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Abstract

A very rare mineral lindgrenite, Cu,(MoO,),(OH),, was found in material from the 3™ level of abandoned Cinovec
mine 1 of the Cinovec Sn-W deposit, Krusné hory Mountains, northern Bohemia. This is the first occurrence of this
mineral in the Czech Republic. Lindgrenite occurs there as olive green irregular coatings on the area up to 0.5 x 1 cm
in size formed by hemispherical to spherical aggregates up to 0.3 mm across with crystalline surface in association with
brochantite. Lindgrenite is monoclinic, space group P2./n, the unit-cell parameters refined from X-ray powder diffraction
data are: a 5.3934(18), b 14.032(2), ¢ 5.6098(15) A, 8 98.54(2)° and V 419.86(16) A®. Chemical analyses of lindgrenite
correspond to the empirical formula (Cu, ,,Fe, .);, ,s(M0O,), ,,(PO,), ,,(AsO,), ,,(OH), ,, on the basis of 5 atoms pfu.
Its origin is connected with simultaneous weathering of primary Cu (tennantite) and Mo (molybdenite) minerals in the
conditions of supergene zone in-situ.
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Introduction

Copper molybdates, lindgrenite Cu,(MoO,),(OH),,
szenicsite  Cu,(MoO,)(OH),, markascherite Cu,(MoO,)
(OH),,  cupromolybdite  Cu,0(MoO,), and huenite
Cu,(MoOQ,),(OH), are representing rare supergene mine-
rals formed by simultaneous weathering of primary Cu
sulfides and molybdenite or as a product of fumarolic acti-
vity (cupromolybdite). Lindgrenite was originally described
as a new mineral species from the great porphyry copper
deposit at Chuquicamata, Chile by Palache (1935). Later,
it was found at other localities in Chile, France, Japan,
Morocco, Norway and USA (https://www.mindat.org/min-
2405.html) but its occurrence in the Czech Republic was
not known yet. Synthetic analogues of lindgrenite with 0D
to 3D architecture (rods, plates, urchin-like structures, na-
noflowers or hollow spheres) has attracted strong interest
due to their promising applications in various technologi-
cal fields, such as photocatalysts, electrical conductivity,
magnetism, photochemistry, solid-state electrolytes, sen-
sors, organic-inorganic hybrid materials and energy sto-
rage (e.g. Moini et al. 1986; Shores et al. 2005; Vilminot
et al. 2006; Xu, Xue 2007; Shahri et al. 2014; Swain et al.
2017; Martins et al. 2018 and others).

Occurrence and specimen description

Lindgrenite was found on specimens originating from
the Cinovec Sn-W deposit, located approximately 15
km N of Teplice, Krusné hory Mountains, Czech Repub-
lic. The studied samples were found in January 2022 at
abandoned stope at the 3™ level of Cinovec mine (Mi-

litarschacht). The ,classic* Cinovec vein-type deposit is
situated in apical part of elevation of lithium albite granite,
which formed at surface irregular ellipsis with dimensions
300 x 1400 m. This vein deposit is represented by system
of 13 subhorizontal veins, which are accompained by la-
teral greisenization (Pauli§ et al. 2022). It belongs to the
richest (65 primary and 58 supergene mineral species)
and most interesting mineralogical localities in the Czech
Republic (Pauli$ et al. 2022).

Studied samples are represented by massive white to
smoky colored quartz gangue with rare and tiny molybde-
nite flakes in intergranulars and aggregates of tennantite,
cassiterite and zinnwaldite up to 3 cm in size. Tennantite
aggregates are partly supergene altered to form flat vugs
up to 1.5 cm in length. Lindgrenite occurs in these vugs
as irregular coatings (Fig. 1) on the area up to 0.5 x 1
cm in size. Its coatings are formed by hemispherical to
spherical aggregates up to 0.3 mm across (Fig. 2) with
crystalline surface (individul prismatic crystals only 5 - 10
pm in size). Lindgrenite is olive green with vitreous lustre,
very brittle, translucent only in tiny fragments. Light to
dark green aggregates of brochantite up to 1 mm size
were observed in association with lindgrenite.

Chemical composition

Samples of lindgrenite were analysed with a Cameca
SX-100 electron microprobe (National Museum, Prague)
operating in the wavelength-dispersive mode with an acce-
lerating voltage of 15 kV, a specimen current of 5 nA, and a
beam diameter of 20 ym. The following lines and standards
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Fig. 2 Olive green hemispherical aggregates of lindgrenite from Cinovec; field

of view 2.6 mm; photo J. Sejkora.

Table 1 Chemical composition of lindgrenite from Cinovec (wt. %)

Fig. 1 Olive green crystalline aggregate of lindgrenite in small vugs of super-
gene altered tennantite from Cinovec; field of view 5.8 mm; photo B. Bures.

were used: Ka: chalcopyrite (Cu), he-
matite (Fe), fluorapatite (P) and La:
clinoclase (As), wulfenite (Mo). Peak
counting times (CT) were 20 s; CT for
each background was one-half of the
peak time. The raw intensities were
converted to the concentrations auto-
matically the using PAP (Pouchou and
Pichoir 1985) matrix-correction algo-
rithm. Water content could not be ana-
lysed directly because of the minute
amount of material available. The H,O
content (presence of OH groups) was
confirmed by Raman spectroscopy
and calculated by charge balance.
Chemical composition of lindg-
renite sample (Table 1) agrees with
ideal formula Cu,(MoO,),(OH),. The
cationic sites are occupied by domi-
nant Cu with only minor contents of
Fe up to 0.05 apfu. The anion site
is dominated by Mo and only partly
substituted by P and As up to 0.08
and 0.02 apfu, respectively. The em-
pirical formula of studied lindgrenite
(mean of 9 analyses) calculated on
the basis of 5 atoms pfu is following:
(Cuz.ngeo.os)zz.gs(Moo (PO
(ASO, ), (OH)

4)1.97 4)0.07

1.70°

X-ray powder diffraction

Powder X-ray diffraction data
were collected on a Bruker D8 Ad-
vance diffractometer (National Mu-
seum, Prague) with a solid-state 1D
LynxEye detector using CuK, radia-
tion and operating at 40 kV and 40
mA. The powder pattern was co-
llected using Bragg-Brentano ge-
ometry in the range 2.5 - 70° 26, in
0.01° steps with a counting time of 20
s per step. Positions and intensities
of reflections were found and refined
using the Pearson VII profile-shape

mean 1 2 3 4 5 6 7 8 9
FeO 0.40 0.62 0.34 0.45 0.22 0.39 0.40 0.29 0.51 0.39
CuO 42.56 41.29 42.59 42.38 43.40 42.29 42.48 42.93 42.29 43.39
MoO, 52.17 50.76 52.06 52.14 52.37 52.92 52.29 52.44 52.57 51.99
As,O, 0.27 0.38 0.07 0.47 0.23 0.00 0.18 0.48 0.22 0.36
P,O, 0.87 0.88 0.90 0.71 0.86 0.90 0.99 0.87 0.97 0.76
H,0* 2.82 2.73 2.86 2.80 2.95 2.71 2.76 2.79 2.70 3.04
total 99.08 96.66 98.82 98.95 100.03 99.21 99.10 99.80 99.26 99.93
Fe 0.030 0.048 0.026 0.034 0.017 0.030 0.030 0.022 0.039 0.029
Cu 2.915 2.896 2.925 2.910 2.944 2.898 2.907 2.919 2.891 2.946
Mo 1.975 1.968 1.976 1.979 1.963 2.004 1.978 1.970 1.986 1.950
As 0.013 0.018 0.003 0.022 0.0M1 0.000 0.009 0.023 0.010 0.017
P 0.067 0.069 0.069 0.055 0.065 0.069 0.076 0.066 0.074 0.058
OH 1.703 1.691 1.732 1.701 1.766 1.639 1.666 1.674 1.633 1.825

Mean of 9 point analyses; 1-9 point analyses; apfu on the base Fe+Cu+Mo+As+P = 5; H,O* calculated on the base

of charge balance
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function with the ZDS program package (Ondru$ 1993)
and the unit-cell parameters were refined by the least-
squares algorithm implemented by Burnham (1962). The
experimental powder pattern was indexed in line with the
calculated values of intensities obtained from the crystal
structure of lindgrenite (Hawthorne, Eby 1985), based on
Lazy Pulverix program (Yvon et al. 1977).

The peak positions in experimental X-ray powder pat-
tern (Table 2) agree well with published data for lindgren-
ite as well as with those calculated from the crystal struc-
ture of this mineral (Hawthorne, Eby 1985). The observed
differences in intensities of individual diffraction maxima
are caused by preferred orientation effects due to {010}
perfect cleavage. The refined unit-cell parameters are
compared in the Table 3 with published data.

Raman spectroscopy

The Raman spectra of studied sample were collected
in the range 4000 - 30 cm™' using a DXR dispersive Raman
Spectrometer (Thermo Scientific) mounted on a confocal
Olympus microscope. The Raman signal was excited by
an unpolarised green 532 nm solid state, diode-pumped
laser and detected by a CCD detector. The experimental
parameters were: 100x objective, 5 s exposure time, 500
exposures, 50 ym slit spectrograph aperture and 2 mW
laser power level. The spectra were repeatedly acquired
from different grains in order to obtain a representative
spectrum with the best signal-to-noise ratio. The eventual
thermal damage of the measured point was excluded by
visual inspection of excited surface after measurement,

Table 2 X-ray powder diffraction data of lindgrenite from Cinovec

dobs Iobs dcalc h k I dobs Iobs dcalc h k / dobs Iobs dcalc h k I
7019 29 7016 0 2 0 2722 4 2721 1 2 1.9358 2 1.9372 1 4 2
4.355 9 4352 0 2 1 2684 16 2684 -1 4 1 1.9086 1 1.9089 2 4 1
4165 30 4166 -1 0 1 2.668 10 2667 2 0 0 1.8861 8 1.8853 0o 7 1
3582 13 3588 1 0 1 2516 6 2515 -2 1 1 1.8764 6 1.8765 1 7 0
’ 3582 -1 2 1 2507 8 2504 0 5 1 1759 3 1.7583 2 6 0
3511 100 3517 1 3 0 24604 4 24592 1 2 2 17531 4 1.7541 0 8 0
' 3508 0 4 0 24025 7 24019 -2 2 1 1.7188 4 1.7197 0 3 3
3477 27 3476 1 1 1 23365 3 23387 0 6 0 1.6661 4 1.6663 1 8 0
2.964 4 2965 0 4 1 22952 5 22924 1 1 2 15968 3 1.5972 2 4 2
2.931 2 2931 1 4 0 22109 4 22105 1 5 1 15942 2 15949 -2 2 3
2.849 4 2847 1 3 1 21558 2 21551 0 6 1 1.5767 3 15775 -2 7 1
2.775 6 2774 0 0 2 20840 2 20832 -2 0 2 14972 6 1.4965 1.9 0
Table 3 Unit-cell parameters for lindgrenite (for monoclinic space group P2 /n)
a[Al b[A] c[A] B VIAT
Cinovec this paper 5.3934(18) 14.032(2) 5.6098(15) 98.54(2) 419.86(16)
Chuquicamata Hawthorne, Eby (1985) 5.394 14.023 5.608 98.50 419.53
synth. Bao et al. (2006) 5.3867(10) 14.001(3) 5.6010(11) 98.535(2) 417.73(14)
Chuquicamata Barnes (1949a,b) 5.405 14.03 5.613 98.38 420.49
Sansei Miyazaki et al. (2002) 5.401(1) 14.043(2)  5.620(1) 98.49(1) 421.58
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Table 4 Tentative assignment of Raman spectrum of lindgrenite from Cinovec

position FWHH I, I, position tentative assignment
[em™] [cm™] height area 1* 2*
3425 68 1.2 7.2
2232 j? (1):13 22 v OH stretch of OH groups
3273 122 0.3 2.3
980 17 1.2 1.2 982
928 17 100.0 100.0 929 932 v, symmetric stretch of (MoO,)*
887 38 12.3 27.5 883 887
838 30 6.8 12.0 837 839
798 30 1.1 19.4 795 798 v, antisymmetric stretch of (MoO,)*
778 21 4.8 5.7 772 772
498 29 24 4.2 493 496 stretch of Cu-O bonds
403 30 6.7 12.5 398 399 v, bend of (MoO,)*
361 24 5.4 7.0 354 342
340 26 6.7 9.7 335 335 v, bend of (MoO,)*
305 29 13.3 23.2 300 302
253 15 0.9 0.8 251
212 27 23 3.2 210 217
173 22 6.3 9.4 167 171 Cu-O interactions, rotational or translational modes of
108 20 4.3 6.0 (MoO,)* group, lattice modes.
78 11 0.9 0.5
62 20 4.7 4.6

I, calculated from peak height and band area; 1* lindgrenite from Pinal Co, USA (G16506); 2" lindgrenite from Broken

rel

Hill, Australia (M21019); both data from Frost et al. (2004).
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Fig. 4 Results of the band component analysis in the Raman spectrum of lindgrenite from Cinovec: a) 3600 - 3000 cm’’';
b) 1040 - 720 cm’; ¢) 560 - 235 cm; d) 235 - 30 cm™.
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by observation of possible decay of spectral features in
the start of excitation and checking for thermal downshift
of Raman lines. The instrument was set up by a software-
controlled calibration procedure using multiple neon emi-
ssion lines (wavelength calibration), multiple polystyrene
Raman bands (laser-frequency calibration) and standar-
dized white-light sources (intensity calibration).

Spectral manipulations were performed using the
Omnic 9 software (Thermo Scientific). Gaussian/Lorent-
zian (pseudo-Voigt) profile functions of the band-shape
were used to obtain decomposed band components of
the spectra. The decomposition was based on the mini-
mization of the difference in the observed and calculated
profiles until the squared correlation coefficient (r?) was
greater than 0.995.

Lindgrenite, Cu,(MoO,),(OH),, is a monoclinic hyd-
roxyl copper molybdate, the space group P2./n, Z=2.In
the asymmetric part of the unit-cell, there are two pseu-
do-octahedrally coordinated Cu cations and one Mo site
coordinated by four oxygens in tetrahedral arrangement
with significant differences in individual Mo-O bonds
(1.743 - 1.749 and 1.774 - 1.779 A, respectively). The
crystal structure consists of strips of edge-sharing Cud,
(9 - unspecified ligand) octahedra that are cross-linked
by MoO, tetrahedra. Alternate strips are canted at + 25°
to (100), the sense of the tilt being along Y. This results
in close-packed layers parallel to (100) (Hawthorne, Eby
1985).

Free (MoO,)* tetrahedra exhibits Td tetrahedral
symmetry. In the case of the free anion of Td symmetry,
there may be theoretically observed nine normal vibrati-
ons v, (A,) symmetrically stretching vibration, Raman ac-
tive, 897 (1100 - 850) cm™, v, (E) doubly degenerate ben-
ding vibrations, Raman active, 315 (500 - 300) cm™, v,
(F,) triply degenerate antisymmetric stretching vibrations,
Raman and infrared active, 837 (820 - 720) cm™, v, (F,)
triply degenerate bending vibrations, Raman and infrared
active, 315 (500 - 300) cm' (Nakamoto 2009; range by
Saraf et al. 2010 are given in parentheses). Td symmet-
ry lowering may cause splitting of degenerate vibrations
and Raman and infrared activation of all vibrations de-
pending on the symmetry of (MoO,)* units. Wavenum-
bers of the v, (MoO,)> symmetric stretching vibrations
are higher than the v, (MoO,)* antisymmetric vibrations
thus differing e.g. with (SO, )*, possessing the same Td
symmetry. This fact is generally accepted, however, no
unity may be observed for the (MoO,)* bending vibra-
tions. The v, (MoO,)* bending vibrations are therefore
assigned in some papers to higher wavenumbers than
the v, (MoO,)* and in some other papers vice versa or
do not distinguish between these two vibrations (Sejkora
et al. 2014).

Hydroxyl ions, (OHY), (point symmetry C ) are com-
monly indicated by sharp bands between 3700 and
3450 cm™', but sometimes at lower wavenumbers, if any
appreciable amount of hydrogen bonding is involved, &
M-OH approximately at 1500 cm™ and over wide range
below this value, and OH- libration modes in the spec-
tra range from 1000 to 300 cm (Lutz 1995). According
to Nakamoto (2009), octahedral units XY, (O,) exhibit
six normal vibrations: v, (A, ) and v, (E)) stretching and
\A (Fzg) bending vibrations are Raman active, while only
v, (F, ) stretching and v, (F, ) bending vibrations are in-
frared active. The v, (F, ) bending vibrations are neither
Raman nor infrared active. Symmetry lowering in the

case of XY, Z may cause Raman and infrared activati-
on of corresponding vibrations and splitting of degene-
rate vibrations. Cu-O stretching and bending vibrations
are usually located in the region approximately from 360
to 600 cm™.

The Raman spectrum of lindgrenite from Cinovec is
close to the published spectra of this mineral from Pinal
Co, USA and Broken Hill, Australia (Frost et al. 2004)
and corresponds also very well with Raman spectra of
synthetic Cu,(MoO,),(OH),, studied in detail by Martins
et al. (2018). The experimental full-range Raman spec-
trum of the lindgrenite from Cinovec is given in Figure
3 and wavenumbers with tentative assignments are
given in Table 4. Bands of the very low intensity in re-
gion 3500 - 3200 cm™" with components at 3425, 3385,
3342 and 3273 cm (Fig. 4a) are attributed to the v OH
stretching vibrations of OH groups. According to the
empirical relation between energy of vibration and the
corresponding bond length (Libowitzky 1999), O-HxxxO
hydrogen-bond lengths vary approximately in the range
from 2.73 to 2.82 A, which are consistent with value 2.81
A derived from crystal structure refinement (Hawthorne,
Eby 1985).

Very strong band at 928 cm™" with shoulders at 980
and 887 cm™ (Fig. 4b) is assigned to the v, (MoO,)* sym-
metric stretching vibration, presence of three components
of this vibration probably reflects different Mo-O lengths
in MoO, tetrahedra; similar character of this part of spec-
tra was observed also for synthetic Cu,(MoO,),(OH), -
very strong band at 932 cm with shoulders at 987, 902
and 888 cm! (Martins et al. 2018). Three medium-strong
bands at 838, 798 and 778 cm™' (Fig. 4b) are connected
with v, triply degenerate antisymmetric stretching vibrati-
ons of (MoO,)* group and weak those at 498 cm' prob-
ably with stretching vibrations of Cu-O bonds of Cud,
octahedra. Medium-strong band at 403 cm is attributed
to v, doubly degenerate bending vibrations and bands
at 361, 340 and 305 cm™ (Fig. 4c) to v, triply degene-
rate bending vibrations of (MoO,)* group. As mentioned
above, the assignment of v, and v, vibrations is not un-
ambiguous. Raman bands at 253, 212, 173, 108, 78 and
62 cm™ (Fig. 4d) are associated with Cu-O interactions,
rotational or translational modes of (MoO,)* group, as
well as the lattice modes.

Conclusion

Very rare mineral, lindgrenite, was determined in the
material from the Cinovec Sn-W deposit (Czech Repub-
lic) by X-ray powder diffraction and electron microprobe
analyses. Molecular structure of this well-defined sample
can be better constrained using the Raman spectrosco-
py which confirmed the presence of hydroxyl groups and
molybdate units in its crystal structure. This is the first oc-
currence of this mineral in the Czech Repubilic. Its origin
is connected with simultaneous weathering of primary Cu
(tennantite) and Mo (molybdenite) minerals in the conditi-
ons of supergene zone in-situ.
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