe3;04 by Haavik et al. [45] was 202(7) GPa, with K’ equal to
4. The general rule, suggested by Anderson et al. [46], KV = constant, where V represents the molar
volume (36.58cm?/mol for NaAlISiOy, 36.13 cm3/mol for MgAl,O4 and 41.89 cm3/mol for Fe;0y), seems
to be followed by this group of calcium ferrite structures [20]. In comparison, galenobismutite has a
higher molar volume (105.0 cm®/mol) but, at the same time, a much lower bulk modulus, resulting in
a violation of the Anderson’s relation. This is most probably due to a large difference in chemistry,
influenced by both cation and anion electronic configurations and especially by the presence of cation
LEPs in galenobismutite.

3.2. Structural Evolution with Pressure

The M1, M2 and M3 polyhedral evolution with pressure was analyzed through changes in bond
lengths and polyhedral volumes reported in Table 3.

Figures 5 and 6 show the changes of bond distances and volumes with pressure. The bulk
moduli of M1, M2 and M3 polyhedra, calculated as the reciprocals of linear compressibilities are
114 (3) GPa, 86(2) GPa and 84(2) GPa, respectively. The values agree with the general relationship
suggested by Finger and Hazen [14], which relates the polyhedral bulk moduli to inverse of the mean
cation-anion distances for several oxides, silicates as well as sulfides and selenides and several other
types of compounds.
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Figure 5. Evolution of the bond distances with pressure for M1 (a), M2 (b), M3(c) polyhedra.
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Figure 6. Variation of polyhedral volume for M1 (a), M2 (b), M3 (c) polyhedra with pressure.

The distortion parameters of the coordination polyhedra can give an additional insight in the
compressibility behavior of atomic coordinations. Figure 7 shows the development of the eccentricities,
asphericities and shape distortions (or volume distortions [47]). For M3 we calculated the parameters
for both CN7 and CN8, because of its specific character. The eccentricities of all coordinations decreased
continuously with pressure but much faster for M2 and M3 than for M1. After 4 GPa M1 reached
the most eccentric coordination in spite of its smallest CN. It is interesting that the eccentricity of M3
related to only the closest seven S atoms levels off after 12 GPa and does not show further changes
with pressure. However, for CN8 it continued to decrease, due to a continuous approach of the eight S
atom. The asphericities showed much smaller changes with pressure. Note that M1 from the start had
negligible asphericity, meaning that all six S atoms fit practically perfectly to a common sphere. It is
interesting that the asphericity of the M3 coordination for CN7 actually increased with pressure, in spite
of a constant decrease in asphericity calculated for CN8. It must, however, be noted that the asphericity
for CN8 was significantly higher. The shape distortion, which shows the departure of the arrangement
of ligands compared to an ideal polyhedron, shows an increase with pressure for all coordination
polyhedra. The parameters are in all cases calculated compared to the ideal polyhedron which shows
the smallest Vg/Vp ratio for a given CN, where Vg and Vp are the volumes of the circumscribed
sphere and the polyhedron, respectively. For CN6 this is the regular octahedron, for CN7 the regular
pentagonal bipyramid and for CN8 the “maximum volume” bisdisphenoid. Compared to the latter
two, an ideal monocapped trigonal prism would have a “shape distortion” of 0.159, and an ideal
bicapped trigonal prism would have a “shape distortion” of 0.073. In this respect, the values calculated
for M2 and M3 (both for CN7 and for CN8) are actually a sign of approaching the shapes closer to
ideal monocapped, respectively bicapped trigonal prism. M1, however, departed more from an ideal
octahedron shape with increasing pressure.

The orientation and expression of a LEP can be calculated from the relative positions of the
central atom in a coordination and the centroid of the ligand arrangement [48]. The black spheres in
Figure 8 have their centers in centroids of coordinations, thus, they illustrate the orientations and the
expressions of the LEPs of cations.
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Figure 7. Asphericity (a), Eccentricity (b) and shape distortion (c) evolution with pressure for M1, M2,
and M3 polyhedra.
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(@) (b)

Figure 8. Galenobismutite at room pressure (a) and at 20.9 GPa (b). Black spheres are centered on

centroids of coordinations and indicate the orientations of M1, M2 and M3 lone electron pairs.

Taking into account the changes in bond distances and distortion parameters plus the global
aspects of the crystal structure, the changes that occur in galenobismutite under increasing pressure
can be summarized as follows: The main change is that both M2 and M3 atoms move towards the
centers of the bodies of respective trigonal prisms. It can be visually verified by comparing the crystal
structures at 1 bar and 20.9 GPa, as represented in Figure 8, and by checking the development of the
bond lengths, as in Figure 5. Here, the atoms making the body of the trigonal prism were two S3 atoms,
two S2 atoms plus S3 and S1 for M2. Note that bond distances to these six S atoms showed a merging
tendency with increasing pressure. The distance to the capping 54 atom decreased with a much lower
gradient than the ones to two S2 plus S1 atom (that are longer at 1 bar) and actually became the longest
one from 12 GPa on. In the case of M3, two S2, two S1 and two S3 atoms formed the prism body
and one can observe the same tendency of merging the bond distances up to approximately 10 GPa;
above this pressure they became the shortest bond distances in the coordination polyhedron. It is true
that the longest distance to one of the capping S4 atoms had a significant decrease during the whole
measurement range, but with a gradient that was similar to the one of the two S3 atoms belonging
to prism body. On the contrary, the distance to the other S4 capping atom actually slightly increased
under compression. This all testifies also in this case that M3 moves inside the body of the trigonal
prism with a consequence that it also moves away from the closest capping 54 atom. As the distance to
the other one largely decreases due to its approach to the prism body, the two distances to the capping
S atoms show a merging tendency and we can assume that the coordination’s character changes from
the 7+1 type towards the real CN8, becoming a more regular bicapped trigonal prism (also confirmed
by the values of the shape distortion in Figure 7c).

The changes in the M1 coordination were very small compared to M2 and M3. The eccentricity of
this site changed very little (Figure 7a) as the difference between the three shortest and three longest
bonds remained almost the same (Figure 5a). There was actually a slight but constant increase in
the distortion of the octahedral shape (Figure 7c). The main change in this coordination is due to
the polyhedral accommodation to the contraction of the b axis that had the largest compressibility
(Figures 2 and 8a). The expression of the LEP of M1 slightly changed, but its orientation, seen from the
atomic nucleus, changed more significantly from the diagonal one, oriented towards the space between
the two neighboring M1 coordinations, to a direction along the b axis (Figure 8b). The changes in the
expression of LEPs of M2 and M3 were more significant and their orientations changed to directions
closer to the M2-capping S and M3-most distant capping S, in accordance to the movement of M2 and
M3 towards the centers of their respective trigonal prisms.
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4. Discussion and Conclusion

The comparison of data collected at different pressures on galenobismutite allows the following
conclusions:

(a) The structural evolution is completely reversible with pressure increase up to 20.9 GPa. The same
values were measured increasing and decreasing the pressure and the same equation of state is
measured by using values collected increasing or decreasing pressure. No evidence of hysteresis
in the changes were observed, meaning that the changes are completely elastic.

(b) The change in atomic coordinations bring the M3 coordination polyhedron closer to the shape
observed in other members of the CF structural family (from CN7+1 to CN8). However, unlike
other CF crystal structures, M2 keeps and even equalizes its seven-fold coordination with
increasing pressure. This emphasizes the specific character of galenobismutite in this structural
family. We suggest that the main reason is a comparatively large size of the M2 cation, comparable
to that of the M3, unlike the other examples of CF structures, where M2 is significantly smaller
than M3.

(c) The structure remains stable at very high pressures (up to 20 GPa) notwithstanding the moderate
bulk modulus, at least under the structural point of view, since there are no incompatible distances
up to 20.9 GPa. All sulfur-sulfur distances, which could indicate instability of the structure,
remained quite large with the shortest $3-S4 distance equal to 3.140 A.

(d) Calcium ferrite structure type reveals enough flexibility in incorporating various element
combinations through the example of galenobismutite. Thus, not only Al and Na, incompatible in
the periclase or perovskite crystal structures under the lower mantle conditions, can be considered
to prefer this structure type, but it might incorporate also some other important or less abundant
elements or combinations of elements.

Supplementary Materials: The following is available online at http://www.mdpi.com/2073-4352/9/4/210/s1,
Table S1: HKL at different pressure of galenobismutite.
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