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Abstract. Lopatkaite, ideally Pb1gAsySbeS2> (Z = 4), is a new arsenic-bearing sulfosalt found in the Madoc
deposit, Taylor Pit, Ontario, Canada. Associated minerals in the holotype specimen are boulangerite, veenite,
and sterryite, all embedded in a calcite matrix. Lopatkaite is greyish black and opaque, with metallic lustre
and dark-grey streak. It is brittle without any discernible cleavage and parting and has a Mohs hardness of
3-3.5. In reflected light lopatkaite is greyish white, with distinct bireflectance and pleochroism from white
to grey, especially in oil. Under crossed polarisers, anisotropism is distinct, with rotation tints in shades of
grey. Reflectance measurements in air yield the following Rpin/Rmax values based on the standard wavelengths
(Commission on Ore Mineralogy, COM): 37.0 % / 39.3 % (470 nm), 34.1 % / 36.9 % (546 nm), 33.1 % / 36.2 %
(589nm), and 31.3% /34.1 % at (650nm). The average result of four electron probe microanalyses for the
structurally investigated grain is as follows (in wt %): Pb 57.81(4), As 3.53(8), Sb 20.03(6), S 19.08(6), and total
100.46(22), corresponding to Pbyg 283)As1.744)Sbe.06(3)521.92(3) (based on 18Me + 228 =40 atoms per asym-
metric unit). The density calculated using the empirical formula is 6.168 Mg m~3. Single-crystal X-ray diffrac-
tion data show lopatkaite to be monoclinic, space group P2 /c (no. 14), with a = 8.0806(6), b = 23.3597(18),
¢ =21.4880(16) A, B =100.7090(10)°, V =3985.4(5) A3, and Z =4. The seven strongest lines in the (cal-
culated) powder diffraction pattern are as follows (d in A (intensity) (hkl)): 3.728(39) 211, 3.712(100) 035,
3.653(35) 062, 2.804(41) —261, 2.780(43) 260, 2.779(38) —262, and 2.020(47) —402. The ideal formula is in
accordance with the results of the crystal structure analysis, Pb1g 336As1.5675b6.088522 , and may be derived from
the ideal boulangerite formula, PbjoSbgS2> (Z = 4), by means of substitution of two Sb atoms with two As
atoms. Lopatkaite is an isotype of boulangerite, differing by dominant As occupancy at two crystallographically
independent mixed (Sb, As) sites. This dominant-site substitution defines lopatkaite as the arsenic-dominant iso-
type of boulangerite and justifies its recognition as a distinct mineral species. Lopatkaite is also a new member
of the rod-based family of sulfosalts.

parameters a = 21.61, b =23.54, ¢ =8.08 A, B =100.71°

Boulangerite is a common mineral and a prominent mem-
ber of the family of rod-based structures (Makovicky, 1993),
present in many hydrothermal lead mineralisations. The
single-crystal X-ray diffraction studies on natural ordered
boulangerite of Mumme (1989) and Ventruti et al. (2012)
show a monoclinic system; space group P2;/a; and unit-cell

and a = 21.554(4), b =23.454(4), c=8.079A, and B =
100.76(1)°. The ideal formula is PbgSbgS2, (Z = 4), reflect-
ing the presence of 18 cation and 22 anion independent sites
in the structure.

In contrast, the single-crystal X-ray diffraction studies on
a synthetic phase with similar chemistry to boulangerite, de-
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scribed by Petrova et al. (1978) and Skowron and Brown
(1990), yielded space group Pbnm and unit-cell parameters
a=21.40(1), b=23.51(1), and ¢ =4.036(1) A and space
group Pnam and unit-cell parameters a = 23.490(5), b =
21.245(1), and ¢ = 4.020(1) A, respectively. The ideal for-
mula is PbsSbsS1; (Z =4), reflecting the presence of 9
cation and 11 anion independent sites in the structure. The
synthetic phase is a disordered orthorhombic phase with
¢ ~4.02 A (i.e. half of ¢ of natural boulangerite) and should
not be named boulangerite but rather a “boulangerite-like”
phase.

Arsenic is a known minor component in boulangerite, but
most published analyses show limited substitution of Sb with
As, with atomic As / (As+ Sb) ratios that are typically be-
low 0.125. For example, Jambor et al. (1982) quote a ratio
of 0.125 (i.e. 2.02 As wt %) for As-bearing boulangerite from
Madoc, Orlandi et al. (2008) describe boulangerite from Bot-
tino with As /(As+ Sb) equal to 0.106 (i.e. 1.7 As wt %),
Ventruti et al. (2012) found boulangerite to have the high-
est As/(As+ Sb) atomic ratio of only 0.0144 at this lo-
cality (i.e. 0.24 Aswt %), while Birnie and Petersen (1977)
describe ratios of As/(As+ Sb) (in apfu) as high as 0.36
(i.e. 5.97 As wt %) in samples from the Lichito I vein of Hua-
chocolpa, Peru.

Substantial arsenic concentrations in other sulfosalts have
been observed in zinkenite (4.4 As wt % in Jas Roux, Johan
and Mantienne (2000); from 0.0wt% to 11.5wt% in the
Hemlo gold deposit, Harris (1989); and up to 7.6 wt % in the
Vorontsovskoe gold deposit, Kasatkin et al., 2022), tsugaruite
(~ 12.5 As wt %, Shimizu et al., 1998, and Biagioni et al.,
2021), vurroite (~ 8.4 As wt %, Garavelli et al., 2005), tazief-
fite (~ 9.7 As wt %, Zelenski et al., 2009), the sterryite group
(from 2.8 As wt % to 8.3 As wt %, Moélo et al., 2011; Bindi
et al., 2016, and Biagioni et al., 2016), chovanite (3.37 wt %,
Biagioni and Moglo, 2017), and ginelfite (6.2 wt %, Biagioni
et al., 2025). The single-crystal studies show that arsenic
plays an important role in the crystal structure and the crystal
chemistry (due to the As-dominant site or sites) of the afore-
mentioned minerals, except for zinkenite. Low contents of
As, as in andreadiniite (1.57 wt %) in the study of Biagioni
et al. (2018) and launayite (2.7 wt %) in the study of Topa et
al. (2025), were shown to play no structural role. The struc-
tural role of As in sorbyite (up to 6.2 wt %), playfairite (up
to 3.3 wt %), and madocite (up to 3.1 wt %) as described by
Jambor et al. (1982) remains unknown.

Here we describe in detail the new mineral lopatkaite, a
high-arsenic-bearing analogue of boulangerite, from Madoc,
Ontario, Canada. The new mineral is named after Eduard
Lopatka (born 1961), who provided to us his sample collec-
tion of Madoc material, in which we found the new mineral.

The new mineral species and name were approved by the
Commission on New Minerals Nomenclature and Classifi-
cation of the International Mineralogical Association (IMA
2012-83; Topa et al., 2013). The holotype, consisting of a
polished sample, was deposited in the mineralogical collec-
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tion of the Natural History Museum, Vienna, Austria, under
catalogue number O 3954 (note: the holotype was originally
deposited in the collection of the Department of Materials
Engineering and Physics, University of Salzburg, Salzburg,
Austria, under catalogue number 15008 but was later trans-
ferred to Vienna).

2 Occurrence, appearance, and physical properties

The type locality of lopatkaite is the classical sulfosalt oc-
currence at the Taylor Pit in Madoc, Ontario, which was
described previously by Jambor (1967a, b) and Jambor et
al. (1982). Sulfosalts occur there in steeply dipping cipollino
calcite—dolomite marbles near their contact with Precam-
brian granite. The bulk of sulfides is composed of dark-
brown sphalerite, boulangerite, jamesonite, and fine-grained
arsenopyrite and pyrite. A variety of rare sulfosalts (Jam-
bor, 1967a, b) occur sparingly, intergrown with the just men-
tioned ones, and they are difficult to identify. They comprise
semseyite, bournonite, playfairite, launayite, madocite, twin-
nite, veenite, guettardite, Sb-bearing baumhauerite, and tetra-
hedrite. They were identified in and described for this locality
in the quoted publications.

Jambor et al. (1982) suggest that As-rich mineralisation
came first at Madoc, followed by an Sb-rich one. The asso-
ciation galena—pyrite—sphalerite might be of synsedimentary
origin, whereas hydrothermal activity connected with the in-
trusion of nearby granite plutons into the metamorphosed
limestone triggered the formation of sulfosalts.

In the investigated samples, lopatkaite forms grains which
attain a size of up to 300 um and grain aggregates reaching
up to more than 500 pm across. Grains of lopatkaite are em-
bedded in calcite and are subhedral to anhedral. Neither dis-
tinct crystal forms nor twinning were observed. Enveloping
by later boulangerite partly leaves traces of original crystal
shape and partly leads to heavily corroded grains enclosed
in boulangerite (Fig. 1). The colour is greyish black, with
metallic lustre and dark-grey streak. Lopatkaite is opaque
with a Mohs hardness (derived from the indentation measure-
ments) of 3-3.5; VHNj5( data are as follows: a range of 189—
208 and a mean of 200 kg mm™2. Lopatkaite is brittle, with-
out observed cleavage and parting. The density could not be
measured because of the paucity of available pure material;
the density (calc.) is equal to 6.168 Mgm™ using the em-
pirical formula and 6.096 Mgm™3 using the ideal formula.
The a : b : ¢ ratio calculated from the unit-cell parameters is
0.683:1:0.429.

In reflected light under one polariser, the colour is greyish
white. No internal reflections were observed, and pleochro-
ism or bireflectance is distinct and white to dark grey, es-
pecially in oil. Anisotropy is distinct, with rotation tints in
shades of grey. Quantitative data on reflectance were ob-
tained by means of a WTiC standard and Leitz MPV-SP mi-
croscope photometer and are given in Table 1.
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Figure 1. Backscattered electron images of skeletal crystals and
grains of lopatkaite (Lpk) enclosed in, and partly replaced by,
boulangerite (Bou).

Table 1. Reflectance values (WTiC standard in air) for lopatkaite
from Madoc. The values corresponding to wavelengths, recom-
mended by the Commission of Ore Mineralogy of IMA, are marked
in bold.

A(mm)  Rpin  Rmax | A(m)  Rpin  Rmax
400 34.5 35.1 | 560 34.0 36.6
420 37.1 39.6 | 580 33.3 36.4
440 37.7 39.8 | 589 33.1 36.2
460 374 39.8 | 600 32.8 359
470 37.0 39.3 | 620 32.0 35.2
480 36.7 39.2 | 640 31.5 344
500 35.7 38.2 | 650 31.3 34.1
520 349 37.3 | 660 31.3 34.0
540 34.2 37.0 | 680 30.7 33.8
546 34.1 36.9 | 700 30.3 333

3 Chemical composition

Chemical analyses of lopatkaite were carried out at the Cen-
tral Research Laboratories of the Natural History Museum,
Vienna, using a JEOL “Hyperprobe” JXA 8530F field emis-
sion gun electron probe microanalyser (FE-EPMA). The an-
alytical conditions were as follows: WDS measuring mode,
accelerating voltage of 25 kV, beam current of 20 nA, beam
diameter of 1.5 pm, and count times of 10 s in peak position
and 5 s in background positions. JEOL software was used for
the acquisition and processing of data. The following emis-
sion lines and standards were used: AsL« and T1L« (loran-
dite, T1AsS,), PbM« (galena), AgLo (Ag metal), SbLo and
SK o (stibnite), HgLa (cinnabar), and CuK « (chalcopyrite).
Other elements such as Bi, Fe, and Hg were sought but not
detected. Proper empirical correction was made for the inter-
ference of the third order of the SbL« line with the analyti-
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cal AsL line. Under the analytical conditions described, the
detection limits for the measured elements in the lopatkaite
matrix were as follows (expressed in wt %): S, Cu, and Fe
~0.03; As, Ag, and Sb ~0.06; and Hg, Tl, Pb, and Bi
~ 0.09. Analytical data are given in Table 2.

The empirical formula (based on 40apfu) is
Pbi10.28Sbe.0sAS1.74521.92, leading to a simplified for-
mula of PbjgSbgAs>S2>, which requires the following (in
wt %): 56.64 Pb, 19.97 Sb, 4.10 As, and 19.29 S, for a
total 100.00. There are well-documented difficulties in
obtaining the theoretical Pb / (Sb + As) ratio of 1.25 for a
boulangerite-type structure, described in detail by Ventruti
et al. (2012); explanations given for these problems vary
between the correction problems of electron microanalyser
programmes and the presence of structural defects in the
rod-based sulfosalt structure, both without a valid and/or
unambiguous proof.

4 X-ray crystallography

Powder X-ray diffraction data could not be collected due to
a lack of suitable pure material and were instead calculated
based on single-crystal structure determination results. The
seven strongest lines are shown in Table 3.

4.1 X-ray single-crystal study

A fragment with irregular shape and 0.05 x 0.08 x 0.12 mm
in size was mounted on a Bruker AXS three-circle diffrac-
tometer equipped with a charge coupled device (CCD) area
detector. The SMART (Bruker AXS, 1998a) system of pro-
grammes was used for unit-cell determination and data col-
lection, SAINT+ (Bruker AXS, 1998b) was used for the
reduction in the intensity data, and XPREP (Bruker AXS,
1997) was used for space group determination and empiri-
cal absorption correction based on pseudo i scans. The cen-
trosymmetric space group P2;/c, proposed by the XPREP
programme, was chosen. It is consistent with the mono-
clinic symmetry of the lattice and intensity statistics (mean
|E-E—1| = 1.195 (expected values: 0.968 for the centrosym-
metric case and 0.736 for non-centrosymmetric case)). We
started the refinement process (using SHEXL; Bruker AXS,
1997) by adopting the atom coordinates of the monoclinic
structure model published by Mumme (1989), with modified
site labels. The introduction of a twin model through the ma-
trix [-100]0 —10] 10 1] did not improve the R index,
as shown by a batch scale factor (BASF) of 0.0047(6) (i.e.
no twinning within error limits). As in the Mumme model,
we initially treated all cations (10 Pb and 8 Sb) as pure Pb
and Sb sites. The analysis of their coordination characteris-
tics and scattering function values indicated the following: a
mixed (Pb, Sb) occupancy for the Pb4 site, a mixed (As, Sb)
occupancy for the Sb3 and Sb8 sites, mixed (Sb, As) occu-
pancies for the Sb4 and Sb7 sites, and a mixed (Sb, Pb) oc-
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Table 2. Average chemical composition data (in wt %) for boulangerite (group 1), As-bearing boulangerite (group 2 to 4), and lopatkaite
(group 5 and 6) from Madoc. Group 5 represents the average chemistry of the grain used for crystal structure determination, and group 6 is
for a high-As lopatkaite. Empirical formulae are calculated based on 40 atoms per formula unit, apfu (MegS»5). Values in italics represent

standard deviations for the last decimal.

Boulangerite ‘ Lopatkaite

Group 1 Group2  Group 3 Group 4 ‘ Group 5 Group 6  Ideal formula
NA? 3 3 3 3 4 5 -
Pb 56.71(9) 56.29(1)  56.63(8) 57.40(2) 57.81(4) 57.36(6) 56.64
As 0.00(0) 1.63(13) 1.93(6) 2.56(8) 3.53(8) 4.43(7) 4.10
Sb 24.46(2) 23.08(21)  22.42(1) 20.98(1) 20.03(9) 18.77(13) 19.97
S 18.54(1) 18.90(1)  18.92(4) 18.94(3) 19.08(6) 19.20(1) 19.29
Total 99.71(11) 99.91(6)  99.90(2) 99.89(8) | 100.46(22) 99.77(2) 100
chP —0.62(12) —0.16(7) —0.32(6) —0.71(10) 0.27(38)  —0.33(7) 0
Pb 10.40(1) 10.13(1)  10.19(3) 10.32(2) 10.28(3) 10.17(1) 10
As 0.00(0) 0.81(7) 0.96(3) 1.27(4) 1.74(4) 2.17(3) 2
Sb 7.63(1) 7.07(7) 6.86(1) 6.42(1) 6.06(3) 5.66(4) 6
S 21.97(1) 21.99(1)  21.99(1) 21.99(1) 21.92(3) 21.99(1) 22
As/Sb 0 0.115 0.140 0.199 0.287 0.383 0.333
Sb+ As 7.63 7.88 7.83 7.69 7.82 7.83 8
¥ Me¢ 18.03 18.01 18.01 18.01 18.08 18.01 18
Pb / (Sb+ As) 1.36 1.29 1.30 1.34 1.32 1.30 1.25
Sb /(Sb + As) 1.00 0.90 0.88 0.83 0.795 0.723 0.75

4 Number of point analyses. b ¢h denotes charge-balance values calculated as (3 _cation valence —)_anion valence) using atom per cent values.
¢ Although >"Me is almost equal to the theoretical value of 18, the ratio Pb / (Sb+ As), ranging from 1.29 to 1.36, departs from the theoretical value

of 1.25 (see the text for a discussion).

cupancy for the Sb5 and Sb6 sites of Mumme’s model. The
structure formula obtained is Pbjg 336AS1.567Sbg.088S22.

The final stage of refinement with anisotropic displace-
ment parameters for all cation and anion sites converged
to Ry =0.0412 [3569 reflections with F, > 40 (F,)] and
showed no evidence of disorder comparable to that reported
for the orthorhombic synthetic “boulangerite-like” phase.
Details about crystal data, as well as data collection and re-
finement, are given in Table 4. The relatively low resolution
of the dataset (20max = 41.62°) reflects the improper condi-
tions of data collection for the available crystal from Madoc.
Despite this limitation, the refinement converged to a sta-
ble and chemically consistent structural model, supported
by agreement with chemical data and bond-valence analy-
sis. A separate study, currently in preparation, will address
material from other localities, including datasets collected
at a higher resolution (20,.x up to ~ 57°). Fractional coor-
dinates, site occupancies, anisotropic displacement parame-
ters, charge distribution, and bond-valence sum values are
compiled in Table 5. Table 6 reports selected cation—anion
bond distances. Full details are given in the lopatkaite.CIF
and lopatkaite_checkCIF.pdf files, both deposited in the Sup-
plement (S1 and S2).
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Figure 2. Atom labelling in the asymmetric unit of lopatkaite.
White: S sites; dark blue: Pb sites; light blue: (Pb, Sb) site;
turquoise: As-dominant sites; red: Sb sites (Sb7 included); purple
(Sb, Pb) site; and green: (Sb, As) site.
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Table 3. Calculated X-ray powder diffraction data (d in A) for lopatkaite from Madoc*.

Irel dcalc/A ho k1 I dcalc/A h k I I dca]c/A h k l
5 15.66 0 1 1 15 2.969 2 3 3 5 2.031 2 0 8
4 7.83 0 2 2 15 2964 -2 3 5 5 2027 -2 0 10
10 6.74 0 1 3 7 2.937 2 5 1 47 2,020 -4 0 2
6 6.03 0 2 3 7 2934 -2 5 3 3 19991 2 5 7
4 556 -1 3 1 9 2.835 2 2 4 4 19958 -2 5 9
4 4.81 0o 2 4 7 2829 -2 2 6 5 19580 0 8 8
5 4.56 0 5 1 7 2.814 0o 8 2 8 19181 2 4 8
7 4.37 0 3 4 21 2.814 2 4 3 7 19148 -2 4 10
4 4.13 1 4 2 30 2.813 0 3 7 4 19130 0 1 11
3 4.06 1 0 4 25 2810 -2 4 5 3 1.8636 -2 1 11
6 3.971 0 2 5 4 2804 -2 6 1 22 1.8565 2 9 5
4 3.970 2 0 0 43 2.780 2 6 0 8 1.8560 0 6 10
7 3967 -2 0 2 38 2779 -2 6 2 21 18545 -2 9 7
8 3.916 0 4 4 10 2711 2 6 1 3 1.8510 2 11 1
16 3914 2 1 0 10 2709 -2 6 3 3 18503 -2 11 3
16 3911 =2 1 2 19 2.680 o 4 7 11 17759 4 3 3
7 3.893 0 6 O 9 2.647 2 5 312 17729 -4 3 7
22 3.892 0 5 3 7 2643 -2 5 5 4 1.7684 4 6 0
19 3.829 0 6 1 6 2.574 0 2 8 3 17672 -4 6 4
5 3.759 2 20 5 2514 2 3 5 5 1.7595 0 0 12
4 3756 -2 2 2 5 2509 -2 3 7 5 17537 -2 12 1
39 3.728 2 1 1 3 2.435 0 9 3 4 17525 -2 10 7
34 3722 -2 1 3 9 2.418 2 7 2 5 17492 0 10 8
100 3.712 0 3 5 8 2415 -2 7 4 4  1.7478 2 12 0
35 3.653 0 6 2 21 2.369 2 2 6 4 17476 -2 12 2
4 3.507 2 0 2 21 2364 -2 2 8 7 17411 0 13 3
5 3.468 2 1 2 6 2.334 0 1 9 3 1.7364 0 11 7
6 3462 -2 1 4 11 2.329 0o 9 4 4 17227 -4 7 1
11 3.422 0 4 5 3 2314 2 7 3 5 17221 -4 7 3
4 3.359 2 2 2 7 2.310 2 8 1 6 1.7216 0 6 11
4 3358 -1 5 4 7 2309 -2 8 3 5  1.7108 4 3 4
6 3353 -2 2 4 11 2.244 2 8 2 4 17077 -4 3 8
34 3.296 0o 7 1 11 2242 =2 8 4 3 1.6796 4 4 4
33 3.207 0 3 6 6 2.211 0 9 5 5 16766 -4 4 8
7 3.198 2 3 2 7 2.173 2 2 7 5 1.6481 0 14 2
9 3193 -2 3 4 6 2169 -2 2 9 5 1.6424 4 3 5
4 3.025 2 5 0 4 2.149 2 5 6 4 16392 -4 3 9
4 3024 -2 5 2 3 2,145 -2 5 8 3 1.6147 4 4 5
30 3.014 0 4 © 18 2.136 0 10 4 3 1.5849 2 6 10
32 3.007 2 4 2 3 2.111 0 0 10 315826 -2 6 12
31 3002 -2 4 4 8 2.044 0 10 5 4 14684 4 10 2

* The theoretical pattern was calculated using PowderCell 2.3 (Kraus and Nolze, 1996) in Debye—Scherrer configuration employing
CuK « radiation (A = 1.540598 A), a fixed slit, and no anomalous dispersion. Unit-cell parameters, space group, atom positions, site
occupancy factors, and equivalent displacement factors from the crystal-structure determination were used. The seven strongest lines

are indicated in bold.

5 Description of the structure

The structure of lopatkaite contains 18 distinct coordination
polyhedra of cations and 22 anions (Table 5, Fig. 3). The
asymmetric unit contains nine Pb sites, one mixed (Pb, Sb)
site, two Sb sites, two mixed (As, Sb) sites with occupancy
values of 0.67-0.58 As and 0.33-0.42 Sb, two mixed (Sb,
As) sites, and two mixed (Sb, Pb) sites. Similarly to the

https://doi.org/10.5194/ejm-38-217-2026

closely related boulangerite, the lopatkaite structure (Fig. 4)
is isotypic with the MDO1 polytype described by Ventruti et
al. (2012) and contains large rod-like modules based on an
SnS archetype described by Makovicky (1993) and Ferraris
et al. (2008) and Moélo et al. (2008).

The asymmetric unit content is presented in Fig. 2, and
the crystal structure is shown in Fig. 3, in which the rods are
outlined by shading in green. Figure 3 shows that the struc-

Eur. J. Mineral., 38, 217-229, 2026



222 D. Topa et al.: Lopatkaite, a new mineral from Taylor Pit, Madoc, Ontario, Canada

Table 4. Crystal data, data collection information, and refinement
details for lopatkaite from Madoc.

Crystal data

Crystal size (mm) 0.05 x 0.08 x 0.12
Space group P2i/c

a (A) 8.0806(6)

b (A) 23.3597(18)

c(A) 21.4880(16)

B (©) 100.7090(10)

V (A3) 3985.4(5)

Data collection and refinement

Radiation, wavelength A) MoK a, A =0.71073

Temperature (K) 300(2)

26max (°) 41.62

Measured reflections 25691

Unique reflections 4241

Reflections with F, > 40 (F,) 3569

Rint 0.1295

Ro 0.0632
—-8<h<8

Range of h, k, [ —23<k<23
—21<1<2l

Ry [F, > 40 (F))] 0.0412

R (all data) 0.0498

wR (on F2) 0.0842

Goof 1.032

Number of refined parameters 369

Restraints 0

2.68 (at 1.76 A from S1)
—2.96 (at 0.25 A from Sb1)

Maximum and
minimum residual peak (e A3 )

ture consists of (001) ribbons composed of [100] rods with a
lozenge-like cross-section. Each rod consists of three broad
double ribbons separated by interspaces which accommodate
lone electron pairs of Sb3+ and As>* cations.

The independent sites of the asymmetric unit (Fig. 4) build
three ribbons, Ry, Ry, and R3, each being three polyhedra
long. The ribbons R; and R, are equivalent to the “ribbon
C” and “ribbon M”, respectively, described by Ventruti et
al. (2012).

Pure Pb sites (Pbl, 2, 3, 5, 6, 7) lie on ribbon R3, which
has a (100)pps configuration. The Pb atoms and the S atoms
form a pseudotetragonal surface (Fig. 5). Polyhedra centred
by Pbl, Pb5, Pb3, and Pb7 are bicapped trigonal prisms
(CN=28), while polyhedra centred by Pb2 and Pb6 are
monocapped trigonal prisms (CN = 7). The ribbon R; hosts
a central Sb2—(Sb,Pb)7 column of coordination polyhedra
and two marginal, mixed Sb5—(As,Sb)8 and (Sb,As)4-Pb10
columns of polyhedra. The central ribbon R; of the rod hosts
a central Sb1-Pb8 column of coordination polyhedra, and
two marginal, mixed (As,Sb)3—Pb9 and (Sb,As)4—(Pb,Sb)4
columns of polyhedra.

Eur. J. Mineral., 38, 217-229, 2026

g
L 7 \I 4{%

- .:‘!/r,.O 3

el g
"\‘)%sg A\
¥ e
5 'Q@‘T\iw
o Q.\.I'.

/¢
N

< a8
e AN

Figure 3. The crystal structure of lopatkaite viewed along [100].
Atom colouring is as in Fig. 2. Infinite lozenge-shaped rod layers
along [100] and [010] of the SnS-like archetype, alternating along
[001] with non-commensurate interspaces (uncoloured). The rod
layer can be viewed as a repetition of a basic rod R (see Fig. 4)
along the b axis. The lone electron pair (LEP) is indicated in dark-
green colour.

Figure 4. The independent sites of the rod R in the crystal structure
of lopatkaite viewed along slightly inclined [100] and arranged in
three double ribbons (R{, Ry, R3), each of them three polyhedra
long. The symmetry centre which builds the whole rod is indi-
cated. The mixed sites (Sbg723As0277)4, (Sbg.892Pbg 108)3,
(As.581Sbp.419)8 in  ribbon Ry and  (Asg673Sbo.327)3,
(Pbg.922Sbg 078)4, and (Sbg g94Pbg306)6 in ribbon Rz lie on
the pseudohexagonal faces defined by S atoms. Atom colouring is
as in Fig. 2.

The other two surfaces of the rod are composed of S
atoms in a periodically sheared pseudohexagonal arrange-
ment (Fig. 4). These surfaces face the pseudotetragonal sur-
faces of the adjacent rods, which are occupied by Pb atoms
(as mentioned above), and the inter-rod space (left blank in
Fig. 3) accommodates a complicated pattern of long Pb—S
distances and weak lone-electron-pair stereoactivity of Pb.
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Table 5. Sites, site occupancy (s.0.), fractional atom coordinates, equivalent isotropic displacement parameters (in Az), charge distribution,
bond-valence sum values, and coordination numbers for lopatkaite from Madoc.

Site S.o. x/a y/b z/c Ueq REF CD BVS CN
Pbl Pby 0o 0.94534(9)  0.49856(3) 0.12152(4) 0.0205(2) 2 2011 1.955 8
Pb2 Pb1 00 0.02502(9)  0.15963(3)  0.30820(4) 0.0167(2) 2 1959 2114 7
Pb3 Pby 00 0.97783(9) 0.32475(3) 0.20541(4) 0.0181(2) 2 1981 2.035 8
(Pb,Sb)4  Pbg.922(8)Sbo.078(8) 0.20151(10)  0.09607(3)  0.13299(4) 0.0228(4) 2.078 2.030 2128 7
Pb5 Pb1 00 0.42863(9) 0.49900(3) 0.11197(4) 0.0214(2) 2 1997 1929 7
Pb6 Pby 00 0.52901(9)  0.15991(3)  0.30553(4) 0.0177(2) 2 1976 1.994 8
Pb7 Pby 00 0.47928(10) 0.32148(3) 0.20766(4) 0.0215(2) 2 1952 10914 7
Pb8 Pb1 00 0.84966(10)  0.43036(3) 0.44980(4) 0.0260(3) 2 2062 2.037 7
Pb9 Pby 00 0.39628(10)  0.23276(3)  0.03721(4) 0.0240(2) 2 2110 1.873 7
Pb10 Pb; 00 0.86568(9) 0.13612(3) 0.48741(4) 0.0178(2) 2 209 1937 7
Sbl Sb1.00 0.33089(16)  0.43632(6) 0.46807(6) 0.0189(4) 32969 3.178 7
Sb2 Sb1.00 0.30848(16)  0.30967(5) 0.37081(6) 0.0168(3) 3 3.020 3.264 7
(As,Sb)3  Asg 673(16)Sb0.327(16) 0.9009(2) 0.23184(8) 0.06377(9) 0.0243(8) 32990 3.263 7
(Sb,As)4  Sbg.723(15)As80.277(15)  0.36022(17)  0.12070(6)  0.48643(7) 0.0133(6) 3 2925 3342 7
(Sb,Pb)5  Sbg 892(9)Pbo.108(9) 0.27566(17)  0.45733(5) 0.29345(6) 0.0252(7) 2.892 2997 2.730 7
(Sb,Pb)6  Sbg 694(9)Pbo.306(9) 0.68198(14)  0.10269(5)  0.12905(6) 0.0317(6) 2.694 2.725 2772 7
(Sb,As)7  Sbg.955(15)A80.045(15)  0.81773(16)  0.28385(5)  0.38909(6) 0.0155(6) 3 3.100 3.307 7
(As,Sb)8  Asg s81(15)Sbo.419(15) 0.7658(2) 0.46696(7) 0.28013(8) 0.0184(7) 3 3101 3.399 6
S1 S1.00 0.8970(6) 0.0148(2) 0.0662(2) 0.0169(12)
S2 S1.00 0.2206(6) 0.4164(2) 0.1864(2) 0.0142(12)
S3 S1.00 0.0230(6) 0.0271(2) 0.2472(2)  0.0180(12)
S4 S1.00 0.1418(6) 0.2920(2) 0.0968(2)  0.0225(13)
S5 S1.00 0.9428(6) 0.1752(2) 0.1546(2)  0.0208(13)
S6 S1.00 0.0682(6) 0.3759(2) 0.3344(2)  0.0154(12)
S7 S1.00 0.0687(6) 0.2223(2) 0.4180(2) 0.0141(12)
S8 S1.00 0.1550(6) 0.4444(2) 0.0149(2) 0.0162(12)
S9 S1.00 0.3070(6) 0.0929(2) 0.3760(2)  0.0152(12)
S10 S1.00 0.2639(6) 0.2501(2) 0.2766(2)  0.0133(11)
S11 S1.00 0.1390(6) 0.1351(2) 0.0105(2) 0.0135(12)
S12 S1.00 0.4167(6) 0.0190(2) 0.0710(2)  0.0162(12)
S13 S1.00 0.7167(6) 0.4137(2) 0.1875(2)  0.0152(12)
S14 S1.00 0.4691(6) 0.0279(2) 0.2443(2)  0.0207(13)
S15 S1.00 0.7051(6) 0.2938(2) 0.0935(2)  0.0201(13)
S16 S1.00 0.4608(6) 0.1760(2) 0.1546(2) 0.0183(13)
S17 S1.00 0.5162(6) 0.3743(2) 0.3281(2) 0.0145(12)
S18 S1.00 0.6042(6) 0.2193(2) 0.4202(2) 0.0158(12)
S19 S1.00 0.6071(6) 0.4371(2) 0.0131(2) 0.0169(12)
S20 S1.00 0.8096(6) 0.0846(2) 0.3663(2) 0.0149(12)
S21 S1.00 0.7615(6) 0.2518(2) 0.2792(2)  0.0140(12)
S22 S1.00 0.6260(6) 0.1388(2) 0.0164(2) 0.0161(12)

* REF is the charge of the site obtained from refinement, and CD and BVS represent charge distribution and bond-valence sum values, respectively, calculated for the

cation sites with the programme ECoN21 (Ilinca, 2022). Bold lettering indicates As-dominant site labelling and occupancies.

Its character is very different from the regular lone-electron-
pair spaces inside a rod layer (Fig. 3).

Along the 8 A a direction (Fig. 5), the (As,Sb)3 sites al-
ternate with Pb9 sites; the (Sb,As)4 sites alternate with Pb10
sites; and the third of the mixed sites, (As,Sb)8, alternates
with the Sb5 site. The bonding pattern is that which is typi-
cal of Sb sulfosalts: no crankshaft chains are present (Fig. 5),
but an Sb2—Sb5 pair connected via a short S—S edge and via
shorter Sb—S distances is present, whereas Sb7 and (As,Sb)8

https://doi.org/10.5194/ejm-38-217-2026

share a common long edge of their coordination polyhedra.
Only Sbl is top-bonded; the rest of Sb and As atoms are
side-bonded, as can be seen from the short Sb—S distances
in Fig. 4.

The atoms Sb7 and Sb8 have typical short Sb—S bond
lengths (2.33-2.44 A) in relation to the vertex of the coor-
dination pyramid and 2.47 £0.01 A at its base (Table 6),
whereas those of Sbl and Sb6 are longer than expected
for the pyramidal base (2.55-2.61 and 2.61-2.66 A, respec-
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Table 6. Selected bond lengths (A) for lopatkaite from Madoc.

D. Topa et al.: Lopatkaite, a new mineral from Taylor Pit, Madoc, Ontario, Canada

Pbl- Pb2- Pb3- (Pb,Sb)4- Pb5-

S20  2.800(5) S7  2.742(5) SI3  2.935(5) SI1  2.742(5) S20  2.874(5)

S3  2.863(5) S20 2910(5) S6  2.982(5) S16 2.780(5) S8  3.025(5)

SO  3.010(5) S9  2917(5) S2 29825 S5  2.893(5) S9  3.040(5)

S2  3.070(4) S21  3.011(5) S4  2.990(5) SI12  2.984(5) SI9  3.041(5)

S8 3.185(5) S10  3.023(5) SIS 3.032(5) S1  3.226(5) Sl4  3.119(5)

SI3  3214(5) S5 32635 SI0 3.067(5) S14 3318(5) SI9  3.134(5)

S8 3.340(5) S3  3.360(5) S21  3.084(5) S3  3.467(5) S2  3.179(5)

S19  3.548(5) S5 3.654(5) SI13  3.259(5)

Pb6- Pb7- Pbs- Pb9- Pb10-

SI8  2.794(5) SI17 283250 SI  2772(5) S16 2.812(5) S20  2.826(5)

S20  2.973(5) SI13  2.969(5) SI1  2.893(5) SI15 2.933(5) SI9  2.833(5)

S21  2.974(5) S21  2.986(5) SI  2.908(5) S4  2.959(5) S8  2.973(5)

SI0  2.986(5) S10 2.994(5) SI2 2.960(5) S22 2.963(5) SI8  3.032(5)

SO 2995(5) S2  3.023(5) S22 2.980(5) SI1  3.069(5) S7  3.143(5)

SI6  3.209(5) S4  3.343(5) S6  3.537(5) SI8  3.460(5) SIS  3.265(5)

S14  3.352(5) S15 3.380(5) SI17 3.633(5) S7  3.486(5) S4  3.373(5)
S16  3.580(5)

Sb1- Sb2- (As,Sb)3- (Sb,As)4- (Sb,Pb)5-

SI12  2427(5) S10 2429(5) SIS 2.320(5) S19 2389(5) S2  2.456(5)

SI1  2.558(5) S6  2.492(5) S5  2.330(5) S8  2.412(5) SI7  2.748(5)

SI  2.606(5) S17 2553(5) S4 23995 S9  2.4195) S6  2.785(5)

S22 2987(5) S7  3.111(5) S22 3.140(5) S7  3.472(5) Sl4  2.873(5)

SI12  3.038(5) SI18 3217(5) SI1  3307(5) SI18 3.502(5) S3  2.909(5)

S6  3.533(5) SI1  3.752(5) SI8 3.718(5) S4  3.802(6) SI2  3.748(5)

S17  3.881(5) S22 3.852(5) S7  3.793(5) SI15 3.830(5) SI  3.796(5)

(Sb,Pb)6- (Sb,As)7- (As,Sb)8-

S22 2.523(5) S21  2437(5) SI3  2318(5)

S16  2.606(5) S7  2470(5) Sl14  2.353(5)

S5 2.680(5) SI18 2475(5) S3  2.368(5)

SI12  2997(5) S17  3.307(5) SI17  3.253(5)

SI  3.152(5) S6  3314(5) S6  3.286(5)

S14  3.704(5) SI11  3.823(5) SI2  3.955(5)

S3  3.816(5) S22 3.837(5)

tively). The (Sb,Pb)5S and (Sb,Pb)6 sites have a bonding
scheme which deviates substantially from the usual situa-
tion for antimony, suggesting a flipping between opposing
bond orientations. All the mixed sites are distributed regu-
larly along the sheared pseudohexagonal boundaries of the
lozenge-shaped rods; none of them are in the rod interior. The
bonding schemes of dominant Sb sites show remarkable sim-
ilarity to those in monoclinic boulangerite (Mumme, 1989;
Ventruti et al., 2012), in which the Sb sites show typical Sb
coordination and elongated short-bond versions and in which
these sites, including the peculiar Sb6 site (it has the same
name in Ventruti et al., 2012), occur at the same structural
sites and with about the same bond lengths. The analogue of
the SbS site in the structure description by Mumme (1989)
has bond lengths of 2.73, 2.82, 2.87, and 2.88 10%; in the de-
scription by Ventruti et al. (2012) the corresponding values
are 2.74, 2.84, 2.80, and 2.90 A; both coordinations in the

Eur. J. Mineral., 38, 217-229, 2026

pyramidal base are slightly larger than those in lopatkaite, in
agreement with the larger structure volume of boulangerite.
The bond distances to the pyramidal S vertex are typical for
Sb—2.48 and 2.43 A, respectively — in these two refinements.

The Sbl site, with somewhat elongated short basal dis-
tances (above), is in a rather symmetrically positioned central
site of the double layer. It is surrounded by Pb coordination
polyhedra and compensates for these distances by means of
shortened long Sb-S distances (Table 6). Similar compensa-
tion occurs for the marginal Sb6 site.

Arsenic is preferentially concentrated at peripheral ribbon
positions, where steric constraints favour incorporation of
the smaller As>T cation relative to Sb3*. This distribution
pattern is consistent with that observed in other Pb—Sb—As
sulfosalts and reflects crystal-chemical control rather than
random substitution (e.g. Moglo et al., 2011; Biagioni and
Moklo, 2017).
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Figure 5. The Ry, Ry, and Rz ribbons of the lopatkaite crystal structure oriented along the a axis (two unit cells, i.e. ~ 16 A) showing the

lack of crankshaft chains. Atom colouring is as in Fig. 2.

6 Discussion

The chemistry and the results of the crystal structure de-
termination allow the calculation of a theoretical value
of the arsenic content, which will define the border be-
tween As-bearing boulangerite and lopatkaite. Consid-
ering, theoretically, only two (As,Sb) sites with mini-
mum Asg5055bg.495 occupancy, the resulting formula is
PbjoAs;.1Sbe 9S00, and 2.23 wt % As is required. For two
(As,Sb) sites with Asg.505Sbga9s occupancy and a third
(Sb,As) site with Sbg Asg.4 occupancy, the resulting formula
is Pb1gAs; 5Sbe 5522, which requires 3.05 wt % As. This sug-
gests that a minimum of ~ 3 wt % As content is necessary for
the formation of lopatkaite.

Based on more than 250 spot analyses of lopatkaite
from the Madoc deposit, we found a range of chemistries,
from low-As lopatkaite to high-As lopatkaite, with em-
pirical formulae varying from PbjgagAs;.57Sbe.10521.84
to Pbig39As260Sbs.03S21.98. The values of (Sb+ As),
Pb /(Sb+ As), and As/Sb for low- and high-As varieties
range from 7.67, 1.37, and 0.26 to 7.62, 1.36, and 0.52, re-
spectively. Two clear trends are observed: (1) Sb + As is less
than the ideal value of 8, and (2) the Pb / (Sb + As) ratio is
higher than the ideal value of 1.25 for ideal boulangerite,
Pb19SbgS;;. The deviation from ideal values of (Sb+As)

https://doi.org/10.5194/ejm-38-217-2026

and Pb / (Sb + As) also appears for chemistries of boulan-
gerite and As-bearing boulangerite measured on Madoc ma-
terial. The binary plots of As vs. Sb, Pb vs. (Sb+ As), and
Pb / (Sb+ As) vs. Sb / (Sb + As) are shown in Fig. 6. A de-
tailed explanation and discussion of these observations will
be given in a future publication, which will include the re-
sults of lopatkaite studies of samples from other localities.

The comparison of empirical and structural formulae and
unit-cell parameters for boulangerite and lopatkaite is pre-
sented in Table 7. The comparison of independent atom sites
and site occupancies for the boulangerite group members is
given in Table 8. In Mumme’s refinement the site AS, as-
signed as the pure Pb site, shows Me-S distances consistent
with a (Pb,Sb) site ,and the site A5, assigned as the pure Sb
site, shows Me-S distances consistent with a (Sb,Pb) site, in
accordance with the results for A5 and A5’ sites of Ventruti’s
solution and in accordance with Pb4 and Sbb6 sites of our re-
finement.

Lopatkaite and monoclinic boulangerite share the same
space group (P2{/c), topology, coordination environ-
ments, and rod-based structural architecture. No subgroup—
supergroup relationship, symmetry reduction, or topologi-
cal modification is observed. According to the definitions
of Lima-de-Faria et al. (1990), the two minerals are there-
fore isotypic. The substitution of As for Sb does not alter the

Eur. J. Mineral., 38, 217-229, 2026
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Table 7. Comparative data for natural monoclinic boulangerite group™ minerals obtained from EPMA and SCXRD data, with space group
P21 /c and for Z = 4.

Mineral Boulangerite? Boulangeriteb Lopatkaite

Location Boliden Bottino Madoc

Empirical formula  Pbjg 1(Sb7.5Bip 56)(S,Se)p2  Pbg 73(Sbg 18A80.08)(S,5e)22  Pb10.28As1.745b6 06521.92

ch®, As/(Sb+Bi)  0.20,0 0.34,0.010 0.12,0.287
Pb/(Sb+ As+Bi) 1.253 1.184 1.318
Structural formula PbjoSbgSoo Pbjg.155b7.85522, Pb10.336A51.5675b6.088S22
ch®, As/(Sb+Bi) 0,0 —0.15,0.0 —0.350.257
Pb/(Sb+As+Bi) 1.250 1.293 1.350

Cell parameters (A)

a 8.084(3) 8.079(2) 8.0806(6)

b 23.543(8) 23.454(4) 23.3597(18)
c 21.612(7) 21.554(4) 21.4880(6)

B (°) 100.712) 100.76(1) 100.7090(10)
Vv (A3) 4041.58 4012(1) 3985.4(5)

R factor (%) 13 6.2 4.12

Refd 1 2 3

A monoclinic natural boulangerite group has not been officially defined yet, but a structural one (containing both synthetic and natural phases) was
proposed by Ventruti et al. (2012). @ In our notation; Mumme’s original notation: P24 /a, with a =21.612, b =23.543, ¢ = 8.084 A, and 8 = 100.71°.
b In our notation; Ventruti’s original notation: P2 /a, with a = 21.554, b = 23.454, ¢ = 8.079 /OX, and B = 100.76°. € ch denotes charge-balanced values
calculated as (X cation valence — anion valence) using apfu values. d 1: Mumme (1989); 2: Ventruti et al. (2012); 3: this study

Table 8. Comparison of independent atom sites and site occupancies for the boulangerite group members (M: Mumme, 1989; V: Ventruti et
al., 2012).

Boulangerite Boulangerite M Boulangerite V Lopatkaite Lopatkaite
Site oc oc oc Site
Al Pb; 0o Pbj 00 Pbj 00 Pbl
A2 Pb; oo Pb; 00 Pb; 00 Pb2
A3 Pbi 0o Pb1 0o Pb1 00 Pb3
AS Pby .00 Pbo.69(10)Sbo.31  Pbp.926(8)Sbo.074 Pb4
Al Pb; oo Pb; 00 Pb; 00 Pb5s
A2/ Pbi 0o Pb1 0o Pb1 0o Pb6
A3/ Pbj 0o Pbj 00 Pbj 00 Pb7
A4’ Pb; 0o Pb; 00 Pb; 00 Pb8
A7 Pb1 0o Pb1 0o Pb1 oo Pb9
A8/ Pb; 0o Pbj 00 Pbj 00 Pbl10
A4 Sbi .00 Sbi.00 Sbi.00 Sbl
A6 Sbi.00 Sb1 .00 Sb1.00 Sb2
A7 Sb1.00 Sbi.00 As0.671(16)Sb0.329 As3
A8 Sb1.00 Sb1.00 Sbo.719(15)A80.281 Sb4
A9 Sby.00 Sby.00 Sbo.889(9)Pbo. 111 Sb5
A5 Sb1.00 Sbo.54(13)Pbo.46  Sbo.6909)Pbo.310 Sbo
A6’ Sb1.00 Sb1.00 Sb0.959(15)A80.041 Sb7
AY Sb1.00 Sb1.00 As0.576(16)Sb0.424 As8
Structural formula  PbgSbgS), Pb1g.15Sb7.855720  Pbi0.336A31.5675b6.088S22

Pb / (Sb+ As) 1.250 1.293 1.350

structural type. In the studied material, arsenic is dominant remains unchanged. The ideal end-member composition of

over antimony at two crystallographically independent mixed lopatkaite is thus PbjgAsSbgS2o, representing the arsenic-
(Sb,As) sites. Under the dominant-constituent rule adopted dominant isotype of boulangerite. Intermediate compositions
by the IMA-CNMNC, such site dominance is sufficient to reflect continuous As—Sb substitution within the same struc-
define a new mineral species, even when the overall structure tural framework; however, species definition is based on site

Eur. J. Mineral., 38, 217-229, 2026 https://doi.org/10.5194/ejm-38-217-2026
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Figure 6. Binary plots of As vs. Sb (a), Pb vs. (Sb+ As) (b), and
Pb / (Sb+ As) vs. Sb / (Sb+ As) (¢) based on apfu values (Z = 4)
for boulangerite, As-bearing boulangerite, and lopatkaite from the
Madoc deposit. More than 500 spot analysis points demonstrate the
deviation of these parameters from those calculated from the ideal
boulangerite formula, indicated by red lines.
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occupancy dominance. Textural observations (Fig. 1) show
that lopatkaite is overgrown and partially replaced by boulan-
gerite, indicating changes in As/Sb ratios during mineralisa-
tion. These features are consistent with the two-stage sulfos-
alt deposition model proposed for the Madoc deposit (Jambor
etal., 1982).

Lopatkaite is a pure Pb—Sb—As rod-based-structure sulfos-
alt mineral. It is an isotype of boulangerite with two struc-
turally distinct cation sites, predominantly arsenic-occupied,
and one more in a reversed ratio with Sb (Table 8). The
above-described distribution of As in the rod volume, al-
ways under rod surfaces running diagonally to the crys-
tal axes (Fig. 3), influences both the b and ¢ parameters
and, more strongly, the b parameter (Table 7). The unit-
cell parameters are correspondingly reduced in relation to
boulangerite (Table 7). The monoclinic boulangerite stud-
ied by Mumme (1989) has a 21.61 A, b 23.54 A, ¢ 8.08 A,
B 100.71°, and space group P2;/a compared with our val-
ues of a 8.0806 A, b 23.360 A, ¢ 21.488 A, B 100.709°, and
space group P21 /c. With respect to the discussion about the
symmetry and space group of synthetic and natural boulan-
gerite in the literature (Pbnm, Petrova et al., 1978; Pnam,
Skowron and Brown, 1990; P2;/c; Mumme, 1989; Ventruti
et al., 2012), lopatkaite is unambiguously on the side of the
ordered structures and monoclinic symmetry.

After the approval of the lopatkaite proposal (Jan-
uary 2013), we determined further occurrences of lopatkaite
(based on EPMA data and crystal structure determinations)
at two other localities: the Barika gold deposit, Azerbaijan
Province, Iran, and the Balmat deposit, New York, USA.
Kasatkin et al. (2022) described lopatkaite with 3.08 wt %
As from the Vorontsovskoe deposit, Russia, and Biagioni et
al. (2025) reported lopatkaite with 3.8 wt % As from the Jas
Roux deposit, France, with both identifications being based
on EPMA data. Although Birnie and Petersen (1977), who
studied As-rich “boulangerite” samples from Huachocolpa,
Peru, indicated an As / (As + Sb) ratio of only 0.36, without
giving explicit EPMA data, one can assume based on the cal-
culated 5.97 As wt % content of their samples that they rep-
resent the first analytical data of lopatkaite. A comparative
study of our newly determined lopatkaite occurrences and
these literature data will be the subject of a separate paper.

Data availability. Crystallographic data for lopatkaite are avail-
able in the Supplement in Files S1 and S2.
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