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Introduction

The story of tyrolite-like minerals is interesting and 
a little bit complicated. Mineral tyrolite was first described 
by A. G. Werner in 1817 (published in Haidinger 1845) 
from the locality Schwaz-Brixlegg, Tyrol (Austria). Church 
(1895) proposed to tyrolite the formula CaCu5(AsO4)2 
(CO3)(OH)4·6H2O on the basis of wet chemical analysis. 
Berry (1948) described tyrolite as orthorhombic, proba-
ble space group Pmma, with carbonate lacking formula 
Cu9Ca2(AsO4)4(OH)10·10H2O. Palache et al. (1951) con-
sidered the formula of tyrolite to be uncertain with respect 
to the presence of carbonate and/or sulphate. Guille-
min (1956) reported the formula CaCu5(AsO4)2(CO3)
(OH)4·6H2O to tyrolite and considered orthorhombic sym-
metry and space group Pmma. Li et al. (2004) reported 
0.75 wt. % SO3 in tyrolite from China. Ma et al. (1980) 
published a new tyrolite-like mineral named clinotyrolite 
with the formula Cu9Ca2[(As,S)O4)]4(OH,O)10·10H2O and 

monoclinic symmetry with space group Pa or P2/a, and 
pointed out that it is a monoclinic polymorph of tyrolite. 
Krivovichev et al. (2006) studied two samples of tyrolite 
from the type locality (Brixlegg, Schwaz, Austria) and 
found their monoclinic symmetry and determined crystal 
structure of two polytypes (-1M and -2M). On the basis of 
crystal structure study and not reported Raman spectra 
(presence of carbonate and lacking of sulphates) Krivovi-
chev et al. (2006) proposed formula Ca2Cu9(AsO4)4(CO3)
(OH)8(H2O)11·nH2O where n = 0 - 1. Števko et al. (2011) 
studied tyrolite from the Farbiště (Slovakia) and found 
its two different types - the first (emerald to grass green) 
with increased SO4 contents in the range 0.20 - 0.30 pfu 
and relatively low calculated contents of carbonate group 
(0.08 - 0.17 pfu). The second (pale blue-green) type con-
tains significantly less SO4 (0.04 - 0.09 pfu) and calcu-
lated contents of carbonates varying in the range 0.31 
- 0.64 pfu. The differences in composition of those two 
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Abstract

We have undertaken a study of the copper arsenate sulphate mineral tangdanite from the Jánská vein, Příbram, 
central Bohemia (Czech Republic). Tangdanite has been found on a few specimens and forms individual radial ag-
gregates up to 3 mm in size composed of platy crystals with perfect cleavage. Tangdanite aggregates usually grow 
on chrysocolla, or more rarely on hematitized rock. The quantitative chemical analyses of tangdanite agrees well with 
the proposed ideal composition and corresponds to the following empirical formula: Ca1.96Cu9.01Zn0.02(AsO4)4.06(PO4)0.01 
(SO4)0.51(OH)8.76·9H2O (on the basis of 11 cations pfu). Tangdanite is monoclinic, space group C2/c, with unit-cell para-
meters: a 54.3218(8), b 5.5685, c 10.469 Å, β 96.294°, V 3147.7 Å3; due to strong preferred orientation on sample, only 
a parameter was refined. Raman bands at 3486, 3046 and 2907 cm-1 and infrared bands at 3475, 3310 and 3015 cm-1 
are assigned to the n OH stretching of structurally distinct differently hydrogen bonded water molecules and hydroxyls. 
A Raman band at 1621 cm-1 and infrared bands at 1662 and 1611, 1601 cm-1 are assigned to the n2 (d) H2O bending 
vibrations of structurally distinct hydrogen bonded water molecules. Infrared bands at 1120, 1083, 1065 and 1027 cm-1 
are assigned to the n3 (SO4)

2- antisymmetric stretching and the n1 (SO4)
2- symmetric stretching vibrations. Raman band 

at 997 cm-1 and infrared band at 981 cm-1 are connected with the n1 (SO4)
2- symmetric stretching vibration. Infrared band 

at 946 cm-1 may be connected with (to) the d M-OH bending vibration. A dominant Raman band at 850 cm-1 is attribu-
ted to (with) the n1 (AsO4)

3- symmetric and a Raman band at 801 cm-1 and an infrared band at 791 cm-1 to (with) the n3 
(AsO4)

3- antisymmetric stretching vibrations. Infrared bands at 668 and 610 cm-1 may be connected to libration modes of 
water molecules and to the n4 (d) (SO4)

2- bending vibrations. A Raman band at 509 cm-1 and an infrared band at 543 cm-1 
are assigned to the n4 (d) (SO4)

2- triply degenerate bending vibrations, Raman bands at 467 and 415 cm-1 and infrared 
bands and shoulders at 481, 465 and 422 cm-1 are connected with the n2 (d) (SO4)

2- bending and to the n4 (d) (AsO4)
3- 

bending vibrations. Raman bands at 382, 366 and 314 cm-1 may be related to the n2 (d) (AsO4)
3- bending vibrations.       

A Raman band at 268 cm-1 may be assigned to the n (O-H×××O) stretching vibration. Raman bands at 171, 154, 127, 
92 and 55 cm-1 are assigned to lattice modes. Raman and infrared spectroscopy confirms absence of (CO3)

2- groups in 
the crystal structure of studied tangdanite.
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Fig. 1 Mining situation on the 3rd level of the central part of the Březové Hory 
deposit; the Jánská vein is marked by red colour. 

Fig. 2 Rich aggregate of tangdanite from the Jánská vein with perfect cleavage; 
field of view 4 mm; photo P. Škácha.

Fig. 3 Tangdanite crystal aggregate 
from the Jánská vein; field of view 
4 mm; photo P. Škácha.

types were also confirmed by infra-
red absorption spectra. Later, Ma et 
al. (2014) described from Tangdan 
and Nanniping mines (Yunnan, Chi-
na) a new mineral phase tangdanite 
with ideal composition Ca2Cu9(AsO4)4
(SO4)0.5(OH)9·9H2O, monoclinic sym-
metry and space group C2/c, which 
corresponds to (SO4)-dominant an-
alogue of tyrolite without carbonate 
groups.

Although the description of tan-
gdanite and refinement of its cry-
stal structure have  been published 
recently (Ma et al. 2014), Raman 
spectroscopic studies of well-defined 
samples have not been undertaken 
so far. Moreover, Raman spectrosco-
py has been proven as an excellent 
technique for the study of molecular 
structure of minerals containing com-
plex oxyanions (e.g., Jirásek et al. 
2017; Mikuš et al. 2017; Dufresne et 
al. 2018; Sejkora et al. 2019; Pau-
liš et al. 2019). Therefore, we have 
undertaken a vibration spectroscopy 
study of tangdanite, found at the Ján-
ská vein, Příbram (Czech Republic). 
This paper aims to summarize results 
of the complex mineralogical study of 
this copper calcium arsenate sulpha-
te mineral.

Occurrence and specimen 
description

Tangdanite was found on samples 
from the Jánská vein at 3rd level of the 
Prokop mine (Fig. 1). The Jánská 
vein is one of less important veins 
in the Variscan base-metal Březové 
Hory ore deposit in the central part of 
the Březové Hory ore district. It was 
exploited from 13th century till 1978 
for Ag, Pb, Zn and Sb ores. Small 
occurrences of uraninite were occa-
sionally mined there a few years af-
ter World War II, especially from the 
Prokop and Lill mines. About 1 ton 
of U was recovered from the Jánská 
vein ores (Škácha et al. 2009). A rich 
association of supergene and prima-
ry mineralization was described from 
the Jánská vein so far (Plášil et al. 
2010a,b, 2014; Sejkora et al. 2003; 
Škácha et al. 2009).

The surrounding rocks of the 
Jánská vein are Lower Cambrian 
greywackes, sandstones and con-
glomerates. Dolerite dikes often in-
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Table 1 Chemical composition of tangdanite (wt. %)
Příbram (this paper) Ma et al. 

(2014)
Li et al. 
(2004)

Ma et al. 
(1980)

Števko et al. 
(2011)1mean range

CaO 7.06 6.94 - 7.20 7.29 7.13 7.24 7.01
CuO 46.04 45.49 - 47.00 45.71 44.58 46.04 44.91
ZnO 0.13 0.08 - 0.17 0.16
As2O5 29.96 29.79 - 30.15 29.82 30.91 28.09 29.99
P2O5 0.07 0.06 - 0.07 0.43
SO3 2.61 2.42 - 2.77 1.60 0.75 1.28 1.32
H2O* 15.48 15.58 16.63 17.63 17.98
total 101.34 100.00 100.00 100.28 102.27
Mean and range of 3 point analyses; H2O* contents were calculated on the basis of charge balance and 9 H2O mole-
cules in ideal formula; 1 - Števko et al. (2011) determined in sample of emerald green “tyrolite” from Farbiště also PbO 
0.07, F 0.12 and calculated content of CO2 0.33 wt. %. 

Table 2 X-ray powder diffraction data of tangdanite from Příbram
h k l   dobs Iobs   dcalc h k l  dobs Iobs  dcalc h k l  dobs   Iobs  dcalc

2 0 0 26.99 100.00 27.00 14 0 0 3.857 0.44 3.857 28 0 0 1.9284 0.12 1.9284
4 0 0 13.50 36.00 13.50 16 0 0 3.375 1.38 3.375 30 0 0 1.7999 0.03 1.7998
6 0 0 8.999 0.39 8.999 20 0 0 2.700 0.85 2.700 32 0 0 1.6874 0.09 1.6873
8 0 0 6.746 0.12 6.749 22 0 0 2.4543 1.61 2.4543 34 0 0 1.5881 0.07 1.5881

10 0 0 5.400 0.47 5.399 26 0 0 2.0767 0.40 2.0767 36 0 0 1.4998 0.08 1.4998
12 0 0 4.500 0.49 4.500

Table 3 Unit-cell parameters for tangdanite (for monoclinic space group C2/c)
a [Å] b [Å] c [Å] β [o] V [Å3]

Příbram this paper 54.3218(8) 5.5685* 10.469* 96.294* 3147.7*
Dongchuan1 Ma et al. (2014) 54.490(9) 5.5685(9) 10.469(2) 96.294(3) 3157.4(9)
Dongchuan2 Ma et al. (2014) 54.443(8) 5.575(1) 10.475(2) 96.24(1) 3161(5)
* due to strong preferred orientation only a parameter was refined; 1 - single crystal data; 2 - X-ray powder data

trude sedimentary rocks and the ore veins usually follow 
them along the same tectonic structures. The ores on the 
Jánská vein were mined from surface down to the 18th 
level. Two main ore pillars were found at the Jánská vein 
(Škácha et al. 2009). The northern ore pillar, which is 
located near the Jánská shaft, is vertical, splays out to the 
depth and its position is probably controlled by the Václav 
vein and the Clay Fault. The southern ore pillar, localized 
in the southeastern part of the Jánská vein, where mining 
was concentrated during the period 1948 - 1949, was di-
pping ca. 35° to the southeast (in a vertical projection of 
the Jánská vein). Joint occurrence of uranium and copper 
mineralization without any occurrences of macroscopic 
galena (in the area of 1st and 2nd level) is typical. Tang-
danite occurrence probably comes from the southern ore 
pillar according to its content of copper mineralization. 
Its origin is probably bound with Quarternary weathering 
of primary Cu-mineralization (tennantite) in conditions of 
oxidation zone in-situ.

Tangdanite has been found on a few specimens and 
forms individual radial aggregates up to 3 mm in size 
composed of platy crystals with perfect cleavage (Fig. 2, 
3). Tangdanite aggregates usually grow on chrysocolla or 
more rarely on hematitized rock. Its colour is blue-green 
to emerald green. The associated blue chrysocolla forms 
crusts up to 2 mm thick with globular glossy aggregates 
up to 1 mm in the cavities. 

Chemical composition and X-ray powder                   
diffraction

Samples of tangdanite were analysed with a Came-
ca SX-100 electron microprobe (Masaryk University, 
Brno) operating in the wavelength-dispersive mode with 
an accelerating voltage of 15 kV, a specimen current of 
10 nA, and a beam diameter of 5 μm. The following li-
nes and standards were used: Kα: andradite (Ca), ba-
ryte (S), lammerite (Cu), fluorapatite (P), ZnO (Zn); Lα: 
lammerite (As). Peak counting times (CT) were 20 s for 
main elements and 60 s for minor elements; CT for each 
background was one-half of the peak time. The raw inten-
sities were converted to the concentrations automatically 
the using PAP (Pouchou, Pichoir 1985) matrix-correction 
software. The elements Al, Bi, Cl, Co, F, Fe, K, Mg, Na, Ni, 
Pb, Si and Sb were sought, but found to be below the de-
tection limit (about 0.05 - 0.10 wt. %). Water content could 
not be analysed directly because of the minute amount 
of material available. The H2O content was confirmed by 
Raman and infrared spectroscopy and calculated from 
stoichiometry of ideal formula.

Chemical composition of tangdanite sample (Tab. 
1) agrees very well with the ideal formula of tangdanite 
Ca2Cu9(AsO4)4(SO4)0.5(OH)9·9H2O, proposed by Ma et al. 
(2014). The cationic sites are occupied by Ca and Cu with 
only minor contents of Zn (up to 0.03 apfu). The tetra-
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hedral sites are dominated by As and only partly substi-
tuted by P (0.01 - 0.02 apfu). The determined contents 
of (SO4)

2- in the interlayer in the range 0.48 - 0.53 pfu 
indicate absence of carbonate ions in this space, which 
is confirmed by vibrational spectroscopy (see below). 
The empirical formula of tangdanite (mean of 3 analy-
ses) on the basis of 11 cations pfu is Ca1.96Cu9.01Zn0.02  
(AsO4)4.06(PO4)0.01(SO4)0.51(OH)8.76·9H2O. In comparison 
with the type material (Ma et al. 2014), tagdanite from Pří-
bram has, in fact, (SO4) end-member composition. Pub-
lished analyses (Tab. 1) suggest an existence of possible 
solid solution between tangdanite and tyrolite.

Powder X-ray diffraction data were collected on 
a Bruker D8 Advance diffractometer (National Museum, 
Prague) with a solid-state 1D LynxEye detector using 
CuKα radiation and operating at 40 kV and 40 mA. The 
powder pattern was collected using Bragg–Brentano 
geometry in the range 2.5 - 60° 2θ, in 0.01° steps with 
a counting time of 20 s per step. Positions and intensi-
ties of reflections were found and refined using the Pe-
arsonVII profile-shape function with the ZDS program 
package (Ondruš 1993) and the unit-cell parameter waw 
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 tangdanite (Ma et 
al. 2014), based on Lazy Pulverix program (Yvon et al. 
1977). 

The experimental powder data set given in Table 2 
significantly differs from the X-ray pattern calculated from 
the single-crystal data for tangdanite and published data 
from this mineral from Dongchuan copper mining district 
(Ma et al. 2014). It is caused by the strong preferred ori-
entation effects due to small amount of material available 
for the study. The diffraction maxima with indexes of h00 
type were observed only, it is therefore possible to refine 
only a parameter of unit-cell of studied mineral (Tab. 3).

Raman and infrared spectroscopy
The Raman spectra of studied sample were collec-

ted in the range 4000 - 30 cm-1 using a DXR dispersive 
Raman Spectrometer (Thermo Scientific) mounted on a 
confocal Olympus microscope. The Raman signal was 
excited by an unpolarised red 633 nm He-Ne gas laser 
and detected by a CCD detector. The experimental para-
meters were: 100x objective, 40 s exposure time, 100 ex-
posures, 50 μm pinhole spectrograph aperture and 3 mW 
laser power level. The spectra were repeatedly acquired 

Fig. 4 Raman spectrum for tangdanite from Příbram (split at 2000 cm-1).

Fig. 5 Infrared spectrum for tangdanite from Příbram (split at 2000 cm-1).

from different grains in order to obtain 
a representative spectrum with the 
best signal-to-noise ratio. The even-
tual thermal damage of the measured 
point was excluded by visual inspec-
tion of excited surface after measu-
rement, by observation of possible 
decay of spectral features in the start 
of excitation and checking for thermal 
downshift of Raman lines. The instru-
ment was set up by a software-con-
trolled calibration procedure using 
multiple neon emission lines (wave-
length calibration), multiple polysty-
rene Raman bands (laser-frequency 
calibration) and standardized white-
light sources (intensity calibration). 

The infrared vibrational spec-
trum of tangdanite was recorded by 
the attenuated total reflection (ATR) 
method with a diamond cell on a Ni-
colet iS5 spectrometer. Spectra over 
the 4000 - 400 cm-1 range were ob-
tained by the co-addition of 64 scas 
with a resolution 4 cm-1 and a mirror 
velocity of 0.4747 cm/s. Spectra were 
co-added to improve the signal-to-
noise ratio.

In the asymmetric part of the 
monoclinic (space group C2/c - C6

2h, 
Z = 4) tangdanite unit cell (Ma et al. 
2014), there are symmetrically dis-
tinct 1 Ca2+ in Ca(O,H2O)6 octahedra, 
5 Cu2+ in Cu(O,OH,H2O)6 octahedra, 
2 As5+ in (AsO4)

3- tetrahedra, 1 S6+ in 
(SO4)

2- tetrahedra together in inter-
layer with water molecules and hy-
droxyls, OH- (Ma et al. 2014). Infrared 
spectrum of tangdanite was pub-
lished and partly intepreted by Ma et 
al. (2014), who observed following 
infrared bands 3470, 3340, 3000, 
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1640, 1604, 1121, 1080, 1029, 940, 850, 810, 671, 475 
and 402 cm-1. Frost et al. (2015) described Raman and 
infrared spectra of tangdanite but their infrared spectrum 
differs from the spectrum published by Ma et al. (2014) 
and also from the one presented in this study. The Raman 
spectrum of Frost et al. (2015) also does not correspond 
to the Raman spectrum described and interpreted in our 
study. It is therefore presumable that samples studied 
by Frost et al. (2015) may not correspond to tangdanite, 
these authors also did not present any other data (PXRD, 
EPMA etc.) of these samples. Frost et al. (2015) also 
state a presence of hydrogenarsenate units in tangdanite 
but results of the crystal structure study (Ma et al. 2014) 
do not confirm this assumption.

In free (AsO4)
3- and (SO4)

2- tetrahedra (Td symme-
try), there are nine normal vibrations, characterized by 
four fundamental modes of vibrations - n1 (A1) symmetric 
stretching vibration, Raman active, n2 (d) (E) doubly de-
generate bending vibration, Raman active, n3 (F2) triply 
degenerate antisymmetric stretching vibration, Raman 
and infrared active, and n4 (d) (F2) triply degenerate be-
ding vibration, Raman and infrared active. Nakamoto 
(2009) assigned to tetrahedral (AsO4)

3- and (SO4)
2- vi-

brations following wavenumbers: (AsO4)
3- 837, 349, 878 

and 463 cm-1, respectively, and (SO4)
2- 983, 450, 1105 

and 611 cm-1, respectively. Symmetry lowering Td → C3v, 
C2v, C1 may be connected with infrared activation of in-
frared inactive vibrations and splitting of degenerate vi-
brations. For the classification of molecular vibrations, the 
total reducible representation decomposes into G = A1 + 
E + 2F2 vibrations (Mielke, Ratajczak 1972; Vansant et 
al. 1973). According to Nakamoto (2009), the octahedra 
XY6 are generally characterized by six normal modes of 
vibrations, of which three are Raman active (n1, n2 and 
n5), two infrared active (n3 and n4), and one is inactive in 
infrared and Raman spectrum (n6). This relates from the 
general point of view to Ca2+(O,H2O) and Cu2+(O,OH,H2O) 
octahedra.

The full-range Raman and infrared spectra of tang-
danite from Příbram are given in Figs. 4 and 5, tabulated 
values in Table 4. Weak Raman bands at 3486, 3046 and 
2907 cm-1 and strong infrared bands at 3475, 3310 and 
3015 cm-1 are assigned to the n OH of differently strong 
hydrogen bonded water molecules and hydroxyl ions. Ac-
cording to Libowitzky (1999), O-H×××O hydrogen bond 
lengths vary approximately from 2.88 to 2.64 Å. A very 
weak Raman band at 1621 cm-1 and infrared bands at 
1662 and 1611 cm-1 are attributed to the n2 (d) H2O bend-
ing vibrations of differently strong hydrogen bonded water 
molecules.

Table 4 Tentative interpretation of Raman and infrared spectra for tangdanite

Raman infrared tentative assignment
3486 3475

n OH stretch of hydrogen bonded water molecules and hydroxyls3046 3310
2907 3015

1662
n2 (d) bend of hydrogen bonded water molecules 

1621 1611
1120

n3 (SO4)
2- antisymmetric and n1 (SO4)

2- symmetric stretch
1083
1065
1027

997 981 n1 (SO4)
2- symmetric stretch

946 d M-OH bend
850 n1 (AsO4)

3- symmetric stretch
801 791 n3 (AsO4)

3- antisymmetric stretch
668

n4 (d) (SO4)
2- bend and molecular water libration modes

610
509 543 n4 (d) (SO4)

2- bend
481

n2 (d) (SO4)
2- bend, n4 (d) (AsO4)

3- bend467 465
415 422
382

n2 (d) (AsO4)
3- bend366

314
268 n (OH×××O) stretch
171

lattice vibrations
154
127

92
55
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Infrared bands at 1120, 1083, 1065 and 1027 cm-1 are 
assigned to the split triply degenerate n3 (SO4)

2- antisym-
metric stretching vibrations and the n1 (SO4)

2- symmet-
ric stretching vibration, respectively. A coincidence – an 
overlap with d M-OH - cannot be excluded. Raman band 
at 997 cm-1 and infrared band at 981 cm-1 are connected 
with the n1 (SO4)

2- symmetric stretching vibration. An in-
frared band at 946 cm-1 may be assigned to the d M-OH 
bending vibration. A dominant Raman band at 850 cm-1 is 
connected with the n1 (AsO4)

3- symmetric and a Raman 
band at 801 cm-1 and an infrared band at 791 cm-1 with 
the triply degenerate n3 (AsO4)

3- antisymmetric stretching 
vibrations. Infrared bands at 668 and 610 cm-1 may be 
attributed to libration modes of water molecules and to 
the n4 (d) (SO4)

2- triply degenerate bending vibrations. A 
Raman band at 509 cm-1 and an infrared band at 543 cm-1 
are also assigned to the n4 (d) (SO4)

2- triply degenerate 
bending vibrations, Raman bands at 467 and 415 cm-1 
and infrared bands and shoulders at 481, 465 and 422 
cm-1 are connected with the n2 (d) (SO4)

2- doubly degen-
erate bending vibrations and to the n4 (d) (AsO4)

3- triply 
degenerate bending vibrations. Raman bands at 382, 
366 and 314 cm-1 may be related to the n2 (d) (AsO4)

3- 
doubly degenerate bending vibrations. A Raman band at 
268 cm-1 may be assigned to the n (O-H×××O) stretching 
vibration. Raman bands at 171, 154, 127, 92 and 55 cm-1 
are assigned to lattice modes. Some of the Raman bands 
observed in area from approximately 500 to 200 cm-1 may 
be connected with stretching and bending vibrations of 
(Ca,Cu)(O,OH,H2O) octahedra. A coincidence - an over-
lap of Raman bands - may be therefore expected. Nei-
ther Raman nor infrared bands related to (AsO3OH)2- and/
or (CO3)

2- units were observed in the studied tangdanite 
sample.

Discussion and conclusion

Tangdanite is a supergene mineral formed during 
the Quarternary weathering of tennantite in conditions of      
oxidatin zone in-situ. Timing of supergene processes in 
area of the Jánská vein was studied by dating of uranium 
supergene minerals from the northern part of the Jánská 
vein (2nd level) (Jarka 2011). Except a few (sub)recently 
formed minerals (widenmannite, beudantite) there was 
determined origin of uranium supergene minerals in a 
wide range between 328.6 ± 107.3 ka (kasolite) and 6.2 
±0,9 ka (metalodévite). Tangdanite probably also origined 
in this period.

Molecular structure of the well-defined sample of 
tagdanite from Jánská vein at Příbram can be better 
constrained using the vibrational spectroscopy. Raman 
and infrared spectroscopy shows the presence of both 
(AsO4)

3- and (SO4)
2- units and absence of (CO3)

2- group 
in the crystal structure of tangdanite. Multiple bands co-
nnected with vibrations of water molecules suggest that 
water is involved in different coordination environments 
in the structure of tangdanite due to differing hydrogen 
bond strengths. 
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