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Abstract

The new mineral tombstoneite (IMA2021-053), (CagsPbo.s)PbsCuZ TeS Og(Te* 03)s(Se*"05),(S0,),-3H,0, occurs at the Grand
Central mine in the Tombstone district, Cochise County, Arizona, USA, in cavities in quartz matrix in association with jarosite and
rodalquilarite. Tombstoneite crystals are green pseudohexagonal tablets, up to 100 um across and 20 um thick. The mineral has a
pale green streak and adamantine lustre. It is brittle with irregular fracture and a Mohs hardness of ~2%. It has one perfect cleavage
on {001}. The calculated density is 5.680 g cm™. Optically, the mineral is uniaxial (-) and exhibits pleochroism: O = green, E = light
yellow green; O > E. The Raman spectrum exhibits bands consistent with Te®*Og, Te** 03, Se** 05 and SO,. Electron microprobe ana-
lysis provided the empirical formula (Cags1Pbo4o)s1.00Pbs.00CuZssTesh006(Tetho03)s(SeoboTed5480.0703)2(S1.0004)2-3H,0.
Tombstoneite is trigonal, P321, a=9.1377(9), c=12.2797(9) A, V=887.96(18) A®> and Z=1. The structure of tombstoneite (R, =
0.0432 for 1205 I > 201 ) contains thick heteropolyhedral layers comprising Te®"Og octahedra, Jahn-Teller distorted Cu**O5 pyramids,
Te**O; pyramids and Se**O; pyramids. Pb>* cations without stereoactive 6s° lone-pair electrons are hosted in pockets in the
heteropolyhedral layer. Pb** cations, possibly with stereoactive 6s* lone-pair electrons, are located in the interlayer region along
with SO, tetrahedra and H,O groups. Within the heteropolyhedral layer, the Te®*O4 octahedra and the Te**O5 pyramids form finite
Te®*05(Te*" 0s); clusters with a pinwheel-like configuration. This is the first known finite complex including both Te*" and Te®*
polyhedra in any natural or synthetic tellurium oxysalt structure.
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Introduction et al., 2021). The description is based on one holotype specimen
deposited in the collections of the Natural History Museum of Los

With the description of the current mineral and discounting Angeles County, Los Angeles, California, USA; catalogue number

‘girdite’ and ‘oboyerite’, which are now discredited (Kampf

et al., 2017; Missen et al., 2019), the Tombstone mining district 76195.
has now yielded 12 new minerals (Table 1). All of these minerals,
except cryptomelane, are tellurium oxysalts. Of the 11 tellurium
Occurrence

oxysalts, four are tellurites with Te only in the 4+ oxidation
state, six are tellurates with Te only in the 6+ oxidation state, =~ Tombstoneite occurs at the Grand Central mine (31.70250,
and one is a mixed tellurite-tellurate, with Te in both the 4+  -110.06194) in the Tombstone district, Cochise County, Arizona,
and 6+ oxidation states. The mixed tellurite-tellurate is the new  USA, ~1 km south of the town of Tombstone. The type specimen
mineral described herein and given the name tombstoneite. was originally collected by Sidney A. Williams and was obtained
Tombstoneite is named for the Tombstone mining district and by one of the authors (BT) from Excalibur Minerals. The crystals
the nearby town of Tombstone, Arizona, USA. The new mineral  were flagged as a probable new mineral first by Raman spectros-
and name (symbol Tbs) were approved by the Commission copy and then by SEM-EDS analysis at Caltech. The Grand
on New Minerals, Nomenclature and Classification of the  Central mine exploits a Ag-Au-Pb-Cu-Zn deposit in which
International Mineralogical Association (IMA2021-053, Kampf  the ore, consisting principally of oxidised Ag- and Au-rich galena,
occurs in faulted and fractured portions of a large dyke hosted by
the Bisbee Group limestone. A good description of the history,
*éuthor for .correspondence: An'shony R. Kampf, Email: akampf@nhm.org geology and mineralogy of the Tombstone district has been
Cite this article: Kampf. AR, Mills ], Housley RM, Ma €. anq Thom.e B. (202.3) rovided by Williams (1980b). Tombstoneite occurs in cavities
Tombstoneite, a new mineral from Tombstone, Arizona, USA, with a pinwheel-like P Y N . A e . .
Te®*05(Te**0s); cluster. Mineralogical Magazine 87, 10-17. https://doi.org/10.1180/ In quartz matrix in association with rodalqullarlte and jarosite
mgm.2022.98 (Fig. 1).
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Table 1. Mineral species first described from the Tombstone mining district.

Mineral Formula Description Structure

Adanite Pb,(Te**03)(S04) Kampf et al. (2020) Kampf et al. (2020)
Backite Pb,AITe® 04Cl Tait et al. (2014) Tait et al. (2014)
Cryptomelane K(Mn$*Mn**)0;6 Richmond and Fleischer (1942) Post et al. (1982)
Dugganite Pb3Zn3(As0,),(Te®*0g) Williams (1978) Lam et al. (1998)
Emmonsite Fe3*(Te**03)32H,0 Hillebrand (1885) Pertlik (1972)
Fairbankite Pb25(Te*03)11(S0.) Williams (1979) Missen et al. (2021)
Flaggite Pb,Cu3*TeS*(S04),011(0H),(H,0) Kampf et al. (2022) Kampf et al. (2022)
Khinite Pb?*Cu2'[Te® 0¢](OH), Williams (1978) Cooper et al. (2008)
Murphyite Pb(Te®"0.,) Yang et al. (2022) -

Schieffelinite
Tombstoneite

PbloTeg+020(0H)14(so4)(Hzo)s
(Cag.sPbo.s)PbsCuZ Te§ 0g
(Te4+03)6(se4+03)2(504)2'3H20

Winstanleyite TiTe3 0g

Williams (1980a)
This study

Kampf et al. (2012)
This study

Williams (1979) Bindi and Cipriani (2004)

Physical and optical properties

Tombstoneite crystals are trigonal (pseudohexagonal) tablets, up
to 100 pm across and up to 20 pm thick, that grow in subparallel
stacks (Fig. 1). Tablets are flattened on {001}, exhibit the forms
{100}, {001} and {101} (Fig. 2) and are twinned, probably by
reflection on {001}. The mineral is green and transparent with
adamantine lustre. The streak is pale green. No fluorescence was
observed in either longwave or shortwave ultraviolet illumination.
The Mohs hardness is ~2% based upon scratch tests. Crystals are
brittle with irregular fracture. There is one perfect cleavage on
{001}. The calculated density based on the empirical formula
and unit-cell parameters obtained from single-crystal X-ray dif-
fraction data is 5.680 gcm™ and that for the ideal formula is
5668 gcm ™. The density could not be measured because it
exceeds that of available density liquids and there is an insufficient
quantity for physical measurement. At room temperature, tomb-
stoneite is soluble in dilute HCL.

Optically, tombstoneite is uniaxial (). Due to the very small
amount of material and the high indices of refraction, it was
impractical to measure the indices of refraction. The Gladstone-
Dale relationship (Mandarino, 2007) predicts an average index
of refraction of 2.002 using the empirical formula. The mineral
is pleochroic: O = green, E = light yellow green; O > E.

Fig. 1. Tombstoneite (green) on quartz with rodalquilarite (yellow green) and jarosite
(beige to orange); field of view 0.56 mm across. Natural History Museum of Los
Angeles County catalogue number 76195.
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Raman spectroscopy

Raman spectroscopy was conducted on a Horiba XploRA PLUS using
a 532 nm diode laser, 100 pm slit, 1800 gr/mm diffraction grating and
a 100x (0.9 NA) objective. The spectrum from 4000 to 60 cm™
recorded perpendicular to {001} are shown in Fig. 3. Note that the
spectrum recorded parallel to {001} is essentially the same. The wave-
numbers of the principal Raman bands are labelled in the figure.
The weak band at 1092 cm™ is attributable to v5 SO, antisym-
metric stretching and the moderately strong band at 971 cm™ to
vy SO, symmetric stretching. The broad very weak band at
~870 cm™" probably corresponds to the v, symmetric stretching
mode for SeOs. The v; SeO; antisymmetric stretching bands, typ-
ically occurring at ~800 to 750 cm™" (see Mills et al., 2014), are
presumably hidden under the very strong band at 755 cm™,
which can reasonably be assigned to v; Te*"O; symmetric stretch-
ing. The weaker band at 705 cm™! may be due to v, Te®* Oy
symmetric stretching and the band at 680 cm™' is most likely
due to v; Te*"O; antisymmetric stretching (see Missen et al,
2020). We do not feel confident in assigning modes to specific
bands in the 600 to 300 cm™' range; however, these all are likely
to be due to various stretching and/or bending modes of Cu*"Os5
and Te®" O, as well as bending modes of SO, Te*" 05 and Se*O;.
Bands at lower wavenumbers are mostly due to lattice modes.

Chemical composition

Analyses (4 points) were performed at Caltech on a JEOL 8200
electron microprobe in wavelength dispersive spectroscopy
mode. Analytical conditions were 15 kV accelerating voltage, 10 nA
beam current and 5 pum beam diameter. Insufficient material is
available for CHN analysis; however, the fully ordered structure
unambiguously established the quantitative content of H,O. The
crystals did not take a good polish, which accounts for the low
analytical total. Analytical data are given in Table 2.

Fig. 2. Crystal drawing of tombstoneite, clinographic projection.
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Fig. 3. The Raman spectrum of tombstoneite recorded with a 532 nm laser.

The empirical formula based on Te + Se + S =12 and O =41 apfu
is Cags/P b3449CU§.J§5T6350T6227S€‘1‘E952.14041H6.01 or assigned
according to the structure (Cagp.51Pbog 49)51.00Pb3 00CuZ s
TegBOO6(Te‘1}BOO3)6(SegL9Te§E4SO,O7O3)2(S1,0004)2-3H20.

The simplified formula is (Ca,Pb)PbsCuz TeS Og(Te* 03)s
(Se*"0;),(S0,),-3H,0. Note that the Pbl site in the structure
appears to require the presence of approximately equal amounts
of Pb and Ca for bond-valence balance at the site. For this reason,
we provide an ideal formula with CaysPbys at the Pbl site. The
ideal formula is (CagsPbgs)PbsCuZtTeS Og(Te* 05)s(Se* 05),
(SO4),-3H,0, which requires CaO 0.92, PbO 25.77, CuO 15.74,

Table 2. Chemical composition (in wt.%) for tombstoneite.

Constituent Mean Range S.D. Standard
Ca0 0.90 0.85-0.99 0.06 anorthite
PbO 24.33 23.37-25.35 0.82 PbS

CuO 14.51 14.37-14.63 0.12 Cu metal
TeO, (42.20) 41.98-42.63 0.30 Te metal
TeO,* 32.24

TeO5* 10.96

Se0, 4.81 4,67-4.95 0.15 Se metal
SO; 5.34 5.16-5.46 0.13 anhydrite
H,0** 1.69

Total 94.78

* Allocated in accord with the structure.
** Based upon the crystal structure with Te+Se+S=12 and O =41 apfu.
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TeO, 31.59, TeO; 11.59, SeO, 7.32, SO; 5.28, H,O 1.78, total
100 wt.%.

X-ray crystallography and structure refinement

Powder X-ray diffraction was done using a Rigaku R-Axis Rapid II
curved imaging plate microdiffractometer, with monochromatised
MoKao. radiation. A Gandolfi-like motion on the ¢ and ® axes
was used to randomise the sample and observed d values and
intensities were derived by profile fitting using JADE Pro soft-
ware (Materials Data, Inc.). The powder data are presented in
Table 3.

Single-crystal X-ray studies were done on the same diffractom-
eter and with the same radiation. The Rigaku CrystalClear soft-
ware package was used for processing structure data, including
the application of an empirical multi-scan absorption correction
using ABSCOR (Higashi, 2001). The structure was solved using
SHELXT (Sheldrick, 2015a). Refinement proceeded by full-matrix
least-squares on F* using SHELXL-2016 (Sheldrick, 2015b). All
crystals are intergrowths of individuals stacked subparallel to
{001}, some of which are apparently twinned by reflection on
{001}. The crystal chosen for structure data collection consists
of one principal individual and numerous smaller misaligned
crystals. The data were of sufficient quality to allow the solution
and refinement of the structure with anisotropic displacement
parameters, although the presence of some reflection overlaps
could not be avoided or properly accounted for, resulting in
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Table 3. Powder X-ray diffraction data (d in A) for tombstoneite.*

13

Table 4. Data collection and structure refinement details for tombstoneite.

/obs dobs dcalc /calc hkl

50 12.36 12.2797 59 001

18 7.94 7.9135 16 100

7 6.70 6.6519 4 101

5 6.11 6.1399 2 002

11 4.882 4.8510 10 012

19 4.578 4.5689 22 110

9 4.286 4.2821 10 111

8 4.109 4.0932 8 003

4 3.965 3.9567 5 200

15 3.775 3.7661 17 021
3.6654 2 112

15 3.649 3.6357 14 103

17 3.335 3.3259 19 202

100 3.056 3.0487 100 113
2.9910 7 210

42 2,912 2.9061 56 211

27 2.867 2.8621, 2.8449 14, 16 104,023

34 2.691 2.6889 37 122

31 2.639 2.6378 40 300
2.5790 4 031

11 2.560 2.5481 12 114

5 2.423 2.4255, 2.4150 3,5 204,213
2.3456 2 015
2.2459 2 221
2.2173 2 033
2.1606 3 131

21 2.148 2.1423 19 214
2.1410 2 222

6 2.071 2.0667 6 312

8 2.052 2.0466 9 006

15 1.996 1.9948 13 223

7 1.952 1.9532 9 401
1.9343 2 133

14 1.8975 1.8981 11 125

20 1.8738 1.8830, 1.8678 12,13 042,116

3 1.8185 1.8155 2 320

31 1.7918 1.7960, 1.7854 17, 17 321,134
1.7812 2 043

19 1.7399 1.7410 17 232

4 1.7154 1.7269 9 410
1.7127 2 017
1.6891 3 126

23 1.6638 1.6630, 1.6596 16, 8 404,323

10 1.6369 1.6377, 1.6365 7,5 117,315

4 1.6114 1.6170 5 306
1.6037 2 027
1.5911 2 143

5 1.5659 1.5627 6 324

9 1.5401 1.5407 9 045
1.5243 3 226
1.5230 3 330

16 1.5157 1.5132 11 217
1.5051 2 144
1.4955 2 420

7 1.4834 1.4845, 1.4762 55 241,053

8 1.4612 1.4599 7 235
1.4530 2 422

7 1.4276 1.4274 7 333

9 1.4120 1.4119 11 511
1.3913 3 227

9 1.3854 1.3847 9 152

6 1.3667 1.3703, 1.3656 4,4 317,128

*Only calculated lines with /> 1.5 are listed. The eight strongest lines are given in bold.

most of the O atoms exhibiting significantly oblate ellipsoids. The
Pb1 site was refined with joint occupancy by Pb and Ca and the
Se site was refined with joint occupancy by Se and Te. All non-
hydrogen sites were refined with anisotropic displacement
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Crystal data
Structural formula

Crystal size (um)
Space group
Unit cell dimensions (A)

Vv (A3

Z

Density (for above formula) (g cm™)
Absorption coefficient (mm™)
Data collection
Diffractometer

X-ray radiation / power
Temperature (K)

F(000)

6 range (°)

Index ranges

Refls collected / unique
Reflections with /> 26/
Completeness to 6 =27.48°
Refinement details
Refinement method
Parameters / restraints

GoF

Final R indices [/, > 20/]

R indices (all data)

(Cao.sopbu.so)PbscuggoTe?os(TeMOs)e

(Se3'34Ted1603)2(S04)2-3H,0 [incl.
unlocated H atom]

90 x 80 x 30

P321 (#150)

a=9.1377(9) A

€=12.2797(3)

887.96(18)

1

5.687

28.73

Rigaku R-Axis Rapid Il

MoKo. (= 0.71075 A)/50 kV, 40 mA
293(2)

1324

3.06 to 27.48
-11<h<9,-11<k<10,-15<[<15
5529 / 1328; Rine = 0.0968

1205

99.5%

Full-matrix least-squares on F?
101/0

1.101

R,=0.0432, wR, = 0.0846
R,=0.0499, wR, =0.0910

Abs. structure parameter 0.023(12)
Extinction coefficient 0.0005(2)
Largest diff. peak / hole (e/A%) +2.97 / -2.80

*Rint = Z|F2-F2(mean)|/Z[FZ]. GoF = S = {[w(FZ-F2)*)/(n-p)}"*. Ry =Z||Fo|~|Fc|/ZIFo|- wRy={Z
[W(F2-F2)2/=Iw(FAAY?; w=1/[6%(F2) + (aP)? + bP] where a is 0, b is 24 and P is [2F2 + Max
(F3,01/3.

parameters. Difference-Fourier synthesis did not suggest a pos-
sible location for the H atom. Data collection and refinement
details are given in Table 4, atom coordinates and displacement
parameters in Table 5, selected bond distances in Table 6 and
bond-valence sums (BVS) in Table 7. The crystallographic infor-
mation file has been deposited with the Principal Editor of
Mineralogical Magazine and is available as Supplementary mater-
ial (see below).

Description and discussion of the structure

The asymmetric unit of the structure of tombstoneite (Fig. 4)
includes one SO, sulfate tetrahedron, one Jahn-Teller distorted
Cu**0Os tetragonal pyramid [with four equatorial O atoms (Ocq)
and one apical O atom (O,p)], one regular Te1%" Oy tellurate octa-
hedron, one Te2**O; tellurite trigonal pyramid, one Se**Oj; selen-
ite trigonal pyramid, two Pb sites (Pb1 and Pb2) and one H,O site
(08). Two Cu**Os pyramids link to one another by sharing an
Ocq—O,p edge to form a Cu,Og dimer. The Se*t0, pyramid shares
each of its basal O vertices with Cu,Og dimers. The Se** at the
apical vertex of the pyramid forms long bonds to O5 atoms within
the Te**O5 pyramid. The Te**O; pyramid shares two of its basal
O vertices with Cu,Og dimers and the third with a Te®"Og octa-
hedron. The Te®"Og4 octahedron shares three vertices with Cu,Og
dimers and three vertices with Te*'O; pyramids. The Tel®*Og
octahedron and the Te2*"O5 pyramids linked to it form a finite
Te®*0;3(Te*"05); cluster with a pinwheel-like configuration

(Fig. 5).
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Table 5. Atom coordinates and displacement parameters (A%) for tombstoneite.
x/a y/b 2/c Ueq e U2 U3 U2 U3 U2
Pb1* 0 0 A 0.0175(12)  0.0149(14 0.0149(14)  0.023(2) 0 0 0.0075(7)
Pb2 0.73370(12) 0.73370(12) 0 0.0174(3) 0.0150(5) 0.0150(5) 0.0217(6) 0.0001(2) -0.0001(2) 0.0072(5)
cu* 0.3756(3) 0.3826(4) 0.8465(2) 0.0177(10) 0.0117(15) 0.0110(15) 0.0276(17) 0.0044(11) -0.0029(11) 0.0036(12)
Tel 0 0 0.78402(17)  0.0120(5) 0.0094(7) 0.0094(7) 0.0173(11) 0 0 0.0047(3)
Te2 0.58885(17)  0.67484(18)  0.68160(9) 0.0136(3) 0.0118(7) 0.0110(7) 0.0188(6) -0.0005(5) -0.0004(5) 0.0061(5)
Se* 2% Ys 0.8918(2) 0.0152(11)  0.0116(13)  0.0116(13)  0.0224(19) 0 0 0.0058(6)
S v 2% 0.4009(7) 0.0197(19) 0.015(3) 0.015(3) 0.029(5) 0 0 0.0076(15)
o1 Vs 2% 0.5205(19) 0.028(7) 0.033(11) 0.033(11) 0.018(13) 0 0 0.016(5)
02 0.299(2) 0.501(2) 0.3593(13) 0.031(4) 0.051(11) 0.013(9) 0.036(9) -0.010(7) -0.007(8) 0.021(8)
03 0.6779(18) 0.1701(18) 0.9602(11) 0.015(3) 0.011(7) 0.010(8) 0.020(7) -0.005(6) -0.008(6) 0.003(6)
04 0.5316(19) 0.8351(18) 0.7255(13) 0.020(3) 0.016(8) 0.010(7) 0.032(8) -0.013(6) -0.007(7) 0.006(6)
05 0.5918(18) 0.5867(19) 0.8184(12) 0.020(3) 0.013(8) 0.019(8) 0.024(7) 0.001(7) -0.002(6) 0.006(7)
06 0.8341(17) 0.8332(18) 0.6826(11) 0.015(3) 0.007(7) 0.008(7) 0.022(7) 0.000(6) 0.002(6) -0.002(6)
o7 0.1656(18) 0.1737(17) 0.8760(11) 0.012(3) 0.016(8) 0.008(7) 0.016(7) -0.007(5) -0.009(5) 0.010(6)
08 0.739(3) 0 Y 0.042(8) 0.041(13 0.07(2) 0.027(14) -0.025(13) -0.012(6) 0.034(11)
*Occupancies: Pb1=Pbg 497Ca0.503(12); CU = CUo.eg4(13); S€ = Se€o84T€0.16(3)
Table 6. Selected bond distances (A) in tombstoneite.
Pb1-08 x3 2.38(3) Tel-07 x3 1.919(13) Cu-04 1.942(15)
Pb1-06 x6 2.709(13) Tel-06 x3 1.965(14) Cu-07 1.948(15)
<Pb1-0> 2.599 <Tel-O> 1.942 Cu-05 1.953(15)
Cu-03 1.995(14)
Pb2-07 x2 2.570(14) Te2-04 1.865(15) Cu-03 2.714(14)
Pb2-05 x2 2.592(15) Te2-05 1.869(15) <CU-Oeq> 1.960
Pb2-03 x2 2.662(15) Te2-06 1.968(14)
Pb2-07 x2 2.673(13) Te2-04 2.393(15) Se-03 x3 1.759(15)
<Pb2-0> 2.624 Te2-01 3.033(16) Se-05 x3 2.868(16)
Te2-02 3.093(18)

S-01 1.47(3) Te2-02 3.150(18) Hydrogen bond
S-02 x3 1.477(15) <Te2-Ognore™ 1.901 08---02 2.67(2)
<5-0> 1.475 <Te2-Ojgng> 2.840
Table 7. Bond-valence sums for tombstoneite. Values are expressed in valence units (vu).

Pb1 Pb2 Cu Tel Te2 S Se H Sum
01 0.07%~ 1.54 1.76
02 0.06, 0.05 1.523 0.24 1.88
03 0.247% 0.42, 0.06 1.20°% 1.92
04 0.49 1.26, 0.35 2.10
05 0.28"% 0.47 1.25 0.08"% 2.08
06 0.18"¢ 0.92°% 0.98 2.08
o7 0.30%%, 0.23°% 0.48 1.00°%¢ 2.01
08 0.38™3 -0.24°%~ -0.10
Sum 2.23 211 1.92 5.78 4.03 6.09 3.84

Multiplicity is indicated by x— |. Bond valences related to the Pb1 and Se sites are based on refined occupancies. Te®"-0 bond valence parameters are from Mills and Christy (2013). All others
are from Gagné and Hawthorne (2015). Hydrogen-bond valences are based on 0-O bond lengths from Ferraris and Ivaldi (1988). Negative values indicate donated bond valence.

The linkages noted above create a thick heteropolyhedral layer
containing pockets, which host the Pb2 cations. The Pb2>" cation
is eight coordinated to surrounding O atoms in the heteropoly-
hedral layer. The Pb2-O bonds cover a narrow range (2.570 to
2.673 A); hence, the Pb2>" 65 lone-pair electrons are not stereo-
active. Also of note, the Se** at the apical vertex of the Se**O;
pyramid forms long bonds to O5 atoms within the same hetero-
polyhedral layer.

The SO, tetrahedron, the Pbl site and the O8 H,O site are
located in the interlayer region of the structure. The O8 bonds
only to Pbl. The three O2 atoms of the SO, tetrahedron each
form two long bonds with Te2*" cations in the same heteropoly-
hedral layer and the O1 atom forms three long bonds to Te2**
cations in the adjacent layer. The Pbl site is nine coordinated,
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forming three 2.709 A bonds to O6 sites in one heteropolyhedral
layer, three 2.709 A bonds to O6 sites in the next layer and three
2.38 A bonds to O8 H,O sites in the interlayer. The Pbl site is
half occupied by Pb*" and half occupied by Ca". The joint occu-
pancy appears to be necessary for bond-valence balance at the
site. If only Pb** occupies the site, the BVS of the site is
2.66 vu, but with PbysCaps occupancy, the BVS is 2.23 vu.
Note that the distribution of bonds to the Pbl site (see Fig. 6)
suggests the possibility that the Pb1** 6s* lone-pair electrons
may be stereoactive in two opposing directions, oriented 50%
along +c and 50% along -c. Considering that Pb occupies
only half of this site, the repulsive effect on the O6 atoms in
each direction would only be 25% of that normally provided by
lone pairs. It is also worth noting that the second highest electron
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Fig. 4. The structure of tombstoneite viewed down [110] with [001] vertical. The unit cell outline is shown with dashed lines.

Fig. 5. The pinwheel-like Te®"05(Te**0;); cluster in the structure of tombstoneite,

viewed down c.
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density residual (1.96 e/A%) is located 0.79 A from the Pbl
site along the ¢ axis in both directions, approximately where
one would expect electron density due to lone-pair electrons
(see Fig. 6).

It is noteworthy that three different cations in tombstoneite
have lone-pair electrons: Pb**, Te*" and Se**. The lone-pair elec-
trons of Te*" and Se*" are clearly stereoactive, resulting in their
distinctive trigonal pyramidal coordinations; however, the Pb2**
lone-pair electrons are not stereoactive and it is not entirely
clear whether the Pb1*" lone-pair electrons are. The complete
coordinations of all of the cations (except $°") are shown in Fig. 6.

In the structural classification of Te oxycompounds of Christy
et al. (2016), tombstoneite is a mixed-valence Te oxysalt, with
both Te*" and Te®". Christy et al. state that “It is noteworthy
that there are no structures in which Te*" and Te®" polyhedra
are linked together into a finite Te-O complex.” In fact, con-
sidering only the linkages between the Te2*'O; pyramids and
the Tel®*Og octahedron in the structure of tombstoneite, it is
the first known structure (natural or synthetic) with a finite com-
plex that includes both Te** and Te®* polyhedra. The only other
mineral crystal structures that include both Te** and Te®" polyhedra
are: tlapallite, (Ca,Pb);CaCug[Te3 Te® 0 y,],(Te*03),(S0,),
-3H,0, (mixed-valence phyllotellurate anion [Te3"Te®*0y,]"*;
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Fig. 6. The complete coordinations of all of the cations (except $°*) in the structure of tombstoneite. The location of the electron density residuals possibly cor-
responding to the location of Pbl lone-pair electrons are shown with double black dots. Note that, for the Te2 and Se coordinations, the three short Te2-0 and
three short Se-O bonds define the Te*"05 (yellow) and Se*"05 (orange) pyramids, respectively.

Missen ef al., 2019) and carlfriesite, CaTe5" Te® Oy (nanoporous
[Te5"Te®* Og]*™ framework; Missen et al., 2019), which both have
their own new unique configurations.
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