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Abstract. The plagionite homologous series contains four well-defined members with the general formula
Pb14+2nSbgS1340n: fiiloppite (N = 1), plagionite (N = 2), heteromorphite (N = 3), and semseyite (N = 4). The
crystal structure of several natural and synthetic samples of fiiloppite, plagionite, and semseyite have been refined
through single-crystal X-ray diffraction, confirming the systematic Pb-versus-Sb crossed substitution observed
previously in semseyite and fiiloppite. This crossed substitution takes place mainly in two adjacent cation sites
in the middle of the constitutive SnS-type layer. The substitution coefficient x appears variable, even for a given
species, with the highest values observed in synthetic fiiloppite samples. The developed structural formula of the
plagionite homologues can be given as Pboy_1(Pb;_xSb,)2(Sb;_xPb,)2SbsS1342n. In the studied samples, x
varies between ~ 0.10 and 0.40. In the ribbons within the SnS-type layer, (Pb/Sb) mixing can be considered the
result of the combination, in a variable ratio, of two cation sequences, i.e. (Sb—Sb—Sb)-Pb—Sb—(. .. ), major in pla-
gionite and semseyite, and (Sb—Sb—Sb)-Sb—Pb—(...), major in fiiloppite and, probably, in heteromorphite. The
published crystal structure of synthetic “Pb-free fiiloppite” is revised according to this approach. It would corre-
spond to a Na derivative, with a proposed structural formula of (Nag 5Sbg 5)(Nag2Sbo.g)2(Nag.3Sbg.7)2SbsS15,
ideally Naj 5Sbg 5S15. In fiiloppite, increasing x induces a flattening of the unit cell along ¢, with a slight volume
decrease. Such a general Pb-versus-Sb crossed substitution would attenuate steric distortions in the middle of
the SnS-type layer of the plagionite homologous series. Crystallization kinetics seem the main physical factor
that controls such an isochemical substitution.

Dedicated to the memory of Dr. Nadejda N. Mozgova
(1931-2019), Russian mineralogist of the Institute of
Geology of Ore Deposits IGEM Moscow), specialist of
sulfosalt systematics.

1 Introduction

Plagionite, PbsSbgS17, defined by Rose (1833), is the chief
member of one of the oldest groups of sulfosalts, along with
fiiloppite Pb3SbgS;5, heteromorphite Pb7SbgS;9, and sem-
seyite PbgSbgS>. On the basis of their crystal morphology,
they were initially described as “tabular lead sulfosalts”, in

opposition to “acicular lead sulfosalts”, e.g. boulangerite,
zinkenite, and jamesonite (Spencer, 1899). The comparison
of parameter ratios through goniometric measurements led
Spencer (1899) to the definition of a morphotropic series, a
precursor concept of the modern definition of homologous
series.

The crystal structures of these four members were re-
solved during the 1970s, i.e. plagionite from Wolfsberg,
Germany (Cho and Wuensch, 1970, 1974); semseyite (Ko-
hatsu and Wuensch, 1974a); fiiloppite from Baia Mare (pre-
viously known as Nagybdnya), Romania (Edenharter and
Nowacki, 1974, 1975a; Nuffield, 1975); and heteromorphite
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from Wolfsberg, Germany (Edenharter and Nowacki, 1975b;
Edenharter, 1980). Swinnea et al. (1985) described the crys-
tal structure of a synthetic Pb-free analogue of fiiloppite (in
fact a Na-substituted fiiloppite derivative — see below).

A detailed crystal chemical analysis permitted Kohatsu
and Wuensch (1974b) to develop a general structural scheme
for this group. This study can be considered the basis for
the modern definition of the plagionite homologous series,
Pbi4+2onSbgS1342n, with the following members: fiiloppite
(N =1), plagionite (N = 2), heteromorphite (N = 3), and
semseyite (N = 4). Takéuchi (1997), as part of his general
study of tropochemical cell twinning, gave considerable de-
tail about the crystal chemistry of the plagionite series. Re-
cently, Makovicky (2019) presented this series as an example
of a homologous series among sulfosalts.

In nature, this series has very simple chemistry. Fluctua-
tions in the Pb/Sb atomic ratio correspond to microscopic
or submicroscopic lamellar syntactic intergrowths (Mozgova
and Borodaev, 1972; Moglo, 1983) visible in crossed polars
in reflected light or with SEM imaging. Rarely, arsenic may
substitute for antimony (up to ~ 10 at. %—12 at. % in plagion-
ite from Rujevac, former Yugoslavia; Jankovic¢ et al., 1977;
Moélo et al., 1983). Other erratic minor components detected
by electron microprobe analysis would correspond to impuri-
ties. Rayite, (Ag,T1),PbgSbgS»1, was defined as an (Ag,Tl)-
rich derivative of semseyite (Basu et al., 1983) on the basis
of its X-ray powder diffraction (XRPD) pattern, but this in-
terpretation was later debated (Roy Choudury et al., 1989;
Bente and Meier-Salimi, 1991), and crystal structure data are
still lacking.

Re-examination of the original structural data for fiiloppite
(Nuffield, 1975) led Swinnea et al. (1985) to highlight minor
Sb substitution in a Pb site, coupled with the reverse substitu-
tion of Pb in an adjacent Sb position. A similar Pb-versus-Sb
crossed substitution was obtained on semseyite from Wolfs-
berg by Matsushita et al. (1997) and recently refined and de-
tailed by Matsushita (2018).

During the systematic study of sulfosalt mineralogy in ore
deposits of the Apuan Alps, a new occurrence of plagionite
was identified in the baryte + pyrite 4 iron oxide deposit of
the Monte Arsiccio mine (e.g. Costagliola et al., 1990). Its
crystal structure study, together with those of other samples
of plagionite (natural), fiiloppite (natural and synthetic), and
semseyite (natural) allowed confirmation that such a Pb/Sb
crossed substitution is a general feature of members of the
plagionite homologous series. Detailed results are presented
here.

2 Modular description of crystal structures in the
plagionite series

Modular analysis constitutes a powerful approach for the

bottom-up description of complex crystal structures of lead
sulfosalts, taking into account polyhedra connection ac-
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cording to modules of increasing dimensionality: OD (finite
groups), 1D (chain, ribbon, column), 2D (slab, layer), and 3D
(whole structure). Each module can be symbolized by its 3D
polyhedra width. For instance, symbol 2/3 /0o would corre-
spond to a ribbon, two-polyhedra thick and three-polyhedra
large.

Application of modular analysis to the plagionite series
permits five organization levels to be distinguished, from the
bottom, i.e. polyhedra around metal or S atoms (level 1 —
3D symbol 1/1/1; see the example of the plagionite struc-
ture in Cho and Wuensch, 1974), up to the top, i.e. the whole
structure (level 5 — dimensionality co/o0o0/00). Level 4 cor-
responds to a layered organization (Kohatsu and Wuensch,
1974b), with a single type of layer stacking along ¢ with two
orientations according to the binary axis. These layers cor-
respond to diagonal slabs of the SnS archetype (Makovicky,
1989), with a distortion referring more exactly to the TISbS,
archetype (Takéuchi, 1997; Matsushita, 2018). Layer width
increases with the homologue number N, through the addi-
tion of Pb polyhedra, corresponding to the stacking of (4 Sb
+N Pb) cations (dimensionality (4 +N)/oo/o0). Layers are
connected by an additional Pb atom.

Figure 1 represents the layered structure of fiiloppite along
b (Nuffield, 1975). Projection according to [110] or [110] re-
veals ribbon stacking within each layer. Each ribbon is two
atoms thick, six cations large (Fig. 1c — four Sb and two
Pb, including the Pb atom at the margin — dimensionality
2/6/00). Projection of a single ribbon perpendicular to its
flattening (see Fig. 1c) indicates oblique 2-atom-thick x 2-
atom-thick rows (Fig. 2), with a finite length of six atoms
(level 2 — dimensionality 2/2/6). In a row ([110] direction of
PbS archetype), there are two cation sequences, Sb—Sb—Sb—
Sb—Pb-Pb and its reverse one. Nevertheless, this approach
at level 2 is incomplete. Due to the stereochemical activity
of its lone electron pair, trivalent Sb shows a dissymmetric
coordination, with three strong Sb—S bonds (i.e. SbS3 poly-
hedra with eccentric triangular pyramidal coordination). In
the plagionite series, SbS3 polyhedra coalesce to form finite
groups (polymers), which have been described in fiiloppite
and plagionite by Edenharter and Nowacki (1974) and in
heteromorphite and semseyite by Edenharter (1980). These
groups are represented in Fig. 3, along with neighbouring Pb
atoms. They are symmetric across the layer boundary via 2-
fold rotation (2-fold axis parallel to b — see projection along
b in Fig. 1). Whereas in fiiloppite, plagionite, and heteromor-
phite, all Sb sites are connected in an SbgS,, group (Fig. 3a—
¢), in semseyite there is an SbgS13 group with two isolated
SbS;3 polyhedra (Fig. 3d).

Plagionite, heteromorphite, and semseyite present the
same cleavage plane according to {112}. It corresponds to
the flattening of the ribbons according to (100)pps. It has not
been observed up to now in fiilloppite but ought to be present
for the same structural reasons.

https://doi.org/10.5194/ejm-32-623-2020
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(a) [iio] (b) [010]

Figure 1. Crystal structure of fiiloppite: projection along b (b), [110] (a), and [110] (c). An SbgS15 polymer across two layers has been
represented (b — Sb: black circle; S: orange circle). In (c) a two-atom-thick ribbon has been delimited (lozenge; red tie line). Layering: black

tie lines.

Figure 2. Projection of the SnS-type, two-atom-thick ribbon of the
crystal structure of fiiloppite, according to Nuffield (1975). Two
symmetric oblique cation rows alternate (1 to 6, and 1’ to 6'), with
the sequence Sb—Sb—Sb—Sb—Pb—Pb. Short Sb-S bonds have been
highlighted in green.

3 Experimental
3.1 Studied samples

Eight natural and synthetic specimens were studied: fiilop-
pite (3), plagionite (3), and semseyite (2).

3.1.1 Fiiloppite

Sample F1 is a crystal extracted from an old Romanian spec-
imen from the Dealul Crucii deposit (Baia Mare district; La
Sorbonne collection, Paris — now Jussieu collection). It oc-
curs as millimetre-sized automorphic crystals on quartz.

Sample F2 is represented by well-developed synthetic
crystals of Pb3SbgS;s obtained by Mozgova et al. (1987)
through a hydrothermal process (PbS:SbyS; mixture,
1 mol/L. HySO4; temperature gradient 270-300 °C; run dura-
tion 6 d). Some of them were given to one of us (Yves Moélo)
by Nadejda Mozgova.

Sample F3 is represented by rare crystals obtained as a
by-product of a hydrothermal synthesis at 200 °C (3 weeks)
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from a mixture of galena and stibnite, together with the ad-
dition of PbCl, and FeCls (run XIV-1, duration 3 weeks;
Moéglo, 1983). The main product was a chloro-sulfosalt
(“Phase Y, ~Pb11Sb10S23Cly; Moklo, 1979).

3.1.2 Plagionite

Sample P1 is a new occurrence of plagionite discovered at the
Monte Arsiccio mine (Apuan Alps, Tuscany, Italy), where
this mineral occurs as compact masses or, rarely, as tabular
crystals, showing growth features, up to 5mm in size. Pla-
gionite is associated with extremely thin acicular crystals,
from black to reddish in colour, of Tl-bearing chovanite, in
fractures of metadolostone from the Sant’Olga level. Elec-
tron microprobe analysis of plagionite gave (mean of 15 spot
analyses; wt %) Pb 40.40(34), Sb 38.09(22), S 21.37(11), and
sum 99.85(52). On the basis of Pb 4+ Sb =13 atoms per for-
mula unit, the chemical formula of plagionite from Monte
Arsiccio is Pbg 99(2)Sbg 01(2)S17.05(2), in agreement with the
ideal formula Pb5SbgS17.

Sample P2 is a specimen from the well-known Wolfsberg
antimony deposit, Germany (from an old French collection).

Sample P3 is represented by xenomorphic pluri-
millimetric crystals of plagionite in a siderite matrix col-
lected in the dumps of the small Pb deposit of Saint-Georges-
au-Puix near Lepuix (Giromagny district, south of the Vosges
massif, Territoire de Belfort department, France; Fluck et al.,
1975). Numerous Sb sulfosalts were observed in this quartz
vein: boulangerite, semseyite, plagionite, zinkenite, fiilop-
pite, berthierite, bournonite, tetrahedrite, and chalcostibite
(Weil et al., 1975; Moglo, 1983). Microprobe analysis of pla-
gionite gave (wt %; mean of three spot analyses) Pb 40.32,
Sb 38.47, S 21.25, and sum 100.04. Its formula unit is
Pb4.96Sbg.04516.92-

Eur. J. Mineral., 32, 623-635, 2020
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(a)

(b)

Figure 3. Polymerization of SbS3 polyhedra in the plagionite series: (a) fiilloppite (SbgSy5), (b) plagionite (SbgS{7), (¢) heteromorphite
(SbgS9; Edenharter, 1980), and (d) semseyite (SbgS;3 and two isolated SbyS3). Red: 2-fold axis.

3.1.3 Semseyite

Sample S1 is an old specimen from the Herja deposit (Baia
Mare district, Romania). Its wet analysis (Palache et al.,
1944), without minor Ag and Cu and insolubles, gave,
on the basis of Pb + Sb=21 atoms per formula unit,
Pbg.99Sbg 01521.95.

Sample S2 is centimetric massive semseyite embedded
in quartz, collected in the dumps from La Rodde mine
(Ally municipality, Haute-Loire department, French Massif
Central; Roger, 1969). It comes from the Saint-Paul Pb-Sb
quartz-baryte vein of Liassic age (Marcoux and Bril, 1986),
deposited at a low temperature (~ 100-150 °C; Bril, 1982).
Semseyite was the main ore mineral of this deposit.

3.2 Single-crystal X-ray diffraction study

Single-crystal X-ray diffraction data for the studied sam-
ples were collected using a Bruker Smart Breeze diffrac-
tometer, equipped with an air-cooled CCD detector and
graphite-monochromatized Mo K« radiation. The detector-
to-crystal working distance was set at 50 mm. Data were
corrected for Lorentz—polarization factors, absorption, and
background, using the package of software APEX3 (Bruker
AXS Inc., 2016). The crystal structure of plagionite homo-
logues was refined using SHELXL-2018 (Sheldrick, 2015),
starting from the atomic coordinates given by Edenharter
and Nowacki (1974), Cho and Wuensch (1974), and Mat-
sushita (2018) for fiiloppite, plagionite, and semseyite, re-
spectively. Scattering curves for neutral atoms were taken
from the International Tables for Crystallography (Wilson,
1992). Details of data collections and refinements are given
in Table 1. Atom coordinates for synthetic Pb3SbgS;s (sam-
ple F2), plagionite from Monte Arsiccio (sample P1), and
semseyite from Herja (sample S1) are given in Table 2. Files
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in Crystallographic Information File format for all the stud-
ied samples are available in the Supplement.

4 Crystal chemical analysis — Pb-versus-Sb
substitution

4.1 Previous results

In the first crystal structure studies, only pure Sb and Pb sites
were taken into account (see Fig. 3). During the study of a
“Pb-free fiilloppite”, Swinnea et al. (1985) re-examined the
data of Nuffield (1975) on natural fiiloppite and revealed
a Pb-versus-Sb crossed substitution between neighbouring
Pb(2) and Sb(3) sites, with occupancies (Pbgg2s5Sbo.175)
and (Sbg gesPbo.145), respectively. A similar result, with a
weaker Pb/Sb substitution, was obtained for semseyite by
Matsushita (2018) in Pb(5) and Sb(l), with occupancies
(Pb04955b0.05) and (Sb().95Pb().05), respectively.

4.2 Results from new structural studies

New crystal structure studies carried out on fiiloppite, pla-
gionite, and semseyite confirm that such a Pb-versus-Sb
crossed substitution is systematic in the plagionite homolo-
gous series. Tables 3—5 summarize all measured cation site
occupancy factors (SOFs), on the basis of the cation se-
quence defined above, together with data on mean Me—S dis-
tances and cation bond valences. In natural samples, the Pb-
versus-Sb crossed substitution is the weakest in semseyite:
x =0.10, against 0.05 measured by Matsushita (2018). In
plagionite, x is close to 0.20: 0.18 (P3), 0.21 (P2), and 0.22
(P1). In natural fiiloppite (F1), x = 0.13, which confirms the
partitioning calculated by Swinnea et al. (1985; x ~ 0.16) on
a sample from the same ore deposit (Dealul Crucii).

https://doi.org/10.5194/ejm-32-623-2020
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Table 2. Sites, site occupancy factors (SOFs), fractional atomic coordinates, and equivalent isotropic displacement parameters (A2) for
selected samples of fiiloppite, plagionite, and semseyite.

Fiiloppite (sample F2)

Site SOF x/a y/b z/c Ueq
Pbl Pbg.96Sbg.04 0 0.36746(5) 1/4  0.03196(12)
Sb2 Sbi.00 0.40876(3) 0.17797(4) 0.15488(3) 0.01638(10)
Pb3a  Pbge49(3) 0.30700(10) 0.42714(12) 0.33064(6)  0.02342(18)
Sb3b  Sbg 351(3) 0.3027(4) 0.4382(5) 0.3469(2)  0.02342(18)
Sb4 Sbi.00 0.14034(3) 0.24805(4) 0.06107(3)  0.01593(10)
Sb5a  Sbg 649(3) 0.0855(2) 0.0508(2) 0.41787(16) 0.0230(3)
Pb5b  Pbg351(3) 0.1002(2) 0.0331(3) 0.40332(17) 0.0230(3)
Sb6a  Sbg.gg 0.37403(4) 0.14016(5) 0.49440(4)  0.01984(11)
Pb6b  Pbg gn 0.3761(12) 0.1311(16) 0.4625(11)  0.01984(11)
S1 S1.00 0 0.8124(2) 1/4 0.0191(5)
S2 S1.00 0.35582(15) 0.04521(17)  0.25384(12) 0.0237(4)
S3 S1.00 0.27352(13) 0.31929(16)  0.15950(11) 0.0200(4)
S4 S1.00 0.07343(14) 0.13149(16)  0.16671(11) 0.0193(3)
S5 S1.00 0.03108(12) 0.41495(14)  0.08250(10) 0.0140(3)
S6 S1.00 0.18693(14) 0.24920(18)  0.39421(13) 0.0252(4)
S7 S1.00 0.26538(13) 0.02814(16)  0.03616(11) 0.0174(3)
S8 S1.00 0.46447(14) 0.36433(16)  0.46126(11) 0.0198(3)
Plagionite (sample P1)

Site SOF x/a y/b z/c Ueq
Pbl Pby.00 172 0.68015(4) 3/4  0.02463(11)
Sb2 Sby .00 0.95353(4) 0.12486(4) 0.33278(3)  0.01288(10)
Pb3 Pby.00 —0.23144(3) 0.62603(3) 0.67762(2) 0.02006(9)
Sb4 Sby .00 0.72928(4) 0.19067(5) 0.41358(3) 0.01263(10)
Sb5a  Sbg 780(2) —0.00297(9) 0.51811(9) 0.60165(6)  0.01594(16)
Pb5b  Pbg 2202 0.02199(19) 0.5215(2)  0.62098(12)  0.01594(16)
Sb6 Sbi.00 0.49108(4) 0.30343(5) 0.47122(3) 0.01427(11)
Pb7a  Pbg 75002 0.26530(5) 0.41394(7) 0.55306(3)  0.01829(13)
Sb7b  Sbg 220(2) 0.2496(5) 0.4158(6) 0.5389(3)  0.01829(13)
S1 S1.00 0 0.7417(2) 3/4 0.0151(5)
S2 S1.00 0.85396(17)  —0.00507(19)  0.24478(10) 0.0179(4)
S3 S1.00 —0.81852(16) 0.73283(17)  0.66963(10) 0.0154(3)
S4 S1.00 0.61266(16) 0.07925(17)  0.32122(10) 0.0155(3)
S5 S1.00 —0.61168(15) 0.64094(15) 0.60198(9) 0.0110(3)
S6 S1.00 0.37992(16) 0.19235(18)  0.37453(11) 0.0178(4)
S7 S1.00 —0.36994(15) 0.52659(16)  0.55897(10) 0.0138(3)
S8 S1.00 0.13171(16) 0.31104(17)  0.43646(10) 0.0150(3)
S9 S1.00 —0.10741(15) 0.41579(16) 0.49835(9) 0.0130(3)

Semseyite (sample S1)

Site SOF x/a y/b z/c Ueq
Pbl Pbj 00 0 0.70588(5) 1/4  0.02549(12)
Sb2  Sbyo —0.38666(4) 0.50921(5)  0.31589(2) 0.01405(11)
Pb3  Pby o 0.32943(3) 0.76436(3)  0.30689(2)  0.01722(8)
Sb4  Sbyo —0.09401(4) 0.57356(5)  0.37922(2) 0.01294(11)
Pb5  Pby o 0.13010(3) 0.36535(3)  0.35752(2)  0.01785(8)
Sb6  Sbyoo 0.19113(4) 0.69280(5)  0.42517(2) 0.01381(11)
Pb7  Pby o 0.42569(3) 0.47772(3)  0.40736(2)  0.01809(8)
Pb8a  Pbggosa(3) 0.51773(9) 0.19649(5)  0.51784(5) 0.01616(14)
Sb8b  Sbg 096(3) 0.5184(18) 0.2161(14)  0.5178(10) 0.01616(14)
Sb9a  Sbg.g04(3) 0.28285(10) 0.41729(11)  0.52466(5)  0.01385(18)
Pbob  Pb 96(3) 0.2822(7) 0.4150(7) 0.5369(3)  0.01385(18)
S1 S1.00 —1/2 0.6458(3) 1/4 0.0164(5)
S2 S1.00 0.13859(18) 0.8837(2)  0.24384(9) 0.0184(4)
S3 S1.00 —0.25453(16) 0.65195(18)  0.31676(9) 0.0156(4)
S4 S1.00 0.44125(16) 0.97020(17)  0.30295(9) 0.0143(4)
S5 S1.00 0.00853(16) 0.74550(17)  0.36976(9) 0.0128(4)
S6 S1.00 0.22101(17) 0.58580(17)  0.34726(9) 0.0152(4)
S7 S1.00 0.71682(17) 0.13570(18)  0.59828(9) 0.0151(4)
S8 S1.00 0.48018(17) 0.30796(17)  0.60216(9) 0.0147(4)
S9 S1.00 0.10951(16) 0.47261(17)  0.45544(9) 0.0142(4)
S10  Sji00 0.32127(16) 0.29988(17)  0.45187(8) 0.0132(4)
S11 S1.00 0.38514(16) 0.57888(17)  0.50147(9) 0.0142(4)
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Figure 4. Mixed Pb/Sb sites in the ribbon of the structure of fiilop-
pite (sample F2 — see Table 3). Red lozenge: neighbouring (Pb,Sb)3
(x2) and (Sb,Pb)5 (x2) strongly mixed sites. Red arrow: (Sb,Pb)6
and (Pb,Sb)1 weakly mixed sites. For clarity, mixed sites are unsplit.

In synthetic fiiloppite, the Pb/Sb substitution is very pro-
nounced, up to ~40at. %. In all fiilloppite samples, the re-
finement also reveals an Sb substitution in a Pbl site, corre-
lated to a Pb substitution in the two neighbouring Sbb6 sites
(connected to Pb1 site via two S5 sites). Although very weak
in natural fiiloppite (x’ =0.02 in Pbl), this substitution is
more pronounced in synthetic samples (x’ =0.04 for F2,
0.10 for F3). It corresponds to a secondary crossed substi-
tution: [Pbl(l_x/)Sblx/] [Sb6(1_()_SXI)Pb6(1+0_5x/)]2. Figure 4
represents the cation distribution within a ribbon for syn-
thetic Pb3SbgS15 (sample F2). While weakly mixed (Pb,Sb)1
and (Sb,Pb)6 form isolated pairs, two (Pb,Sb)3 and two
(Sb,Pb)5 strongly mixed sites form a lozenge, separated from
neighbouring lozenges by two Sbb sites.

Figure 5 shows the cation distribution for plagionite from
Monte Arsiccio (sample P1). Here lozenges with pairs of
mixed (Pb,Sb)7 and (Sb,Pb)5 sites form a continuous file
along the ribbon axis. In semseyite, lozenges with pairs of
mixed (Pb,Sb)8 and (Sb,Pb)9 sites are separated by two Pb7
sites (Fig. 6), which play the same role as the Sb6 pair in
fiilloppite.

4.3 Relationship with unit-cell data

Table 6 compares unit-cell parameters for plagionite and
semseyite. In semseyite, unit-cell data are very homoge-
neous. In plagionite, the unit cell measured for the sample
P2 from Wolfsberg is very close to that measured by Cho
and Wuensch (1974) on a crystal from the same deposit. Unit
cells of samples P3 from Lepuix and P1 from Monte Arsiccio
are also similar.

The three natural samples of fiilloppite have very close
unit-cell parameters (Table 7). They come from the same ore
deposit of Dealul Crucii. Nevertheless, taking into account
the two synthetic samples, there is a significant increase in
a and b intra-layer parameters (~ 0.5 %) with an increas-
ing Pb/Sb crossed-substitution coefficient x, while the layer
stacking (c - sin8) is shortened (~ 1% — Table 7). It corre-
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Figure 5. Mixed Pb/Sb sites in the ribbon of the structure of pla-
gionite from Monte Arsiccio (sample P1). Red lozenge: neighbour-
ing (Sb,Pb)5 (x2) and (Pb,Sb)7 (x2) mixed sites. For clarity, mixed
sites are unsplit.

Pb1

Ribbon

Figure 6. Mixed Pb/Sb sites in the ribbon of the structure of sem-
seyite from Herja (sample S1). Red lozenge: neighbouring (Pb,Sb)8
(x2) and (Sb,Pb)9 (x2) mixed sites. For clarity, mixed sites are un-
split.

sponds to a flattening of the unit cell along c indicated by the
increase in the ratio (a - b)/(c - sin 8) (about 2 % from F1 to
F3). Thus, the measure of this ratio is a way to estimate the
crossed-substitution coefficient x. Selecting the new data ob-
tained with the same apparatus (F1, F2, and F3), there is also
a slight decrease in the unit-cell volume.

Figure 7 compares the lozenge geometry of the
[(Pb,Sb)3],[(Sb,Pb)5], groups in fiiloppite (sample F2), con-
sidering the main and minor substitutions, i.e. (Pb3)>(Sb5);
and (Sb3)>(Pb5),, respectively. The minor lozenge is com-
pressed along ¢ relatively to the major lozenge, as indi-
cated by the values of their angles and diagonal lengths.
Clearly, this distortion is the crystal chemical factor that con-
trols the unit-cell flattening with an increasing x coefficient.
For steric reasons, it is possible that a given layer contains

Eur. J. Mineral., 32, 623-635, 2020



630

Y. Moélo and C. Biagioni: Pb-versus-Sb substitution in the plagionite series

Table 3. Pb-versus-Sb distribution (SOF), average bond distances <Me—S>, and cation bond valences (BVs) in the studied samples of
fuloppite. For the sake of comparison, cation distribution in fiiloppite from Baia Mare (Edenharter and Nowacki, 1974) and synthetic Na

derivative of fiiloppite (Swinnea et al., 1985) are shown.

Sample Cation Pbl Sb2 Pb3a/Sb3b Sb4 Sb5a/Pb5b Sb6a/Pb6b
F1 Pb SOF 0.98 0 0.867 0 0.133 0.01
Sb SOF 0.02 1 0.133 1 0.867 0.99
<Me-S> 3.195 2470 3.012/3.031 2.490 2.569/3.054 2.524/2.912
BV 1.95 3.05 2.19/2.37 3.11 2.78/2.44 2.95/2.77
F2 Pb SOF 0.96 0 0.649 0 0.351 0.02
Sb SOF 0.04 1 0.351 1 0.649 0.98
<Me-S>2 3.183 2470 2.993/3.002 2487 2.605/3.072 2.547/2.928
BV 1.94 3.05 2.33/2.29 3.12 2.65/2.32 2.82/2.25
F3 Pb SOF 0.90 0 0.594 0 0.406 0.05
Sb SOF 0.10 1 0.406 1 0.594 0.95
<Me-S> 3.178 2468 2.991/2.997 2487 2.611/3.075 2.552/2.925
BV 1.90 3.06 2.36/2.26 3.13 2.61/2.31 2.79/2.27
Baia Mare Pb SOF 1 0.825 0 0 0 0.145
Sb SOF 0 0.175 1 1 1 0.865
Synth. Na-fil®  Pb SOF 1 0.60 0 0 0 0.40
Sb SOF 0 0.40 1 1 1 0.60

Note that in Sb sites having Sb > 0.55 apfu, average < Me—S> was calculated taking into account Sb—S distances shorter than 2.80 A.
@ Average distances (;\) for the three (Sb) and six (Pb) shortest bonds. b py derivation, according to Nat+ Sb3+ = 2Pb2+.

Table 4. Pb-versus-Sb distribution (SOF), average bond distances <Me—S>, and cation bond valences (BVs) in the studied samples of

plagionite.
Sample Cation Pbl Sb2 Pb3 Sb4  Sb5a/Pb5b Sb6  Sb7a/Pb7b
P1 Pb SOF 1 0 1 0 0.22 0 0.78
Monte Arsiccio  Sb SOF 0 1 0 1 0.78 1 0.22
<Me-S>* 3.038 2463 2968 2476 2.587 2.523 2.982
BV 1.87 3.09 2.16 323  2.67(2.78) 295 2.00(2.22)
P2 Pb SOF 1 0 1 0 0.21 0 0.79
Wolfsberg Sb SOF 0 1 0 1 0.79 1 0.21
<Me-S> 3.042 2466 2976 2.485 2.582 2.517 2.980
BV 1.87 3.06 2.11 3.16 2.71(2.82) 297 2.03(2.18)
P3 Pb SOF 1 0 1 0 0.18 0 0.82
Lepuix Sb SOF 0 1 0 1 0.82 1 0.18
<Me-S> 3.040 2468 2975 2.486 2.588 2.521 2.980
BV 1.87 3.05 2.12 3.15  2.67(2.79) 294  2.03(2.21)

* Average distances (f\) for the three (Sb) and six (Pb) shortest bonds.

only one type of lozenge, i.e. exclusively (Pb3)(Sb5); or
(Sb3)2(Pb5), groups. The resulting crystal structure would
thus correspond to a disordered interstratification of these
two types of layer.

Another way to measure x is to compare the calculated
XRPD of the three fiiloppite samples of the present study,
to see if there are some significant changes in the relative
intensities of some main diffractions. On the basis of 100
for the intensity I of the 114 reflection at 3.87 A, there is

Eur. J. Mineral., 32, 623-635, 2020

a significant I decrease for 112 and 331 reflections and,
inversely, a significant / increase for 130 and 225 reflec-
tions (Table 8). Figure 8 represents the variation in the ra-
tios A/B = 1(112)/1(130) and C/D = I (331)/1(225) with
x according to this table. The two continuous lines represent
the interpolated curves between measured values of A/B and
C/D ratios, while the two tie lines correspond to the extrap-
olated curves obtained starting from the crystal structure of
the F1 sample, with x varying from 0 to 0.50.
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Table 5. Lead-versus-Sb distribution (SOF), average bond distances (<Me—S>), and cation bond valences (BVs) in the studied samples of
semseyite. For the sake of comparison, cation distribution of semseyite from Wolfsberg after Matsushita (2018) is shown.

Sample Cation Pbl 2Sb2 2Pb3 2Sb4 2Pb5S 2Sb6 2Pb7 2(Pb,Sb)8§ 2 (Sb,Pb)9
S1 - Herja Pb SOF 1 0 1 0 1 0 1 0.904 0.096
Sb SOF 0 1 0 1 0 1 0 0.096 0.904

<Me-S>* 3.041 2468 2989 2473 2978 2515 2985 3.004 2.522

BV 1.89 3.08 2.04 3.16 2.06 2.98 1.97 2.15(2.10) 2.90 (2.90)

S2 —-LaRodde Pb SOF 1 0 1 0 1 0 1 0.926 0.074
Sb SOF 0 1 0 1 0 1 0 0.074 0.926

<Me-S> 3.041 2469 2991 2474 2978 2515 2986 3.006 2.531

BV 1.97 3.07 2.03 3.16 2.05 2.93 1.97 2.13 293

Pbl Sb4 Pb2 Sb3 Pb4 Sb2 Pb3 Pb5 Sbl

Wolfsberg Pb SOF 1 0 1 0 1 0 1 0.922 0.046
Sb SOF 0 1 0 1 0 1 0 0.078 0.954

<Me-S> 3.042 2472 2991 2471 2977 2515 2987 3.008 2.534

BV 1.89 3.05 2.03 3.18 2.05 2.93 1.96 2.12 291

* Average distances (A) for the three (Sb) and six (Pb) shortest bonds.

Table 6. Relationships between unit-cell geometry and Pb/Sb crossed-substitution coefficient x in plagionite and semseyite. Samples classi-

fied according to increasing (a - b)/(c - sin ) ratio.

(a) Semseyite

Sample ad bA @ B () V(A a-b c-sinf x (a-b)/(c-sinpB)
Mm! 13.627 11.974 24589 105997 3856.8 163.17  23.64 0.05 6.902
S2 13.630  11.969 24.580 105.996 38547 163.14  23.63 0.07 6.904
S1 13.624  11.968 24563 105992 3849.8 163.05  23.61 0.10 6.906
KW?2 13.603 11.935 24452 106.046 38152 16235 2350 nd. 6.909
(b) Plagionite

Sample ad bA @A B() V(A a-b c-sinf x  (a-b)/(c-sinp)
P2 13.480 11.865 19.980  107.16 3053.4 159.94 19.091 0.21 8.378
cw3 13486 11.866 19.983  107.17 30552 160.02 19.092 n.d. 8.381
P3 13494 11.864 19.980  107.15 30564 160.09 19.092 0.18 8.385
P1 13.468 11.882 19.898  107.17 30423 160.03 19.011 0.22 8.418

! Matsushita (2018). 2 Kohatsu and Wuensch (1974b). 3 Cho and Wuensch (1974).

The tie line relative to the ratio C/D is in good accordance
with the interpolated curve, while the A/B tie line presents
a significant shift relative to the interpolated curve. The best
equations are the two straight lines established on the basis of
the A/B and C/D values of F1 and F2: (1) A/B =—0.0234
x+1.852and (2) C/D =—-0.0074 x 4+ 1.307.

In semseyite, like in fiiloppite, with increasing x the unit-
cell volume decreases, while (a - b)/(c - sin ) increases. In
plagionite (Table 6b), x values are very close, which does not
permit the relationships between the variations in x, unit-cell
volume, and (a - b)/(c - sin 8) to be established.

https://doi.org/10.5194/ejm-32-623-2020

5 The case of Pb-free fiiloppite

Swinnea et al. (1985) synthesized a Pb-free fiiloppite at
250°C in a saturated NayCOj3 solution, with an ideal for-
mula SbioS;s, implying the occurrence of vacancy (L) in
several Sb positions. The proposed structural formula is
(Sbo.5800.42) (Sbo.852000.148)2(Sbo.773000.227)2SbeS 15, corre-
sponding to Sbg g3S15, ideally SbpSi5 (it would be a stib-
nite dimorph). Re-examination of structural data as well as
synthesis conditions brings one of us (Moélo, unpublished
data) to consider this compound a Na derivative of fiilop-
pite (briefly mentioned in Makovicky, 1989). On the one
hand, this compound was obtained in a hydrothermal syn-
thesis with a high Na concentration; on the other hand, bond-
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Table 7. Relationships between unit-cell geometry and Pb/Sb crossed-substitution coefficient x in fiiloppite. Samples classified according to

increasing (a - b)/(c - sinpf) ratio.

Sample a (A) b (A) cA)y BE) VA a-b c-sinB x  (a-b)/c-sinB
F1 134554 117226 169595 94.721 26660 157.73 16902  0.14 9.332
EN® 13435 11727 16934 9470 2659.0 157.55 16.877  nd. 9.335
Nb 13441 11726 16930 9471 26593 157.61 16.873 0.16° 9.341
F2 134799 117572 16.8596 94459 26639 15849 16.809  0.35 9.429
F3 13.5070 11.7868 16.7671 94746 26602 15920 16710  0.41 9.527
Na-fil°  13.393 11.7170  16.737 93.763 2620.8 156.93 16.701 0.404 9.396

@ Edenharter and Nowacki (1974). b Nuffield (1975). © Na-fiiloppite; Swinnea et al. (1985). d pp derivation.

Pb3

Figure 7.

Comparison  of
[(Pb,Sb)3]>[(Sb,Pb)5], groups with the main and minor sub-
stitutions (a and b, respectively) in fiiloppite (sample F2).

lozenge geometry of the
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Figure 8. Variation in the A/B and C/D ratios as a function of
the crossed-substitution coefficient x. Yellow line: interpolation on
the basis of A/B ratios of Table 8 (brown squares); black line: in-
terpolation on the basis of C/D ratios of Table 8 (blue triangles).
Orange and blue tie lines: extrapolations of A/B and C/D ratios,
respectively, on the basis of F1 crystal structure (lowest x value) as
starting point for calculations.
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Table 8. Calculated relative intensities of selected Akl lines in the
XRPD of fiiloppite as a function of the Pb/Sb crossed-substitution
coefficient x.

hkl— 112 130 331 225
X A B C D A/B C/D
F1 133 571 37.1 763 632 1.540 1.208
F2 351 475 462 689 659 1.028 1.046
F3 406 430 479 674 66.1 0.897 1.020

A, B, C, and D: calculated relative intensities of ikl lines.

valence calculations give bad valence sums in partially occu-
pied Sb positions. In ideal fiiloppite, Pb3SbgS1s, the replace-
ment of Pb through the heterovalent substitution 2Pb>t =
Nat+ Sb** would give the formula (NagsSbs5)3SbgSis,
i.e. Na1,58b945815.

In Pb-free fiiloppite, the position Sb6 has a SOF =0.58,
corresponding to 29.6 electrons (e”). A mixed site
with 0.5 Na and 0.5 Sb corresponds to (11 x0.5) +
(51 x0.5)=31e7, in quite good agreement with the mea-
sured electron density. For Sb3 (SOF=0.852) and SbS5
(SOF =0.773), one obtains a total of 82.9 ™. This ought
to correspond to a mixture of 0.5 Na and 1.5 Sb, that is,
a total of (11 x0.5) + (51 x 1.5)=82¢~. Here also the
agreement is very good. Calculation of the partitioning of
Na and Sb between Sb3 and Sb5 positions gives the site
populations (Sbp g;Nag 19) and (Sbg71Nag29) for Sb3 and
Sb5, respectively. The developed ideal structural formula
becomes (Nag.5Sbo.5)(Nag.2Sbg.g)2(Nag 35bg.7)2SbeS15 =
Naj 5Sbg 5515, as proposed above. This new structural model
is shown in Fig. 8. For this structure model, bond-valence
calculation according to Brese and O’Keeffe (1991) gives
for the cations (1.5 Na + 9.5 Sb) a total of 29.4 vu (valence
units), against 27.9 vu for the structure solution of Swinnea
et al. (1985; ideal total 30 vu).

For comparison with fiiloppite, the derivation of
the formula of Na-fiiloppite through the substitu-
tion Nat+ Sb>* = 2 Pb*" gives the new formula
Pb(Sbg.6Pbp.4)2(Pbg 6Sbg.4)2SbeS15, which is very similar
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Figure 9. Proposed distribution of Na/Sb mixed sites in the structure of Pb-free fiiloppite of Swinnea et al. (1985). (a) Projection along
[110]. (b) Polymerization of cations according to short Me—S bonds. (¢) Organization of the SnS-type ribbon. Pink sectors: Na fraction in

mixed (Sb, Na) positions.

to the formula of the synthetic fiiloppite studied in this
work (sample F3). It corresponds to the row sequence
Sb—Sb-Sb—(Pbg Sbg 4)—(Sbg ¢Pbg.4)—Pb (Table 3).

The actual formula of Pb-free fiiloppite appears to be
Naj 5Sbg 5S1s (or Na3zSbi9S3p). It is a new Na-poor mem-
ber of the pseudo-binary NayS-Sb,S3 system, together with
NaSbS, (a dimorph pair; Olivier-Fourcade et al., 1978) and
Na3SbS3 (Sommer and Hope, 1977; Pompe and Pfitzner,
2013).

Mozgova et al. (1987) detected the presence of hydro-
gen as (HS)™ or (OH)™ in synthetic fiiloppite through NMR
study. Due to the synthesis conditions (pH ~ 1.5), it is prob-
able that H substitutes in the crystal structure in a similar
way to Nat, i.e. in the sense that 2Pb?t = Ht 4 Sb3+,

6 Discussion and conclusion

These new crystal structure refinements confirm that
the Pb-versus-Sb crossed substitutions in two neighbour-
ing metal positions in the middle of the constitutive
layers are a systematic feature for fiiloppite, plagion-
ite, and semseyite, and this ought to be confirmed for
the fourth member heteromorphite. The developed struc-
tural formula of this homologous series can be given as
Pbon_—1(Pb1_,Sby)2(Sb1_xPby)2SbeS1342n. This substitu-
tion is isochemical, as it does not change the composition
of the compound. Its level is very variable, according to
the species (lowest percentages in the Pb-richest member
semseyite) or in a given species (fiiloppite x ~0.10at. %
to 0.40 at. %). Such a crossed substitution corresponds to a
competition between two sequences in the cation rows dis-
tinguished in the structures, (Sb—Sb—Sb)-Pb-Sb(-...), ma-
jor in plagionite, semseyite, and the calculated Pb derivative
of Na-fiiloppite, on the one hand, and, on the other hand,
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(Sb—Sb—Sb)-Sb-Pb(-...), major in fiiloppite and probably
also in heteromorphite. It is likely that this crossed substi-
tution could attenuate steric distortions in the middle of the
SnS-type layers of the plagionite homologous series, in rela-
tionship to the layer flattening evidenced in fiiloppite.

At present, it is difficult to clearly understand which
physicochemical factors control this substitution. If such a
disorder was related to temperature (7"), the substitution
would increase accordingly. However, the substitution coeffi-
cient x is lower in the synthetic F2 sample (obtained at 270-
300 °C) than in the synthetic F3 sample (obtained at 200 °C).
A pressure increase would favour the volume decrease ob-
served in fiiloppite. However, this is not apparently in ac-
cordance with experiments, as, in hydrothermal conditions,
the pressure at the equilibrium H;Oyiqu. <> H2Oyyp., increas-
ing with T', corresponds to a lower, and not higher, x value
from the F3 sample (200 °C) compared to F2 (270-300 °C).
The kinetics of crystallization may play a crucial role, as the
substitution coefficient x is the highest in synthetic samples,
which are obtained rapidly compared to natural growth con-
ditions in ore deposits.

According to thermodynamic principles, in normal con-
ditions, samples with different x coefficients cannot corre-
spond to identical energy levels. It is probable that natural
fiiloppite samples, grown closer to equilibrium conditions,
correspond to the more stable composition (lowest x value),
where (Pb3),(SbS), prevails over (Sb3)>(Pb5)s;.

Systematic but variable Pb-versus-Sb crossed substitution
in a cation pair, without change in the chemical composition,
is an original crystal chemical feature of the plagionite series.
Resolution of new crystal structures among different mem-
bers of the series, especially synthetic ones, will help in the
understanding of what physical factors control fluctuations
in such a crossed substitution. It is also possible that well-

Eur. J. Mineral., 32, 623-635, 2020



634 Y. Moélo and C. Biagioni: Pb-versus-Sb substitution in the plagionite series

resolved structures will reveal modulations due to long-range
ordering along ¢ of two types of layers, as suggested here
for fiiloppite. The use of transmission electron microscopy
(HRTEM) may be decisive for this purpose.

Recently, a similar crossed substitution implying
two neighbouring (Pb, As) mixed sites has been
observed in tsugaruite, PbygAs;5S50Cl (Biagioni et

al.,, 2020). These two sites have AsygsPbgss and
Pboe1Asp39 occupations, giving the structural formula
Pby6(Pbo.6Aso.4)2(Pbo.4Asp.6)2A813S50Cl.

It would be interesting to synthesize Pb-free fiiloppite by
dry synthesis in the NayS-Sb,S3 system, in order to confirm
and refine its structure. This would permit the characteriza-
tion of its physical properties, taking into account the recent
interest of parent NaSbS, as a solar absorber material (Sun
and Singh, 2017). In addition, it is possible that Na enters as
traces in the structures of natural members of the plagionite
series, in relationship to the NaCl concentration of hydrother-
mal solutions. Similarly, NMR study of hydrogen as traces
may help to measure the pH of these solutions.
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